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Preface 

These two volumes contain the proceedings of the 9th International Congress of 
Hydrogeology and the 4th MEM Workshop on Fissured Rocks Hydrology, organ-
ized by the Hellenic Committee of Hydrogeology in collaboration with the Cyprus 
Association of Geologists and Mining Engineers. 

The number of the manuscripts submitted to the Organizing Committee through-
out 15 countries all over the world reflects the rapidly increasing interest that Hy-
drology gains nowadays worldwide. The papers cover more or less all fields, such 
as mathematical modeling, statistical, hydro-chemical methods, etc., focusing on 
the environmental aspect. 

Aquatic environment, the main topic of the Congress, as it is shown by the title of 
the Proceedings “Advances in the research of aquatic environment” is covered by 
articles mostly dealing with ecological impacts versus water requirements, climate 
change implications on groundwater, anthropogenic impacts on the groundwater 
quality, groundwater vulnerability, and more. 

Both volumes follow the general structure of the Congress topics. Moreover the 
keynote lectures are also included. 

On behalf of the International Scientific Committee I would like to take this op-
portunity to thank all the authors for their contributions, as well as all participants 
for their cooperation, which made this Congress possible. Additionally, I would 
like to express my gratitude to the staff of Springer and especially Christian 
Witschel and Agata Oelschlaeger for their hard work, patience and support. 

Last but not least, I would like to thank my wife Aggeliki and my children Athina 
and Ioannis for their patience and love. 

 

Prof. Nicolaos Lambrakis  
President of the Organizing Committee  
University of Patras  
Laboratory of Hydrogeology  
Rio – Patras, Greece    
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Address of the Hellenic Committee 
of Hydrogeology 

The Hellenic Chapter of IAH proudly presents the Proceedings of its 9th Interna-
tional Hydrogeological Congress, integrated in the frame, established during the 
last decade, characterized by internationalization and an opening to adjacent scien-
tific fields. This is the result of continuous and painstaking efforts of all the mem-
bers of the Hellenic Committee of Hydrogeology and of our foreign colleagues 
who attended our congresses and contributed by their papers and key notes and 
chiefly by their presence.  

The discussed Congress is characterized by several features and particularities. 
First of all, it is the first time that our Congress deserts the big cities for the Hel-
lenic periphery cities as it is Kalavrita, the city which entertains our present meet-
ing. Second, the international economic crisis affected both the attendance of 
delegates and the sponsoring of the event. Despite these difficulties the partici-
pants and the sponsors’ presence exceeded the expected range. Moreover, the fo-
cusing given to our congress’ subject matter, the management of the aquatic envi-
ronment, covers a very important topical and seasonable existing universal 
problem, especially under the effect of the climatic change. Finally, the associa-
tion with our new publisher, Springer is something that improves the level of the 
Congress in the field of the presentation quality and of the international diffusion 
of the proceedings as well.  

The IAH Hellenic National Chapter wishes to express its gratitude to the Organiz-
ing Committee and its Chairman, Prof. N. Lambrakis for what they have done, the 
Sponsors of the event in such a difficult period, the local authorities of the city and 
the region of Kalavrita, the authors of the papers and key notes, and the partici-
pants for their important presence in the congress.  

 

For the Administration Council  
The President   
Prof. George Stournaras   
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Introduction 

The co-existence and thus the association and mutual interaction between the geo-
logical world (abiotic phase) and the biological world (biotic phase) and the role 
of the water, especially of the subsurface water, is a very old scientific field. This 
subject the last decades became particularly interest in the frame of the ecosys-
tem’s study. The previous predominant consideration declared that the geological 
phase is the material “on which” or “in which” the living world survives and evo-
lutes. To-day, our knowledge goes beyond this simplified consideration. The dis-
cussed co-existence seems to be more complicated, the detected interactions seem 
to be more crucial and intensives and it is about a dynamic symbiosis of the two 
worlds, where one main bridge is the water, mainly the subsurface water. Initially 
the science of ecology, the concepts of ecosystems and the environmental mainte-
nance and improvement, formed a scientific field of Biology. Although biologists 
did not forget the role of the geological environment, their main target became the 
living beings. The last decades, Geology assumed to reappoint its targets, oriented 
to the Environmental Geology, which includes the study of the ecosystems from 
the geological point of view. At the same time, ecosystems reminded themselves 
that they dispose a geological side equally important as the biological side*. The 
abiotic and the biotic world (cosmos) although are separated by inviolate borders, 
they present an active and mutual interaction in the frame of their symbiosis and 
association. From one part, the geological environment, the lithosphere, the hydro-
sphere and the atmosphere and, from the other part, the living beings and in the 
middle, the world of flora which accomplished to be placed among the living be-
ings according the definition of life or at least according the common characteris-
tics of life in animals and plants. This accession is due to a rather expansive, al-
though correct, reading of the definition of life (Gohau 1987, Pavlides 2007). 
Moreover, in the geological world, its characteristics are comparable to the char-
acteristics of life. The structural geological, hydrographical, gases and fluid com-
ponents are coming into being by preexisted material, are developed, combined, 
feed each other and, finally are transformed. Hence, according a more expansive 
reading of life the accession of geological components in living beings could be 
presented. The classical biological saying “the ontogenesis is a brief repetition of 
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phylogenesis (the controversial recapitulation theory “ontogeny recapitulates 
phylogeny”) is something that can be cited for the mineral, the rock, the mountain, 
the pore water, the stream, the aquifer, the lake or the sea.  

The use of the dialectic for the nature world offers the element of the analogy 
(analogon) to both, abiotic and biotic world and consequently to the study of the 
evolutionary processes within the nature according Engels (Mazis 2010). The ad-
dition of an atom in an organic substance forms another substance, entirely differ-
ent from the initial one. In the same way, the addition of an element to a mineral 
creates another mineral. The more essential “prove” that the earth is an active (liv-
ing) planet comes from the procedures in the abiotic environment (movement of 
the tectonic plates, earthquakes, volcanoes, external factors such as erosion, deg-
radation etc), tides, wave action, winds, orogenesis, isostasy, eustatic movements 
and many other procedures in man and geological time. In the light of an envi-
ronmental consideration, the “living” planet becomes a living planet and the living 
beings could include the geological environment. If biology, compared with geol-
ogy, has been placed at the epicenter of human interest, connected with the phi-
losophy, theology, and man is why dealing directly with these concepts is and not 
indirectly as is geology does. Finally, the concept of the ecosystem is based both 
on geological (abiotic) and biological (biotic) environment and any research, 
study, analysis, management, protection or any other consideration should take 
into account both concepts (Stournaras 2010).  

Brief historical approach (Stournaras 2007) 

Thales, naming the water as origin of everything sets him free from the mytho-
logical thinking, which was the heritage of Homer and the Theogony by Hesiodus. 
The experience of the water in many forms becomes the basis for the Thales phi-
losophic approach concerning the unity and entity of the natural world. Thales 
with Anaximander and Anaximenes founded the subsequent philosophy related to 
a simple and unified natural world. Heraclitus preceded one more step, in the 
given subject, among the pre-Socratic philosophers who described a frame very 
closed to a symbiotic planet. He underlined that one is everything, which means 
that the beings are in a continuous argument, expressing their uniform antithetical 
tendency. Analyzing these terms with the present philosophical and scientific con-
sideration some concepts could vaguely detected, such as coexistence, symbiosis, 
living space, food chain, parasitism, life cycle, photosynthesis, mutual action and 
reaction between living beings and abiotic and biotic environment. Zeno says 
something similar…not any part of a being will be last and without a relation with 
the other… Anaxagoras formulates one thought, which open the gate to the pre-
sent scientific thoughts saying… Nothing could be done from not being and the 
being cannot be ruined to a not being… We get bread, water, and many other 
foods and all these are transformed to arteries, hairs, flesh, bonds etc. Since all 
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these happen, we must accept that all beings exist in the offered food and because 
of these beings everything is increased… It is obvious that the presocrates phi-
losophers, disposing a complete consideration of the natural world and of the phi-
losophy what this world creates or is governed by, approached the concept of the 
coexistence and they almost described it without giving a special name.    

In the middle age period, the ancient doctrines of science dominated in case 
they were agreed with the religion dogmas. Among the ancient philosophers, Aris-
totle has been used since his sayings could easily adapt to the church. It is about a 
period of guided systematization and criticism. The taxis of the creation elements 
could not be called in question. Not even in the most complete and popular books, 
as they had been the Natural History by Plinius and the Questiones (Book IV of 
Questions on the eight books by Aristotle) one can find reports or mentions related 
to the discussed subject. During the last decades of the 16th century and the initial 
decades of the 17th century, a peculiar cosmic theory dominates, saying that…the 
nature is absolutely unalterable and invariable…. This doctrine concerned the 
geologic and biologic parts of the nature and their overlapping the climate. Only 
some scientists resisted as it was Linné, Kant, Laplace, and Herschel and, finally 
Lyell, based on the discoveries of Geology and Paleontology. At the same time, in 
the field of Biology, where the scientific expeditions, the paleontology, the anat-
omy, the comparative anatomy, the physiology, the discovery and use of the mi-
croscope, the discovery of the cell, confirmed the evolution, irrespective of the na-
ture of its mechanism. In the frame of the comparative physical geography, the life 
conditions of different beings and their relation with the abiotic environment be-
come clear, the appearance of skilled organs is explained and a new science is 
founded, which later will get the name Ecology, with its basic laws, as it is the law 
of Liebeg (law of minimum) and the law of Shelford (law of tolerance). Finally, 
the discovery that the protoplasm and the cell, structural units of all beings, exist 
also as self-existent lower forms of life put an end to the controversies concerning 
the origin of beings. At the same time, the chasm between the abiotic and the or-
ganic material is waning and the nature is moving in an eternal and circular 
course (Engels).   

The histories of the two worlds are parallel, where the biologic world appears 
when the geologic world gives the necessary conditions for such an appearance. 
The formation of the crust, the water accumulations on the earth’s surface, the 
continuous isolation from the high temperature of the core resulting from the new 
formed layers, and the reduction of the ultraviolet radiation transform the atmos-
phere to an almost similar to the present. The photosynthesis is the specific bridge, 
after the initial and primordial bridge of the water, between the two worlds, the 
exit of the life from the sea and the production of amino acids from electrical dis-
charges are different views of a permanent and mutual co-existence and associa-
tion. 
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New considerations 

The notion of Ecology has been established in 1886, by Ernst Haeckel, one of the 
scientists who carried on the Work of Darwin. Haeckel gave three definitions of 
Ecology (Stournaras 2007) in his three volumes of «Generelle der Organismen» 
…the science of economy, of living way, of vital external relations of organ-
isms……the totality of science of relations between the organisms with the envi-
ronment, including all the conditions of life…ecology or the geographical distri-
bution of organisms (…) the science of the totality of relations between the 
organisms with the surrounding external cosmos, with the organic and inorganic 
conditions of life. What we have called economy of the nature, the mutual rela-
tions of all the living beings in a unique space, their adaptation in the environ-
mental space, their transformation due to their fight to survive, the phenomena of 
parasitism etc.…In the above definitions, it is obvious the separation of the inor-
ganic and organic world within the notion, the concept of Ecology. 

During the last decades, all the sciences have been resumed and adapted in or-
der to include ecology within their concept. Classic sciences presented a new face 
to accomplish the nature description and analysis starting from hydrology, hydro-
geology, hydrometeorology, and generally, all the water sciences, since the water 
is fundamental element of the natural environment, consequently fundamental 
element of ecology. The radical theory of Mandelbrot* proposed a geometric ver-
sion of the natural structures. The theory of chaos, natural continuity of the mete-
orological physics, has been applied in the ecologic studies with an orientation to 
the dynamics. The theory of biodiversity is deeply impregnated by the principles 
of ecology. New fields have been appeared, such as economic ecology, urban 
ecology, ecological engineering, ecology of the systems, all considering the two 
worlds as a unity, therefore as an undivided environment. 

Looking at the main principles of ecology, two of them are revealed about the 
mutual active symbiosis of the two worlds. The law of Liebeg (law of minimum) 
declares that for each living being there is a minimum limit of necessary condi-
tions of substratum, mainly of the water since they are beings living without air 
but not without water (i.e. the water in a desert, the oxygen for the water of a lake 
etc.). The law of Shelford (law of tolerance) declares that the tolerance of an or-
ganism, related to the environmental parameters modification, is not unlimited. 
This is the reason of the organisms’ classification as narrow ecological range and 
wide ecological range species. 

The role of the water is similar as previously. The history determines ecological 
conditions, which dispose as a fundamental element the relation of living beings 
systems with the water as substratum and mean of surviving and evolution or as 
supply element. This is why the biotic societies cannot be reformed de novo, the 
evolution is not inverted and the ecosystems cannot be divided to segments. 

Related to the above considerations, the first conclusion is that the natural sys-
tems in both, abiotic and biotic environment, developed in a not inverted direction. 



Groundwater in integrated environmental consideration 7 

Seasonal episodes, the days-nights and summer-winder alternations, the climatic 
changes, the geologic procedures insinuate in the development of living beings, 
modifying the natural environment, including the aquatic environment, creating 
new conditions. The second conclusion is that development is connected to the 
form of the hierarchic structures. For example, a lake with fishes contains much 
more information related to a lake with only bacteria. In case that this is true, an-
other conclusion – surprise is that the elements of an ecosystem demand the in-
formation existence in the form of a classified hierarchy. On the contrary, the bi-
otic elements do not demand the information hierarchy; even they are adapted to a 
more complicate system. The main abiotic factors of the aquatic or terrestrial eco-
systems, having a direct or indirect relation with the water are: 

 The water in a liquid or aerial form. The water itself. 
 The total of dissolved salts (salinity, ionic strength). The role of the water in 

solubility and configuration of the salts concentrations. 
 The sunlight. The role of the sunlight is connected with the depth in seas and 

lakes. 
 The temperature. It is about the water temperature and the environmental tem-

perature affected by the water temperature. 
 The ground or seas bottom – riverbeds sediments nature. The role of the water 

becomes obvious. 
 The oxygen and other gases (i.e. atmospheric air). The role of the water be-

comes obvious, both as containing and contained. 
 The pH. It is connected with the water presence. 
 The nutritious elements. The same as their concentration.  
 The trace elements. The same as their concentration 

The substratum nature and the suspended load of an aqueous receiver have a 
very important meaning in the frame of ecological and physicochemical proce-
dures. The terrestrial ecosystems cannot develop when the soil is not fertile or it is 
instable. Therefore, the erosion, both as natural and anthropogenic action denudate 
the land from the soil layer, even thin, prevents the nourishing materials accumu-
lation and the flora development, just as it happens in the case of the sand’s aeolic 
mobilization (dunes).  

The temporary consideration about the mutual coexistence of the two worlds 
starts from the Russian geoscientist Vladimir Vernadsky (Vernadsky, 1926 repub-
lished 1997). It is true that Vernadsky was preceded of his era and scientists were 
not ready to understand his view*. Collecting two points of his works, related to 
our target, we should note his consideration of the life as a main geological factor 
on the earth. Furthermore, he called the living matter as vitalized water, which is a 
perfect definition of the life. It is, also, correct that the participation of the water in 
the appearance, evolution, and maintenance of the life is not limited to a passive 
role, as substratum or nourishing or conservative element.  

* B. Mandelbrot “The fractal geometry of nature”, W.H. Freeman, 1982 
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This is obvious after the role of the water in symbiosis, which is the bridge be-
tween the two worlds, the inorganic and organic matter, and the abiotic and living 
world. Within this frame, life in our planet is characterized by the direct or indi-
rect, visible or presumed, permanent or temporary symbiosis, which permitted to 
the biologist Lynn Margulis to call our planet, a symbiotic planet (Margulis 1999). 
A common denominator in all forms of symbiosis, consequently in all forms of 
life, as source or environment of life, is the water. The concept of Gaia, name of 
mother earth in ancient Hellas (Greece) contains a postulate. The earth is alive. 
This is well known among the geologists procedures mentioned above. In the 
same frame, the water is the main component of the theory of Gaia, proposed by 
J.E. Lovelock (Lovelock J. (1988) Translated to Greek 2007, 2006), which under-
lines, among other, that …the characteristics of the gases of the atmosphere, of 
the rocks and of the waters on the surface and in the interior of the earth, are fixed 
by means of the evolution, the death, the metabolism and the other activities of liv-
ing beings… The action of the environment, common action of the two worlds, re-
sulted in the partial exit of the life from the sea and the conquest of the initially 
hostile land. The ultraviolet solar radiation, the dearth of nourishing mater, and the 
devastating dryness 500 millions years ago, have been surmounted by the active 
co-existence with its unique action as it is the photosynthesis, the biological deg-
radation etc. described in the Theory of Hypersea by Marc and Dianna Mac 
Menamin (Mc Menamin and Mc Menamin, 1994).  

The self organized critical character is a new consideration of the nature (Bak, 
1999). According the fundamental principle of the above consideration, the nature 
is always in a non balance state, but organized in a meta-instable state, the crucial 
state, where everything can happen in the frame of well defined statistical laws. 
The science of the self organized critical character is oriented to the examination 
of the question: Why nature is not limited simply to express the physics laws, but 
it appears much more complicate. The obvious next question is whether this com-
plication is exclusively limited to the living world, where is evident, or is extended 
to the abiotic geological world. An initial and eventually final answer is that this 
complication is not extended to geology, because of the procedures of evolution, 
development, genesis, and consummation in the living world are unlimited, while, 
in the geology, the modifications are limited in a typical frame of chemical reac-
tions and physical laws. The passage from the simple laws of physics to the com-
plexity remains a severe question considering its profundity, range and the in-
duced mechanisms. Geology, Biology, Atmosphere Science, Climatology and 
other sciences gave already partial answers, but a complete answer still is de-
manded.  

“…When Lynn Margulis and I introduced the Gaia Hypothesis in 1972 neither of 
us was aware of Vernadsky’s work and none of our much learned colleagues drew 
our attention to the lapse. We retraced his steps and it was not until the 1980s that 
we discovered him to be our most illustrious predecessor… (declaration by J. 
Lovelock)”. “The Biosphere” by V. Vernadsky (1926) republished in 1977, re-
vised and annotated by M. Mc Menamin 
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Bak gives some examples such as geophysists speak about plate tectonics with-
out any mention to astrophysics. Biologists describe the characters and the evolu-
tion of species without any reference to geophysics. Economists analyze the 
monetary exchanges without any connection with biology etc. Later, is quite pos-
sible that these references will be considered as necessary, but the symbiosis of the 
two worlds is to be described and analyzed in their real dimensions now. 

It is cited that, in many sciences, the use of a narrative account is not enough, 
since the outcome of actions and conditions can be a result of different experi-
ments. All these are useless in evolution (biology) or in paleontology, where the 
actions and conditions cannot be exactly reproduced. Another consideration, re-
ferred t the nature, is the concept of the fractal structures. These structures dispose 
geometrical forms, with characteristics of all the scales, which constitute the na-
ture, according Mandelbrot (Bak). The research on the geometrical characters of 
the fractal structures has already proceeded, but the question of their origin still 
remains unanswered. The accession of the nature in the frame of the fractals has 
been attempted by Bak in a piecemeal way, especially regarding certain geoforms. 
Their full accession is an open matter, while there is no mention about Geology or 
Biology.   

About the organization on the earth surface 

Looking at the beginning of the Geology, which means the initial stage of the 
crust formation, Gautier (Gautier 1853), cited that, according the law of the rota-
tion, the freezing started from the poles, where should be the origin of the oceans. 
At the poles, also, the first surface elevations existed and the formation of the ini-
tial relief where the first organization of flora or fauna appeared. Step to step the 
freezing mobilized to the equator. If this is true, it is evident that the triggering 
point for the appearance of life was the diversification of the geological and cli-
matic conditions (Lyell 1830-33, republished 1997). Within the above evolution, 
the different zones acquired different climate, mainly in the base of the tempera-
ture. In this case, the earlier mentioned laws of Liebeg and Shelford start arrange 
the survival, development and evolution of living beings. The role of the sunlight 
becomes crucial. Being a part of the abiotic environment, the solar energy created 
the second bridge between the two worlds, after water, the photosynthesis proce-
dure, the transformation of inorganic matter to organic. The structure of an inor-
ganic molecule is solid and it is maintained by a cohesion forces in the surface. 
The structure of an organic molecule is cellular, it is consisted by real molecules 
but the disconnection is easier, due to the most mobile nature of the given ele-
ments. Although the discussed differentiations exist, the molecular chemical com-
binations seem the same in both cases. The inorganic and organic different forms 
are visible only after successive modifications, where the combinations of the or-
ganic molecules are more complex (Rossi et al. (Eds) 1999, Schoch et al. 1999). 
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Hydraulic connections 

Since the water is a fundamental environmental element and, at the same time, the 
first bridge between the two worlds, the internal water bodies (surface and ground 
flow) and the hydraulic relations among them obtain a special interest. The water 
is the essential element in the frame of the ecosystems sustained and development, 
in association with the activity of the geological environment. The last ecological 
conquest, offered by the geological side, is the legislatively adapted ecologic flow, 
which means that the totality of the water running to the sea or to a lake is not lost 
water, since it ensures the maintenance of the ecosystems. From technical point of 
view, the ecologic flow means a certain minimum river flow and a minimum lake 
level that must be maintained.  

The initial shape concerning the water distribution on and I the earth is the hy-
drologic water circle P (Precipitation) = R (Runoff) + E (Evapotranspiration) + I 
(Infiltration)  RV (Reserves Variations). The hydrologic water circle has a mean-
ing only considered in certain period and in certain area. The above general distri-
bution is modified because of secondary, tertiary etc. phenomena as they are the 
secondary runoff of the springs water the secondary infiltration during the runoff 
and so on.  

The climatic change in the frame of the water economics define another very 
important field to be analyzed and been used in the environmental maintenance 
and improving, as a new factor which, directly or indirectly, intrudes itself in the 
relevant considerations (Alexandersson 1976; Caldecott 2007, Holst-Warhaft et al. 
(Eds) 2010; Kolbert 2006; Lane 2009; Orsenna 2008; Raymond (Ed) 1998; Stern 
2007; Weizsäcker et al. 1997).  

Beyond and additionally to the above water balance, there are many special 
types of hydraulic connection between surface and ground water bodies, in differ-
ent geoforms (Stournaras 2007). 

Mountainous areas The main characteristics here are the high level of precipita-
tion, the ice formation and the long distance run in a big hypsometric difference. 
The high slope helped by the coarse bed materials favor the secondary infiltration. 
The complexity of the aquatic exchanges in the mountainous areas, the micro- and 
megaclimat, the flora and fauna and the evolution of the geoforms, acquire re-
markable intensity and visible in the man scale life.  

Riverine zones The exchanges between surface and groundwater depend on the 
presence of local and regional aquatic systems, the permanent or seasonal floods 
and the evapotranspiration index. Generally, the aquifers are in reduced depth, re-
lated to the river level. 

Coastal zones The discussed exchanges in these zones are affected by the dis-
charge of the surface runoff and of the groundwater flow to the sea, which is the 
base level for both. These actions are accomplished by the evapotranspiration and 
the action of the sea mechanisms, as they are the sea currents, the tide action and 
the wave action (Stournaras 1999).  
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Glacier and sandy areas Because of the alternation of hills and ground depres-
sions the drainage of these areas is very often incomplete, since a great part of the 
runoff is engaged in lakes and wetlands. 

Karstic areas They represent the most complicate aquatic system, while the 
runoff can be limited or even negligible (dry valleys etc.). The hydraulic ex-
changes between the surface and ground waters include a considerable number of 
physical, chemical, geological, and biological procedures actualized in an ex-
tended range of physiographic and climatic conditions. Some of them are products 
of the natural geological and biological evolution, some other are products of the 
man made pollution and contamination. Such procedures are the eutrophication, 
the attack of the water bodies by the atmosphere, the desertification, the wetlands 
destruction etc. The same consideration adapted to necessary particularities, can 
be cited for fissured rocks (Stournaras 2008). 

Regarding the consideration of the aquatic exchanges between the different wa-
ter bodies, an extended range of exchanging procedures can be recognized. 

Exchanges between surface runoff and groundwater aquifers The main proce-
dures in this subject are the development of the hydrologic circle by secondary, 
tertiary etc. phenomena as they are the secondary runoff by the groundwater com-
ing out from a spring, the secondary infiltration during the runoff, etc. 

Exchanges between lakes and groundwater aquifers The regime of these ex-
changes is settled by the hydraulic charges of the lake and the surrounded aquifer 
in the different points of the lake’s perimeter.  

Exchanges between lakes and groundwater wetlands The procedures of the ex-
changes depend on the wetland type and the groundwater hydraulic characteris-
tics. A particular case is the total or partial discharge of the groundwater aquifer in 
the wetland, before its arrival at the sea (Stournaras et al 2007).  

The role of water and groundwater in the environment 
and the ecosystem 

Considering the water as an environmental element, its fundamental role becomes 
obvious since 

 There are organisms living without air, but not without water. 
 The water is a bridge between the abiotic (geological) world and the biotic 

(biological world). 
 The water maintains another bridge between the two worlds, the photosynthe-

sis, which means transformation of inorganic (abiotic) groundwater ecology 
matter to organic (biotic) one. 

 The water keeps the essential role within the relation between the life and the 
environment: land uses (the water is definitive for each land use), natural re-
sources (the water is itself an essential resource, and a determinate factor for 
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the genesis, evolution and use of all natural resources), sub products disposal 
(the water is the final receiver of all waste sub products of the natural and hu-
man activities). 

Considering the groundwater origin, flow, storage, and its hydraulic connections 
with surface water bodies, including the sea water, there is a multiple role in the 
above described frame.  

 The groundwater is one of the constituents of the hydrologic circle 
 The groundwater takes place at the secondary phenomena of the hydrologic 

circle development (exit from springs and added to the runoff, receiving secon-
dary infiltration from runoff etc.) 

 The groundwater maintains the top soil and sub soil moisture, indirectly, giving 
a priority to the soil moisture, and directly, by the capillary water rising 

 The groundwater forms itself a field of ecological conditions (groundwater 
ecology) where its chemical properties contribute to the general environmental 
formation. Furthermore, the groundwater ecology takes place at the food chain 
which is another important environmental contribution. 

Groundwater ecology 

Groundwater ecology is the study of the interactions between groundwater organ-
isms and their external environment, be it the immediate aquifer or connected ter-
restrial system (Danielopol et al. 1994). Groundwater animals are collectively 
known as stygofauna after the Styx spring connecting the existing world and the 
underworld, where Thetis put Achilles to make him permanently uninjured.  

The decade of 1990s was a significant one in the field of groundwater ecology, 
commencing with the publication on the surface water/groundwater ecotone con-
cept. An ecotone is a transition zone between two ecosystems that displays charac-
teristics of both. Gibert et al. (Gibert et al. 1990) argued that the hydrological in-
teraction between surface waters and groundwaters mediated an ecotone that 
consisted of high intensity, oxygen saturation, and amplitudes in variables such as 
water temperature, along with biogeochemical gradients in micronutrients such as 
nitrogen. The acetones is especially evident in the hyporheic zone (see below), 
which can act as a physical, chemical, and biological filter. At the same time it is 
able to immobilize or transform nutrients or pollutants, preventing or reducing 
their transfer between groundwater and the surface. Another significant advance in 
the 1990s was the synthesis of detailed reach-scale studies concerning the central 
role of hydrological exchange between groundwater and river water in governing 
the chemistry and fauna of the hyporheic zone. The third major development was 
the incorporation of specific elements of spatial scale into understanding ground-
water ecosystems, especially hyporheic zones. In brief, this explored the different 
trends that emerge when groundwater-surface water interactions are assessed at a 
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sediment scale. As the hydrology of all surface water bodies relates to their 
groundwater flow systems, geological characteristics of their beds, and their cli-
matic settings, these interactions must be understood and are likely to influence 
groundwater organisms at a variety of scales (Baxter et al. 2000; Boulton et al. 
2002).  

 
Fig. 1. The evolution of researches perspectives in the development of groundwater ecology 
(Gibert 1994, in Hancock and Boulton 2005). 

 
Fig. 2. A functional classification of hyporheic fauna based on their habitat affinity for ground-
water (Marmonier et al. 1993, modified by Hancock and Boulton 2005). 
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Fig. 3. The four-dimensional nature of alluvial groundwater ecosystem (Dole-Olivier et al. 1994, 
modified by Hancock and Boulton 2005). 

Groundwater-surface water interactions 

The biogeochemical processes within the upper few centimeters of sediments be-
neath nearly all surface water bodies (hyporheic zone) (Hancock et al. 2005) have 
a profound effect on the chemistry of the water interchange, and here is where 
most of the recent research has been focusing is. Groundwater and surface water 
are not isolated components of the hydrologic system, but instead interact in a va-
riety of physiographic and climatic landscapes. Besides that the origin of the 
groundwater is the surface water, development of contamination of one commonly 
affects the other. Therefore, an understanding of the basic principles of interac-
tions between groundwater and surface water is needed for effective management 
of water resources. To understand these interactions it is necessary to understand 
the effects of what Tóth (Tóth 1970) called hydrogeological environment on 
groundwater flow systems – that is the effects of topography, geology, and cli-
mate. Focusing at the aquatic relations, the interactions of streams, lakes, and wet-
lands with groundwater are governed by the positions of the water bodies with re-
spect to groundwater flow systems, geologic characteristics of their beds and their 
climatic settings.  

Considering these interactions in a larger scale, a geomorphologic perspective 
is also helpful. For example, Larkin and Sharp (Larkin et al, 1992 classify stream-
aquifer systems (based on the predominant regional groundwater flow component) 
as (1) underflow-component dominated (the groundwater flux moves parallel to 
the river and in the same direction as the streamflow; (2) baseflow-component 
dominated (the groundwater flux moves perpendicular to or from the river de-
pending on whether the river is effluent or influent, respectively, or (3) mixed, ac-
cording Sophocleous (Sophocleous 2002). 
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Fig. 4. Descriptive model of the dynamics of the hyporheic zone and the surrounding water sys-
tems. The arrows size indicates the relative magnitude of flow (Williams 1993; in Sophocleous 
2002). 

 
Fig. 5. Human-induced impacts promoting clogging of stream-bed sediments and their ecological 
consequences (Brunke and Gonser 1997; in Sophocleous 2002). 
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Fig. 6. Transition from reliance upon groundwater storage to induced recharge of surface water 
(Balleau 1988; in Sophocleous 2002). 

Hyporheic zone 

Water flows not only in the open streams, but also through the interstices of 
stream channel and bank sediments, creating a mixing zone with subsurface water. 
The zone of the discussed mixing is the hyporheic zone. This zone is obviously a 
zone of intensifies biogeochemical activity. The time travel estimated for the wa-
ter in a stream channel might be too short to permit significant mineralization of 
organic nutrients. However, if hyporheic exchange is an important process, resi-
dence time within a reach and contact with subsurface sediments may result in 
dramatic alterations in material transported from the catchment to the receiving 
water body. According Maddock et al. (Maddock et al, 1995) the flow paths 
within the river bed are a function of the geomorphology of the bed. 

A homogeneous and isotropic streambed is assumed to exist between the 
stream and the underlying hyporheic zone (Fox et al, 2002). It is also assumed that 
the streambed has a lower hydraulic conductivity than the underlying soil and that 
leakage from the stream to the aquifer represents a steady, vertical, one-
dimensional flow. Consequently, three regimes of stream/aquifer hydrologic states 
exist. 

– Regime A – Saturated flow. Stream leakage rate depends on the location of 
the water table. 

– Regime B – Transition zone. Stream leakage rate governed by unsaturated 
flow hydraulic conditions. 

– Regime C – Unsaturated gravity-driven flow. Stream leakage rate is not a 
function of the location of the water table.  
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Mechanisms of interactions 

Hydrologic interactions between surface and subsurface waters occur by subsur-
face lateral flow through the unsaturated soil and by infiltration into or exfiltration 
from the saturated zones. In the case of karst or fractured terrain, interactions oc-
cur through flow in fracture/solution channels. Water that enters a surface-water 
body promptly, in response to such individual water input events as rain or snow-
melt, is known as event flow, direct flow, storm flow, or quick flow. This water is 
distinguished from base flow, or water that enters a stream from persistent, slowly 
varying sources and maintains stream flow between water-input events. Although 
some base flow is derived from drainage of lakes or wetlands, or even from the 
slow drainage of relatively thin soils on upland hill slopes, most base flow is sup-
plied from groundwater flow. Subsurface flow can also enter streams quickly 
enough to contribute to the event response. Such flow is called subsurface storm 
flow or interflow. Interflow involves both unsaturated and saturated flows. If inter-
flow encounters a seepage face, the interflow process may grade into return flow 
by which subsurface water can contribute to overland flow. The mechanisms by 
which subsurface flow enters streams quickly enough to contribute to stream flow 
responses to individual rainstorm and snowmelt seem to be the following: transla-
tory flow, macropore flow, groundwater ridging and return flows.  

Ecological significance of interactions 

The time travel estimated for steam water might be too short for significant miner-
alization of organic nutrients. I the case of the hyporheic zone, exchange is an im-
portant process. An important aspect of groundwater-surface water interchange is 
that surface water in streams, lakes, and wetlands repeatedly interchanges with 
nearby groundwater. Thus, the length of time water is I contact with mineral sur-
faces in its drainage basin is extended after the water first enters a stream, lake, or 
wetland. An important consequence of these continued interchanges between sur-
face water and groundwater is their potential to further increase the contact time 
between water and chemically reactive geologic materials.  
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Abstract The Water Framework Directive (WFD) and the Habitats Directive 
(HD) have a number of similarities in relation to the conservation of wetland eco-
systems. The WFD aims to maintain the ecological health of aquatic ecosystems. 
The concept of "good status" by this directive is set to be equivalent to the concept 
of "good conservation status” of habitats of community interest (HCI) established 
by the HD. Both concepts are based on maintaining the structure and functions of 
ecosystems in the long term. However, the transposition of the WFD in Spain has 
introduced a new concept "water requirements" of the surface water body type 
lake, to the concept of "environmental requirements" of the habitats of community 
interest raised by the HD. In Spain, many of Sites of Community Important (SCI) 
as part of the Natura 2000 network are surface water bodies such as lakes or Pro-
tected Areas as results of the implementation of the WFD, identified and subject to 
protection as stated in the Basin Water Plans. Therefore, protection elements are 
common in both directives. The purpose of this paper is directed to conduct a con-
ceptual analysis to define the similarities and differences, and determine the scope 
of the meaning of both concepts. A superficial analysis might point that the two 
concepts are equivalent; however, a more detailed analysis reveals significant dif-
ferences that must be taken into account to avoid misunderstandings from scien-
tists and technicians. 

1 Introduction 

The Habitats Directive (HD), along with the Birds Directive (BD) is the backbone 
of biodiversity policy in the EU. Protected areas under these Directives constitute 
the so-called Natura 2000 network, which covers about 20% of the EU (Carcavilla 
et al. 2008). Moreover, the Water Framework Directive (WFD) aims to establish a 
framework for the protection of all surface water and groundwater, by achieving 
good ecological status by 2015. The above mentioned three directives, aim to en-
suring the health of aquatic ecosystems while, at the same time, ensure a balance 
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between water/nature and sustainable use of natural resources. Among these 
guidelines there are a number of synergies, such as the implementation of meas-
ures under the WFD to benefit, in general, the HD, BD and WFD objectives. 
However, the implementation of these policies in practice has opened a number of 
issues, and although there has been a large number of guidance documents to as-
sist and coordinate this practical implementation, a number of them remain on the 
table pending further solve.  

This document is addressed to "aquatic ecosystems and, with respect to their 
water needs, terrestrial ecosystems and wetlands directly depending on aquatic 
ecosystems" (article 1 (a) WFD).  

2 Similarities and differences between the Water Framework 
Directive and the Habitats Directive 

The work done for the implementation of the WFD, has been carried out by the 
River Basin Authorities and concluded with the identification of surface water bo-
dies type lake, according to the criteria defined in the so-called Instructions for 
Water Planning of Spain. Generally, they are recognized by the WFD as “lake” 
(art. 2, (5)) are those inland water bodies, which are shallow and quiet, but also 
some "artificial water bodies" and some "heavily modified water bodies".  

 

Fig. 1. Overlapping responsibilities between planning and watershed management (WFD) and 
protected areas (as the Birds and Habitats Directives) (SEO / BirdLife 2010). 

On the other hand, the article 6 (1) of the WFD stipulates the establishment of a 
register of protected areas “that have been designated as requiring special protec-
tion under specific Community legislation for the protection of surface and 
groundwater, and conservation of habitats and species directly dependent on wa-



Ecological requirements versus water requirements in wetland ecosystems in Spain 23 

ter”. These areas are identified as "Natura 2000 sites dependent on water" (Fig. 1). 
For these Natura 2000 sites, the targets of HD, BD and WFD directives must be 
applied. Many of them overlap with sites identified as Sites of Community Impor-
tance (SCI) or Special Areas of Conservation (SAC) of the Natura 2000 network. 
This network, in turn, depending on the habitat types of Community interest de-
fined in Annexes I and II of the HD, initially identify, in a first step, the SCI, and 
in a second step, the SAC. In Spain, are the Autonomous Communities who define 
these spaces, known as SCI according to the criteria in Annex III of the HD.  

Within the requirements of the HD, each Member State must perform an up-
grade and evolution of the conservation status of habitats every 6 years (article 
17.1, Directive 92/43/EC), while according to the WFD, River Basin Management 
Plans should be updated every 6 years (article 13.7, Directive 2000/60/EC). A 
comparison between some elements of both directives allows identifying some 
other synergies of interest (Fig. 2). However, one of the main questions to be ad-
dressed is: what is the relationship between good ecological status (WFD) and a 
favorable conservation status (HD)? 

 
Fig. 2. Comparative analysis of some issues of Water Framework Directive (WFD) and Habitat 
Directive (HD). 

The concept of “good ecological status” is defined as the status of a body of 
surface water, which is classified as such under the criteria of Annex V of the 
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WFD (art. 2, 22). This concept is built on two additional concepts: good “qualita-
tive” and “quantitative” state. These are set based on comparisons with undis-
turbed reference conditions set for the type of water body. The assessment of eco-
logical status is based, ultimately, on the deviation of state of its specific type of 
reference conditions and relies on physical-chemical and hydromorphological 
elements selected (Fig. 3). The ecological status is classified according to the 
normative definitions of high, good and acceptable state for each of the quality 
hydromorphological, biological and physical-chemical quality elements (Fig. 2). 
In this sense, it is noteworthy that the WFD does not look to the presence or ab-
sence of certain species (as the Habitats Directive does), unless their presence or 
absence is essential to determine the ecological status of such water body. 

 
Fig. 3. Definitional elements of the state of the water body type "lake" established by the Direc-
tive 2000/60/EC. 

In addition, the HD stated that the conservation status of habitat refers to keep-
ing quality reflected in its structure and function (Fig. 4). This structure and func-
tioning are described in terms of biotic and abiotic characteristics, against which 
the question arises again: could these biotic and abiotic characteristics be identi-
fied with the biological, physical-chemical and hydro-morphological assessment 
of the status of water body of the WFD (Fig. 3)?. Interestingly, the WFD provides 
indicators of the water body, but not the HD. This is partly logical, given that wa-
ter is an element found only in certain types of habitats, not in all, and because the 
conservation status of a habitat, is also related to its relationship with the environ-
ment (air, water, soil, vegetation, etc.) (EC 2000). 

The surface water body type “lake” (WFD) was established based on a set of 
descriptors defined in Annex II, 1.2.2 WFD, while the identification of SCI and 
SAC is based on the presence of types of habitats and species identified in An-
nexes I and II of the HD. Therefore, the identification criteria are different. 
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Fig. 4. Definitional elements of the state of conservation established by the  Directive 92/43/EC. 

There are other aspects to be noted between the two directives, such as differ-
ences in terminology (Table1). The WFD uses a language eminently limnological, 
while HD does it with a dominantly botanical language in order to define the same 
types of water bodies (SEO / BirdLife, 2010). 

Table 1. Terminology differences between the WFD and the HD for the types of lakes (SEO / 
BirdLife 2010). 

Types of lakes WFD Types of lakes HD 

• Marsh types Littoral • Oligotrophic waters containing very few  
minerals (Littorelletalia uniflorae) 

• Interior sedimentation basin, karst,  
mixed contribution, small 

• Oligo-mesotrophic calcareous waters with  
vegetation of Chara spp. 

• Interior sedimentation basin, karst, hypogene, 
small 

• Natural eutrophic lakes and ponds with  
vegetation Magnopotamion o Hydrocharition 

• Interior sedimentation basin, karst not perma-
nent, shallow, non-saline 

• Natural dystrophic lakes and ponds 

• Interior basin sedimentation, floodplain type, 
low to medium mineralization 

• Mediterranean temporary ponds and lakes 

• Littoral dune complex, ongoing • Lakes in gypsum karst lakes 

3 IGME work for the Habitats Directive 
and the Water Framework Directive 

The work recently published by the Ministry of Environment of Spain (MARM) 
(WAA 2009), has several thousands of pages devoted to the ecological characteri-
zation of habitats of Annex I of the HD, related to water in Spain. This eminently 
scientific-technical work describes what is the favorable conservation status for 
each type of habitat in Annex I of the HD in Spain. In this study, the MARM con-
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tacted the main companies and scientific institutions in Spain related to environ-
mental conservation, among which the Geological Survey of Spain (IGME). Re-
ports produced are focused on describing each of the habitats, placing emphasis on 
six areas: (1) definition of habitats, name and geographical distribution; (2) eco-
logical characterization of habitats, control biophysical, ecological requirements 
and subtypes; (3) parameters and procedures for assessment and monitoring of the 
condition and future prospects; (4) recommendations for conservation; (5) goods 
and services offered by the habitat; (6) literature and photographic documentation. 
It is intended that the document not only describes the habitat, but also provides 
specific guidelines to assess their conservation status and evolution over time 
(Carcavilla et al. 2008). 

The HD also includes geology, geomorphology, among other reasons for con-
servation, because some of the habitats are of geological and geomorphological 
importance (such as natural cavities), while in others (such as wetlands) the geo-
logical conditions play an important role (Carcavilla et al. 2008). In particular, the 
HD defines 9 categories of habitats. In turn these are subdivided into 21 others, 
from which the 117 types of habitats of Community interest emerge (Table 2). 
Wetlands are distributed among categories 1, 3 and 7 of that table, although there 
are many other habitats present in them.  

Table 2. Habitat classification (Habitats Directive 92/43/EEC). 

Code and name of the major categories of habitat 

Coastal and halophytic vegetation 
Coastal and inland dunes 
Habitats of freshwater 
Health and scrub warm of template zone 
Sclerophyllous shrublands 
Semi-natural grassland formations raised bogs and lower marsh areas 
Rocky habitants and Caves 
Forests 

More recently, the MARM contacted IGME to carry out a series of scientific 
and technical work to support the sustainability and protection of groundwater, 
namely the identification and characterization of the interaction that occurs be-
tween groundwater and wetlands, and other natural ecosystems of special hydro-
logical interest (MARM 2011). Within this work, it has been made a conceptual 
model of wetland-aquifer relationship that places special emphasis on the follow-
ing points: (1) Identification and conceptual model for the existing wetlands in 
each intercommunitary river basin, i.e., one that includes several regions; (2) the 
relations between the wetland and the groundwater bodies. It is intended that the 
document is addressed to current and future protection of aquatic ecosystems de-
pendent on groundwater. Within this work, we have analyzed, in those cases 
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where the available data have allowed it, the quantification of wetland-aquifer re-
lations. These findings exist for specific cases of total wetlands studied. But what 
relationship does this quantification with the water requirements of wetlands? 
These estimates are looking for a quantification of the transfer rate between the 
wetland and the aquifer to which it relates. In no case was an assessment of the 
ecological needs of the wetland.  

4 Conclusions 

Although the WFD and the HD have common elements, a detailed analysis re-
veals striking differences in their objectives, scope and focus. The work done so 
far for the implementation of both policies lead us to conclude that the water re-
quirements (understood as quality and quantity of water for wetlands) although 
necessary, seem to be not sufficient to ensure the ecological requirements of the 
habitats. Water is a fundamental factor of wetland ecosystems, but not the only 
one. The quantifications made in the work of the WFD in Spain can be a useful 
basis for further research aimed at what minimum water volumes can guarantee 
the good state of habitats preservation. 

References 

Carcavilla L, De la Hera A, Durán Valsero JJ, Gracia FJ and Pérez Alberti A (2008) Geomor-
fología y geomorfología en la Directiva Hábitats de la Unión Europea [Geology and Geomor-
phology in the European Habitats Directive]. Trabajos de Geomorfología en España, 2006-
2008. X Reunión Nacional de Geomorfología. Cádiz, Spain 

EC (2000) Gestión de Espacios Natura 2000 [Management of Nature 2000 Sites]. Apartado 1 del 
Artículo 6. Disposiciones del artículo de la Directiva 92/43/CEE sobre hábitats. 73 pp. 
http://ec.europa.eu/environment/nature/natura2000/management/docs/art6/provision_of_art6_
es.pdf 

Marm (2011) Actividad 4 de la Encomienda de Gestión IGME-DGA. Identificación y caracteri-
zación de la interrelación que se presenta entre aguas subterráneas, cursos fluviales, descargas 
por manantiales, zonas húmedas y otros ecosistemas naturales de especial interés hídrico 
[Identification and characterization of the interaction that occurs between groundwater, 
streams, downloads and streams, wetlands and other natural ecosystems of special water]. 
DVD. Ministry of Environment and Ministry of Science and Innovation 

SEO/BirdLife (2010) La Directiva Marco del Agua y la conservación de los humedales y los 
espacios de la Red Natura 2000 que dependen del agua [The Water Framework Directive and 
the conservation of wetlands and areas of the Natura 2000 network that rely on water]. 60 pp. 
with annexes 

WAA (2009) Bases ecológicas preliminares para la conservación de los tipos de hábitat de in-
terés comunitario en España [Preliminary ecological basis for conservation of habitat types of 
Community interest in Spain]. Dirección General de Medio Natural y Política Forestal, Min-
isterio de Medio Ambiente, y Medio Rural y Medio Marino. Madrid, Spain 



29 

Ecological impacts due to hydraulic 
technical projects to ecosystems 
near Natura 2000 network 

Th.M. Koutsos1,2, G.C. Dimopoulos1, A.P. Mamolos2 

1 Laboratory of Engineering Geology and Hydrogeology, Department of Geology, School of 
Geology, Faculty of Sciences, Aristotle University of Thessaloniki, 54124, Greece 
2 Laboratory of Ecology and Environmental Protection, Faculty of Agriculture, Aristotle 
University of Thessaloniki, 54124, Greece 

Abstract   The construction of hydraulic technical projects plays an important role 
in preserving water resources for the continuously increase of water needs espe-
cially due to the last climate changes. Though water reservoirs contribution in lo-
cal economic prosperity is substantial, questions rise about the possible impacts on 
protected areas near the construction site. This study established an environmental 
information system in combination with an eco-environmental vulnerability as-
sessment method using Analytical Hierarchy Process and GIS tools in order to re-
veal areas of possible threats for protected species of Natura 2000 sites due to a 
hydraulic technical project construction. Using the proposed methodology it be-
came possible to assess and map the expected ecological impacts on endangered 
species of a Natura 2000 site, due to the technical project activities at the construc-
tion and operation phase of Akropotamos dam (Kavala, Greece). 

Introduction 

Last decade climate changes along with increased human activities constitute a 
growing menace for protected species and areas especially for those susceptible to 
changes. Water is the determinative factor for the survival of every ecosystem par-
ticularly in regions with relatively abundant rainfall where evapotranspiration is 
expected to be very high (Isendahl and Schmidt 2006). To cope with the growing 
water needs the construction of dams and other hydraulic technical projects are the 
answer to water scarcity and to the increased frequency of drought events (White 
2005). The construction of hydraulic structures may alter stream downflows or up-
flows (Hu et al. 2008), affecting the nearest ecosystems (Santos et al. 2008; Kout-
sos et al. 2010).  
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The lack of mitigation measures along with the increased human activities (due to 
the growth of settlements) may be crucial for the future of environmentally ‘frag-
ile’ regions such as the protected areas of Natura 2000 network. In order to pro-
mote the maintenance or restoration of biodiversity the European Union issued a 
conservation directive (2009/95/EC) taking into account the economical, social, 
cultural and regional requirements. 

Geographical Information Systems have much to contribute in environmental 
assessment applications (Segurado and Araϊjo 2004), especially in the case of rare 
or endangered species and their habitats, such as Natura 2000 Network. Recent 
studies (Koutsos et al. 2010) have shown that combining simple procedures for 
impact assessment and mapping we could form an idea about the geographic loca-
tion where negative impacts will take place and which species or habitats will be 
affected and to what extent due to a technical project construction. Impacts on pro-
tected or endangered species can be mapped in a GIS with the assumption that 
their habitats can be linked to specific types of vegetation that represents their liv-
ing environment (DeMaynadier and Hunter 1995). 

The implementation of the proposed method leads to a thematic map presenting 
the risk of influence and the areas where additional mitigation measures need to be 
taken in order to efficiently minimize all possible threats. The evaluation scheme 
includes four steps: (a) determination of the areas at which the impact evaluation 
scores will be assigned (grouped habitat regions), (b) evaluation procedure using 
environmental criteria and use of an equation for calculating totals, (c) registration 
of evaluation scores to polygon areas (habitats) in the GIS system and (d) creation 
of thematic maps to show the range of plotted values as regions with different de-
gree of impact on species near Natura 2000 network sites. 

Methods 

Proposed methodology 

(a) Determination of areas where the impact evaluation scores 
will be assigned 

The IUCN Red List of Threated Species along with bibliographical data offers 
comprehensive information about the status of the most threatened, vulnerable and 
endangered species and particularly about the geographic range of their population 
and the variety of their habitats (grasslands, woods, forests, rivers etc.). Using the 
embedded SQL support in the GIS system we can select and merge (combine) the 
different types of vegetation (as polygon areas) and save them as one separate 
layer (habitat) for each of the species. This layer represents the geographic limits 
where each of the species live, move and reproduce. As a result layers for different 
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species may overlap each other as expected because species share many times the 
same type of habitat. In order to assign impact evaluation scores, the different lo-
cal habitats types included in the vegetation map, must be organized into groups of 
habitats (zones) subjected to the same degree of impacts due to the technical pro-
ject activities. Intersection among these layers can reveal the degree of influence 
due to human activities or the risk for each of the species. 

(b) Evaluation procedure 

The main steps for the evaluation process are: (1) use of an evaluation criteria 
pack, (2) calculation of totals via impact equation, (3) prioritizing impact values. 
The pair-wise comparisons are supposed to be carried out taking advantage of the 
expert’s knowledge and experience.  

Evaluation criteria pack 

For each habitat region a set of 10 criteria (IAIA 2002; Koutsos et al. 2008) is 
proposed to be used to evaluate the possible impacts to one or more species of the 
nearest Natura 2000 sites. As it is common in many studies these criteria have 
simple integer values (Koutsos et al. 2008) in order to facilitate the impact as-
sessment and to avoid possible bias errors. The number of values for each criterion 
differs according to its nature.  

Calculation of totals using an impact equation 

To calculate a total value representing the final impact score for each zone and for 
all species separately, the following equation has been proposed to merge all indi-
vidual criteria evaluations (Koutsos et al. 2008): 

 E=5 × type × risk × (extent + duration + reversibility + significance) 

where number 5 is used for data normalization (scale -100 to 100). 

Prioritizing impact values 

For achieving a more objective impact ranking the methodology proposes the use 
of the Analytical Hierarchy Process (Saaty 1980) to make the pair-wise compari-
sons on the basis of the question “which of the two compared species will be more 
affected due to human activities?” As usually expected, judgment errors are likely 
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in pair-wise comparisons and therefore we had to check the result consistency of 
the comparison matrix by calculating the consistency index (Cl) and consistency 
ratio (CR). 

(c) Registration of evaluation scores to areas in a GIS system 

The calculated impact total values were assigned to the corresponding zones 
(grouped habitat regions) in the GIS system (Gillenwater et al. 2006). The GIS 
program proposed for the data manipulation and mapping is MapInfo professional. 

(d) Creation of thematic maps 

As a result, instant thematic maps can be derived using the thematic map capabil-
ity of the GIS system according to custom needs. This final step gives the visual 
image of the expected impacts on different species due to the construction of a 
specific technical project. GIS combined with the assessment procedure can now 
present the degree of impact on different species according to their habitats taking 
into account the characteristics of their living environment, the distance from the 
construction site, the degree of their susceptibility to changes etc. 

Data set 

In order to test the effectiveness of the method, we used a study area of a dam 
which is currently under construction (Akropotamos Dam, River Marmaras, Pieria 
basin, Kavala, Greece) having at the north of the dam basin, a Natura 2000 site 
(GR1150005). According to a previous study (Koutsos et al. 2010), it became pos-
sible to assess and plot impacts on species due to the dam construction using a 
project activity zone classification. Each zone (consisting of different types of ve-
getation) was supposed that it would be subjected to the same degree of impact 
due to the technical project activities. For that purpose the different local vegeta-
tion types, included in the vegetation map, were organized into the following five 
zones: (i) zone A (1), areas near the river with riparian vegetation and cultivating 
fields, (ii) zone B (2), coppices and abandoned fields, (iii) zone C (3), pastures and 
village areas, (iv) zone D (4), oak forests and beeches, (v) zone E (5), the part of 
Natura 2000 site, which intersects with the dam basin (Koutsos et al. 2010).  

This methodology attempts to go further one step by combining the habitats for 
each of the species, assessing the expected impacts and mapping them for each 
one separately calculating the area and the percentage of the impact while giving 
also a qualitative value in order to make it easier for the decision makers to evalu-
ate the results.  
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Results 

Using the proposed methodology for assessing the impacts for each of the pro-
tected species a table with the evaluation scores has been constructed (Table 1, 2).  

Table 1. Evaluation scored for each zone and all species at construction phase. 

Species Zones 
 A B C D Mean 
Lutra lutra -20.00 -22.50 -11.25 -3.75 -14.38 
Triturus cristatus  0.00 0.00 0.00 -3.75 -0.94 
Bombina variegata  -27.50 -15.00 0.00 -10.00 -13.13 
Testudo -20.00 -6.25 -22.50 -15.00 -15.94 
Mean -16.88 -10.94 -8.44 -8.13 -44.38 
Weighted -21.48 -17.28 -8.10 -6.94 -13.45 

Table2. Evaluation scored for each zone and all species at operation phase. 
Species Zones 
 A B C D Mean 
Lutra lutra -30.00 -22.50 -27.50 -3.75 -20.94 
Triturus cristatus  0.00 0.00 0.00 -2.50 -0.63 
Bombina variegata  20.00 -15.00 0.00 -3.75 0.31 
Testudo  6.25 -8.75 -12.50 -6.25 -5.31 
Mean -0.94 -11.56 -10.00 -4.06 -26.56 
Weighted -8.38 -17.53 -15.55 -3.94 -11.35 

In the GIS system, topographical, hydrological and vegetation data were used 
as derived from digitized maps, presented at the dam study (Dimopoulos et al. 
2001), in order to be the graphical background where impacts will be presented. 
All assessment data were assigned to the polygon areas representing the habitats 
of the species and they were also grouped according the technical project activities 
(zones A-D). For each of the species the area of their habitats has been calculated 
in the GIS system (Table 3). To make the comparison among species possible, the 
percentage of the area for each zone was also calculated (Table 4, 5).  

Table 3. Area of habitats (sq km). 
Species Zones 
 A B C D Totals 
Lutra lutra 38.699 28.65 6.1442 0 73.4925 
Triturus cristatus 0.4716 0 0 12.72 13.1916 
Bombina variegata 38.699 29.141 9.5385 0 77.3784 
Testudo 37.678 29.141 9.54 3.6141 79.9731 
Totals 115.55 86.932 25.223 16.334 244.036 
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Table 4. Percentage of impact area at construction (%). 

Species Zones 
 A B C D 
Lutra lutra -34.78 -39.13 -19.57 -6.52 
Triturus cristatus 0 0 0 -100 
Bombina variegata -52.38 -28.57 -19.05 0 
Testudo -31.37 -9.8 -35.29 -23.53 

Area of the expected impacts for each zone has also been calculated and then 
grouped using a qualitative classification (Koutsos et al. 2010) in order to empha-
size the regions and the degree where each of the species is more vulnerable (Ta-
ble 6, 7). Finally eight thematic maps where constructed for each or the species at 
construction and operation phase of the technical project (Fig. 1, 2). 

Table 5. Percentage of impact area at operation (%). 

Species Zones 
 A B C D 
Lutra lutra -35.82 -26.87 -32.84 -4.48 
Triturus cristatus 0 0 0 -100 
Bombina variegata 51.61 -38.71 0 -9.68 
Testudo 0 -31.82 -45.45 -22.73 

Table 6. Qualitative assessment of impacts at construction. 

Species Zones 
 A B C D 
Lutra lutra Low (-) Low (-) Neutral Neutral 
Triturus cristatus Neutral Neutral Neutral Neutral 
Bombina variegata High (-) Medium (-) Neutral Neutral 
Testudo Low (-) Neutral Low (-) Low (-) 

Table 7. Qualitative assessment of impacts at operation. 

Species Zones 
 A B C D 
Lutra lutra Medium (-) Low (-) Medium (-) Neutral 
Triturus cristatus Neutral Neutral Neutral Neutral 
Bombina variegata Low (+) Low (-) Neutral Neutral 
Testudo Neutral Neutral Neutral Neutral 

As expected Lutra lutra is susceptible to water quality and quantity changes and 
possible loss of the riparian vegetation and will be affected more during the con-
struction phase where many areas of its habitats will be in danger. Triturus crista-
tus, as a typical forest amphibian, lives in the north part of the study area in the for-
ests away from any human activity and will almost not be influenced by the dam 
construction. Bombina variegata lives in a wide range of environment types and 
will be influenced negatively during the dam construction phase but it will take ad-
vantage of water abundance at the operation phase and receive a positive bonus. 
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Fig. 1. Thematic maps of evaluation scores at both construction and operation phase of the dam 
for Lutra lutra and Bombina variegata. 

Contrary to Lutra lutra this specie is more adaptive to environment changes 
caused by human activities and it is expected to gain profit of the dam construc-
tion after its completion. Testudo species are also adaptive to changes in their en-
vironment but they have to deal with different types of threats basically concern-
ing the possible increase in human population or traffic, as they are usually being 
killed by humans and vehicles. It is expected to be influenced more during the 
construction phase as shown in the thematic maps, where machinery and vehicle 
circulation expected to be increased. 
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Fig. 2. Thematic maps of evaluation scores at both construction and operation phase of the dam 
for Triturus cristatus, Testudo hermanni and Testudo graeca. 

With the proposed methodology it was finally possible to assess and map eco-
logical impacts on endangered species due to human activities, showing the areas 
where species are more vulnerable and to what extent. It is also feasible to make 
comparisons among species on which will be more or less influenced and what 
degree. Refining the assessment procedure using a group of experts for improving 
evaluation scores and plotting the results separately for each of the species in the-
matic maps decision makers could now redesign mitigation measures and prac-
tices in order to protect endangered species from possible threats at specific areas 
of interest. 
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Abstract Available fresh water resources are shrinking and periods of droughts and 
water shortage are becoming more frequent. Such water Shortage is mainly man-
induced and therefore should be treated as such. The impacts of Water shortage are 
ecological disruptions, general decrease of water levels in lakes, ponds, streams, 
reservoirs and aquifers, loss of topsoil and increased airborne dust, crop shortages 
or losses, increases in insect activities and predators, multiplying of weeds, 
replacement of useful plant species by less useful species, increased fire hazard, 
transformation of land uses, adverse effects to livestock such as reduction of herd 
size, increase of diceases and problems of vectror control, reduction or loss of 
wildlife resources. 
Measures for mitigating water shortage, such as, inter alia, supply oriented, 
impact minimization, interbasin and within-basin water transfer and exchange, 
drought forecasts and early warning, surface and groundwater storage, transfer of 
surplus water in time must be reliably designed and implemented. 

1 Aridity, Drought, Desertification and Water shortage 

The primary determinant of Aridity is the nature-induced low average annual 
Precipitation, leading to a permanent imbalance of water availability. In arid areas 
the rainfall on a given parcel of land is not adequate for regular crop production 
and in semi-arid areas the rainfall is sufficient for short-season crops and the grass 
is an important element of the natural vegetation (Correia, 1999). Aridity is a 
function of the relationship P/Ep between the amount of rainfall (P) and the 
potential evapotranspiration (Ep). It is exacerbated when rainfall decreases and 
evapotranspiration increases. The latter is a function of the air temperature, among 
other factors, which is again a climatic feature. Aridity, which is a quasi-
permanent climatic feature leads to nature-induced quasi-temporal Drought 
(Fig. 1). The latter is such a lack of rainfall as to adversly affect the plant and 
animal life of a region and to deplete water supplies, both for domestic purposes 
and for the operation of irrigation schemes. Lack of rainfall in certain areas does 
not necessarily indicate a drought, if the streamflows and ground-waters in 
the area are derived from rainfall in distant places (Baloutsos et al. 1999). 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Droughts may be local, confined to a single river basin or area, or they may 
be widespread, extending over many states and parts of the world. When 
droughts are widespread, however, they are likely to be very severe in only a 
limited part of the total area affected. 

 
Fig. 1. Sketch definition of Aridity, Drougt, Water Shortage and Desertification (Adapted from 
Vlachos-Douglas 1983). 

The environmental impacts of drought are, among others, (Vlachos and James 
1983), ecological disruptions, general decrease of water levels in lakes, ponds, 
streams reservoirs and aquifers, loss of topsoil and increased airborne dust, crop 
shortages or losses, increases in insect activities and predators, multiplying of 
weeds, replacement of useful plant species by less useful species, increased fire 
hazard, transformation of land uses, adverse effects to livestock such as reduction 
of herd size, increase of diceases and vector control problems, reduction or loss of 
wildlife resources.  

Factors such as topography, geology, and land grading influence the 
severity of droughts (Yassoglou 1999). With like amounts of rain, a steep area 
or an area having soil with low permeability and little underground storage 
may fail to supply vegetative needs and may yield zero streamflow at critical 
periods. On the other hand, a highly permeable area with ground storage may 
support sizable streamflows throughout dry areas, except in the more elevated 
portions of the area. Man-made changes such as grading, farming, drainage 
works, and residential improvements, aggravate drought conditions by 
speeding up water runoff and by reducing surface pondage, infiltration, and 
underground storage. 

Measures for coping with droughts are inter alia (Yevjenich-Vlachos 1983):  

 Supply-oriented measures that are intended to augment supply during droughts, 
i.e. surface and groundwater storage, interbasin and within-basin water transfer 
and exchange. 
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 Demand-oriented measures that are intended to decrease demand during 
droughts, such as active measures discouraging reduction, i.e. legal restrictions 
and penalties, economic incentives, recycling etc. 

 Impact-minimization measures that are basically related to water users, such as 
drought forecast and warning. 

Aridity does not necesserily lead to Desertification (Thornes 1999,Van der 
Leeeuv 1999) a situation which is an alteration of the ecological regime often 
associated with Aridity and/or Drought but always caused by human activities. 
Properly speaking, Desertification is the product of nature induced aridity and 
man- induced imbalance of water availability leading to Water Shortage (Fig.1).  

2 Climate change and Water Resources 

Climate is the dominant factor leading to aridity and drought.. On the other hand 
land becomes naturally desertified when the ratio: P/Ep (annual rainfall P to 
potential evapotranspi-ration Ep) acquires values below a certain threshold, 
regardless of the state of the other components. In contrast, when the ratio exceeds 
an upper threshold, desertification does not advance. But does indeed climate 
change? There are indications but not clear evidence that climate becomes warmer, 
but no statistically significant indications that it becomes drier.  

Recent years have been among the warmest since 1860 - the period for which 
instrumental records are available. Warming is evident in both sea-surface and 
land-based surface, air temperatures. Urbanization in general and desertification 
could have contributed only a small fraction of the overall global warming, al-
though urbanization may have been an important influence in some regions. Indi-
rect indicators such as borehole temperatures and glacier shrinkage provide inde-
pendent support for the observed warming. It should also be noted that the 
warming has not been globally uniform. The recent warming has been greatest be-
tween 40°N and 70°N latitude, though some areas such as the North Atlantic 
Ocean have cooled in the recent decades (WMO-UNEP 2008). 

From the dawn of the Earth's history, over 4.6 billion years, the climate has 
changed constantly from warm to very cold and vice-versa (Fig. 2). 

Over the last 400,000 years the Earth's climate has been unstable, with very 
significant temperature changes, going from a warm climate to an ice age in only a 
few decades (WMO-UNEP 2008). These rapid changes suggest that climate may be 
quite sensitive to internal or external climate forcings and feedbacks. Temperatures 
have been less variable during the last 10,000 years. Based on the incomplete 
evidence available, it is unlikely that global mean temperatures have varied by more 
than 1°C in a century during this period. Figure 3 shows temporal changes of 
precipitation and temperature in the Athens region (data from the meteorological 
station of Athens of National Observatory of Athens) during the last century 
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Fig. 2. Climate instability from the dawn of the Earth's history to the present. 

 

Fig. 3. Mean annual temperature (oC) of the period 1901-2010, trend line (dashed red lines) and 
7-years moving average (solid green lines) from the meteorological station of National 
Observatory of Athens. 
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After Figure 3, there is clear evidence that air-temperature rises but statistically 
no significant indications that rainfall decreases. Founda, Giannakopoulos (2009) 
pose the rhetorical question of whether the exceptionally hot summer of 2007 
(44,8 oC on 26 June) in Athens Greece is “a typical summer in the future climate”, 
concluding that “the abnormally hot summer of 2007 is perhaps not the proof but a 
strong indicator of what eastern Mediterranean summers could resemble in 
future”. Founda (2011), in a review paper on the evolution of the air-temperature 
in Athens, concludes that the long term linear trend of the entire time series (1890-
2009) is positive and statistically significant. 

3 Drought and water resources 

The first and most powerful effect of drought is to reduce agricultural production over a wide 
area; other adverse economic impacts follow from this loss in production. During 
droughts the quantity of moisture drawn from storage by transpiration 
increases, resulting in the exhaustion of soil moisture early in the growing 
season. This is reflected in lower water levels in shallow wells and in deep 
wells subject to recharge in the drought area. High temperatures aggravate the 
situation by increasing the transpiration and evaporation requirements. 
Because of the size of underground storage, the depletion of groundwater 
reservoirs during a single drought is not common. However, depletion may 
occur when draft rates greatly exceed recharge capabilities or where the 
groundwater reservoir is relatively shallow. Because droughts are the result of a 
cumulative deficiency, records for individual days, months, and in some cases 
even years are not significant. 

It is usually assumed that the severety of a drought is independent of the 
size of the area involved. This amounts to assuming that the low-flow unit 
discharge (discharge per unit drainage area) will not be affected by changes in 
area, an assumption that is known to be incorrect for flood flows. While mean 
flows are assumed to be proportional to drainage areas, drought-frequency 
studies indicate that unit discharges during drought periods are smaller from 
small areas when compared with like unit discharges from larger areas. Low-
flow studies indicate that the discharge during a 7-day drought was 
proportional to the drainage area raised to the 1.25 power. Expressed in 
another way, the unit discharge varies as the 0.25 power of the drainage area. 

The severity of droughts may be measured by various parameters such as 
deficiencies in rainfall and runoff, decline in soil moisture, reduction in 
groundwater levels, and the storage required to meet prescribed drafts or 
demands. 
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4 Man made causes of Watershortage 

Water shortage is primarily human induced and less dependent on climatic 
changes.  

 
Fig. 4. The base flow in the Hydrograph (Adapted from De Wiest 1965). 

An indicative but not restrictive list of the main man-made causes of water 
shortage are: failure to establish appropriate “capacity building”, the lack or 
inefficient implementation of water policy and of management of water resources 
on a national and awatershed scale, the lack of conjuctive development and use of 
both surface and ground water, the over-exploitation of aquifers resulting either in 
depletion or in sea water contamination, the “over-use” or “unwise” use of water 
resources in order to “produce more agricultural goods” or to irrigate home grass-
plots, especially in arid or semiarid regions, the minimization, if not elimination, 
of the “base flow”(Fig. 4) - due to important decrease of piezometry in aquifers - 
contributing to runoff, the intentional or unintentional pollution of surface or 
groundwater bodies (misuse or excessive use of agrochemicals, uncontrolled 
discharges of solid and liquid wastes, accidental pollution of water bodies, 
polution fom irrigation returns etc.), the lack of effectively implemented 
antipollution preventive measures and of decontamination policies in order to 
renovate the polluted water bodies, the lack of incentives or mechanisms to 
recycle water or to use water of lower quality where feasible, the inefficient 
adoption, or failure to adopt, “polluter pays” and “recovery of costs for water 
services, environmental and resource costs included” policies, the important water 
losses due to leakages from the distribution systems as well as due to adoption of 
inappropriate irrigation methods, especially in windy and temperate regions, the 
water losses due to lack of impoundment or of regulation of runoff especially in 
the upstream part of mountainous creeks or ephemeral torrents resulting in a small 
time lag until the epheneral runoff enters the sea, the lack of early warning 
systems on water resources depletion or degradation due to lack of effectively 
designed, implemented and functioning monitoring system on the quantity and 
quality changes of water resources. 
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5 Drought Impacts to the Baseflow  

The cost of developing ground water is lower in most areas than the cost of 
developing surface water. Ground water may be developed on a "pay-as-you-go" or 
"pay-as-you-grow" basis. Surface water development generally involves a large initial 
capital investment.The above doctrines have led to overdevelopment of groundwater in 
relation to surface water.  

Overpumping of aquifers, especially heavy in periods of drought, causes heavy 
drawdowns of watertables in the aquifers. This leads to minimization and even to 
depletion of the baseflow (Fig. 4), expressed as depletion of spring discharges and 
decreases the runoff over the whole watershed. Many springs do not recover even 
in wet periods and the water resources deficit could be perennial. 

6 Effects of sea-level rise on coastal water resources  

The water resources of small islands and low-lying coastal areas are very 
susceptible to sea-level rise. Figure 5 illustrates the direct impacts on the water 
resources sector, as well as the plethora of higher-order impacts which affect not 
only that sector but most, if not all, other sectors including health, transport and 
agriculture. 

 

Fig. 5. Effects of sea-level rise on water resources (adapted from Hay. and Mimura 2006). 
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7 Impacts of Drought on Water Supply and Use 

Vlachos and James, (in V. Yevjevich, L. Da Cunha, E.Vlachos ed. 1983) 
classified the Drought - Related Impacts as: 

 Economic, namely, economic loss from drought-impacted-cattle breeding, loss 
from drought-impacted crop production, loss from drought-impacted timber 
production, loss from drought-impacted fishery production, loss to industries 
directly dependent on agricultural production, unemployment from drought-
related production declines, strain on financial institutions, revenue losses to 
state and local governments, revenues to water supply firms etc. 

 Environmental, namely, damage to animal species,damage to fish species, 
damage to plant species, water quality effects, air quality effects, visual and 
landscape quality. 

 Social, namely, public safety from forest and range fires, health-related, low 
flow problems, inequity in the distribution of drought impacts/relief. 

8 Towards Sustainable Water Resources Management 

In order to match water availability and water needs, in quantity and quality, in 
space and time, at a reasonable cost and with the minimum acceptable 
environmental impacts, there is an urgent need to apply active (preventive) and 
passive (curative) measures such as: 

Active measures: establishing institutional infrastructure, application of 
preventive integrated water policy and water management, planning and 
construction of multiple-purpose projects, application of artificial recharge in 
order to increase groundwater reserves and to prevent aquifer contamination due 
to seawater intrusion,“Wise use” of water resources integrating strict priorities, 
minimization of water losses from distribution systems and from water courses to 
the sea, adaptation of irrigation methods to regional hydrological and pedological 
conditions, enact economic incentives and penalties so conservation becomes 
attractive to consumers, information of farmers on the need to adopt the “Codes of 
good agricultural practices,” and water resources monitoring.  

Passive measures: application of desalination, especially of brackish water, 
enact substitution of fresh water by direct or indirect reuse of renovated 
wastewater, develop groundwater resources to supplement surface water and vice-
versa, enact incentives to use lower quality water and/or to recycle the water 
where feasible, implement decontamination and reuse of polluted water, 
application of artificial recharge in order to refresh, polluted from seawater 
intrusion groundwater (hydraulic barriers to push downward the interface), 
minimization or prohibition of the use of agrochemicals (pesticides, fertilizers), in 
sensitive areas, by adopting appropriate incentives and disincentives and even 
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penalties, revision of the traditional categories of “potential” water users and even 
of existing land uses. 

Conclusions 

In order to mitigate the shortage of water resources, water resources policy, management 
and practices should assure that water is used wisely and in conformity with appropriate 
planning of land use, is conserved, that water quality is protected, and that new technologies 
are adopted to augment available water quantities and enhance water supplies. Changing 
the way water is used is a difficult matter politically, legally, and economically. But as 
supplies of water shrink or become contaminated in many regions, the appropriate laws must 
be reliably implemented and when nessecary appropriately adopted to cope with regional 
problems so that water can be used most effectively. Specific actions should assure ,“ inter 
alia”, that: 

 Water used for irrigation is used wisely and efficiently. 
 Urban water-supply systems are well maintained, water loss is reduced, and all 

users have individual meters. 
 Prices for water are consistent with the cost of supplying the water. 
 Administrative or legislative methods are developed that permit higher beneficial uses 

of water as economic or social conditions change. 
 Augmentation of available water resources by desalination of brackish water 
 Conservation of water resources  
 Reuse and recycling of municipal and industrial wastewaters where feasible 
 Land-use priorities are established so that water quality is protected. 
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Abstract   Groundwater is a valuable resource in the arid environments. Evapo-
transpiration (ETG) is the major component of the groundwater balance in these 
regions. In this study, the Loheide-method was used to estimate hourly ETG using 
the diurnal water table fluctuations and the variation ETG of throughout the day 
was analyzed. The methods mentioned above were applied to a pre-existing data 
set that was collected in a well (SB1) that is screened across the water table in the 
Subei Lake watershed in NW China. It is obvious that the pattern of estimated 
ETG and air temperature and solar radiation are very similar. The distinct feature 
of estimated ETG is the diurnal fluctuations. The results present a wide range of 
diurnal ET values ranging from 10 to 22 mm/d. 

1 Introduction 

Groundwater is a valuable resource in the arid environments. Evapotranspiration 
(ETG) is the major component of the groundwater balance in these regions. ETG is 
notoriously difficult to measure directly due to its inherent complexities and small 
scale spatial and temporal variations (Mould et al. 2010). ETG is commonly quan-
tified by first quantifying near-surface ET; then ETG is estimated using a simple 
linear decrease of ET as a function of the depth of the water table from the land 
surface (Banta 2000). ET is driven by incoming solar radiation (Oke 1978); there-
fore it has a strong diurnal variation caused by evaporation or transpiration of 
phreatophytic vegetation or both. In response to water loss, the water table fluctu-
ates diurnally. There are several practical advantages to using diurnal water-table 
fluctuations. They are a direct measurement and accurate over daily time steps and 
relatively simple to calculate and monitoring diurnal water-table fluctuations re-
quires less intensive fieldwork than monitoring evaporation pans or lysimeters 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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(Lautz 2008). White (1932) firstly proposed a method of estimating ETG from 
groundwater hydrographs. Recently, Loheide (2008) formalized a general meth-
odology for estimating subdaily ETG. In this study, the Loheide-method was used 
to estimate hourly ETG and the variation ETG of throughout the day was analyzed.  

2 Description of the study area 

The methods mentioned above were applied to a pre-existing data set that was col-
lected in a well (SB1) that is screened across the water table in the Subei Lake wa-
tershed in NW China. This site (39°20′N, 109°00′E) was established to investigate 
plant water use in an ecohydrologic setting common to the Ordos Plateau region 
of NW China. The climate is characterized by semi-arid, receiving about 350 mm 
of precipitation annually, with potential evapotranspiration rates up to 2500 mm. 
Rainfall occurs from March to October, but approximately 60 -80 % of the rainfall 
occurs from July to September.  

The mean monthly temperature ranges from -4.3oC in January to 19.6oC in Ju-
ly, the mean annual temperature being 6.8oC. The study site is located in the dis-
charge area of the Subei watershed, where the soil is mainly eolian sand at the top 
and fluvial sand underlying with unknown thickness. The baserock is the Creta-
ceous sandstone that is the most productive aquifer in the study site. The vegeta-
tion is dominated by Willow (Salixmatsudana), bushes (Salix psammophila) and 
grasses, a mix found in many watersheds in the Ordos Plateau. Meteorological da-
ta, including air temperature, precipitation, relative humidity, global irradiance, 
pressure and with speed and direction, are collected every 1 hour at a weather sta-
tion (Hobo Weather Station, Onset Computing Corp.) about 1 km east to the study 
site. In the study site, water tables were measured using pressure transducers and 
date logger unit submerged in the water column (Minidivers, Van Essen Instru-
ments, Delft, The Netherlands). Pressure readings are taken at 1-hour intervals and 
checked periodically with manual measurements.  

3 Methods 

Loheide (2008) modified the original White-method and estimated subdaily eva-
potranspiration values of riparian zones. In his analysis, the rate of change of head 
at the recovery source is assumed to be equal to the overall rate of water table 
change at the observation location. Firstly, he removed the trend (assuming it lin-
ear with a slope mT and intercept bT from the groundwater-level time series, 
WT(t)). The detrended water table depth (WTDT) is obtained as follows: 

 
TTttDT btmWTWT  )()(
 (1) 
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Application of this detrending procedure yields a relationship to predict d WTDT 
/dt as a function of the detrended water table depth, Γ(WTDT), using periods of zero 
ETG. Then the net inflow rat can be estimated for the period of analysis using: 

  TtDTy mWTStr  )(()(  (2) 

Once r(t) is estimated in this fashion, ETG is calculated directly through Equa-
tion (3): 

 
dt

dWTStrET ytG  )()(
 (3) 

Fig. 1. Water table fluctuations in a well. 

4 Results and discussion 

The water table fluctuations collected at this well are shown in Figure 1 for a 9-
day period at the beginning of August. Many factors control the phreatophyte-
induced fluctuations in the water table and the major ones are cyclical pumping of 
nearby wells, changes in stream stage or barometric pressure (Butler et al. 2007). 
Around the study site, there are no pumping wells and rivers. The effect of baro-
metric pressure on the water table was removed using the pressure data collected 
in the meteorological station. Water table elevations are generally at a minimum 
around 18:00 or 19:00 each day as shown in Figure 1, due to consumptive water 
use by vegetation. Water table elevations reach the peak between 07:00 and 09:00, 
following a period of recharge by a net influx of groundwater during night, when 
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transpiration is minimal. These diel fluctuations typically have a magnitude of ~2 
cm and are very regular on all days. 

ETG for this record was calculated using the Loheide-method. A readily avail-
able specific yield, 0.25, was assumed, resulting the range of estimates plotted in 
Figure 2 for comparison, air temperature and solar radiation from the weather 
station were also plotted. It is obvious that the pattern of estimated ETG and air 
temperature and solar radiation are very similar. The distinct feature of estimated 
ETG is the diurnal fluctuations. The results present a wide range of diurnal ET 
values ranging from 10 to 22 mm/d. During a single day’s fluctuation the follow-
ing sequence is observed: immediately after sunrise around 05:00, air tempera-
ture started to rise, follow by an increase of ET from vegetation. As a result, 
groundwater level reaches a maximum with equilibrium of ET and net ground-
water inflow. During the day, solar radiation reaches a maximum around 13:00, 
whilst the groundwater level is still falling. During night time ET is zero and so 
groundwater levels increase again to the next daily maximum. However, this is a 
lower maximum than that of the previous day, as the daily total ET was higher 
than the total daily groundwater recharge. 

Fig. 2. Estimated ETG, air temperature and solar radiation. 
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5 Conclusions 

Groundwater is a valuable resource in the arid environments. Evapotranspiration 
(ETG) is the major component of the groundwater balance in these regions. In this 
study, the Loheide-method was used to estimate hourly ETG using the diurnal wa-
ter table fluctuations and the variation ETG of throughout the day was analyzed. 
The methods mentioned above were applied to a pre-existing data set that was col-
lected in a well (SB1) that is screened across the water table in the Subei Lake wa-
tershed in NW China. It is obvious that the pattern of estimated ETG and air tem-
pera-ture and solar radiation are very similar. The distinct feature of estimated 
ETG is the diurnal fluctuations. The results present a wide range of diurnal ET val-
ues ranging from 10 to 22 mm/d. 
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Abstract   In the present study, an estimation of the future change in precipitation 
within the 21st century was carried out for the 12 climatic zones of Greece. The es-
timation is based on the results of 12 Regional Climate Models (RCM) simula-
tions of the ENSEMBLES Program. The precipitation is projected to decrease 
mildly in the near future (2021-2050) and moderately in the far future (2071-2100) 
by 5% and 20% respectively for the area of Greece. The decrease seems to be 
most prominent during spring and summer, less prominent during winter. The au-
tumn precipitation is projected to increase mildly in the near future and to de-
crease mildly in the far future. The projected precipitation change in Greece is ex-
pected to result in drastic changes on the ground water balance and on several 
sectors of human activity and environment parameters, as well. 

1 Introduction 

In recent decades, the Earth has experienced abrupt climate changes, including de-
crease of precipitation within the Mediterranean (Amanatidis et al. 1993, Piervitali 
et al. 1998, Türkes et al. 1998, González-Rouco et al. 2001, Xoplaki et al. 2002, 
Dünkeloh and Jacobeit 2003). Scientific research has revealed similar conclusions 
while focusing on the area of Greece. Kandylis et al. (1989) and Hatzioannou et 
al. (1998) have detected statistically significant decrease of precipitation over 
Greece, especially over the southern parts for the second half of the 20th century. 
Feidas et al. (2007) show that the decrease of the annual precipitation over Greece 
appears mainly after the year 1984. Besides, Nastos and Zerefos (2009) concluded 
that the temporal variability of consecutive wet days shows statistically significant 
(confidence level of 95%) negative trends, mainly in the western region of Greece, 
characterized by large orographic precipitation amounts (Metaxas et al. 1999) 
against insignificant positive trends of consecutive dry days appear almost all over 
the country with emphasis in the southeastern region. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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It is very likely that the abrupt climate changes result from the increase of the 
greenhouse gases (GHG) concentration (IPCC 2007). Given that the concentration 
of the GHGs is raising, it is plausible that more abrupt climate changes may occur 
in the future. The modern tool used to project the future climate change is General 
Circulation Models (GCMs). Due to computational resources limitations, the hori-
zontal resolution of present day GCMs is quite low, usually in the order of hun-
dreds of kilometres. In such a crude resolution many local aspects of the climate 
are unable to be represented. In addition, the topographical input is equally crude, 
thus excluding important local features of the topographic forcing. For these rea-
sons downscaling methods have been developed, which input the GCM results 
producing high resolution localized climate information. Dynamical downscaling 
is achieved using Regional Climate Models (RCMs) that increase the resolution of 
the GCMs to even less than 10 km.  

According to most GCM-RCM results, the Mediterranean is one of the regions 
where the impacts of human-induced climate change are estimated to be high 
(Hulme et al. 1999, Giorgi 2006, IPCC 2007). All climate simulations in the litera-
ture project a rise in temperature throughout the planet but less agreement between 
projections is found for precipitation. However, it is considered that in the area of 
Mediterranean strong precipitation decreases for both winter and summer will oc-
cur in the 21st century (Pal et al. 2004, Tselioudis et al. 2006, Zanis et al. 2009). 
Giorgi (2006) considers the area on of the two primary climate change hot-spots 
of the planet while IPCC (2007) reports that the decrease is considered especially 
robust and very likely to occur, in annual precipitation. 

In the present study, the results of simulations (25 km horizontal resolution) 
made by the European Project ENSEMBLES are used in order to produce state of 
the art projections of the future change of mean precipitation over the 12 climatic 
zones of Greece.  

2 Data and Analysis 

The precipitation datasets of a total of 12 simulations from Regional Climate 
Models (RCM) carried out by the European program ENSEMBLES 
(http://ensemblesrt3.dmi.dk/) are analyzed in this study. More specifically, we 
work on the results of the following simulations: RCA3 (HadCM3Q), RM5.1 
(ARPEGE), HIRHAM5 (ARPEGE), HIRHAM5 (ECHAM5), HIRHAM5 (BCM), 
CLM (Hadcm3Q0), RegCM3 (ECHAM5), RACMO2 (ECHAM5), REMO 
(ECHAM5), RCA (BCM), RCA (ECHAM5), RCA (HadCM3Q3); the name of 
the General Circulation Model (GCM), from which data were used as input in the 
simulation process for each RCM, appear in brackets, while the name of RCM 
used for the mentioned simulations appear in front of the bracket. The spatial reso-
lution of the 12 RCMs is 0.22° longitude x 0.22° latitude. The assessment of the 
climatic conditions within the 21st century was based on SRES A1B (Nakicenovic 



Estimation of hourly groundwater evapotranspiration using diurnal water table fluctuations 59 

et al. 2000), while the performed analysis used the average of 12 simulations (en-
semble mean). Initially, the precipitation derived from the ensemble mean of the 
12 RCMs was compared to the gridded precipitation from stations for the refer-
ence period (1961-1990). 

 
Fig. 1. The network of meteorological stations, along with the 12 climatic zones of Greece, used 
in the analysis. 

The gridded station precipitation data were derived from the data processing of 
a network of 57 available meteorological stations from the Hellenic National Me-
teorological Service (Fig. 1), using the 2-D Kriging methodology, coupled with a 
routine which calculates the elevation component. The interpolation was done in 
the CRU like grid (spatial resolution 0.25° longitude × 0.25o latitude). The same 
grid concerns the 12 RCMs simulations. Then, the ensemble mean precipitation 
simulations were calculated for two future periods, one concerning the near future 
(2021-2050) and the second the far future (2071-2100). In the process, the precipi-
tation changes (%) were estimated with respect to the reference period 1961 -
1990. The analysis was performed for each one of the 12 climatic regions of 
Greece (Fig. 1), extracted by using climatic and geographic criteria, as well as for 
the wide area of Greece, in seasonal and annual basis. The 12 climatic regions 
concern: Western Greece (WG), Central and Eastern Greece (CEG), West and 
Central Macedonia (WCM), Eastern Macedonia-Thrace (EMT), West Pelopon-
nese (WP), Eastern Peloponnese (EP), Crete (C), Dodecanese (D), Cyclades (CY), 
Eastern Aegean (EA), North Aegean (NA) and Ionian (I) (Zanis et al. 2009). 

3 Results and Discussion 

The precipitation derived from the ensemble mean simulations of the 12 RCMs 
was compared with the gridded station observations for the reference period 
(1961-1990). In general, the RCMS reproduce satisfactorily the spatial distribution 
of mean annual and seasonal precipitation in the region of Greece (not shown). 
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Additionally, the RCMs reproduce satisfactorily the mean annual and seasonal 
precipitation totals fallen in the different climatic zones of Greece with the excep-
tion of Central and Eastern Greece (CEG) and the Eastern Peloponnese (EP), 
where a significantly underestimation of the precipitation appears (not shown).  

 
Fig. 2. Changes (%) in mean annual precipitation totals between future periods 2021–2050 (left), 
2071–2100 (right) and the control period 1961–1990. 

Taking into account the mentioned findings, we conclude that, despite any er-
rors of the RCMs from the ENSEMBLES project, in general they reproduce satis-
factorily the mean annual and seasonal precipitation totals for the various Greek 
regions. Therefore, future simulations of these RCMs are a useful tool for assess-
ing possible climatic changes within the different climatic zones of Greece.  

In the process, the estimated changes (%) in mean annual and seasonal precipi-
tation totals, based on the ensemble mean of the 12 simulations, between the fu-
ture periods 2021-2050 (Fig. 2, 3), 2071-2100 (Fig. 2, 4) and the control period 
(1961-1990) were estimated.  

Fig. 3. Changes (%) in seasonal precipitation totals between the future period 2021-2050 (SRES 
A1Β) and the control period 1961–1990. 
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Analysis of the results show that the precipitation totals is likely to decrease in 
the wide area of Greece. The decrease in mean annual precipitation will be rela-
tively low in the near future (2021-2050) and remarkable in the far future (2071-
2100) (Fig. 2). More specifically, a decrease of approximately 5% appears during 
the period 2021-2050 compared to the period 1961-1990 (Table 1). This decrease 
is projected to be highest in Crete and Peloponnese, where it approaches 15%, 
while in other regions of Greece range from 5% to 10%, with an exception of the 
North Aegean (NA), where the mean annual precipitation tends to increase 
slightly. Similar results are extracted concerning the winter season. Higher de-
crease of mean precipitation is projected during spring, which is more remarkable 
in the southern regions of Greece (Crete, Peloponnese and Dodecanese), exceed-
ing 15% against 10% at the rest regions. Concerning summer season, even higher 
decrease (>20%) is projected for the majority of Greece. In contrast to the other 
seasons of the year, the mean precipitation during autumn is expected to increase 
slightly by 3% for the whole Greece, in the near future. This increase is considered 
to be significant in the islands of the Aegean Sea (approximately 10%) and eastern 
continental Greece (approximately 5%). On the contrary, the mean precipitation at 
the western regions appears slight decrease, during autumn (Fig. 3).  

 
Fig. 4. Changes (%) in mean seasonal precipitation totals between the future period 2071–2100 
(SRES A1Β) and the control period 1961–1990. 

As far as the end of the 21st century is concerned, future projections based 
on the ensemble mean simulations show that higher decrease in the precipita-
tion totals is likely to appear. More specifically, the mean precipitation over the 
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wide area of Greece is likely to decrease by 16% in winter, 26.5% in spring, 
37% in summer, 12.5% in autumn and 19% in the whole year (Fig. 2, 4), dur-
ing the period 2071-2100 relatively to the reference period 1961-1990. The de-
crease in mean annual precipitation is projected to be highest (25%) in Pelo-
ponnese and Crete, against 20% in other areas of Greece and less than 15% in 
North Aegean. 

In winter season, during which highest precipitation totals are recorded over 
Greece, the highest decrease is expected in eastern continental regions, western 
Peloponnese, Cyclades, Crete and Dodecanese, exceeding 18%. On the contrary, 
in North Aegean the decrease appears to be less than 8% against 9 - 12% in other 
areas. During spring, concerning most areas of Greece, the mean precipitation is 
expected to decrease more than 20% with the highest decrease (approximately 
30%) in West and Central-Eastern Greece, Peloponnese (>30%), and Crete (35%) 
while the decrease appears to be lower (<17%) in the Northern Aegean islands. 
During summer, the decrease is projected to reach or even exceed 40% over most 
parts of Greece. Even in the North Aegean Sea, a climate zone with the lower de-
crease in mean precipitation totals, the decrease appear to be more than 20%. 
However, with the exception of Northern Greece, the precipitation change in the 
rest areas remains low. During autumn, on one hand significant decrease in mean 
precipitation totals is expected to be approximately 20% over Crete and Western 
Peloponnese; while on the other hand, the decrease seems to be limited at 7% in 
Central-Eastern Greece and Northern Aegean Sea. In the other climatic zones of 
Greece, the decrease in mean precipitation will range from 11% to 13% with the 
exception of Western Greece and Eastern Peloponnese, where the decrease is pro-
jected to be higher, exceeding 15%. 

4 Conclusions 

In this study the changes in mean precipitation totals within the area of Greece 
were evaluated using 12 Regional Climate Models under SRES A1B. The precipi-
tation derived from the ensemble mean simulations of the 12 RCMs was compared 
with the gridded station observations in a CRU like grid for the reference period 
(1961-1990) resulting in that the RCMS reproduce satisfactorily the spatial distri-
bution of mean annual and seasonal precipitation in the region of Greece. 

The findings of the performed analysis showed that the precipitation is likely to 
decrease within the 21st century. This decrease will be greater at the end of the 21st 

century reaching 20% for the whole area of Greece. Further research is needed in 
order to reveal the physical mechanisms, which are responsible for this future pro-
jected precipitation decrease. 
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Abstract   This study presents and analyzes the trends and variability of precipita-
tion totals within the Mediterranean region, for the period 1980 - 2009, by using 
Global Precipitation Climatology Project (GPCP) gridded datasets and ground 
based observations from the Hellenic National Meteorological Service (HNMS) 
and the World Climate Data and Monitoring Programme (WCDMP) of the World 
Meteorological Organization. Besides, the trends of sea surface temperature (SST) 
and sea surface pressure (SLP) from NCEP/NCAR Reanalysis are investigated in 
order to explain the observed trends in precipitation. On the other hand, the influ-
ence of atmospheric circulation, by means of North Atlantic Oscillation Index 
(NAOI), on the precipitation variability is presented. The results showed that an 
anti-correlation, (statistically significant at 95% confidence level), exists between 
precipitation (mm/day), rain days and NAOI, within the rain season of the year 
(October-March), against a positive correlation within the dry season (April-
September). Concerning the temporal distribution of precipitation, decreasing 
trends appear throughout the Mediterranean, especially in the eastern parts and 
within the rain season of the year, while these trends are positive within the dry 
period, but statistically insignificant (95% confidence level). Increasing trends of 
SST for both rain and dry season, and decreasing trends of SLP appear. 

1 Introduction 

Precipitation patterns and variability are of great scientific interest because they 
are involved in the energy balance of atmosphere, through the water cycle, having 
key role in climatic change. The sensitivity of precipitation in local and regional 
factors, such as land-sea interaction and topography, arouses the need of a denser 
network of rain gauges, which in most of the cases, is considered inadequate. This 
limitation in the rain gauges network comes to improve the Global Precipitation 
Climatology Project (GPCP), which is an element of the Global Energy and Water 
Cycle Experiment (GEWEX) of the World Climate Research program (WCRP).  
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Mediterranean appear to be a vulnerable region, concerning water scarcity and 
decreasing run off as adverse consequences of climatic change (IPCC 2007). De-
creasing winter precipitation appears during the last few decades, mostly starting in 
the 1970s (Piervitali et al. 1997; Schonwiese and Rapp 1997). A decrease of cy-
clone frequency during winter in the western Mediterranean region is associated 
with a northward shift of the storm track and persistent high phase of NAOI (Hur-
rell and van Loon 1997). Cyclone activity presents large seasonal and spatial vari-
ability, with large differences from western to eastern Mediterranean and between 
cold and warm season (Lionello et al. 2006). The eastern Mediterranean, shows a 
tendency towards drier conditions (Kutiel et al. 1996, Turkes 1998) while the west-
ern and central areas, although showing negative trends in the number of wet days 
and/or the total rainfall amounts, indicate an increase in intense precipitation events 
over the period 1951-1996 (Brunetti et al. 2001, Alpert et al. 2002). Nastos and 
Zerefos (2009) concluded that the temporal variability of consecutive wet days 
shows statistically significant (confidence level of 95%) negative trends, mainly in 
the western region of Greece, characterized by large orographic precipitation 
amounts (Metaxas et al. 1999). Insignificant positive trends for consecutive dry 
days appear almost all over the country with emphasis in the southeastern region.  

The goal of this study is on one hand, to investigate the trends of precipitation 
totals, precipitation rate and rain days (days with precipitation greater than 1 mm) 
from gridded (GPCP) and ground based observations (HNMS, WCDMP), during 
the period 1980-2009. On the other hand, possible impacts of atmospheric circula-
tion, variability of SST and SLP are analyzed. 

2 Data and Analysis 

The precipitation datasets used in the analysis concern on one hand, gridded 
monthly values from the Global Precipitation Climatology Project (GPCP), 
which is an element of the Global Energy and Water Cycle Experiment 
(GEWEX) of the World Climate Research program (WCRP). Monthly mean pre-
cipitation estimates are being produced beginning January 1979 and going 
through nowadays. It was established in 1986 (Arkin and Xie 1994), and its pri-
mary goal is to provide a long time series of monthly mean precipitation data on 
2.5° x 2.5° latitude–longitude grids. The GPCP satellite precipitation data (Huff-
man et al. 1997) are a combined product from microwave and infrared (IR) satel-
lite-derived precipitation estimates and rain gauge data. However, other sources 
of precipitation data are also utilized by GPCP, such as the Global Historical Cli-
matology Network (GHCN) - Climate Anomaly Monitoring System (CAMS) 
gauge analysis, Television and Infrared Observation Satellite (TIROS) Opera-
tional Vertical Sounder (TOVS)-based estimates, and the outgoing longwave ra-
diation (OLR) precipitation index (Adler et al. 2003). Validation studies, starting 
with Adler et al. (2003) tend to show small biases, but regions of complex ter-
rain have an increased risk of low bias due to deficiencies in the sitting of pre-
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cipitation gauges, as well as deficiencies in the satellite algorithms in detecting 
orographic enhancement of precipitation. Sampling errors of the GPCP products 
are of the order of 10%–15% (Gruber and Levizzani 2006) and they are esti-
mated using different sampling strategies and comparison with Tropical Rainfall 
Measuring Mission (TRMM) Microwave Imager (TMI) sampling.  

On the other hand, monthly precipitation totals and annual number of rain days 
from 40 meteorological stations within the Mediterranean region were acquired 
from the Hellenic National Meteorological Service (HNMS) and the World Cli-
mate Data and Monitoring Programme (WCDMP) of the World Meteorological 
Organization, for the period 1980-2009. The influence of atmospheric circulation 
in the gridded and ground based precipitation variability is examined with respect 
to North Atlantic Oscillation Index. A dominant teleconnection pattern is the 
North Atlantic Oscillation (NAO), which is defined as a difference of standardized 
sea level pressure (SLP) time series from a station close to the centre of the 
Azores High (usually Lisbon, Azores or Gibraltar) and a station close to the centre 
of Islandic Low (Reykjavik) (Hurrell 1995).  

3 Results and Discussion 

In order to better understand the variability of GPCP gridded precipitation (mm) in 
the Mediterranean region, the spatial variation of GPCP trends are presented 
within the rain (October-March) and dry (April-September) season (Fig. 1). 

During rainy season, increasing trends appear in the west Iberian region, while 
decreasing trends exist through the Mediterranean, more pronounced in the east-
ern Mediterranean (Fig. 1a). Concerning Greece, the precipitation trend is not 
uniform, appearing decreasing trends over southern region against slight increas-
ing trends over central continental Greece. On the other hand, during dry season, 
increasing trends are observed in the majority of the Mediterranean, with empha-
sis over mountainous continental Greece (Fig. 1c), against decreasing trends over 
northern Italy peninsula. All the above mentioned trends are not statistically sig-
nificant at 95% confidence level. These findings are in agreement with Xatzianas-
tassiou et al. (2008), who studied the GPCP data in the broader Greek area for the 
26-yr period 1979-2004, finding that the precipitation over the study area has not 
changed essentially during the 26-yr period, since a very small decrease in pre-
cipitation is computed, which is not statistically significant at 95% confidence 
level. 

The annual trends present similar patterns with those of rain season (not 
shown). Nevertheless, statistically significant correlations appear between NAOI 
and precipitation totals; negative correlations within the rain season (-0.5 over Ibe-
rian, -0.3 over Greece) (Fig. 1b) against positive correlations within the dry season 
(Fig. 1d) in the west and central Mediterranean. Slight negative correlations ap-
pear in the east Mediterranean. In the recent years, a lot of studies have been car-
ried out giving evidence that the frequency, persistence and severity of long period 
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dry conditions in the Mediterranean countries have increased (Sahsamanoglou 
et al. 1992, Wigley 1992, Maheras et al. 1999, Houghton et al. 2001, Feidas et al. 
2007, Nastos and Zerefos 2009).  

In order to compare the observed trends of the seasonal gridded time series 
(GPCP) with the corresponding trends of the ground based time series (HNMS, 
WCDMP), the spatial average of annual precipitation totals from representative 
meteorological stations, for west, central and east Mediterranean were calculated, 
for the period 1980-2009. 

 

 
Fig. 1. Spatial variation of the trends for GPCP gridded precipitation (mm/day) within the rain 
season (a) and dry season (c) and the correlation coefficients between GPCP gridded precipita-
tion and NAOI within the rain season (b) and dry season (d). 

More specifically, the estimated time series of average annual precipitation to-
tals within the west (Gibraltar: 5.12o W, 36.09o N; Oran: 0.36o E, 35.38o N; Barce-
lona: 2.09o E, 41.24o N; Ajjacio: 8.48o E, 41.55o N; Perpinian: 2.53o E, 42.44o N), 
central (Malta; 14.29o E, 35.51o N; Tunis: 10.14o E, 36.50o N) and east Mediterra-
nean (Athens: 23.43o E, 37.58o N; Kalamata: 22.0o E, 37.04o N; Naxos: 25.37o E, 
37.10o N; Heraklion: 25.11o E, 35.20o N; Nicosia: 33.36o E, 35.16o N; Larnaca: 
33.38o E, 34.53o N; Antalya: 30.44o E, 36.52o N) are depicted in Figure 2 (left 
graphs). The annual number of rain days (days with precipitation greater than 1 
mm) concerning west (Menorca: 4.14o E, 39.52o N; Alicante: 0.30o W, 38.22o N; 
Barcelona: 2.09o E, 41.24o N), central (Malta: 14.29o E, 35.51o N; Tunis: 10.14o E, 
36.50o N) and east Mediterranean (Athens: 23.43o E, 37.58o N, Kalamata: 22.01o E, 
37.04o N, Heraklion: 25.11o E, 35.20o N, Rhodes: 21.44o E, 36.24o N) are also de-
picted in Figure 2 (right graphs).  
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Fig. 2. Mean annual precipitation (left graphs) and mean annual number of rain days (right 
graphs) from the west (upper), central (middle) and east (lower) Mediterranean region, along 
with 9 years moving average (blue line) and linear trend (red line), for the period 1980-2009. 
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Insignificant increasing trends (at 95% confidence level) of mean annual pre-
cipitation for central and east Mediterranean against decreasing trends for west 
Mediterranean appear, while insignificant decreasing trends of annual rain days 
for west and east parts and increasing trends for central Mediterranean are ob-
served (Fig. 2). These findings possibly explain the observed increasing trend of 
precipitation rate in the eastern Mediterranean (Fig. 1e, g). Besides, the decreasing 
trend in NAOI (not shown), although insignificant, is likely associated with the in-
creasing trends mainly in the central and east Mediterranean, during the period 
1980-2009. NAOI shows positive figures from 1980 to the middle of 1995, and 
since then negative ones dominate.  

 

 
Fig. 3. Spatial variation of the trends for SST within the rain season (a) and dry season (b). Spa-
tial variation of the trends for SLP within the rain season (c) and dry season (d). 

Figure 3 presents the spatial variations of trends for sea surface temperature 
(SST) and sea level pressure (SLP), within the rain and dry season of the year, 
during the period 1980-2009. The observed increasing trends in SST and decreas-
ing trends in SLP within the dry season (Fig. 3b, d) are likely associated with the 
increasing precipitation totals (Fig. 1c). Higher SST figures results in higher water 
content in the atmosphere, through the evaporation process. It seems that in dry 
season, when the barometric troughs move northwards, SST plays a key role in 
precipitation formation. On the other hand, increasing trends in SST (Fig. 3a) are 
associated with slight decreasing/increasing trends in SLP (3c) within the rain sea-
son, at west/east Mediterranean, against decreasing trends of precipitation totals 
(Fig. 1a). A decrease of cyclone frequency during winter in the western Mediter-
ranean region is presumably associated with a northward shift of the storm track 
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(Hurrell and van Loon 1997), while in addition, such decline of cyclone frequency 
is suggested to continue as green house gas concentration increases, as shown by 
scenario simulations (Lionello et al. 2002). 

4 Conclusions 

In this study the spatial variation of precipitation trends using gridded monthly da-
tasets from the Global Precipitation Climatology Project (GPCP) along with 
ground based observations from representative stations within the Mediterranean 
region are analyzed. The results showed that the trends of gridded GPCP data 
against those from stations are in a good agreement. During the examined period 
(1980-2009), insignificant decreasing/increasing trends for precipitation are ob-
served within rain/dry season of the year, while a significant anti-correlation be-
tween NAOI and precipitation exists within the rain season against a significant 
correlation within the dry season. It seems that in dry season, SST plays a key role 
in precipitation formation while the decrease in cyclones frequency due to north-
ward shift of the storm track within the rain season, is associated with decreasing 
trends of precipitation totals. 
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Abstract   Known from the ancient myth of Heracles fighting the Stymphalian 
birds, the karst polje of Stymphalia (22°27’E, 37°51’N) is an ideal site to study the 
climate history of the area. Stymphalia is the only natural perennial lake on the 
Northern Peloponnesus, which provides a continuous sedimentary record of the 
entire Holocene and a large part of the Last Glacial. As a large and quite reliable 
water reservoir, Lake Stymphalia and its surrounding karst springs played an im-
portant role for the water supply of the region from ancient time until today. How-
ever, due to climate fluctuations, the water supply can change significantly, chal-
lenging the water management of the people living in the area. Here we present 
geochemical analyses of the uppermost part of a lake sediment core (STY-1), re-
cording the changes in climate and water supply during the Holocene and the Late 
Glacial. The chronology is based on several 14C dates combined to a Bayesian 
age-depth model. Using XRF elemental analysis, we compare the influx of terres-
trial material (indicated by K and Rb) to the carbonate precipitation in the lake 
(indicated by Ca and Sr). The Rb/Sr ratio as a proxy for changes between 
dry/warm and wet/cold conditions indicate pronounced wet phases around 6800, 
4000–3700–4000, 3500–3000 and 500–200 cal BP.  

1 Introduction 

Lake Stymphalia, or Stymphalos as it was called in ancient times, is the only lar-
ger natural lake of the Northern Peloponnesus, which is mostly perennially water-
bearing through much of the Holocene period. As water is a rare resource on the 
Peloponnesus, it is a persistent and consistent factor in urban development and 
history (Crouch 1993). Settlement history in the karst polje of Stymphalia is 
known since at least the 5th century BC (Williams and Gourley 2005) and men-
tioned by Pausanias in his “Description of Greece” from the late 2nd century AD. 
During the time of the Roman emperor Hadrian (ca. 125 AD) an aqueduct was 
built channeling the waters of Stymphalia spring north-eastwards along an 85 km 
route to Acrocorinth (Lolos 1997). The Hadrianic water conduit possibly followed 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 



76 I. Unkel et al. 

a dam-like structure parallel to the eastern shore of Lake Stymphalia through a 
Roman tunnel nowadays called Siouri to the neighboring polje of Skotini and con-
tinued further towards Acrocorinth.  

The ancient activities in managing the water emphasize the importance of the 
rare resource in the region. If we believe the report of Pausanias, the lake was not 
perennial during the entire Holocene. He writes (Pausanias 8.22.3b) “In winter the 
spring makes a small lake in Stymphalos, and the river Stymphalos issues from the 
lake; in summer there is no lake, but the river comes straight from the spring.” The 
water discharge from the springs providing Lake Stymphalia was very low in the 
early 1980s (Morfis and Zojer 1986) and the lake dried up completely for few 
years during the 1990s (Papastergiadou et al. 2007). All these reports show, that 
the lake level, which has a mean value of only 1.5 m in modern times, can fluctu-
ate significantly due to climatic changes, leading to periods of entire desiccation. 

Climatically, the region is located in the transition zone between the temperate 
mid-latitudes at the edge of the North Atlantic Oscillation and the tropical low-
latitude region with its descending branch of the Hadley cell (Bout-Roumazeilles 
et al. 2007). Hence, a lake in such a climatically sensitive region is an excellent 
archive of climate change. 

2 Geological and hydrogeological setting 

The polje of Stymphalia (22°27’E, 37°51’N) is situated at about 600 m above sea 
level. The surrounding mountains reach up to about 2000 m. Mt. Ziria (2374 m) to 
the north of the polje marks the highest point of the area and is also the main 
catchment area of Stymphalia. The pre-Quaternary geology of the area is charac-
terized by four units (Morfis and Zojer 1986; Röckel 1987): (1) Phyllite-Quarzite 
unit with quarzites and mica schists; (2) Tripolitza unit with phyllites (Tyros lay-
ers), limestones and Flysch; (3) Olonos-Pindos with limestones, radiolarites and 
marls; (4) Neogene deposits with lime-dominated conglomerates. The karstified 
limestones of the Tripolitza and Olonos-Pindos units represent prominent aquifers, 
while the almost impermeable phyllites and Flysch layers from aquicludes. 

Annual precipitation ranges from about 800–1090 mm in the polje to about 
1275 mm at the slopes of Mt. Ziria (Morfis and Zojer 1986). The modern water 
depth is 1.5 m on average and is directly linked to the discharge from several karst 
springs. The two most important springs are the villages of Kefalari (max. dis-
charge 160 l/s) and Stymphalia (max. discharge 800 l/s) (Morfis and Zojer 1986). 
Depending on the lake level, the average surface area of the lake fluctuates be-
tween 3.5 and 5 km². There are two outflows of the lake on the southern margin of 
the polje. One is the natural sink hole (katavothre) in the southwest, which is not 
active any longer since the water management installations of the 20th century 
normally keep the lake level below the outflow level. Only for a tracer experiment 
in spring 1984, water was injected into the sink hole again. The experiment 
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showed that underground discharge from lake Stymphalia re-emerges some 35 km 
to the South through the springs of Lerni and Kiveri, draining into the Gulf of Ar-
gos (Morfis and Zojer 1986). Astonishingly, this was already assumed by 
Pausanias (8.22.3c) “This river descends into a chasm in the earth, and reappear-
ing once more in Argolis it changes its name, and is called Erasinos instead of 
Stymphalos.”  

 
Fig. 1. Topographic map of the study area. Marked with red dots are the natural sink hole, the 
artificial outflow of the Hadrianic Aquaeduct and the position of the coring site STY-1. The blue 
area gives an approximate estimate of the open water surface, which changes seasonally and 
annually. Much of the lake area is covered by a dense reed (Phragmites) belt marked in green. 

3 Material and methods 

Water samples were collected in March 2010 in two polyethylene bottles. The first 
bottle of 0.5 L volume was filtered on-site through 0.45μm Millipore filters. It was 
then acidified to pH about 2 with 65% ultra pure HNO3 and used for major cation 
and trace element analysis. The second non-acidified aliquot (1 l) was retained to 
determine non-metal ions. Temperature (T), pH and electrical conductivity (E.C.) 
were determined using an YSI 63 multi-parameter meter, while redox potential 
(Eh) using an ion/E.C. meter (Consort C533). The major cations Ca2+, Mg2+, 
Na+ and K+ were determined by atomic absorption spectroscopy AAS (GBC 
Avanta). Trace element determinations were conducted using ICP-MS Perkin 
Elmer, ELAN 6100. Alkalinity and CO2 were measured in situ by volumetric titra-
tion using bromocresol green-methyl red indicator by Hach titration kits. Simi-
larly, chlorides (Cl-) were measured using the AgNO3 method by Hach titration 
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kits, while SO4
2-, NO3

-, NO2
-, PO4

3- , F- and NH4
+ were determined using a spec-

trophotometer (Hach, DR/4000). All analyses were conducted at the Laboratory 
of Hydrogeology, University of Patras (Greece), immediately after collection. The 
charge balance error for all chemical analyses is within a highly acceptance range 
(±5%). The results are presented in Figure 2 and Figure 3. 

A 15.52 m long sediment core (STY-1) was recovered from Lake Stymphalia 
in March 2010 using an Usinger piston corer with 80 and 55 mm diameter (Min-
gram et al. 2007). STY-1 was described sedimentologically based on grain size, 
sedimentary structures and components, distinguishing 70 sedimentary units num-
bered from bottom to top. We here focus on the uppermost 3.50 m (units 52–70), 
spanning the last 15.000 years BP. 

To date the core, seven 14C samples have been AMS-dated at the Leibniz-
laboratory for radiometric dating and isotope research of Kiel University (Ger-
many) so far. An age-depth-model was calculated with the OxCal 4.1 calibration 
software (Bronk Ramsey 2001; Bronk Ramsey 2008). This program combines the 
probability distributions of the calibrated radiocarbon ages with certain assump-
tions on depositional processes to obtain an age-depth-curve with the 1σ (68.2%) 
probability margins of the radiocarbon ages. We applied the P_Sequence model of 
OxCal 4.1 to our data which assumes the deposition to be random (meaning no 
regular annual layers) but an approximate proportionality to the depth z is given 
(Bronk Ramsey 2008). As a k-value, which gives an estimate of the variation from 
a constant sedimentation rate we chose 100, which is equivalent to 10 mm calcula-
tion increments. An age-depth curve was directly extracted from the OxCal model, 
returning maximal and minimal ages for every 1 cm interval (Fig. 4). A curve 
based on the mean age values – (agemax+agemin)/2 – was then used to plot the geo-
chemical data of the core discussed hereafter.  

X-ray fluorescence (XRF) analysis of the elemental composition was carried 
out at the Institute of Geosciences, Kiel University, with an Avaatech Core Scan-
ner. The scanning resolution was 1 cm with varying tube voltage to record differ-
ent elemental spectra discerning palaeoclimate variations and sedimentological 
patterns (for a detailed discussion of the method see Richter et al. (2006) and 
Tjallingii (2006)).  

4 Results 

We selected the elements Ca, K, Rb and Sr for reconstructing the climate-driven 
variability of the water budget at Stymphalia (Fig. 4). They have been normalized 
against Ti, which is assumed to be inert and not involved in geochemical or hydro 
chemical processes.  
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Fig. 2. Piper diagram based on the water samples taken in March 2010. Samples 1, 3 and 4 
belong to the hydrochemical type of Ca-HCO3, while sample 4 represents a Ca-Mg-HCO3 type. 

 
Fig. 3: The major trace elements in ppb. Sr is dominating, which is typical for carbonate rock. 

Elements associated mainly with clay minerals (e.g., Rb, K, Al) and clastic 
sediments (e.g., Zr, Ti, Si) are correlated throughout the Glacial and Holocene. 
They yield information on the sediment input to the lake during the wet period of 
the year (winter/spring). Hence, high precipitation in the lake catchment is corre-
lated with high values in K and Rb. 

Ca and Sr are precipitated autochthonous in the lake as carbonates. As carbon-
ate precipitation is the highest in the dry and warm seasons of the year (sum-
mer/autumn), high Ca and Sr values are interpreted as a proxy for especially 
dry/warm periods. Statistical correlation analyses following the XRF measure-
ments of core STY-1 indicate, that the elements associated with clay minerals are 
anti-correlated with the elements associated with the carbonates during the Holo-
cene but not during Glacial times (Heymann, in prep.). 

The combination of these proxies is the Rb/Sr ratio, which is widely used as a 
relative measure for wet/cold or dry/warm conditions (Chen et al. 1999; Jin et al. 
2001). In lake sediments, high Rb/Sr ratios indicate high Rb input and thus higher 
precipitation and higher weathering in the catchment area under wetter/colder 
conditions. In contrast, low Rb/Sr ratios indicate high Sr precipitation in carbon-
ates due to warmer/drier conditions. 
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A general trend to higher Rb and K values can be recognized from 15.000 
cal BP to present (Fig. 4). K, Ca and Sr show a higher variability through time 
than Rb with pronounced peaks around 7500, 2900 and ca. 200 cal BP. The Rb/Sr 
ratio has the highest values around 6800, 3200 and 500–200 cal BP. 

5 Discussion 

The steadily increasing values of Rb over time can be interpreted as increasing 
weathering and erosion in the catchment area due to both natural and anthropo-
genic forcing. The eastern Mediterranean experienced an increase in winter pre-
cipitation during the early Holocene (Roberts et al. 2011). The oscillatory decline 
in precipitation after 6000 cal BP (Roberts et al. 2011) is not reflected in our Rb or 
K data, probably due to increasing erosion caused by anthropogenic activity. 

Mayewski et al. (2004) describe six global events of rapid climate change 
(RCC) during the Holocene (grey bars in Fig. 4). As they point out, not all the 
events can be recognized in the same strength with the same effect in every region 
of the world. The youngest event dating approx. to 600-150 cal BP is known in 
northern Europe as Little Ice Age (LIA), associated with a period of severe flood-
ing events in the Mediterrean (Grove 2001). This is in excellent agreement with 
our Rb/Sr ratio, indicating wetter conditions at Stymphalia. Wet periods inferred 
from the Rb/Sr ratio in a similar way appear around 3000–3500 (RCC 4), 3700-
4000 (RCC 3) and around 6900 cal BP. The latter one has no equivalent in a 
global RCC and thus seems to reflect a local or regional signal.

6 Conclusions 

Our geochemical analyses of the lake sediments from Lake Stymphalia have 
shown that the water supply in the region is not stable but fluctuates due to climate 
driven changes. As the comparison of our data with the Holocene RCC events as 
described by Mayewski et al. (2004) indicate, these changes can be either of 
global or regional scale. The geochemical data presented here is the starting point 
for a more detailed and comprehensive environmental reconstruction of the Stym-
phalia region and it needs to be compared to upcoming data from other proxies 
such as pollen and from other sites on the Northern Peloponnesus.  
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Abstract The climate change due to global warming will undoubtedly affect the 
quantity and the quality of the available water resources. In this work the influence 
of the climate change in the coastal karst spring of Almiros at Heraklion of Crete 
in Greece was quantitatively investigated with the MODKARST deterministic 
mathematical model. The influence of the change of the parameters that affect the 
above-mentioned water resource (precipitation quantity and intensity, wet day 
number over year, mean sea level), based on the last predictions of the scientific 
community for the climate change at the end of 21th century, was examined sepa-
rately, and in combination with two scenarios. The most important conclusions 
about the operation of the spring and the planning of the exploitation works under 
the predicted climate conditions are as follows: 1) the spring is mainly affected by 
the annual precipitation height and less, by the precipitation intensity, by the wet 
day number over the year and by the mean sea level rise, 2) it will not give fresh 
water during the whole year and sometimes, it will be dried in the summer, 3) due 
to fractal structure of the limestone porosity, the chloride concentration of the 
spring water will decrease during the depletion period, when the discharge be-
comes less than 2.80m3/sec, although there is not any precipitation during this pe-
riod. From the MODKARST model simulation under the today’s climate situation, 
it has been proved that an 18 meters upraising of the water outlet point of the 
spring, through the construction of a dam, will prevent seawater entering into the 
spring reservoir and the salinization of the spring water. Under the predicted cli-
mate changes, the necessary upraising must be 2 meters higher than the upraising 
under the today’s climate situation that is it must be 20 meters.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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1 Introduction 

The majority of the relative scientists consider climate change; due to planet 
warming caused to natural and anthropogenic reasons, certain. There are a lot of 
published works that quantitatively predict the changes of the climatic indicators 
of the planet, in the next decades.  

Various research teams predict for south-eastern Europe until the end of this 
century, a rainfall decrease from 30-45% (Giorgi et al 2004) until 70% (Raisanen 
et al 2004), an increase of rainfall intensity (Christiensen and Christiensen 2003), 
and an increase of dry periods duration and at the same time a decrease of the 
rainy-days number over the year (Polemio and Casarano 2004). As a result an im-
portant increase of the difference of the flowing water volume through South Eu-
rope rivers between the wet and the dry period of the year is predicted. Besides, 
some rivers will lose 80% of their water during summer (Santos et al. 2002). It is 
also predicted a decrease of the recharge of aquifers (Eitziger et al. 2003). The 
m.s.l.r (mean sea level rise) is expected between 0.5m and 1m (Melloul and Collin 
2006). 

The objective of this work is the presentation of the climate change influence 
on the operation of the periodically brackish karst spring of Almiros at Heraklion 
in the island of Crete in Greece, in a practical way so that one can get conclusions 
about its sustainable development. It has been emphasized on the exploitation 
works, which must take into account the environmental changes. Generally, the 
design of development projects for such springs must be based on the prediction 
of their behavior under the changing climate conditions, which is achieved by the 
use of mathematical models. In our case, the mathematical model MODKARST 
for brackish karst springs (Maramathas et al. 2003) has been used. 

MODKARST model has already been used for the simulation of the Almiros 
spring from 1/9/1989 till 31/8/1997. The goal of the present work is to predict the 
change in the hydrograph (discharge versus time) and in the chloride concentra-
tion of the spring water versus time (chloride concentration curve) at the end of 
the 21th century, taking into account the climate changes as they have been de-
scribed in the above-mentioned works. That is, change in rainfall height per year, 
change in the intensity and the distribution of the rainfall over the year (decrease 
of the rainy-days number per year and respective increase of the rainfall height per 
rainy day) and change in the m.s.l (mean sea level). The influence of each of the 
above-mentioned changes has been separately studied and in combination with 
two scenarios (Table 1). 

Almiros spring lies 10 km west of Heraklion city in the island of Crete in 
Greece, at an elevation of 4m a.m.s.l (above mean sea level) and at a distance 1km 
from the sea. The discharge of the spring fluctuates between 4m3/sec in the dry pe-
riod (summer) and 70-80m3/sec in the wet period (winter) following heavy rain-
fall. At low discharge rates the spring water is brackish due to seawater entering 
through fractures and conduits connecting the sea with the spring reservoir (Ma-
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ramathas et al. 2006). The water chloride concentration fluctuates between 35ppm 
at high discharge rates and 5000ppm at low discharge rates. During the time span 
of the above-mentioned MODKARST model simulation that is from 1989 till 
1997 the spring gave fresh water for 357days (12.2%) among 2920 days in all. 
From MODKARST model simulation it has been proved that an artificial uprais-
ing of the spring outlet point, from 4m a.m.s.l where it is today, to 22m a.m.s.l 
through the construction of a dam, will prevent the sea-water entering due to 
freshwater pressure increase and the spring will give only freshwater over the year 
(Maramathas 2006). 

Table 1. Climate changes and scenarios. 

 Climate Changes 

C1 Annual rainfall height decrease by 30% 
C2 Annual rainfall height decrease by 45% 
C3 Mean sea level rise by 0.5m 

C4 

Decrease of the annual rainy-days number by 28% and respective increase of the 
rainfall height per rainy day  

C5 

Decrease of the annual rainy-days number by 41% and respective increase of the 
rainfall height per rainy day 

 Scenarios 

S1 C1 + C3 + C4    “optimistic” 
S2 C2 + C3 + C5    “pessimistic” 

2 Results 

By the use of algorithms that have been created for this reason, the rainfall and the 
mean sea level (m.s.l) of the simulation period of the spring (1989-1997) have 
been adapted to the predictions of Table 1. Especially, in order to realize the 
changes C1 and C2, the daily rainfall of the simulation period was multiplied with 
the factors 0.70 and 0.55 respectively. In order to realize the changes C4 and C5, 
the contiguous rainy days of the simulation period were separated into groups of 
two and three adjacent days respectively and the total rainfall of each group was 
considered to have been realized in the day of the group with the higher rainfall. 
Finally, in order to realize the change C3, the elevation of the spring outlet point 
was “lowered” by 0.5m. Then it was simulated, with MODKARST model, first 
the influence of the changes C1, C2, C3, C4, and C5 separately and then the influ-
ence of the scenarios S1 and S2. The results are presented on Table 2. The results 
for the scenarios S1 and S2 are also presented in the Figures 1 and 2. 
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Fig. 1. a. Scenario S1: Predicted spring hydrograph versus the spring hydrograph of today, b. 
Scenario S1: Predicted chloride concentration curve versus the curve of today. 

In Figures 1a and 2a the hydrograph for the scenario 1 and 2 respectively is 
compared with the today’s hydrograph while in Figures 1b and 2b the chloride 
concentration curve for the scenario 1 and 2 respectively is compared with the 
chloride concentration curve of today. On Table 4 the necessary change of the 
height of the exploitation dam for each one of the two scenarios is presented. 

Table 3. Critical Discharge for the reverse of the Cl- curve gradient. 

Year Discharge for the reverse of the Cl- curve gradient (m3/sec) 

1990 2.85 
1991 2.93 
1992 2.92 
1993 1.87 
1994 3.06 
1995 2.92 
1996 2.93 
1997 2.93 
Mean 2.80 

a 

b 
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Fig. 2. a. Scenario S2: Predicted spring hydrograph versus the spring hydrograph of today, b. 
Scenario S2: Predicted chloride concentration curve versus the curve of today. 

Table 4. Exploitation Dam Height variation. 

 Dam Height (m) Variation (m) 
Today 22 - 
Scenario S1 24 2 
Scenario S2 24 2 

3 Discussion and Conclusions 

From Table 2 it is concluded that the spring discharge versus time as well as the 
chloride concentration of the spring water, mainly depends on annual rainfall 
height (C1, C2) and secondly on the rainfall intensity and distribution over the year 
(C4, C5). The m.s.l.r (C3) affects a little the chloride concentration of the spring 
water and does not affect the spring hydrograph 

In the scenario S1 the spring gives only brackish water over the year while its 
discharge rate significantly decreases during the summer, reaching minimum val-
ues minimum at the end of October. Chloride concentration of the water is always 

a 

b 
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over 700ppm and the higher values are shifted in the spring contrary to the chlo-
ride concentration of today, where the higher values are observed in the middle 
autumn (Fig. 1b). From the Figure 1a one can conclude that during the winter the 
discharge is not significantly affected contrary to chloride concentration of the 
spring water, which presents an important increase. An explanation for the above-
mentioned phenomenon is that such karst aquifers present dual porosity; one is 
caused by fractures and the other by large conduits. Correspondingly, there are 
two kinds of discharge in the winter (recharge period of the spring); one from frac-
tures that is similar to the base flow of a river and the other from conduits that is 
similar to the flood flow of a river. From the climate change, it is the discharge 
from fractures (base flow) that is mainly affected. Since the above-mentioned frac-
ture discharge is related with the sea intrusion mechanism, it is fed by both the 
fresh water from the rainfall infiltration and the salt water from the sea. Conse-
quently, as the fresh water decreases due to rainfall decrease, the fresh water pres-
sure also decreases and the saltwater that comes from the sea increases, which im-
plies an increase of the water chloride concentration. The whole spring discharge 
is not affected at the same degree as the water chloride concentration, since the 
discharge from conduits that dominates in the winter, remains significant. 

In the scenario S2 the hydrograph (Fig. 2a) as well as the chloride concentration 
curve (Fig. 2b) have the same qualitative features with the hydrograph and the 
chloride concentration curve of the scenario S1. Nevertheless, there are some im-
portant quantitative differences, which are: a) The great decrease of the spring dis-
charge or the drying of the spring in the end of autumn and b) the spring water, a 
month and a half for two months before the minimum discharge or the drying of 
the spring, is presented an increasing improvement of its water quality (decrease 
of the water chloride concentration) having for this period of year, lower chloride 
concentration than today (Fig. 2b). In the scenario S1 there is a similar but not so 
clear tendency. This happens, because the chloride concentration curve in the end 
of spring or in the beginning of the summer, when the spring discharge is about 
2.80m3/sec (Table 3), presents a maximum value and consequently, during the 
next period (late summer and autumn) since the curve gradient is reversed, the 
chloride concentration of the spring water versus time, decreases. This phenome-
non is unexpected since it is combined with a decrease of the spring discharge (no 
rainfall at this period), while normally it should be combined with an increase of 
the spring discharge. The above-mentioned behavior of the spring is caused as fol-
lows: As the water level in the karst system reservoir decreases, due to the absence 
of rainfall, the flow ceases in an increasing number of freshwater tubes. As a re-
sult, since the spring is elevated above the sea level the saltwater flow in the tubes, 
which comes from the sea and meets the above freshwater tubes, ceases too. Due 
to fractal structure of the spring reservoir, the sea intrusion points (points where 
the seawater tubes meet the freshwater ones) decrease, following the water level 
decrease, in a growing rate according to a power law (Maramathas and Boudouvis 
2006). Consequently, the seawater, discharge to the spring reservoir at a larger de-
crease rate than the decrease rate of the fresh water discharge. This implies that 
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the chloride concentration of the spring water continuously decreases. On Table 3 
the critical discharge where the above-mentioned phenomenon starts for every 
year of the simulation period, is presented. 

Climate change affects the required dam height in order to prevent the sea in-
trusion to the spring reservoir. In both scenarios the dam must be two meters high-
er than it is required today. That is, its height must be 24m instead of 22m, which 
is enough for today. 
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Abstract There is a general consensus that climate change is an ongoing phe-
nomenon. This will inevitably bring about numerous environmental problems, in-
cluding alterations to the hydrological cycle, which is already heavily influenced 
by anthropogenic activity. The available climate scenarios indicate areas where 
rainfall may increase or diminish, but the final outcome with respect to man and 
environment will, generally, be detrimental. The research is focused on the climate 
change implications to the underground water tables of the mainland in Greece, 
excluding the island complex. It is based on regional climate models (RCMs) 
simulations under emission scenarios (SRES) Α1Β (3.5 οC), Α2 (4.5 οC) and Β2 
(3.1 οC), for specific climatic zones of the Greek area during the period 2011-
2100, which were estimated by the third report of IPCC. 

1 Introduction 

Climate change in combination with increased anthropogenic activities will affect 
water resources throughout the world. This paper gives information concerning 
the impacts of climate change on water resources, and particularly groundwater. 
Climate variability and change can affect the quantity and quality of various com-
ponents in the global hydrologic cycle (Milly et al. 2005). 

The Intergovernmental Panel on Climate Change (IPCC 2007) estimates that 
the global mean surface temperature has increased 0.6 ± 0.2 oC since 1861, and 
predicts an increase of 2 to 4 oC over the next 100 years. Global sea levels have 
risen between 10 and 25 cm since the late 19th century. As a direct consequence of 
warmer temperatures, the hydrologic cycle will undergo significant impact with 
accompanying changes in the rates of precipitation and evaporation. Predictions 
include higher incidences of severe weather events, a higher likelihood of flood-
ing, and more droughts. The impact would be particularly severe in the tropical 
areas, which mainly consist of developing countries (Kumar 2005). 

Although the most noticeable impacts of climate change could be fluctuations 
in surface water levels and quality, the greatest concern of water managers is the 
potential decrease and quality of groundwater supplies, as it is the main available 
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potable water supply source for human consumption and irrigation of agriculture 
produce worldwide (Stournaras 2008). Because groundwater aquifers are re-
charged mainly by precipitation or through interaction with surface water bodies, 
the direct influence of climate change on precipitation and surface water ulti-
mately affects groundwater systems. 

Bearing the complexity of the linkage between climate change and ground-
water in mind, it is necessary to adapt groundwater management accordingly and 
to consider the best options for developing and safeguarding groundwater re-
sources. Main scope of this paper is to estimate the flux of groundwater’s infiltra-
tion volume due to climate change. 

2 Climate Scenarios 

Fundamental cause forecasted at the future of anthropogenic changes of climate in 
world scale is the increase of greenhouse gases (GHG) due to human activities. 
For this aim, according to the third report of IPCC (2001) a big number of scenar-
ios (in total 40) relative with the future development of emissions of greenhouse 
gases (Nakićenović et al. 2000) were made.  

The total of scenarios covers the main uncertainties for the forecast of future 
emissions GHG based on the running knowledge and the initial “basic histories”. 
Each one of the emission scenarios (SRES) constitutes simply a likely version of 
development of greenhouse gases. The simulations of the used regional climate 
models (RCMs) were carried out under SRES A1B, A2 and B2 respectively. 
SRES A1B concerns economic growth that will be continued rapidly. The 
changes in the land use will not be enormous whilst the world population contin-
ues increasing rapidly up to year 2050 when it reaches about 9 billion and after-
wards decreasing progressively. The main sources of energy that will be used are 
coming either from mining fuels or alternative sources which will have an impact 
of increase of CO2 emissions within the 21st century, reaching the concentration of 
720 ppm until the year of 2100.  
SRES A2 refers in medium scale increase of income and particularly intense con-
sumption of energy. The world population will continue increasing rapidly. The 
technological growth will be slow and partial, while medium to low changes in 
land use will take place. The increase of CO2 emissions in the atmosphere will be 
rapid within the 21st century reaching the concentration 850 ppm, at the year 2100. 
SRES B2 reports in continuation of world economic growth while the technologi-
cal changes are lower compared with them of SRES A1. The increase of CO2 con-
centration in the atmosphere will continue within the 21st century reaching 620 
ppm until the year 2100. 
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3 Division of Greece in 12 climate zones 

The climate of Greece shows high spatial variability due to intensive vertical parti-
tioning and land/sea interaction. For this reason and taking into account that the 
spatial resolution of the RCMs data used in this study are quite satisfactory for de-
scribing the relief of Greece, climate change study was applied not only throughout 
the entire Greek peninsula as a whole but also for each one from the 12 climate 
zones that Greece has been divided according to Zanis et al. 2009. The 12 zones are 
the following (Fig.1): a) Mainland climate zones: Western Greece (WG), Central 
and Eastern Greece (CEG), Western and Central Macedonia (WCM), Eastern Ma-
cedonia-Thrace (EMT), Western Peloponnesus (WP) and Eastern Peloponnesus 
(EP), and b) Island complex climate zones: Crete (C), Dodecanese (D), Cyclades 
(CY) Eastern Aegean (EA), North Aegean (NA) and Ionian.  

 
Fig. 1. The climate zones in which Greece was divided in. The black dots represent the 57 mete-
orological stations (from HNMS) used for the analysis (Zanis et al. 2009). 

The above mentioned division was based on several climate and geographic 
criteria, the most important of which are the following: i) Pindos mountain range, 
which splits the mainland in the wet western area and the dry eastern area, ii) the 
frequency of either the tropical maritime or the polar continental air masses affect 
each area, which shows significant increase from south to north, especially during 
winter but also during the transitional seasons. Therefore the temperature shows 
high gradation along the north-south axis, iii) the high temperature variation be-
tween the island complex and the mainland areas, iv) the precipitation variation 
between the Eastern Aegean Islands and the Dodecanese where high values are re-
corded in contrast to extremely low precipitation values throughout the Cyclades 
Ιsland complex (the climatic data concerning air temperature and precipitation to-
tals from the 57 meteorological stations were acquired from Hellenic National 
Meteorological Service (HNMS).  
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4 Current Conditions 

The status of Greece due to water reservation and management seems to be quite 
interesting, showing some peculiarities which indicate the level of true develop-
ment and organization. From the water reservation point of view, Greece can be 
identified as a relatively rich territory concerning the rest Mediterranean frame 
(Stournaras 1998). The main reasons which are responsible for being identified as 
rich territory are related to the regime of the atmospheric precipitation. The pre-
cipitation totals in Greece shows an average value of 700 mm, which is rather in-
teresting for the Mediterranean basin (Scoullos 2009). This is highly, related to the 
general factors which are responsible for the Greek climate and the weather phe-
nomena, but also to the topography variation since the high relief near the coast-
line results in precipitation at mountainous areas. The most significant factor on 
this matter is the nearly north-south orientation of Pindos mountain range, the ele-
vation of which in many cases exceeds 2,000 m. The wet air masses coming from 
the west (due to west atmospheric circulation) are blocked by this mountain range 
causing much more precipitation along the western than the eastern part of the 
country (Stournaras 2010). Additionally, due to the high relief contrast of the 
Greek peninsula, a dense drainage network pattern has been shaped leading the 
surface water to relatively large rivers which drain also the ground water in cases 
of additional surface discharge through springs. The cases of Transboundaries 
Rivers of northern Greece are referred as special cases as their entrance in Greece 
is being correlated with neighbor countries before their flow into north Aegean, 
e.g. Evros (Bulgaria, Turkey), Nestos, Strymon (Bulgaria), Axios (FYROM). The 
single case of reverse flow is represented by the river Aoos which starts from 
Greece and flows into Albania.  

The underground water circulation is also a quite interesting matter since a 
large part of the Greek territory is consisted of permeable rocks, which accept the 
water through primary or secondary infiltration procedures and form the shape and 
the characters of the aquifers (Soulios 2010). Such cases can be identified in large 
continental basins or deltaic fans, the carbonate rocks of karst water tables (lime-
stone, dolomites, marbles, and gypsum) and in extended igneous and metamorphic 
massifs (Stournaras et al. 2007). 

Despite the fact that none of the 14 Water Districts (WD) of the country has not 
reported any problem for immediate water shortage according to Ministry of De-
velopment of Greece (2003), there are indications that the national water potential 
is decreasing, which is in agreement with the IPCC general findings for the cli-
mate change. Additionally, according to the results of the research project 
ENSEMBLES (http://www.ensembles-eu.org) the precipitation in central and 
northern Greece is gradually decreased during the last five decades. The reduction 
starts from 30 mm and regionally reaches 150 mm per decade. Also, the compari-
son between the river water flows for the periods 1900-1970 and 1971-1998 
shows decreased water amount percentages between 5%-10% for the territory of 
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Greece in general, with the exception of Epirus District where the decrease per-
centages are not more than 2%-5% (Milly et al. 2005). 

5 Observations and concessions for the estimation 
of water resources in Greece due to climate change 

In order to estimate the country’s expected water resources changes until the year 
2100, several hydrological balance estimations were carried out for the periods 
2021-2050 and 2071-2100. The main information came from the use of climate 
change modeling (precipitation and evapotranspiration in mm respectively). Spe-
cifically the simulations of the used RCMS were carried out for SRES Α1Β, Β2 
and Α2.  

Table 1. Modeling results for the main hydrologic balance parameters’ change (R, I) of Greece’s 
climate zones (CZ) and Water Districts (WD) for the periods 2021-2050 and 2071-2100 under 
different SRES scenarios. 

A1B 2021-2050 2071-2100 
WD CZ R (hm3) I (hm3) Total (hm3) R (hm3) I (hm3) Total (hm3) 
1 WP 2455.32 1303.90 3759.22 2090.98 1208.15 3299.13 
2 I n/a n/a n/a n/a n/a n/a 
3 EP -267.13 1214.01 946.89 -378.04 1091.76 713.72 
4,5 WG 8247.09 6248.78 14495.86 7224.69 5936.71 13161.39 
6,7,8 CEG 1875.80 2095.48 3971.28 2147.40 2064.74 4212.14 
9,10 WCM 1018.33 1341.53 2359.86 1035.22 1330.11 2365.32 
11,12 EMT 4239.73 1454.83 5694.56 3419.28 1335.75 4755.03 
13 C -142.94 471.34 328.41 -169.87 449.90 280.03 
total    31556.08   28786.76 
 
B2 2021-2050 2071-2100 
WD CZ R (hm3) I (hm3) Total (hm3) R (hm3) I (hm3) Total (hm3) 

1 WP -528.02 436.98 -91.03 -256.60 420.48 163.88 
2 I n/a n/a n/a n/a n/a n/a 
3 EP 225.91 1543.55 1769.46 87.76 1345.88 1433.64 
4,5 WG 2856.74 4315.04 7171.77 1625.28 3455.71 5080.99 
6,7,8 CEG 3241.63 2224.22 5465.85 2567.20 1937.18 4504.38 
9,10 WCM 72.06 1341.15 1413.21 34.37 1151.90 1186.27 
11,12 EMT 2102.01 1260.46 3362.47 1144.64 1023.94 2168.57 
13 C -376.39 334.18 -42.21 -255.21 337.32 82.11 
total    19049.52   14619.84  
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A2 2021-2050 2071-2100 
WD CZ R (hm3) I (hm3) Total R (hm3) I (hm3) Total (hm3) 

1 WP -528.02 436.99 -91.03 -254.82 388.75 133.93 
2 I n/a n/a n/a n/a n/a n/a 
3 EP 225.91 1543.55 1769.46 -41.55 1151.53 1109.98 
4,5 WG 2856.74 4315.04 7171.77 2214.68 3487.28 5701.96 
6,7,8 CEG 3241.63 2224.22 5465.85 1984.71 1655.22 3639.93 
9,10 WCM 72.06 1341.15 1413.21 -70.43 1062.74 992.31 
11,12 EMT 2102.01 1260.46 3362.47 1195.73 967.33 2163.06 
13 C -376.40 334.18 -42.21 -206.13 291.74 85.60 
total    19049.52   13826.77 

The interpretation of the results led to estimations of hydrologic balance pa-
rameters (Table 1) such as infiltration (I) and runoff (R) for the 2021-2050 and 
2071-2100 period respectively. 

It is obvious, according to the above estimations that the main parameters of 
hydrologic balance, which control the amount of groundwater, show a decrease 
correlated with current situation (Ministry of Development, 2003). Additionally, 
in some regions the runoff values are being described by a negative sign which 
means that they are showing a deficit character.  

In order to describe the estimated change for every parameter of the hydrologic 
balance for the period of 2021-2100, a comparison of the results was made. The 
comparative results for all the described SRES scenarios led to the following con-
clusions (Table 2): 

Table 2. Comparative results of the estimated change for every parameter of the hydrologic bal-
ance under different SRES scenarios (in %). (V: Precipitation, Etr: Evapotranspiration, I: Infiltra-
tion, R: Run off). 

A1B B2 A2 

V Etr I R V Etr I R V Etr I R 
- 5 - 2 - 5 - 12 - 15 - 12 - 16 - 35 - 22 - 20 - 21 - 37 

According to the above resulted values at each SRES scenario, there is a clear 
decrease in groundwater’s amount, due to climate change. The total precipitation 
amount is decreasing and subsequently the total infiltrating water is very likely to 
decrease from 5% (A1B) to 21% (A2) than today levels, and the total runoff will 
decrease from 12% (A1B) to 37% (A2) respectively throughout the mainland of 
Greece. 
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6 Estimations of groundwater decrease 

In order to depict the correlation of rain volume V (hm3) and volume of infiltrated 
water I (hm3) cross plots diagrams were constructed (Fig 2 a, b, c), according to 
above resulted values at each scenario for the period 2011 - 2100. According to 
these diagrams it is obvious that due to precipitation’s decrease the affection in 
ground water is instant. 

Additionally, between 2011 and 2050 period the flux of infiltration water is 
rougher than between the period 2050 and 2100 respectively. 

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario A1B

(a)

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario A1B

(a)

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario B2

(b)

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario B2

(b)

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario A2

(c)

V vs I

0

30000

60000

90000

120000

150000

today 2021-2050 2051-2100

date

hm
3

V
I

scenario A2

(c)
 

Fig. 2. Cross-plot diagrams showing the flux of precipitation’s volume (V) versus volume of in-
filtrated water (I), (a) SRES A1B, (b) SRES B2, (c) SRES A2. 

7 Conclusions 

The implications of climate change on water systems in Greece and especially on 
groundwater systems can be summed up as following: 

i.Decreased inflow and renewal of the aquifer water due to precipitation de-
crease and evapotranspiration increase. 

ii.Increased salinization of the coastal and submarine water tables, especially 
the karstic ones and its advancing towards the mainland because of the land 
water decreasing potential due to less feeding and over pumping. 

iii.Increased polluted load concentration in the coastal and sea water bodies due 
to less rarefaction. 

iv.Intense disorganization of the deltaic fan areas as a result of either dam con-
struction along the upstream zone (less flow, full deposition) and technical in-
terference across the delta (leading the eroded material at a single mouth). 



98 G. Stournaras et al. 

v. Pollution or exsiccation or the coastal wetlands. 
vi.Aggravation of desertification phenomena due to water shortage and soil al-

terations (condensation etc.). 
These conclusions should be combined with the fact that almost 75%-80% of the 
total water resources of the country are used for irrigation; it is more than obvious 
that these changes will have direct consequences on the type and extent of the cul-
tivating areas along with the change of the agricultural methodologies.  
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Abstract   Zakynthos is a rapidly urbanized and touristic developing island situ-
ated in the Ionian Sea (central Mediterranean) where statistically significant nega-
tive precipitation trends prevail at least during the last four decades. During the 
last century precipitation has been decreased by 22%. Groundwater is the main 
water reservoir for domestic, agricultural and industrial use and thus is very im-
portant to sustain both its quality and quantity for present and future water de-
mands. Climate simulations through an ensemble of Regional Climate Models, 
predict a dramatic decrease in rainfall by almost 25% for the period by the end of 
the current century (2071-2100) in the area. This fact indicates the risk of a pro-
nounced future high water deficit in Zakynthos, causing even 39 hm3 less 
groundwater natural recharge.  

1 Introduction 

Climatic modeling forms the basic framework together with future water de-
mands estimations on making policy and taking the proper decisions that will as-
sure future water demands. Groundwater is the main water reservoir in Zakynthos 
for domestic, agricultural and industrial use and its quality and quantity plays im-
portant role in economy and social life of island. The increase of agricultural wa-
ter demands, the urbanization and tourist development has caused degradation of 
groundwater quality (Voudouris et al. 2006). Zakynthos (Zante) Island is located 
in the Ionian Sea, at the western part of the main orographic barriers of Greek 
peninsula, covering an area of 406 km2 (Fig. 1). The population is highly variable 
along the year; while positive trends are recorded since 1980 (e.g. in the period 
1991-2001 the rate of increment was equal to 19%). The permanent population 
amounts to 39,000 although emigration from non-EC countries inflates this value 
to 51,000. The population density (96 persons/km2) is nearly equal to the mean 
value of the Greek islands, but almost 5 times less than the global mean for is-
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lands of similar size (such a population density would amount to a total popula-
tion of about 250,000 residents). However during the last 140 yrs the population 
density due to permanent residents never exceeded 110 persons/km2. In the pe-
riod from April to October touristic arrivals (about 680,000 visitors per year) in-
creases the population to a maximum value of 97,000 (σ = 19,700) during August 
(according to data of the last decade). In the period from 2003 to 2009 the touris-
tic arrivals have increased by 16% and the overnight stays by 9.5%. The afore-
mentioned population dynamics is accompanied by an intensive urbanization 
along the island. House construction was increasing at a mean rate of 2.6% yr1 in 
the period 1991-2008. As a consequence, urbanization with 3% yr1 increase rate 
and touristic development almost with 10% rate have a great impact on water 
consumption in the island. Groundwater is the primary source used to fulfill do-
mestic and agricultural needs and on an annual basis, 4.9 106 m3 of groundwater 
are drilled, with a maximum daily rate of 21,000 m3 during the summer months. 
The increased water demands drive a series of environmental problems to aqui-
fers of the island making groundwater not suitable for human consumption due to 
salinization and pollution from agricultural uses (Diamantopoulou and Voudouris 
2008). 

 
Fig. 1. Map of southern Ionian Sea. The computational grid boundaries (cells with horizontal 
resolution 25  25 Km) used in the regional climatic models are also indicated by the crosses. 
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2 Geological and Hydrogeological setting 

Zakynthos Island is formed by two geotectonic zones the Pre-Apulian and the 
Ionian zone (Aubouin and Dercourt 1962). The Ionian zone is considered to be 
overthrusted to the Paxos zone. Sedimentation in Zakynthos island can be distin-
guished in carbonates Cretaceous to Miocene and clastic Plio - Quaternary. The 
Paxos zone in the island consists of Upper Cretaceous limestones that are overlain 
by Eocene limestones (Kati 1999). Limestones cover about 50% of the total area 
of the island (Vraxionas Mountain). An Oligocene zone to the East consisting of 
marly limestones and marls overlies on the Eocene deposits. The other part of the 
island is covered by Miocene and Pliocene rocks (gypsum deposits and marls with 
layers of marly sandstones respectively (Underhill 1988; 1989). But also some 
Pliocene sediments are also found (marls and sandstones). The younger deposits 
are of Pleistocene and Holocene age and their thickness is less than 10-15 m. They 
are developed to the eastern part and are consisting of alternating beds of gravels, 
clays, sands and silty clays.  

Three main aquifers are developed in the geological formations of the Island: 
the karstic aquifer of carbonate formation (Paxos zone) in the west, the confined 
aquifer in Neogene deposits of Kypseli unit (mainly Pliocene deposits sandstones 
with marls and clays), in the east and the unconfined alluvial aquifer in the alluvial 
deposits in central-eastern part of the island. The hydrogeological and hydraulic 
characteristics of the island aquifers differ in many properties but their average 
thickness (AT) and their effective area (EA) are (e.g. Diamantopoulou and Vou-
douris, 2008): KarsticAT= 100 m, KarsticEA= 18 km2, ConfinedAT= 50 m, Con-
finedEA= 15 km2 and AluvialAV= 6–10 m, AluvialEA= 59 km2. The exploitable 
groundwater reserves were estimated by Diamantopoulou and Voudouris (2008) 
to be 3.3 106 m3 yr–1. The percentage of annual precipitation, which infiltrates 
through the carbonate rocks, has been estimated to be around 50%, while the per-
centages for confined and the shallow aquifer are 5-10% and 15% respectively of 
the total annual precipitation (Diamantopoulou 1999). 

There is a lack of systematic discharge measurements in Zakynthos and values 
can be deduced only indirectly from the hydrological balance. Estimated values 
are different for any of the particular surface rock type: Limestones 2%, Neogene 
rocks 21-26% and 16% of the annual precipitation (Diamantopoulou 1999). Most 
of this water ends to the sea. 

3 Climatic dynamics and precipitation regime 

The main factors modulating the precipitation regime in the Ionian Sea can be 
classified in two categories: (a) the cyclonic activity ought to lee cyclones that de-
velop in the south of the big mountain ridges of the northern Mediterranean coasts 
(in the so-called Mediterranean belt; Bartholy et al. 2009) but also at the Atlas 
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mountains in Northern Africa and (b) the topography of the region. The moist air 
masses move from west towards the continental Greece. The humid air converges 
with a drier westerly flow, causing it to rise; further lifting is provided by islands 
and mountains.  

During the rainy season, the Ionian Islands are strongly influenced by frontal 
depression systems originating in the Mediterranean belt. The great majority of 
these systems move towards the Ionian Sea (e.g. Alpert et al. 1990) and modulate 
peak values of the Mediterranean precipitation field, in the area between southern 
Italy and Greece (e.g. Fig.1 in Xoplaki et al. 2004). As a result, 90% of the rainy 
season precipitation in Greece is ought to Mediterranean cyclones activity (Mahe-
ras and Anagnostopoulou 2003).  

Many studies have shown that along the 20th century (mostly after 1960s) a 
significant decline in cyclogenesis (amounting approximately to 15%) took place 
in the Mediterranean belt during the winter and spring epochs, while an increase in 
autumn was also detected (eg. Maheras et al. 2001; Lionello et al. 2006; Bartholy 
et al. 2009). It is remarkable that these negative trends prevailed particularly in the 
Italy-Greece region (eg. Norrant and Douguédroit 2005). 
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Fig. 2. Observed annual precipitation heights in Zakynthos (dark-blue line), linear trends (red 
lines) and mean levels μ1, μ2 (dashed lines) of the periods 1893-1971 and 1972-2008, respec-
tively. The Ensembles-6 RCMs simulation for the period 2010-2050 is also shown (light-blue 
line) along with the predicted mean value (μ3) for the period 2021-2050.  

In accordance to the aforementioned climatic dynamics, the time-series of the 
total annual precipitation H(t) in Zakynthos exhibits a strong negative trend, that 
enhanced after the mid 1970’s (Fig.2). Associated with a southward gradient H  
in the Ionian Islands precipitation field, this negative trend intensifies in the south-
ern Ionian (eg. see Fig.6 in Pnevmatikos and Katsoulis 2006) and reaches a value 
of −3.5 mmyr1 (p<0.0001) in Zakynthos. A climatic discontinuity detected 
through the sequential Mann-Kendall test in the precipitation series of the island 
about at 1971 (Kalimeris et al. 2010). Similar discontinuities have been also de-
tected in most stations along the Greek peninsula between 1974 and 1984 (Feidas 
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et al. 2007). Hence, two different periods are distinguished in the recent precipita-
tion history (last 120 yrs) of Zakynthos: (i) the period before 1971, where the 
mean annual precipitation height was 1H = 1.047 m with a negative linear trend 

1H = 2.05 mmyr1 (p=0.15), and (ii) the period after 1972, where the mean an-
nual height dropped to 2H = 0.816 m (or by 22 %) with an enhanced negative 
trend  2H = 4.8 mmyr1 (p-value 0.15) which is one of the highest values in the 
Mediterranean. This sudden aggravation after 70’s seems to be associated with the 
decline of the cyclogenesis in the Mediterranean belt and a persisting positive 
phase of the North Atlantic Oscillation and the East Atlantic-Western Russia pres-
sure field anomalies (eg. Krichak at al. 2002; Lionello et al. 2006).  
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Fig. 3. Mean monthly precipitation heights of the periods 1893-1930 (blue line) and 1972-2008 
(red line). The monthly variation ΔΗM between the two periods is also depicted (red bars) along 
with the 95% confidence limits for ΔHM. 

The examination of daily data (available for the periods 1893-1930 and 1955-
2008) show that precipitation deficit in Zakynthos strongly affects the entire rainy 
season (October to March). For example, a comparison between the periods 1893-
1930 and 1972-2008 show that the precipitation deficit is partitioned among au-
tumn (by 24%) and winter (by 65%) months (Fig. 3). Furthermore, light and mod-
erate rain events (H<15 mm/day) tend to increase after 1972 while medium and 
heavy (15<H<50) events tend to decrease. These changes were accompanied by 
an increase in the number of days of light rain and a decrease in all other classes.  

4 Climatic models projections 

To identify changes in the precipitation regime for the island of Zakynthos, re-
gional climate model output has been used. More specifically, in an effort to re-
duce uncertainty associated with future climatic projections output from several 
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regional climate models (RCMs) has been used (Christensen and Christensen, 
2007). These models were developed at KNMI, CNRM, ETHZ, MPI, METO and 
METNO within the framework of the EU ENSEMBLES project [www. ensem-
bles-eu.org]. They employ the A1B greenhouse gas emissions scenario and have 
a horizontal resolution of 25 km  25 km. 

The A1B scenario describes a future world of very rapid economic growth, 
global population that peaks in mid-century and declines thereafter, and the rapid 
introduction of new and more efficient technologies. The energy used to drive the 
economy is balanced between fossil fuel and other sources. By taking output from 
these 6 models, we produced an ensemble mean pattern (Ensemble-6) of the pre-
cipitation regime in the island of Zakynthos for the control (1961-1990) and the 
near future period (2021-2050). Simulations for the more distant future period 
2071-2100 were also performed using 3 models (Ensemble-3). Given the current 
horizontal resolution of RCMs, numerical results correspond to the single land 
grid cell covering the island (Fig. 1). Furthermore, weighting factors were applied 
to these models according to the guidelines for the weighting produced within the 
ENSEMBLES project (see also Founda and Giannakopoulos 2009). Following 
this procedure, the KNMI model has a weight of 465 compared to 131 for CNRM, 
81 for MPI, 86 for METO, 67 for ETHZ and 52 for the METNO model. The larg-
est overall weight is associated with the KNMI model, mostly as a result of its 
successful representation of extremes, which shows the largest variability across 
models. Validation of the weighted ensemble model was performed by comparing 
output of simulations at the grid closest to the three studied stations with observa-
tions at the stations for the reference period, 1961-1990 (ENSEMBLES Deliver-
able D3.2.2).  

Table 1. Observed and simulated mean annual precipitation height (in mm). 

Period Observations Ensemble6 Ensemble3 

1961  1990 837 807 775 
2021  2050  770 756 
2071  2100   600 

Simulated and observed values of the mean annual precipitation for Zakynthos 
area are provided in Table 1 (and until 2050, in Fig.2). Observed and simulated 
values of the control period are in excellent agreement especially when the En-
semble of 6 models was used. A slight decrease of the annual rainfall amount with 
respect to the control period was simulated for the near future period 2021-2050 
for both the Ensemble-3 and the Ensemble-6 simulations. It should be noted here 
that the Ensemble-3 simulation provides lower values of precipitation compared to 
observations and the Ensemble-6 simulation. A dramatic decrease by almost 25% 
was simulated for the period by the end of the current century (2071-2100) with 
the Ensemble-3 simulation, indicating the risk of a pronounced future high water 
deficit in Zakynthos, as well as, in the whole south Ionian region. 
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5 Estimation of water demands 

Water services on the island are operated by DEYAZ (Public Water & Wastes 
Corporation of Zakynthos), and although the water quality has been deteriorated 
still manage to supply and to satisfy mainly domestic water demands. According 
to our analytic estimations, the local population water consumption is 3.7 106 
m3yr1, while the tourist water consumption loadings are 1.2 106 m3 yr1. Unfortu-
nately there are high water losses through the network of DEYAZ. An approxi-
mate estimation of water losses is close to 45% of the local population consump-
tion. This means that another 1.7 106 m3 yr1 of groundwater is lost. Groundwater 
is also exploited from a great number of private boreholes and used for domestic, 
agricultural and commercial purposes. Our estimations show that 2.7 106 m3 are 
drilled from April to October (where greater water demands are requested). Hence 
total annual water consumption amounts to: 3.7 + 1.2 + 1.7 + 2.7 = 9.3106 m3. 
This water volume is in accordance with other approaches of local authorities (e.g. 
of the Environmental Office) but is almost twofold than the estimation given by 
Diamantopoulou and Voudouris (2008) since population and boreholes loadings 
seems to be underestimated there.  

Table 2. Water demands in Zakynthos according to various loading scenarios, in m3. 

Cases Population Tourists Losses Boreholes Total 

Current status (2010) 3.700.000 1.200.000 1.665.000 2.700.000 9.265.000 

Scenario A 9.206.784 1.932.612 4.143.053 2.700.000 17.982.449 

Scenario B 20.108.696 1.932.612 9.048.913 2.700.000 33.790.221 

In an effort to predict future water demands at 2050 the following two scenar-
ios of different cases were taken into account: (A) that of a steady development 
rate (equal to the observed during the last decade), and (B) that of a maximum es-
timated loading, being equal to the global population density of similar area is-
lands. Results are given in Table 2. As can be seen almost 18 hm3 of water will be 
needed in 2050 even if private borehole drilling remain constant (scenario A). Ac-
cording to the work hypothesis scenario B, the island would require 33.8 hm3 of 
groundwater reserves. Moreover, adopting the infiltration percentages for each 
aquifer proposed by Diamantopoulou (1999), the effect of precipitation deficit ac-
cording to the aforementioned climatic forcing, would decrease the groundwater 
almost by 8 and 39 hm3yr1 for the two climatic periods (2021-2050) and (2071-
2100), respectively. This will be extremely critical because water demands due to 
development should be at least doubled in 2050. 
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6 Conclusions  

Climatic Models are reflecting a dramatic precipitation deficit equal to -5% in the 
period 2021-2050 and -25.7% in 2071-2100, while the corresponding estimated 
groundwater renewal will decrease by 7.7 hm3 yr1 to 38.6 hm3 yr1, respectively. 
Declination of the groundwater reservoirs would turn to become critical and the 
Sustain Water Management inevitable. Future water demands estimations predict 
also that island aquifers will be extremely stressed in future due to development 
which will require almost double the water needs of present time if the current rate 
remain constant (scenario A). Even worst, according to aforementioned maximum 
loading scenario B, the future water demands would far exceed not only the ex-
ploitable groundwater reserves but also the total geological groundwater reserves. 
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Abstract   In the present paper a spectral time series reconstruction approach is 
demonstrated regarding its suitability for treating missing values in long term, dai-
ly sampled rainfall time series. The core of the proposed model consists of the 
CLEAN algorithm, which reconstructs time series after modifying their frequency 
spectrum to exclude artifacts originated by nonstationarity and missing values. 
Further filtering and normalization of the predicted values in places where periods 
of missing observations occur enhance the model’s potentialities. For the valida-
tion of the model, eight daily sampled rainfall time series from rain stations lo-
cated in the Louros basin, NW Greece, were used. Its ability to predict rainfall 
height for long periods (e.g. a month) of continuous missing observations is tested 
by introducing several artificial blanks of a month’s duration each in the time se-
ries and analyzing the success of the model in order to correctly predict them. The 
model’s accuracy indicator is built on the basis of a cross correlation function so 
that time lags of just a few days between observed and predicted values do not af-
fect it. The model performed adequately, especially for the wet months where its 
accuracy reached levels greater than 75% implying that daily variability in rainfall 
height can be to some extent described in the frequency domain.  

1 Introduction 

In general, the problem of missing values is a common obstacle in environmental 
time series analysis and specifically in the context of precipitation–runoff process 
modeling where it is essential to have serially complete data. There may be vari-
ous reasons for missing values, for instance equipment failure, errors in measure-
ments or faults in data acquisition, as well as natural hazards. Whatever the rea-
sons of their existence, missing values constitute a significant problem for water 
resources applications that require a continuous database (e.g. Ramirez et al. 
2005). Time series analysis is a common tool in studying hydrological process 
(Lambrakis and Daskalaki 1999). Modeling rainfall data from a statistical perspec-
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tive presents the challenge of dealing with a time series that is nonstationary, non-
negative and has a skewed distribution that includes a point mass at 0. These data 
considerations along with the complex environmental processes that control rain-
fall induce great limitations in predicting missing values and explain why no mod-
eling technique has ever exhibited complete accuracy, especially when dealing 
with daily predictions. Presently there are a large number of statistical techniques 
available for dealing with missing values which can be divided into three catego-
ries (Little and Rubin 2002; Kalteh and Hjorth 2009): 1) Listwise/pairwise dele-
tion, 2) Imputation-based procedures such as mean, regression and hot deck and 3) 
Model-based procedures which are an active field of research nowadays and in-
clude among others multiple imputations (e.g. Lo Presti et al. 2010), spatial mod-
eling (e.g. Genton and Furrer 1998), Autoregressive (AR) modeling (e.g. Matalas 
1967; Delleur et al. 1976) Self Organizing Maps (SOM), Artificial Neural Net-
works (ANN) and Expectation Maximization (EM) algorithm. Most of them re-
quire neighbor stations and search or assume good correlation between their ob-
servations to predict missing values.  

In this study the rainfall data from a total number of 8 rain stations along Lou-
ros basin (NW Greece), with a daily sampling interval, were used (Fig. 1). The in-
tense morphology of the study area and the scarcity of the stations severely affect 
the correlation of the observed precipitation even in nearby stations thus, leading 
to the need for using a non neighbor-dependent model to fill in the missing values. 
The proposed model utilizes spectral analysis and consists of: 1) Application of 
the CLEAN algorithm (Roberts et al 1987) to modify the raw (dirty) Discrete Fou-
rier Transform (DFT) spectrum of the whole rainfall time series (including miss-
ing values), reconstruct the time series and predict missing values and 2) Normali-
zation of the predicted values where missing ones occurred by using a suitable 
filter and statistical normalization of rainfall amplitudes. Although the application 
of spectral analysis techniques to treat missing values and nonstationarity in envi-
ronmental time series is well documented (Schulz and Stattegger 1997; Heslop 
and Dekkers 2002; Dilmaghani et al. 2007; Fakiris et al. 2007), its applicability 
has not been demonstrated against rainfall time series. The reliability of the pro-
posed method is validated by applying it to the raw time series after adding artifi-
cial blanks of a month’s duration each in random places and comparing the ob-
served values to the predicted ones. The overall accuracy of the proposed method 
was adequate. The wet days (peaks) were well predicted in most of the cases with 
correlations exceeding 75% and an average lag of less than 3 days between the 
real and predicted values. The relative success of this study implies that spectral 
analyses techniques applied to long term rainfall databases can be of value for 
predicting and forecasting even very short term variability in rain height, such as 
the daily one. 
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2 Study area – Data preparation 

The study area is located in Epirus in NW Greece, and includes the drainage basin 
of Louros River, which occupies an area of 926 km2 (Fig. 1). Evaporation and 
humidity are relatively high in the area throughout the year. Climate can be char-
acterized as mild temperate, to continental, changing under the influence of geo-
graphical position and relief (Boltsis 1986). The hydrological regime of northern 
Epirus is characterized by uneven seasonal and regional distribution of precipita-
tion. An average precipitation for the Louros watershed is 1150-1800 mm. Out of 
this 50% is evapotranspiration, 35% is recharge and 15% is discharge (Nikolaou 
1991). Morphologically, the Louros karstic system is characterized by high elon-
gated mountain ranges and narrow valleys, due to the tectonic (anticlinic struc-
tures) and geological conditions of the region and the lithologic alternation be-
tween limestones and flysch of the Ionian zone.  

 
Fig. 1. Morphological - hydrological map of the study area including the rain stations used for 
the validation of the presented model for treating missing values. 

The dataset used in the present study was provided by the Hellenic Ministry for 
the Environment and includes long term rainfall height time series from eight rain 
stations, sampled on a daily basis. The sampling period started in 1/1/1951 and 
lasted for 58 years until 31/12/2009. Each timeseries includes blanks ranging from 
2 months to 3 years total duration, arranged in arbitrary single months through the 
dataset. The blanks that are considered in this study are in fact artificial blanks 
since considering account the true ones would lead to method validation inability. 
These were created by introducing twelve blanks of a month’s duration each in 
every dataset so that each one of the twelve months of a year was missing in 
twelve random years. Table 1 includes the rain stations sorted by their altitudes 
and the years for which certain months have been blanked. 
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3 Missing values treatment - Methodology overview 

3.1 The CLEAN algorithm 

The CLEAN algorithm is an effective tool for predicting missing values in both 
stationary and non-stationary time series using spectral analysis and was intro-
duced by Roberts et al. (1987). The main advantages of the algorithm are that it 
removes spectrum artifacts related to missing data; it provides clean stable peaks 
(Tiwari and Rao 2000) and does not require a formal statistical test (Negi et al. 
1996). Furthermore, Vio et al. 1992 showed that the CLEAN algorithm is able to 
recover effectively most of the lost information even for significantly fewer num-
ber of data points. In the CLEAN algorithm, a raw frequency spectrum otherwise 
called dirty, is calculated by using DFT, which contains real peaks and side lobes. 
This dirty spectrum is then iteratively cleaned. The largest spectral peak is found 
and is subtracted with its side lobes from the original dirty spectrum. In the next 
iteration, the now largest peak is detected in the residual dirty spectrum and com-
pensated for. The iterations are repeated until a defined noise level or number of 
iterations is reached. In this case the number of iterations was set to 2000. Inverse 
discrete Fourier transform (IDFT) is then applied to reconstruct the time-series, 
using a predefined time step interval; so that the new ones are stationary and their 
missing values are simulated. Usually the time step interval for the IDFT is de-
fined as the minimum time difference between the samples. However, according 
to the Nyquist sampling criterion, the output time series should have at least dou-
ble the sampling frequency of that of the raw ones. Following on from this, in the 
present study the spectral analysis was performed on the basis of half the sampling 
interval producing CLEANed time series of half a day’s time step interval, which 
were then resampled back to one day’s interval by excluding every second sample. 
The choice of the output time step is particularly important because a time step 
output equal or bigger than the sampling intension (one day in this case) would 
cause coarse time series and/or loss of information. To use the CLEAN algorithm 
with the available rainfall time series we used Baisch and Bokelman’s (1999) 
computational implementation for MATLAB, modified to accept user specified 
time step interval. 

3.2. Method accuracy and normalization of predicted values 

After the CLEAN algorithm was applied to the data, the efficiency of the method 
was initially validated by comparing the non-blank parts of the raw time series 
against the corresponding parts of the reconstructed ones. The reconstructed time 
series proved to correlate almost perfectly (correlation coefficient > 98%) to the 
observed ones, indicating that the CLEANed spectrum contains all the information 
needed for successful rainfall time series reconstruction.  
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Fig. 2. Box-plots of: (a) the mean per month rainfall height and (b) the mean rainfall height of 
November, for all the available years of Kalentini station’s dataset. Boxes correspond to 25th -
75th percentiles, linear extensions to extreme values and small crosses (or circles) to outliers. 
Black line segments cross the median values in (a) and the means in (b). Mean per month values 
for each year are plotted in grey in (a) and the trends of the mean and max values of November 
are presented in (b) using black thin lines. 

However the correlation between the parts of the observed time series that 
have been blanked and the predicted ones was quite low. Visual comparison of 
the raw to the predicted values revealed that the majority of the high rain events 
(days where peaks occur) had accurately been predicted with a shift of only a 
couple of days in average. Even a lag of one day in the peaks’ prediction in 
rainfall data can cause vertical reduction of the correlation coefficient. Conse-
quently a cross-correlation function with a maximum lag of 7 days was used so 
that the method’s accuracy estimator would allow small temporal misplacements 
of the predicted values in comparison to the true ones. An additional factor re-
ducing the method’s accuracy was that in many cases the predicted peaks were 
followed by a fade in – fade out effect so that a noisy increase precedes a high 
rainfall event and a noisy decrease follows it. To eliminate this effect we used 
an Infinite Impulse Response (IIR) notch filter to remove variations in the fre-
quency domain that corresponded to periodicities greater than three days. After 
the previously described steps the correlation between the predicted and the ob-
served values was significantly improved but the absolute values of high rainfall 
events had been transformed by the processing steps, raising the need for an 
amplitude standardization method. Using a statistical feature (such as mean) of 
the rest of the years for a particular month to estimate missing values is a com-
mon practice in environmental studies (e.g. Skoulikidis 2002). However, Fig. 2a 
shows that the mean rainfall height of a wet month is highly variable over the 
years implying that its use would be risky. Plotting the statistical features of the 
month under consideration against years (e.g. in Fig. 2b) can reveal important 
information about the environmental factors controlling the temporal evolution 
of precipitation. If a certain month (or other period of time) is blank in year x, 
its statistical features can be reliably predicted by performing linear interpolation 
between years x-1 and x+1. The statistical features that exhibit deterministic 
temporal patterns are standard deviation and extremes (Fig. 2b). Thus, we de-
cided to standardize the processed predictions by forcing them to meet the in-

a b 
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terpolated standard deviation (std) of the missing period. This is feasible by first 
dividing each predicted value by the std of all the predicted values of the stud-
ied month and then multiplying it to the interpolated std as described previously. 
Using all the above steps to normalize the predicted daily values of the missing 
months lead to an average overall accuracy of the method greater than 75% with 
an average lag between true and predicted values of about 2 days (see Table 1). 
In Fig. 3 examples of comparisons between real daily rainfall height observa-
tions and predicted ones, in places where artificial blanks have been introduced, 
are presented. Furthermore, Table 1 shows in a centralized manner the results of 
the method validation analysis for the eight available rainfall time series. All the 
normalization and validation procedures described above in this paragraph have 
been computationally implemented in MATLAB through dedicated functions. 

 
Fig. 3. Examples of comparisons between real daily rainfall height observation and predicted 
ones in places where artificial blanks have been introduced. 

4 Discussion and Conclusions 

In this paper, an attempt to use spectral analysis techniques in order to fill missing 
values in long term rainfall time series has been presented. The core of the imple-
mented model consists of a well validated algorithm in environmental studies, 
called CLEAN.  
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Table 1. The model’s validation results based on the treatment of artificial blanks of one month’s 
duration each introduced to the eight available time series. 

 R
ai

n 
St

at
io

n 

K
an

al
ak

i 

Lo
ur

os
 

K
er

as
ou

nt
a 

K
al

en
tin

i 

A
gi

oi
 

Th
eo

do
ri 

N
ik

ol
its

i 

Pl
at

an
ou

sa
 

Pe
nt

ol
ak

os
 

M
.A

c.
(%

) 

 Alt. (m) 24 25 26 110 250 250 450 852  

JAN Year 2006 1964 1973 1955 1951 1951 1952 1989  

 Ac.(lag) 0.95 (0) 0.93(7) 0.65(0) 0.74(-5) 0.54(-2) 0.62(0) 0.73(0) 0.82(0) 0.75 
FEB Year 1995 1996 1980 1961 1956 1957 1956 1987  
 Ac.(lag) 0.76(-5) 0.91(0) 0.89(0) 1.00(0) 0.77(-2) 0.73(5) 0.65(4) 0.50(1) 0.78 
MAR Year 1991 1980 1970 1964 1961 1959 1960 1981  
 Ac.(lag) 0.61(2) 0.88(2) 0.84(1) 0.79(-1) 0.65(-2) 0.61(3) 0.71(-4) 0.51(4) 0.70 
APR Year 1987 1976 1958 1968 1966 1960 1964 1975  
 Ac.(lag) 0.84(3) 0.81(5) 0.83(-4) 0.52(3) 0.71(-5) 0.54(5) 0.87(0) 0.57(-2) 0.71 
MAY Year 1979 1988 1992 1972 2004 1967 1969 1974  
 Ac.(lag) 0.94(4) 1.00(0) 0.88(4) 0.49(-2) 0.70(-5) 0.67(3) 0.60(-5) 0.73(4) 0.75 
JUN Year 1975 2007 1983 1976 1976 1970 1973 1972  
 Ac.(lag) 1.00(0) 0.80(1) 0.88(0) 0.65(4) 0.72(0) 0.76(4) 0.67(-6) 0.72(-6) 0.77 
JUL Year 1971 1954 1970 1997 1981 1969 1977 1968  
 Ac.(lag) 0.85(-5) 1.00(0) 0.80(-4) 0.68(-1) 0.65(3) 0.89(3) 1.00(0) 0.64(-4) 0.81 
AUG Year 1967 1958 1962 2001 1990 1978 1980 1962  
 Ac.(lag) 1.00(0) 1.00(0) 1.00(0) 0.81(-4) 0.68(-2) 1.00(0) 0.60(-6) 0.42(5) 0.81 
SEP Year 1963 2001 1953 1980 1994 1987 1984 1953  
 Ac.(lag) 0.79(0) 0.62(-4) 0.79(-4) 0.83(-1) 0.88(1) 0.87(0) 0.77(4) 0.55(5) 0.76 
OCT Year 1959 1970 1978 1984 1993 1995 1991 1955  
 Ac.(lag) 0.32(0) 0.69(-3) 0.79(-1) 1.00(0) 1.00(0) 1.00(0) 0.59(-5) 0.66(-3) 0.76 
NOV Year 1955 1992 1988 1989 1996 2000 1993 1958  
 Ac.(lag) 0.44(2) 0.82(-2) 0.79(1) 0.70(3) 0.80(2) 0.81(-1) 0.88(-1) 0.59(-2) 0.73 
DEC Year 1951 2004 1966 1993 2005 2006 1997 1960  
 Ac.(lag) 0.79(-4) 0.84(6) 0.86(-5) 0.58(5) 0.81(0) 0.66(5) 0.82(-1) 0.73(-1) 0.76 
M.Ac. 
(%) 0.77 0.86 0.83 0.73 0.74 0.76 0.74 0.62   

Ac.: Accuracy and Ac. 

The CLEAN algorithm removes artifacts from the raw spectrum caused by non-
stationarity and missing values and reconstructs the time series, predicting at the 
same time the missing values.  

Application of the proposed model to rainfall time series with artificially 
blanked periods of one month duration each showed that the wet days (peaks) 
seemed to be well correlated between the predicted and the observed series, im-
plying that daily variations can be indeed modeled in the frequency domain. Fur-
ther filtering and normalization of the predicted values lead to a vast improvement 
in the proposed model’s accuracy, reaching in some cases levels of up to 90%. 
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The accuracy indicator was built on the basis of a cross-correlation function so 
that it allows for a few days shift between real values and predictions. Deeper 
analysis of the model’s validation results (Table 1) reveals the following informa-
tion: 1) The model’s accuracy is higher in wet months where it always exceeds 
70% and the mean time lag between the predicted and observed peaks is around 2 
days. This conclusion is drawn after ignoring the obvious absolute agreement that 
occurs for months with zero rainfall, mostly appearing in the dry (i.e. summer) 
months. 2) The accuracy of the model seems to decrease and the time lag between 
observed and predicted values to increase with the altitude of the rain stations. A 
probable cause for this deterioration of the model’s performance with altitude is 
that the intense topography of mountainous areas leads to complex atmospheric 
processes with more random temporal expressions. 

 
Fig. 4. The average CLEANed frequency spectrum of all the available rainfall time series in 
Louros basin. The major harmonic constituents detected are indicated along with their periodic-
ity correspondence. Both axes are logarithmic. 

Using the CLEAN algorithm with rainfall time series suffering from missing 
values and/or nonstationarity can also be of value for the production of a reliable 
frequency spectrum, suitable for analyzing their harmonic constituents and tempo-
ral periodicities. To illustrate a representative spectrum for Louros basin’s avail-
able rainfall time series, we extracted the CLEANed spectrum for each one of the 
eight datasets and we averaged them (Fig. 4) over time. Apart from annual (1 
year) and seasonal (3-4 months) periodicities there are others apparent in it, some 
of them possibly being harmonics of higher periodicities and others (e.g. 13 years) 
corresponding to the solar cycle and to the coupled ocean – atmosphere dynamics 
(Yadava and Ramesh 2007).  

Despite methodological and computational improvements that the proposed 
model may need, it represents a fair demonstration of using spectral approaches 
towards predicting missing values in rainfall time series with daily sampling inter-
val and by extension towards modeling and forecasting daily precipitation.  
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Abstract   Hydrological indexes calculation requires the existence of spatial da-
ta such as the drainage network, the hydrological basin and the contours. For the 
Greek territory this data can be extracted from the topographic maps of the Hel-
lenic Military Geographical Service (HMGS) or from remote sensing data. In this 
study the suitability and the accuracy of spatial information derived from remote 
sensing data are controlled with reference to the respective information from the 
topographic maps of 1/50.000. DSM from ALOS, CARTOSAT and airphoto ste-
reopairs has been used for the extraction of the contours, the drainage network, the 
hydrological basin and the calculation of three hydrological indexes namely fre-
quency, density and basin slope. Two areas with different physiographical and hy-
drogeological characteristics were selected. The first area is Antiparos Island and 
the second one is in Chalkidiki Peninsula.  

1 Introduction 

As remote sensing has the advantages of spatial, spectral and temporal availability 
of data covering large and inaccessible areas within short time is a very handy tool 
in hydrological studies. Every part of the spectrum can provide data suitable for 
different hydrologic topics. Microwave data can be used for surface soil moisture 
measuring and snow cover monitoring (Schmugge et al. 2002). Thermal data is 
very useful for under water springs detection (Karfakis and Nikolakopoulos 2002; 
Nikolakopoulos and Pavlopoulos 2003), for land surface temperature calculation, 
for near surface soil moisture (Moradkhani 2008) and evapotranspiration estima-
tion (Lei et al. 2006). Landscape surface roughness can be estimated using lidar 
data. Visible and near infrared data can be used for water quality and snow cover-
ing monitoring. But most of all visible and near infrared provides quick and useful 
baseline information on the parameters controlling the occurrence and movement 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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of groundwater like lithology, structural geology, geomorphology, soils, landuse, 
landcover, lineaments etc.  

In this paper we will concentrate on the use of visible and near infrared data for 
the extraction of the spatial information such as the drainage network, the hydro-
logical basin and the contours that is necessary in hydrological studies. DSM of 
high vertical and planimetric (horizontal) accuracy (Tsombos et al. 2008; Nikola-
kopoulos et al. 2009; Nikolakopoulos and Gioti 2010), created from two different 
satellite data sets with a spatial resolution of 2.5 meters (ALOS and Cartosat) and 
respective DSMs produced from airphoto stereopairs with a vertical accuracy of 3 
meters are used. The suitability and the accuracy of spatial information derived 
from those DSMs are controlled with reference to the respective information from 
the topographic maps of 1/50.000 of the Hellenic Military Geographical Service 
(HMGS). Three hydrological indexes namely frequency, density and basin slope 
are used for the control.  

Two areas with different physiographical and hydrogeological characteristics 
were selected for the evaluation. The first area is Antiparos Island and the second 
one is in Chalkidiki Peninsula (Fig. 1).  

 
Fig. 1. Study areas. 
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2 Antiparos Island  

The first study area is Antiparos Island. It is a semi-arid area with a quite extended 
drainage network. In order to present the results better, a central hydrological basin 
was selected. The extracted drainage networks from the ALOS, the Airphoto, the 
ASTER DSMs, the DTM from the digitized contours and the reference drainage net-
work from the topographic maps of 1/50.000 of the HMGS are presented in Figure 2.  

As it can be observed in Figure 2, the reference drainage from the topographic 
map has only three branches, which mean that the network is extremely limited. 
The drainage network from the HMGS DTM is obviously more extended in com-
parison with the reference even though its hydrological basin area seems to be 
quite small. Moreover, Aiphoto DSM presents a quite extended drainage network 
which is included in a wide basin area. ALOS DSM seems to give the most ex-
tended drainage network as it has many branches. Finally, ASTER DSM’s central 
hydrological basin looks like ALOS’s basin; nevertheless its drainage network is 
more limited. 

 
Fig. 2. The drainage network of Antiparos Island. From left to right: Reference, DSM HMGS, 
Airphotos, ALOS, ASTER. 

Apart from the visual comparison, a quantitative hydrological analysis has been 
accomplished. In particular, morphometric parameters that concern the drainage 
network such as the length, the basin area, the number of branches and the stream 
order, have been calculated and evaluated. Moreover basic hydrological indexes 
such as drainage density, frequency and basin slope have also been calculated in 
order to estimate the hydrological texture of the drainage network. All the results 
are presented in Table 1. As it can be observed ALOS DSM drainage network 
length is 34km while those of ASTER DSM, HMGS DTM, Airphoto DSM and 
the reference are 7.23km, 6.93km, 20.8km, 3.7km respectively. This means that 
ALOS and Airphoto drainage networks have the greatest values.  Moreover, it is 
quite interested to be mentioned that ALOS DSM drainage network seems to have 
many differences to the others as it is composed by 163 branches and it has the 
greatest stream order. Furthermore, it is important that the indexes of frequency 
and density are extremely high for this drainage network (291 and 61 respec-
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tively). Airphoto DSM drainage network gives also high values in the same in-
dexes. Its drainage frequency value is 7.3 and its drainage density value is 3. The 
reference drainage network, as it was expected, gives quite small values for these 
two indexes. Except of the ASTER basin all the others present similar slope values 
that range between 18 and 19%. ASTER’s basin slope is quite smaller, only 10%. 

Table 1. Basic hydrological parameters and indexes of Antiparos DSM’s drainage network. 

 
Basin area 
(km2) 

Drainage 
length (km)

Number of 
branches 
(Strahler) 

Stream order 
- Strahler 

Stream order-
Shreve 

DSM ALOS 5.593 34.467 163 5 131 
DSM ASTER 5.488 7.233 34 3 26 
DTM HMGS 4.213 6.939 29 4 25 
DSM AIRPHOTOS 6.903 20.820 51 4 43 
REFERENCE TOPO-MAP  4.213 3.780 3 2 2 
 Drainage 

frequency 
Drainage 
density 

Contour 
length (km) 

Contour     
interval (km)

Basin slope 
(%) 

DSM ALOS 29.143 6.162 50.920 0.02 18.208 
DSM ASTER 6.195 1.318 27.969 0.02 10.192 
DTM HMGS 6.884 1.647 40.332 0.02 19.147 
DSM AIRPHOTOS 7.388 3.016 62.207 0.02 18.022 
REFERENCE TOPO-MAP  0.712 0.897 41.950 0.02 19.916 

As it was observed from the visual and the quantitative analysis, ALOS DSM 
gives an extended drainage network with the highest density and frequency in-
dexes while Airphoto DTM gives a more limited drainage length and smaller val-
ues for the same indexes. Although, the basin area of the Airphoto DSM is wider 
than ALOS’s and the drainage network’s form differs from each other. The above 
results can lead to the assumption that there is a spatial error. To detect this error, 
a Quickbird orthophoto satellite image has been used. The image interpretation 
has shown that ALOS DSM drainage is the correct. That happens because part of 
the Airphotos drainage network seems to have a direction parallel to the road net-
work and as a result the basin area is getting wider (Fig. 3). 

3 Chalkidiki peninsula  

The second study area is in Chalkidiki peninsula. It is an area with dense vegeta-
tion cover. In order to present the results better, a central hydrological basin was 
also selected in this case. The extracted drainage networks from the CARTOSAT, 
the Airphoto, the ASTER GLOBAL DSMs, the DTM from the digitized contours 
and the reference drainage network from the topographic maps of HMGS, are pre-
sented in Figure 4. 
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Fig. 3. Visual comparison of ALOS and Airphotos drainage network for error detection. Ortho-
rectified Quickbirt satellite image. 

As it can be observed in Figure 4, the reference drainage network is quite ex-
tended and well-shaped. Almost the same visual results can be observed to 
CARTOSAT and Airphoto drainage networks as well as to their respective hydro-
logical basins. The drainage network derived from the ASTER GLOBAL DSM is 
limited and it has fewer branches than the others. Finally, the drainage network 
extracted from HMGS’s DTM seems to be incorrect, because the central hydro-
logical basin which was selected for the study is separated in three hydrological 
basins.  

 
Fig. 4. The drainage network of Chalkidiki Peninsula. From left to right: Reference, DSM 
HMGS, ASTER GDEM, CARTOSAT, Airphotos.  
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The above visual results were also controlled by a quantitative analysis. Spe-
cifically, Table 2 presents all the basic morphometric parameters for the five 
drainage networks of Chalkkidiki peninsula as well as some basic hydrological in-
dexes. As it can be observed the reference drainage network has the greatest 
length and number of branches. Moreover its basic indexes such as frequency, 
density and slope, present the highest values which are 4, 2.4 and 64 respectively. 
In addition, drainage networks extracted from CARTOSAT and Airphotos present 
also great values in all parameters and indexes. In particular the values of the ba-
sin area, the number of branches, the stream order, the drainage frequency and 
density are almost the same in those three drainage networks. The only difference 
was found in the drainage length and basin slope where the values of CARTOSAT 
and Airphotos networks are smaller in comparison to the reference drainage net-
work.  

Table 2. Basic hydrological parameters and indexes of Chalkidiki peninsula DSM’s drainage 
network. 

 
Basin area 
(km2) 

Drainage 
length (km)

Number of 
branches 
(Strahler) 

Stream order 
- Strahler 

Stream order-
Shreve 

DSM ALOS 28.796 64.733 115 5 85 
DSM ASTER 28.399 41.211 66 4 41 
DTM HMGS 28.051 53.401 112 4 43 
DSM AIRPHOTOS 28.803 60.123 116 5 80 
REFERENCE TOPO-MAP  28.803 70.992 116 5 84 

 Drainage 
frequency 

Drainage 
density 

Contour 
length (km) 

Contour     
interval (km)

Basin slope 
(%) 

DSM ALOS 3.994 2.248 387.455 0.02 26.91 
DSM ASTER 2.324 1.451 274.858 0.02 19.35 
DTM HMGS 3.993 1.904 563.987 0.02 40.21 
DSM AIRPHOTOS 4.027 2.087 360.256 0.02 25.01 
REFERENCE TOPO-MAP  4.027 2.465 924.677 0.02 64.20 

The drainage network from the HMGS DTM, as already mentioned, is incor-
rect because it is separated in three different hydrological basins. Nevertheless, its 
hydrological indexes and especially basin slope contain high values. Finally, the 
drainage network extracted from ASTER GLOBAL DSM present the smallest 
values in all parameters and indexes after the visual comparison. It is interesting to 
observe that the number of branches is 66 while all the other networks have a 
number of branches between 112 and 116. 
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4 Discussion 

What’s worth discussing is that in the case of Antiparos Island, the reference 
drainage network which comes from the topographic maps of HMGS in a scale of 
1:50.000 seems to be incorrect. This specific network is insufficient and appar-
ently inappropriate for the evaluation of the other drainage networks, which were 
derived from the DSMs. Moreover the drainage network of ALOS DSM, is truly 
extended compared to the other drainage networks of this particular study area. It 
is impressive that the values of all the morphometric parameters and hydrological 
indexes of this drainage network are higher than those of the other drainage net-
works.  

As far as the study area of Chalkidiki peninsula is concerned, interesting topics 
were traced. To begin with, the reference drainage network from the digitized con-
tours has a great quality. This can be proved from the visual results as well as the 
quantitative analysis. Furthermore, it is of great interest the fact that, the drainage 
networks from CARTOSAT and Airphoto DSM look very much alike. Another 
important observation derived from this study is the limited expansion of the 
drainage network from ASTER GLOBAL DSM. This network is characterized as 
limited because it’s composed of a really small number of branches. To conclude 
the discussion on this particular study area it has to be mentioned that the HMGS’ 
DTM drainage network present some ambiguities. The drainage network was 
separated into three independent branches and as a result the hydrological basin 
was also separated into three parts. 

5 Conclusions 

The suitability of DSM derived from remote sensing data for hydrological analysis 
was controlled in the present paper. The shape and the accuracy of spatial data de-
rived from DSMs created from satellite data was examined with reference to the 
respective information extracted from the 1/50000 topographic maps.  

It was proved that the DSMs created from medium resolution satellite stereo 
pairs such as Cartosat or ALOS are suitable for hydrological analysis. The respec-
tive DSM from the ASTER data is less accurate and inappropriate for such analy-
ses. This is due to the spatial resolution difference between the ALOS-Cartosat 
and ASTER data. The first have a spatial resolution of 2.5m while the latter has a 
spatial resolution of fifteen meters.  

It is also remarkable that ALOS and Cartosat can provide very accurate spatial 
data. The comparison of different hydrological indexes proved that the spatial data 
derived from the satellite data are very similar to the respective data extracted 
from airphoto stereopairs.  
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Finally, it has to be pointed out that in some cases the hydrological data ex-
tracted from the topographic maps of 1/50000 of the HMGS are inappropriate for 
hydrological analysis.  
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Abstract Geomorphology plays an important role in hydrological processes, as it 
largely controls a catchment’s hydrologic response. Study of morphometric char-
acteristics becomes even more significant in ungauged basins, especially when 
systematic hydrological data are scarce. A very well suited tool for accurate quan-
tification of these characteristics is GIS software and especially ArcHydro model. 
In this work, four catchments in Greece, with rich flooding history are studied in 
terms of flood hazard spatial distribution. ArcHydro is used for rapid computation 
of catchment and sub-catchment characteristics. Based on these computations and 
with the aid of the time-area method, instantaneous unit hydrographs are devel-
oped in numerous locations across each catchment. Subsequently, peak discharge 
values extracted from these hydrographs, are interpolated across each catchment 
to visualize the runoff pattern, highlighting the areas where there is an inherent 
tendency for higher peak flow rates. In this way, the method allows the detection 
of locations where higher peak discharge creates a higher flood hazard potential. 
Results of the method are compared with historical floods damages for verifica-
tion purposes, showing good correlation with the resulting flood hazard zonation. 

1 Introduction 

In Greece, flooding occurs mostly in catchments drained by ephemeral torrents 
with little or no water at all for most of the year. In this context and given the 
scarcity of instrumental hydrological data, the exploitation of geomorphology be-
comes essential for flood hazard assessment across a basin. Previous works 
showed that understanding a basin’s response to extreme rainfall based on geo-
morphological indices can be valuable when studying flood hazard in ungauged 
catchments (Muzik 1996a; Martini and Loat 2007; Lastra et al. 2008). 

One of the most widely used tools to assess this rainfall-generated runoff is the 
instantaneous unit hydrograph. Several methodologies have been developed for 
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instantaneous unit hydrographs derivation based on morphometric parameters. 
One of these techniques is the time-area method, the basic idea of which is the 
compilation of a “distance-area” histogram, which illustrates how different parts 
of a catchment contribute to the runoff at its outlet. This histogram can be trans-
lated into a unit hydrograph indicating the distribution of runoff from partial wa-
tershed areas as a function of time (Clark 1945; Maidment et al. 1996; Muzik 
1996b). Muzik (1996b) and Maidment et al. (1996) used “time-area” diagrams and 
constructed unit hydrographs in order to simulate peak discharges and recom-
mended that in spatial hydrology, it would be desirable to produce hydrographs 
for more than one part of the watershed. Pattison et al. (2008) acknowledges peak 
flow magnitude as a primary flood hazard indicator. Fountoulis et al. (2007), Sag-
hafian et al. (2008) and Boglis et al. (2009) ranked sub-catchments’ outlets within 
a basin according to a series of calculated morphometric characteristics in order to 
locate areas with elevated flood hazard. 

In this work, instantaneous unit hydrographs based on the time-area method are 
compiled with the aid of GIS software and ArcHydro model (Maidment 2002), in 
multiple locations along the drainage networks of four catchments in Greece. Cal-
culated peak flow rates reflect runoff conditions across four drainage basins. In 
this way, areas where peak flow rates are elevated are identified, highlighting 
higher flood hazard conditions. 

2 Study areas 

The method was applied in four catchments in Greece with rich flooding history 
and recent, well-documented flash flood events. The first one drained by Cha-
radros torrent is situated in Attica, approximately 25 km NE of Athens. The basin 
consists of a hilly area on the north and west draining into a low lying part. The 
main torrent reaches the sea, passing through a small valley where the village of 
Marathon and Bei settlement are situated. The 2nd basin, drained by Rapentosa 
torrent is situated also in the NE of Athens. The torrent network drains the north 
side of Penteli Mt. and reaches the sea through the famous for its battle Marathon 
plain, passing through Vranas and agricultural land. The two catchments share a 
drainage divide for a certain length (Fig. 1a). The 3rd catchment studied is near 
Corinth, approximately 70 km west of Athens in northeastern Peloponnese and is 
drained by the Xerias river. The torrent network drains the north side of Trapezona 
Mt. and reaches the sea in the north, passing through the town of Corinth 
(Fig. 1b). The 4th basin is situated in south Peloponnese drained by Evrotas River. 
The river network drains the east side of Taygetos Mt and the west side of Parnon 
Mt. The main tributaries converge near the town of Sparti, passing through the 
floodplain moving southwards, towards the Laconic Gulf.  
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Fig. 1. a, b, c. Location map illustrating the four catchments: Charadros and Rapentosa (a), Xe-
rias (b) and Evrotas (c). 

In this work, a portion of the basin (last 4km of the river) is excluded due to 
substantial lack of topographic data. All four rivers have flooded their banks nu-
merous times in the past. The most notable flood events are illustrated in Table 1. 

Table 1. Catchment area and notable events in Charadros, Rapentosa, Xerias and Evrotas Rivers. 

 Charadros Rapentosa Xerias Evrotas 

Area 60.2 km2 37.5 km2 162.9 km2 1653.3 km2 
1987 Nov. 12th a 1980 Oct. 27th a 1972 b 1928 Nov. 28th c Notable events 
2001 Jan. 14th a 1998 Nov. 20th a 1990 Aug. b 1999 Nov. 7th c 

 2003 Jan. 26th a 2001 Nov. 4th a 1997 Jan. 
13th b 2000 Dec. 6th c 

 2005 Nov. 25th a 2005 Nov. 25th a  2005 Nov. 24th c 
 a Diakakis (2010), b Lekkas et al (1997), c Fountoulis et al (2007) 
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3 Method 

The basic concept of the methodology is the compilation of a flood hazard map 
based on the peak flow rates derived from instantaneous unit hydrographs across 
each basin. The method makes use of three basic parts (modules): “ArcHydro 
module”, “Time-area module” and “Velocity calculation module” (Fig. 2). Hydro-
graphs are compiled along the drainage network in numerous locations assumed to 
be the outlets of theoretical sub-catchments. 

The whole procedure is carried out in GIS and a grid format is used to represent 
the spatial distribution of values of all variables involved. Calculated peak flow 
rates reflect the catchments’ runoff pattern, showing locations where intrinsic 
morphometric parameters of the basin tend to produce higher peak flows, which in 
turn indicate flood hazard potential. The steps carried out are as follows: 

a) ArcHydro Module 

– Assignment of sub-catchments outlets for hydrograph derivation along the 
drainage networks of the four basins. Automatic delineation of sub-
catchments using ArcHydro Model (Maidment 2002). 

– Automatic development of Flow Direction and Slope grids based on the in-
itial DEMs, with the use of ArcHydro Model for each sub-catchment. 

– Development of ‘‘Flow-distance’’ grids for each sub-catchment using 
‘‘Flow Length’’ tool of ArcGIS 9.3, based on data produced in step 3. 

b) Velocity calculation Module 

– Assignment of Manning roughness coefficient values based on land use 
maps for every basin (“n” grid). Production of an “i” grid representing ex-
cess rainfall intensity using unitary rainfall. Production of a “Flow Dis-
tance” grid, representing distances from the drainage divide (“x” grid). 

– Development of an overland flow “Velocity grid” based on the combina-
tion of flow at equilibrium equation (as given by Overton and Meadows 
1976) with Manning’s equation. A combination which gives the following 
equation (Kilgore 1997 and Christofidis 2008):  
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– where: ie the rainfall excess intensity (m/s), n the Manning roughness coef-
ficient, x is the distance along the flow path (m), S0 the slope (m/m) and V0 
flow velocity of overland flow. Calculations were based on simple mathe-
matical functions between grids representing the parameters involved 
(step 5). “Velocity grid” was used, as a weight grid that indicated the time 
needed for water to pass through each cell of the grid. 
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– Combination of “Velocity” grid with “Flow Distance” grids with the use of 
“Flow Length” tool of ArcGIS 9.3 to produce a “Time-Area” grid for 
every sub-catchment. “Time-Area” grids represented travel times across 
each catchment as a function of velocity and travel distance. 

c) Time-Area Module 
– Production of “Time-Area” histograms for every sub-catchment based on 

their respective “Time-Area” grids. Time of concentration used for each 
sub-basin was computed with Kiprich formula (Kiprich 1940) using auto-
matically calculated needed parameters with ArcHydro. 

– Development of hydrographs based on histograms of step 8, by converting 
Area to Discharge (by applying a 1 mm uniform rainfall and dividing by 
the associated time segment). 

– Computation of hydrograph peak discharge for every sub-catchment outlet 
and interpolation (in GIS) of their values across their respective basin. 

– Ranking catchments in 5 classes of hazard according to peak flow values. 

 
Fig. 2. Main steps of the methodology followed for every catchment. 
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The steps followed in the methodology are summarized in Figure 2. Land use 
data from CORINE land cover program (EEA 2000) were used to assign Manning 
roughness coefficient values. 

For verification purposes, past flood damage locations for each catchment were 
compiled in a list and subsequently plotted against flood hazard maps. Damages 
included agricultural land, household appliances and a limited amount of struc-
tural problems on buildings. 

4 Results and Conclusions 

Results were produced in the form of maps categorizing the catchments in 
5 classes according to the spatial distribution of peak flow rate values. Red color 
was assigned to areas with the highest peak flow rates, whereas green color to the 
lowest ones. Past flood damages as recorded by Diakakis 2010, Lekkas et al 
(1997) and Fountoulis et al (2007) were plotted on the maps. 

 
Fig. 3. Flood hazard map of Charadros catchment. Hazard zonation is projected against flood 
damages recorded by Diakakis (2010). 

The majority of damage locations coincided with ‘‘Very high’’, ‘‘High’’ and 
‘‘Moderate’’ hazard zones in their vast majority. The process presented takes ad-
vantage of computer-assisted computation of morphometric characteristics (like 
flow paths length, catchment area and basin shape) to compile hydrographs and 
subsequently use them to predict areas where discharge potential is higher. 
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Fig. 4. Flood hazard map of Rapentosa catchment. Hazard zonation is projected against flood 
damages recorded by Diakakis (2010). 

 
Fig. 5. Flood hazard map of Evrotas (left) and Xerias (right) catchment. Hazard zones are  
projected against flood damages recorded by Fountoulis et al (2007) and Lekkas et al (1997)  
respectively. 

The results are considered important as they demonstrate that areas with higher 
peak discharges show good correlation with past flood damage locations, proving 
the ability of the method proposed to reflect the runoff pattern and identify the 
higher flood hazard areas. One of the limitations is that human induced flooding 
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problems cannot be reliably predicted with this process. However, the method vi-
sualizes the areas where there is natural tendency for high discharge potential. 

A significant advantage of the process is considered to be its ability to produce 
results using only good quality topographical and land use data. In this way, the 
methodology is able to produce results in ungauged catchments, which is the case 
for the majority of the watercourses in Greece. 
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Abstract   This study deals with the evaluation of flash flood hazard in the un-
gauged Diakoniaris torrent drainage basin which is a fifth order stream located in 
northwestern Peloponnese. Diakoniaris drains an area of 27.83 km2 and discharges 
into the Gulf of Patras. Its lower reaches flow through the city of Patras and has 
suffered from intense human interferences due to increased urbanization during 
the last decades. For the purposes of the study the quantitative geomorphological 
characteristics of the basin were estimated and studied focusing on the investiga-
tion of the hierarchical drainage by stream order. The longitudinal profiles as well 
as the stream power diagrams of the main stream channel and its major tributaries 
were constructed and analyzed. A routing model based on runoff travel time was 
created within GIS environment in order to estimate the discharge at the outlet of 
the basin for an assumed extreme rainfall event.  

1 Introduction 

Floods are a global common geo-environmental hazard with consequences on the 
social and economic structure, on local and regional scale. Several regions in 
Greece suffer from frequent and hazardous extreme flash floods. Flood phenom-
ena in Greece are usually caused by intense rainstorms. Many drainage basins are 
relatively small with steep slopes, configured by torrents with braided main chan-
nel morphology. These systems are usually dry for most of the year but become 
particularly active during extreme flash flood events of low frequency but high 
magnitude. Such extreme discharge may cause significant damage and life loss 
because the incorporation of flood prevention as a parameter of urban planning 
context is relatively ignored by planners and public (Despiniadou and Athana-
sopoulou 2006).  
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Fig. 1. The Digital Elevation Model of the Diakoniaris torrent drainage basin and ordering of the 
drainage network according to Strahler (1957). 

The aim of this study is to highlight the natural factors responsible for flash 
flooding in the ungauged drainage basin of Diakoniaris torrent, located in north-
western Peloponnese, based on quantitative geomorphology and GIS hydrological 
analysis. 

The Diakoniaris torrent is an ephemeral flow and drains an area of 27.83 km2 
(Fig. 1). The drainage basin is elongated along an almost E-W trending axis and 
reaches an elevation of 1,837 m at its southeastern boundary (Panachaikon Mt.). 
The main channel follows an E-W flow direction for about 10 km and discharges 
into the Gulf of Patras. At the mouth of the torrent a fan has developed where the 
western suburbs of the city of Patras are located. The Diakoniaris drainage net-
work belongs to the parallel pattern with tributary streams tending to stretch out in 
a parallel-like fashion following the slope of the surface. The catchment can be 
morphologically divided into two parts: the eastern mountainous area of rough re-
lief and the highest altitudes (Goupata (1,328 m), Skantzocheria (1,837), Ag. 
Theodori (1,301 m) and the western area of lower elevations and gentle slopes. 
Geologically the drainage basin is composed of Alpine and post-Alpine sediments 
(Fig. 2). The Alpine formations belong to the geotectonic unit of Olonos-Pindos, 
occupy the eastern part of the catchment and consist mainly of thin to medium 
platy pelagic limestones of Coniacian-Maestrichtian age and semi-permeable ra-
diolarites of Jurassic-Lower Cretaceous age. A very small part of the eastern basin 
is composed of Maestrichtian-Paleocene flysch formations (which include sand-
stones and marls alternating with thin platy limestones) (Tsoflias 1984). The Plio-
cene formation includes marine, brackish and lacustrine deposits (marls, clays, 
sandstones and conglomerates) are developed at the central part of the basin and 
their hydrogeological behavior varies due to lateral transitions and alternations. At 
the western part of the basin, recent torrential deposits occur along the lower 



Flood hazard evaluation in small catchments 139 

reaches of the torrent and its tributaries. The city of Patras, which is located at the 
low-lying area of the alluvial deposits of the torrent, has often suffered extensive 
damage during extreme rainfall events. The torrent experienced extreme discharge 
events in December 17th of 1962 and October 25th of 1997 while the most severe 
flood happened on December 16th of 2001 and caused 2 people to lose their lives 
and extensively damaged houses and cultivations regionally (Stamatopoulos 
2005). 

 
Fig. 2. Geological map of the Diakoniaris torrent drainage basin (based on the 1:50,000 scale 
geological map of Institute of Geology and Mineral Exploration, Tsoflias 1984). 

2 Methods and data 

For the purposes of this study a spatial database was designed and implemented 
consisting of primary GIS layers (contour lines, elevation points, streams, geo-
logical formations) derived from analogue maps. The post processing of these lay-
ers within a GIS environment produced secondary thematic layers (Digital Eleva-
tion Model and its products like hillshade, flow direction, flow accumulation, flow 
length, stream ordering, and drainage basins) which are the outputs of standard 
GIS functions. An accurate 20m x 20m resolution DEM was constructed with the 
use of the available topographic maps of the Diakoniaris basin and the ANUDEM 
interpolation algorithm (Hutchinson 2003) within ArcGIS software package. This 
interpolation algorithm produces hydrologically consistent outputs and maintains 
landscape integrity (Gallow et al. 2007). The quantitative geomorphological and 
morphometric characteristics of the Diakoniaris torrent drainage basin were esti-
mated and studied. The drainage network derived from the Digital Elevation 
Model was quantified by ordering the channels according to Strahler (1957) and 
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quantitatively analyzed while bifurcation ratios and the hierarchical drainage by 
stream order was also investigated in order to detect irregularities of the drainage 
network organization (Garbrecht et al. 1988). The constructed spatial database and 
GIS technology were utilized for the quantitative measurements. In order to esti-
mate direct runoff at the outlet of the catchment produced by an assumed spatially 
homogeneously distributed extreme rainfall event (90 mm/12 h) a routing model 
(Olivera and Maidment 1999, Malesse and Graham 2004) was created within GIS 
environment. This extreme event represents the maximum 12hour rainfall of the 
meteorological station of Araxos for the last 12 years. This meteorological station 
is the nearest to the basin with continuous rainfall data since the Patras station 
does not provide continuous measurements for this time period. The model is 
based on the travel time. Thus, overland flow travel time as well as channel flow 
time estimations were implemented (Du et al. 2009). For the estimation of travel 
time, flow velocities for both overland and channel flows are required. The over-
land flow travel velocity was estimated for each cell out of the channel network 
with the combination of kinematic wave approximation with Manning’s equation 
according to the following formula: 

  
6.0
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In this formula V is the overland flow travel velocity, ei is the net incoming flux 
(m/s), x is the upwards flow length (m), oS is the slope of the cell (m/m), and n is 
Manning coefficient estimated from the literature. Moreover, channel flow travel 
velocity was estimated for the pixels with high values of flow accumulation ac-
cording to the combination of Manning’s equation with the contiguity equation by 
using the following final formula: 

 75.025.03.0  nQSV o  

V is the channel flow travel velocity, oS is the slope of the cell (m/m), Q  is the 
cumulative discharge (m3/ sec) and n is Manning coefficient. 
Since V was calculated for each cell of the basin under investigation by following 
the aforementioned procedure, the travel time for each cell was computed from 
cell velocity and the travel distance (flow length, FL) as  

 Tc = FL / V 

The classification of Tc values is the final step in order to locate isochrones 
(lines of equal travel time to the outlet) within the basin and create the time-area 
diagram of the study area. The direct runoff at time t=n·Δt is assumed as the ag-
gregation of the runoff pulses from each of the time zones properly lagged in time: 
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where Pij is the total excess rainfall for all cells in the isochrone zone during time 
interval j and iA  is the area of each isochrone zone. The general concept is to in-
corporate GIS-based hydrological analysis functions and background spatial data 
for the construction of the flow time layer. Next, this layer is integrated with a uni-
formly distributed rainfall for the creation of the direct runoff by convolution. Ad-
ditionally, the total stream power profiles along main branches of the study area 
were constructed. The longitudinal profiles of the main stream and four of its ma-
jor tributaries were also drawn and analyzed. The stream power diagrams for the 
assumed rainfall event were used in combination with the corresponding longitu-
dinal profiles in order to interpret the energy potential for each part of the channels 
under investigation. The calculation of the total stream power diagrams for each 
main stream of the study area was performed using the following equation (Knigh-
ton 1999): 

 Ω = γ·Q·S 

where γ is the specific weight of the water (9807 N/m3), Q is the discharge 
(m3/sec) and S is the energy slope derived from the DEM (m/m). Since there are 
no available discharge recordings, the Q parameter was based on flow accumula-
tion area (from the analysis of the DEM) and the assumed rainfall event of 90 mm 
for 12 h. 

3 Results and discussion 

The quantitative geomorphological analysis of the Diakoniaris drainage network 
showed relatively high mean bifurcation (3.10), cumulative channel length (3.79) 
and basin area (4.10) ratios.  

Table 1. Relation between the numbers of streams, mean cumulative channel length (in km) and 
mean drainage basin area (in km2) per order for the Diakoniaris torrent drainage network. 

Stream 
order  

Streams 
Number 

Bifurcation 
Ratio 

Mean 
ratio  

Channel 
length 

Length 
ratio 

Mean 
length ratio

Basin 
area 

Area 
ratio 

Mean 
area ratio 

1 73   0.54   0.15   
2 16 4.6  3.48 6.4  1.11 7.40  
3 6 2.7 3.1 12.69 3.65 3.79 4.25 3.83 4.10 
4 2 3.0  28.84 2.27  9.63 2.27  
5 1 2.0  81.45 2.82  27.83 2.89  
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Particularly high values are observed for the ratios between the 1st and 2nd order 
streams (Table 1) with the basin area ratio reaching 7.40. This means that there are 
numerous 1st order channels that drain directly into the 2nd order streams (without 
producing them). 

Table 2. Number of streams, channel length and basin area for each order that drain directly into 
streams of higher order for the drainage network of Diakoniaris torrent. 

Stream order  Number of streams % Channel length % Basin area % 

1st to 2nd 33 45.2 20.05 km 51.0 5.29 km2 50.0 
1st to 3rd 8 11.0 5.56 km 14.1 1.46 km2 13.8 
2nd to 3rd 4 25.0 10.53 km 18.9 3.20 km2 18.1 
3rd to 5th 2 33.3 21.50 km 28.2 7.82 km2 30.7 

These junctions are located at the northern and eastern part of the network at 
the upper reaches of the Diakoniaris and its tributaries Panagitsa and Elikotrianiko 
streams (Fig. 1). Thus, during extreme rainfall events, the surface runoff of an area 
of 5.29 km2 is directly added to the main 2nd order channels discharge. Table 2 in-
cludes the number of streams, channel length and basin area for each order, which 
drain directly into higher order streams.  

 
Fig. 3. Longitudinal profiles and stream power diagrams of Diakoniaris torrent and four of its 
major tributaries. Insert map shows the location of each stream in the catchment. 

The most important irregularities concern the 1st order streams that drain di-
rectly into the 2nd order channels as well as the 3rd order streams that drain directly 
into the 5th order main channel of the Diakoniaris. For the 1st order streams, 33 
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channels which correspond to the 45.2% of their total number flow directly into 
2nd order streams. The total length of these streams corresponds to the 51.0% of 
the total 1st order channel length and drain 50.0% of the 1st order drainage basin 
area. The two 3rd order streams that drain directly into the 5th order Diakoniaris 
stream join the main torrent channel at its lower reaches (0.96 and 1.77 km up-
stream from the torrent mouth) within the city of Patras, increasing its discharge 
during extreme precipitation as they carry the surface runoff of an area of 7.82 
km2. The banks of the Diakoniaris from the estuary up to 1,100 m upstream are 
now covered and constitute one of the main transportation axes (El. Venizelos 
Av.) of the city of Patras. 

Longitudinal profiles (Fig. 3) revealed that Diakoniaris and Elikotrianiko 
streams contain three segments. An upper mountainous region with significantly 
high mean channel slopes (24.1 and 28.2%), a middle part with medium slopes (8.7 
and 9.5%) and a downstream region with lower values (2.3 and 6.1%). The Dia-
koniaris part of gentle channel slope corresponds to the lower 5 km before the river 
mouth while for the Elikotrianiko stream this section corresponds to its flow for 
1.7 km upstream of its confluence with the main torrent channel. The channel 
length of the other three tributaries is significantly smaller. The upper high slope 
(21.7%) section of tributary 5 is of very small length while the middle section of 
tributary 3 has a mean slope of 48.4% and corresponds to a knick-point formed due 
to the lithologic contrast between flysch and limestones. Intense and abrupt varia-
tions in the relief result in the decrease of water velocity in low gradient areas and 
the consequent accumulation over a short time period of a vast volume of water, 
which the main stream channel cannot accommodate. The most interesting stream 
power diagrams along the main channels of the drainage network, for the assumed 
extreme 12 hour rainfall event, are the ones that correspond to the main channel of 
the Diakoniaris, Elikotrianiko and Malamamoutis streams (numbers 1, 2 and 5 in 
Fig. 3 respectively). These streams release a large amount of power, reaching up to 
almost 4,500 watts/m through high gradient sites, as is shown by the combined 
longitudinal profile-stream power diagrams (Fig. 3). High power values are also 
observed along the two elongated streams at the confluence of major 3rd and 4th or-
der tributaries with the main channel (especially at the lower reaches of the Dia-
koniaris) due to their high contribution of surface runoff to the main channel. 

The application of the GIS based runoff model lead to the isochrones map 
within the catchment (Fig. 4a) as well as to the time travel-cumulative area diagram 
of the studied basin (Fig. 4b) for the assumed 90mm/12 h extreme rainfall event. 
The diagram shows that the runoff of almost the entire basin requires about 4 hours 
to reach the outlet. Thus the response of the basin to intense rainfall is relatively 
immediate. This approach estimated that the maximum direct discharge for the 
simulated event at the outlet of the watershed is 65 m3/sec. The implementation of 
the same modeling approach for the outlet of Elikotrianiko torrent estimated 
45 m3/sec as the maximum discharge at this point. Although validation of this 
maximum discharge is impossible, since there are no gauging records, it is in 
agreement with the results of previous approaches to this basin (Daniil et al. 2004). 
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Fig. 4. a, b Isochrones map within the catchment and time travel time-area diagram. 

4 Conclusions 

Apart from intense rainfall, among the most important natural causes that are re-
sponsible for flash flood events at the lower reaches of Diakoniaris torrent are 
geomorphic features of the drainage network. The quantitative geomorphological 
analysis showed that the pattern and characteristics of the drainage network en-
hance flash floods. These features include irregularities in the hierarchical drain-
age by stream order and especially the junction of 3rd order streams with the 5th 
order main channel, the relatively high value of the bifurcation ratio (4.6), the ex-
tremely high basin area ratio (7.40) between the 1st and 2nd order streams as well 
as high channel gradients in the upper reaches of the two main stream channels. 
During extreme rainfall events, the main streams of Diakoniaris, Elikotrianiko and 
Malamamoutis release a large amount of power reaching up to almost 4,500 
watts/m through high gradient sites and at the confluence of major tributaries. 
Abrupt changes in stream power and runoff characteristics occur at channel junc-
tions where the surface runoff experiences discrete increase as two tributaries 
merge. According to the flood susceptibility assessment the response of the basin 
to intense rainfall is relatively immediate. The direct runoff for the hypothetical 
extreme event at the outlet of the watershed is 65 m3/sec. Human interference in 
the main channel of the torrent, particularly with respect to its path through the 
city of Patras, seems to be detrimental during extreme flood events. 
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Abstract   The increase in urban population and the continuous pressure for cities’ 
expansion along with the increase in urban flooding phenomena in Greece and 
worldwide, stress the need for enhancement of flood risk mitigation efforts. West 
Athens urban area, in Greece, experienced a significant population clustering since 
the 1950s leading, in some occasions, to a poorly-planned development, even in 
areas with imminent flood risk. An issue becomes apparent, taking into account 
the rich flooding record, the extended damages in property and infrastructure and 
the 76 flood victims during the last century in the area. In this work, flood hazard 
is assessed in 10 municipalities of West Athens, with the application of a GIS-
based methodology that exploits catchment morphometric characteristics to de-
lineate flood hazard zones. Historical flood events are reconstructed to provide 
better understanding of the flooding problem in the area. Finally flood hazard was 
studied in conjunction with vulnerability to estimate flood risk spatial distribution. 
The results showed that areas around Fleva and Eschatia torrent, especially 
Mpournazi, parts of Ilion and Kamatero and some parts of Peristeri presented the 
highest flood hazard and risk values. Additionally, moderate flood risk appeared 
in several mountain torrents in west parts of Petroupoli and Peristeri. 

1 Introduction 

The augmentation of cities’ population has contributed to the increase of urban 
flood risk during the last decades worldwide. During the last years the efforts to-
wards flood risk mitigation have been enhanced in EU and in Greece with numer-
ous research projects, civil protection agencies’ initiatives and improved legal 
framework. One of the most substantial legal binding instruments is the EU Direc-
tive 2007/60 which creates the obligation for completion of preliminary flood haz-
ard assessments in river basins in all member states. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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West part of Athens metropolitan area in Greece is not exception to this flood-
prone regime, presenting a rich flooding record during the last century. Flood history 
data were collected based on numerous sources such as local and central government 
organizations, the General Secretariat of Civil Protection, and the press. Based on 
these data 14 flood events between 1900 and 2010 were identified (Table 1) inducing 
significant damages and killing 76 individuals. Historical events were reconstructed 
in spatial terms (Fig. 1) based on spatial information provided by the same sources, 
in order to identify areas with increased historical flood frequency.  

In this work, preliminary flood hazard and risk assessments are carried out in 
West Athens metropolitan area, with the aid of a GIS-based methodology that uses 
morphometric characteristics of the catchment to predict the areas with high intrinsic 
flood hazard. The study area is an administrational entity in West Athens comprising 
of 10 municipalities. It consists of a significant portion of urban areas, situated in 
lowland, and a hilly part with ephemeral mountain torrents. Most of the torrents 
drain into Kifissos River which is the main drainage route in Athens basin, just out-
side the eastern limit of the study area. Kifissos River was not included in this study 
as the major parts of the main torrent are outside of the east border of the study area. 
The dense population and the augmented social, industrial and commercial activity 
in the area, lead to increased vulnerability in natural disasters. 

Table 1. Historical floods in the study area between 1900 and 2010. Information is based on the 
GSCP (2007), local organization archives and press archives of the National Library’s Digital 
Newspapers Collection (2010). 

Flood data Location Torrent Victims 

26/10/1930 Sepolia Kifissos 2 

06/11/1961 
Bournazi, Ilion, 
Ag. Fanourios, Mykoniatika 

Fleva 40 

Jan 1972 Western Athens   

02/11/1977 
Peristeri (mainly), Ilion, 
Antoupolis, Petroupolis 

Fleva, Giorgiza, Vathi 25 

28/10/1978 Aghioi Anargyroi Kanapitseri  

07/10/1980 
Ilion, Petroupolis, Peristeri , 
Aghioi Anargyroi, Antoupolis 

Giorgiza, Fleva, Vathi  

27/10/1980 Ilion, Kamatero Fleva, Euripidon  
27/10/1986 Ilion, Peristeri Fleva  
12/11/1987 Petroupolis, Peristeri, Ano Liosia Giorgiza  

25/02/1988 
Petroupolis, Ilion, 
Mpournazi 

Fleva, Giorgiza, Chaidarorrema  

09/12/1989 Aghioi Anargyroi Kanapitseri  
21/11/1994 Aghioi Anargyroi, Aigaleo Kifissos, Podoniftis, Chaidarorrema 9 
27/01/1996 Western Athens   
08/07/2002 Aigaleo, Koridallos Kifissos  
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Fig. 1. Location map of the study area. Municipalities of West Athens under examination, 
drainage network and extent of past flooding phenomena. 

2 Data and methods 

A GIS-based methodology was used for hazard assessment, exploiting morhomet-
ric characteristics of the catchments under study. The basic concept of the meth-
odology was the compilation of a flood hazard map based on the peak discharge 
values derived from multiple instantaneous unit hydrographs across the catch-
ments under study. Unitary hydrographs were compiled along the drainage net-
work in numerous locations assumed to be the outlets of theoretical sub-
catchments. Hydrographs were compiled with the use of ArcHydro Model 
(Maidment 2002) and the Time-Area method (Clark 1945). Time-Area histograms 
for every sub-catchment were converted to hydrographs by applying a 1 mm uni-
form rainfall. Finally, calculated peak flow rate values of these hydrographs high-
lighted locations where intrinsic morphometric parameters of the basin tend to 
produce higher peak flows, which in turn indicate flood hazard potential. The 
whole procedure was carried out in GIS and a grid format is used to represent the 
spatial distribution of values of all variables involved. Geological data used were 
based on geological maps (Gaitanakis 1982, Katsikatsos et al. 1986, Papanikolaou 
et al. 2002) and additional detailed field mapping, locally in 1:5.000 scale 
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(Gouliotis 2002). Land use data were based on CORINE maps (EEA 2000) and 
topographic maps of 1:5000 scale from the Hellenic Military Geographic Service 
(HMGS). Geology and land use were used to define the concentration time in 
every sub-catchment, a parameter necessary for hydrograph derivation. A sum-
mary of the methodology is shown in Figure 2. A detailed description of the 
methodology is available from Diakakis (2010). 

 
Fig. 2. Basic steps of the methodology. 

Subsequently, vulnerability was determined, by categorizing the study area into 
four classes according to the significance of elements present, and taking into con-
sideration the impact from possible flood damage. Data on infrastructure, housing, 
road network, public facilities and critical services were provided by the Devel-
opment Association of West Athens (ASDA). Detailed description of this classifi-
cation is illustrated in Table 2, while a sample of vulnerability distribution within 
a selected part of the study area is shown in Figure 3. 

Table 2. Categorizing the study area into four classes according to the significance in terms of 
vulnerability of elements and infrastructure at risk. 

Vulnerability class Elements distributed to each class 

Very high Town halls, Police & Fire brigade stations, Hospitals / Clinics, Schools 
High Churches, Public Services, Ministries 
Moderate Houses, Exhibition centers , Theatres & Cinemas, Camps, Banks 
Low Parks, Sports facilities, Cemeteries, Parking lots 
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Fig. 3. Sample map of a part of the study area, showing different values of vulnerability. 

Hazard and vulnerability maps were transformed in a grid format that allowed 
simple mathematical functions between them in a GIS environment.  In this con-
text, “Vulnerability grid” was multiplied on a cell to cell basis with “Hazard grid”. 
Risk was determined as a function of hazard and vulnerability with these two pa-
rameters operating as amplifying factors to the risk level, according to the follow-
ing equation: 

 R = H × V 
Where R is risk, H is hazard and V is vulnerability. The final risk map was the re-
sult of this multiplication in a grid format and categorized in five classes (Very 
high, High, Moderate, Low and Very Low). 

3 Results and discussion 

Reconstruction of historical events highlighted the areas where there were signifi-
cant flooding problems in the past. As far as the hazard distribution is concerned 
the analysis showed that higher values are mainly observed around Fleva torrent in 
the areas of Ilion, Mpournazi and parts of Ilion and Peristeri. In addition, high 
hazard values appear along Eschatia torrent mainly across Kamatero (Fig. 4). 
Comparison of hazard distribution with flood reconstruction based on historical 
evidence presented a good correlation.  
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Fig. 4. (a) Flood hazard map of the study area in absolute peak discharge measures (m3/sec) and 
(b) in relative terms as delineated hazard zones. 

Subsequently, hazard was multiplied with vulnerability resulting in a prelimi-
nary risk map (Fig. 5).  
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Based on risk distribution maps one can identify the locations around Fleva tor-
rent especially Mpournazi, Ilion, Kamatero and parts of Peristeri and Agioi Anar-
gyroi as the ones with the major flooding issues. Moderate flood risk appears at 
the border between Peristeri and Aigaleo while lower risk is presented at some 
parts of Petroupoli and Ilion along ephemeral torrents draining from the Aigaleo 
hill. 

Although this approach does not give any quantitative expression hazard and 
risk, it certainly highlights and prioritizes the locations where actions have to be 
taken to mitigate risk. One of the advantages of the approach is its ability to pro-
duce results in short time and with low data and cost requirements, as it can func-
tion with commonly available inputs such as land use, geology and topography. In 
this sense the method fulfils the requirements of a preliminary flood risk assess-
ment in the context of the EU and Greek legal framework and identifies the areas 
where further study (e.g. 1-D modelling) is required. 

Moreover, in this study, it is shown that the use of historical data combined 
with the use of a method based in geomorphology could be a useful and reliable 
tool that contributes to a better understanding of the flooding issues. 

 
Fig. 5. Flood risk map of the study area. Higher risk values appear in Mpournazi, Ilion, Peristeri 
and Kamatero mainly in areas around Fleva torrent. 
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Abstract   In August 2009 a wildfire in northeast Attica, in Greece, burned ap-
proximately 187 square km of forest and agricultural land, inducing significant 
damages in properties and infrastructure. The fire extended in 19 hydrological ba-
sins affecting substantially the hydrological processes in the area and raising sig-
nificant questions about changes in their flood risk regime. In this work, possible 
changes in peak discharge and the total runoff volume after intense rainfall, due to 
the wildfire effects in Charadros and Rapentosa catchments in Marathonas, 
Greece, are investigated. The results showed that peak discharge resulting from 
the 50-year return period design storm will be increased between 13.8% and 
19.8% in Rapentosa and Charadros. Peak flow rate resulting from the 100-year de-
sign storm will increase between 11.4% and 16.7% in the two basins. Total runoff 
volume presents an increase of 9.5% to 16.7% in the two catchments depending 
on the storm scenario. Furthermore, it is shown that a new probability regime has 
been introduced, as discharges connected with storms with annual probability of 
1%, before the fire, will now require storms of 1.6% annual probability of occur-
ring in Charadros and 1.3% in Rapentosa. 

1 Introduction 

In 22nd of August 2009, a wildfire that started near Gramatiko village in northeast 
Attica moved southwards for 5 days burning forest and agricultural land, extend-
ing to approximately 187 sq km (Papanikolaou et al. in press). Apart from ex-
tended areas of invaluable forest, the fire damaged properties, infrastructure and 
agricultural production after by migrating into urban-wildland interface zones. In 
total, 19 hydrological basins were affected by the disaster, all with significant por-
tions of natural vegetation burned, a fact that raised questions about the extent that 
their natural hydrological processes were affected. 

Wildfire role in fluvial processes is well established. Shakesby and Doerr 
(2006) suggest that runoff portion of a storm increases in a wildfire-hit area due to 
changes in the chemical properties of surficial material. Hevley (1980) showed 
that concentration times are reduced in a basin after a wildfire, a conclusion sup-
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ported also by Keith and Ward (1998) and Shakesby and Doerr (2006) who sug-
gested that peak discharges also tend to increase. Cerda and Doerr (2005) notice 
an increase in total runoff volume immediately after a wildfire, but suggest that 
this trend might alter after several years due to land use changes and possible ve-
getation recovery. Moreover, vegetation removal reduces evaporotranpiration and 
ability of the vegetation canopy to withhold a portion of rainfall.  

One of the methods that have been used successfully in quantifying these 
changes after a wildfire is the SCS-CN (SCS 1972; McLin et al 2001; Candela et 
al 2005). 

In this work, we investigate the hydrological regime in two of these catch-
ments, Rapentosa and Charadros, after the wildfire of 2009 burned 82% and 87% 
of their total area respectively. Their hydrology is investigated in terms of: 

a) Possible changes in peak discharge values after intense rainfall events. 
b) Possible changes in total runoff volume 
c) Possible changes in annual flooding probability regime 

For the purposes of this study 50- and 100-year return period storm scenarios have 
been used as rainfall inputs. 

2 Study area 

The two catchments studied are relatively small, drained by ephemeral torrents 
with little or no water at all for most of the year. The first one drained by Cha-
radros torrent (60.2 km2) is situated in Attica, approximately 25 km north east of 
Athens. In terms of geomorphology, the basin consists of a hilly area on the north 
and west draining into a low lying part. The main torrent reaches the sea, passing 
through a small valley where the village of Marathon and Bei settlement are situ-
ated and at the final part of its course through Marathon plain and Paralia coastal 
settlement. The second basin, drained by Rapentosa torrent (37.5 km2), is situated 
also in the north east of Athens. The torrent network drains the north side of Pen-
teli Mountain and reaches the sea through the famous for its battle Marathon plain, 
passing through small settlements (Vranas and Tymvos) and agricultural land. 
However, due to the construction of a dam in 2004 along the main torrent of Rap-
entosa, only the lower 11.23 km2 of the basin are studied in this work, as the part 
upstream of the dam does not contribute to runoff. The two catchments, as shown 
in figure 1, share a drainage divide for a certain length.  

In terms of geology, the area consists of a series of Mesozoic formations, ac-
companied by postalpine Cenozoic sediments. Upper Miocene breccioconglomer-
ates and fluviolacustrine formations can be found on top of the Mesozoic series. 
Marathon plain is dominated by Holocene alluvial deposits accompanied by some 
talus cones (IGME 2002). Both Charadros and Rapentosa have flooded their banks 
numerous times in the past (Diakakis 2010). 
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Fig. 1. Map of the north east part of Attica, showing the two catchments and the main towns and 
villages. Charadros is the northernmost basin. The red line denotes the 2009 fire extent. 

3 Data and methods 

The curve number (SCS-CN) method (SCS 1972, NRCS 2004) was used to define 
retention capabilities of different parts of the two catchments before and after the 
2009 fire. Geologic formation data (IGME 2002) together with land use and vege-
tation data before (EEA 2000) and after the wildfire (Papanikolaou et al. in press) 
were used to define CN parameter in each basin before and after 2009. In the case 
of Charadros the average CN was found to be 65 and 69 before and after the fire. 
In the case of Rapentosa average CN was calculated at 65 and 68 before and after 
the fire. 

Special retention (S) was calculated based on CN parameter distribution with 
the use of equation [1] (NRCS 2004). Subsequently, based on equation [2] of the 
SCS-CN method (NRCS 2004) runoff was calculated for every increment of the 
input rainfall in each basin. 
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where Q is runoff (in inches), P is rainfall (in inches), S is a special retention pa-
rameter (in inches) and CN is the “curve number” parameter, assigned to show in-
filtration capacity of every combination of soil and land use. 

As rainfall inputs, 24h design storms of 50- and 100-year recurrence intervals 
were used based on regional IDF curves expressed by the following equation 
(Koutsoyiannis and Baloutsos 2000): 
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where d is the storm duration (in hours), T is the recurrence interval (in years) and 
I is the intensity (in mm/hr). 

Design storms were developed based on the alternate blocks technique (Chow 
et al. 1988). Subsequently, in order to estimate peak discharge for each scenario, 
synthetic hydrographs were developed for both catchments with the use of:  

a) SCS dimensionless hydrograph (SCS 1972) 
b) Geomorphologic Unit Hydrograph (GUH) based on the time-area method 

(Clark 1945).  

Additionally, in order to investigate possible changes, the total volume of run-
off for each scenario before and after the fire, was calculated with the use of SCS-
CN method (equation 2). 

Finally, it was examined whether discharges connected previously with 50-and 
100-year storms, will now be triggered by different recurrence interval storms. 

4 Results 

According to the analysis, both methods (SCS and GUH) of discharge estimation 
showed small differences in peak discharge values and anticipated change. (Tables 
1 and 2). In the case of Charadros a mean peak discharge of 284 m3/s was calcu-
lated for the pre-fire period and a mean peak discharge of 340.8 m3/s for after the 
fire, indicating an average change of 19.8% for the 50-year storm scenario. The 
100-year storm scenario, showed an average increase of 16.7% (Table 1). 
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Table 1. Peak discharge estimation based on SCS and GUH methods for 50- and 100-year de-
sign storms in Charadros catchment, before and after the 2009 fire. 

Catchment Return period Estimation method Peak Discharge (m3/s) Change (%) 
   Before fire After fire  

SCS 280 332.7 +18.8 % 
GUH 289 348.9 +20.7 % 50-years 
Mean 284.5 340.8 +19.8 % 
SCS 369.3 428.3 +16.0 % 
GUH 366.3 429.9 +17.4 % 

Charadros 

100-years 
Mean 367.8 429.1 +16.7 % 

In the case of Rapentosa, in the 50-year storm scenario, mean change in peak 
discharge was estimated at 13.8% while in the 100-year storm, mean change was 
estimated at 11.4% (Table 2). Figure 2 presents differences in synthetic hydro-
graphs before and after the fire for both basins and for both 50- and 100-year 
storm scenarios.  

Table 2. Peak discharge estimation based on SCS and GUH methods for 50- and 100-year de-
sign storms in Rapentosa catchment, before and after the 2009 fire. 

Catchment Return period Estimation method Peak Discharge (m3/s) Change (%) 
   Before fire After fire  

SCS 106.5 121.8 +14.4 % 
GUH 107.8 122.1 +13.3 % 50-years 
Mean 107.1 121.95 +13.8 % 

SCS 141.6 158.4 +11.9% 
GUH 142.1 157.6 +10.9 % 

Rapentosa 

100-years 
Mean 141.85 158 +11.4 % 

 
Fig. 2. Change in shape and peak discharge between before- and after-fire simulated hydrographs 
in Charadros (a) and Rapentosa (b) for 50- and 100-year floods respectively. Discharge values 
used for the compilation of these hydrographs come from averaging SCS and GUH hydrographs’ 
respective discharge values. 
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As far as the total volume of runoff is concerned, assuming a uniformly distrib-
uted storm of 124 mm in 24 hours (50-year return period) and one of 148 mm in 
24 hours (100-year return period) we can calculate the total volume of rainfall 
over a basin by multiplying with catchment area (Table 3). Taking into account 
the runoff volume estimates based on the SCS method different portions of rainfall 
are expected to runoff in each scenario indicating that infiltration capacity of both 
catchments is reduced after the 2009 fire (Table 3). Based on calculations of the 
SCS method, Charadros presented an increase of 12.9% in runoff volume induced 
by 50-years return period storm and a 9.5% after a 100-years storm. Rapentosa 
presented a 16.7% increase in runoff volume after a 50-years storm and an in-
crease of 12.5% in 100-years storm (Fig. 3, Table 3). 

Table 3. Calculations of total rainfall and runoff volumes in both catchments, for both 50- and 
100-year storm scenarios, before and after the 2009 fire. 

Catchment Scenario Basin Area Total Volume 
(×106 m3) 

Runoff before fire 
(×106 m3) 

Runoff after fire 
(×106 m3) 

124 mm 7.5 3.1  3.5  
Charadros 

148 mm 
60.2 km2 

8.9 4.2 4.6 
124 mm 1.4 0.6 0.7 

Rapentosa 
148 mm 

11.23 km2 
1.7 0.8 0.9 

 
Fig. 3 a, b Total runoff volume change in Charadros (a) and Rapentosa (b) catchments before 
and after the wildfire of 2009, produced by 50- and 100-year recurrence interval storms. 

As far as probability regime is concerned, the analysis showed substantial 
changes in this field too. In the case of Charadros, a peak discharge of 284.5 m3/s 
would be the result of a storm of 2% annual probability (124 mm) before 2009. 
After the 2009 forest fire, on the basis of different CN parameters this peak dis-
charge requires a storm of 111 mm which according to the regional IDF curves 
(equation [3]) has an annual probability of 3.2%. Similarly, a peak discharge of 
367.8 m3/s would be the result of a storm of 1% annual probability (148 mm) be-
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fore 2009. After the 2009 fire, this peak discharge requires a storm of 132 mm 
which has an annual probability of 1.6%. 

The same pattern develops in Rapentosa catchment as peak discharges con-
nected with storms with annual probability of 2% and 1% before 2009, after the 
fire can be triggered by storms of 2.6% and 1.3% annual probability respectively 
(Fig. 4). 

 
Fig. 4. Change in probability of occurrence of discharges connected previously with the 50- and 
100-years storms. The darker columns denote the probability of storms connected with the 
above-mentioned discharges. The light-colored ones show the new probability (of the same dis-
charge) after the 2009 fire. 

5 Conclusions 

The results showed that the 2009 wildfire in northeast Attica had a substantial im-
pact on flood regime of the Marathon plain, affecting peak discharge, total runoff 
volume and probability regime in both Charadros and Rapentosa catchments. 

In this work, by developing synthetic hydrographs with the use of SCS and 
geomorphologic unit hydrograph method, it was shown that peak discharges of 50 
and 100-years return period storms will increase between 10 and 20% in both ba-
sins. In terms of total runoff volume, it was shown that an increase between 9.5% 
and 16.7% is expected.  

In terms of probability, discharges caused by storms of 2% annual probability 
before 2009 will now experience an increase to 2.6% - 3.2%. Respectively, dis-
charges connected with storms with 1% annual probability before 2009 will now 
experience an increase to 1.3-1.6%.  

Generally, increases in 50-year discharges presented more extended changes 
than the 100-year ones, indicating that in more intense storms, changes in reten-
tion capability of a catchment due to a wildfire are less significant than in lower 
intensity ones.  
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Estimated measures of peak discharges, total runoff volumes and probability 
cannot be considered static as catchment hydrology is a dynamic natural system 
especially after a wildfire. Therefore, vegetation and man-made changes could 
gradually lead to modifications of retention capabilities of the two catchments. In 
addition, predictions of changes calculated in this paper are based on the assump-
tion of a not changing climatic regime. 
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Abstract   The geoenvironmental setting is a determinative factor in catchments’ 
response during heavy precipitation events. In this work, the flash flood of 2008 in 
Potamoula (Aetoloakarnania, Greece) is investigated in terms of hydrologic and 
geomorphologic features. The study area is a relatively small, partly forested, rural 
catchment situated in western Greece with steep mountainous topography and 
with flysch being the prevailing lithology. In 2nd of October 2008 a storm of high 
intensity (measured up to 280 mm in 24 hours) produced noteworthy quantities of 
runoff which inundated the lower parts of the small valley, inflicting damage to a 
significant number of structures and killing two people. Field investigations were 
carried out to record the extent and characteristics of damage, the physical attrib-
utes of flooding such as the peak discharge, the geomorphic effects and the geo-
logical factors affecting the local hydrology. The results were investigated in 
comparison with geomorphological and geological evidence showing that this 
event, although extreme, corresponded very well to the geological record of the 
area. Finally, runoff response of the catchment was assessed with respect to the 
geology of the basin. 

1 Introduction 

Platanorema is a relatively small catchment (28 km2), and a part of the drainage 
network of Acheloos River. It is located in Aetoloakarnania in western Greece, 
216 km northwest of Athens and 15 km north of Agrinio. It is inhabited by ap-
proximately 830 people with Potamoula being the largest village (Fig. 1). Pla-
tanorema stream network drains a hydrological basin of the 5th order. The drain-
age network has an asymmetric dendritic form. High incision rates are obvious 
along the streams, along both the bedrock and the alluvial deposits. Along the 
main riverbed, there are well developed alluvial terraces, mainly in the southwest 
part of the basin. Due to the steep forested slopes, towns and villages in this and 
numerous other catchments are settled near the main rivers, in flat areas domi-
nated by river deposits. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Platanorema has suffered floods in the past. On the basis of eyewitness ac-
counts and web sources, one can identify at least three significant events in 1960, 
in 1961 and in the autumn of 1999. However, the 2008 flood is considered to be 
the most damaging. 

 
Fig. 1. Map of the catchment under study. In the upper left corner, there is a location map  
illustrating the rain gauge network in the area. Location A represents the peak discharge  
reconstruction location. 

The impressive intensity of the event posed a series of questions, considering 
the nature of the phenomena, and the role of the contributing factors. Goal of this 
work is to investigate the following issues: 

 the peak discharge during the event 
 the damage characteristics and distribution 
 the geomorphic effects 

In terms of geology, the upper Eocene - Oligocene flysch is the prevailing geo-
logical basement in the area. According to IGME (1998), the dominant lithologies 
of the catchment are:  
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 Sandstones: thin to medium bedded, alternating with fine to coarse-grained 
sandstones and thin layers of shales, with occasional occurrence of conglomer-
ates. 

 Shales: grey to greenish, bearing alternating layers of pelites, marly silts, silty 
sandstones as well as fine-grained sandstones in bands of 0.20-0.50m. 

Most of the catchment area consists of the shales series (~70%), while the main 
sandstone occurrences outcrop along the drainage divide or near it. The tectonic 
deformation of the area is rather intense; with medium to large scale folds with 
axes trending NW-SE to N-S and plunging south, together with extensive strike-
slip or oblique-slip right-lateral faults trending NE-SW. 

2 Methodology 

A post flood field investigation in the area was carried out to measure the channel 
geometric characteristics (Fig. 2) and examine the peak water level indicators. 
Based on these measurements, peak discharge was computed at location A (Fig 1) 
with the use of Manning’s formula (Manning 1891, Flamant 1891). Location A 
was chosen as one of the few locations that cross section and water level was 
clearly measurable. 

 2
1

3
2

SR
n
AQ   

where: n is the roughness coefficient, R=A/P is the hydraulic radius, P is the wet-
ted perimeter, A is the cross-sectional area , S is the channel slope at the location. 
Maximum water surface elevation was measured in the field using vegetation de-
bris and driftwood. For calculation purposes water flow in this particular occasion 
was assumed to be uniform. 

In order to calculate Manning roughness coefficient necessary for the peak dis-
charge computation, vegetation and flow type were also investigated along the 
main river in accordance with Cowan’s methodology (Cowan 1956). 

 
Fig. 2. Cross sectional area at location A, where peak flow discharge was calculated. 
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According to Cowan (1956) the mean value of “n” can be calculated through 
the following equation: 

 mnnnnnn b  )( 4321  

where: nb, is a base value of n for a straight, uniform, smooth channel in natural 
materials, n1 is a correction factor for the effect of surface irregularities, n2 is a 
value for variations in shape and size of the channel cross section, n3 is a value for 
obstructions, n4 is a value for vegetation and flow conditions, m is a correction 
factor for meandering of the channel. In this study for the specific cross section 
(fig. 2) the following values where calculated: nb = 0.04, n1=0.003 n2=0, n3=0.032, 
n4= 0.04, m = 1.5. Based on these values and Cowan equation Manning coefficient 
value is calculated at 0.17 (Table 1). 

Moreover, rainfall data from 6 gauges (Fig. 1) were examined in order to study 
the spatial characteristics of the storm that caused the event. This examination 
showed a total rainfall of 201mm across the small basin (although one of the rain-
gauges recorded 280mm in 24 hours). Based on the storm record, calculated peak 
flow rate was also cross-checked with the application of SCS-CN rainfall-runoff 
method (SCS 1972) to assure consistency of the result. Subsequently peak dis-
charge in this catchment was compared to peak flow rates of other catchments in 
Greece during flood phenomena, in order to assess the role of flysch formation 
and its hydrological response. In addition, the geomorphic effects of the flood 
were documented along with geological observations on the older river flood de-
posits in the area. For this purpose, measurements were carried out concerning the 
grain size of the 2008 and older flood events’ sediments.  

Furthermore, a field survey was carried out to record the type of damage in 
structures and their spatial distribution. Finally, damages were projected against 
older flood deposits to assess their spatial correlation. This step was carried out to 
examine whether the 2008 event was predictable on the basis of geomorphology in 
terms of extent and damage pattern.  

3 Results 

Peak discharge was computed at location A at 94.5 m3/s with the use of Man-
ning’s formula as shown in Table 1. 

Table 1. Calculation of peak flow rate at location A, based on Manning’s formula. 

Parameter 
A - Cross sectional 
area (m2) 

P - Wetted 
Perimeter (m)

S – Slope 
(m/m) 

n – Manning 
coefficient 

Q - Peak flow 
(m3/sec) 

Value 95 72 0.0198 0.17 94.5 
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Based on the application of SCS-CN method, peak flow rate was computed at 
87.8 m3/s (Fig. 3) showing good correlation with the Manning formula results. 
The application of the SCS-CN method showed 115mm of runoff out of 201mm 
storm over the basin. The two results give a mean value for peak discharge of ap-
proximately 91m3/s which results in peak discharge per unit area of 3.65 m3/s/km2. 
This value was found similar compared with peak discharge calculated in other 
catchments in the region during notable storms (e.g. 201mm storm in Xerias 
catchment in 1997 flood event, Baloutsos et al. 2000, Gaume et al. 2009). 

 
Fig. 3. Storm rainfall across the catchment during the 2nd and the 3rd of October 2008 and asso-
ciated flow rate at location A, calculated through the SCS-CN method. 

Concerning spatial distribution of damages when projected against older flood 
deposits they showed good correlation especially with the limits of the active 
floodplain (Fig. 4). As far as the damage characteristics are concerned it was 
found that 72 structures were partly or completely damaged. Their vast majority 
was situated on the active floodplain or older alluvial terraces. The following table 
illustrates the portion of the structures situated on terraces (Table 2). 

 
Fig. 4. Damages spatial distribution in comparison with the extent of river terraces and specifi-
cally the lower terrace (active floodplain). 
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Table 2. Percentage of damaged structures against the respective geologic units. 

Area / Zone under 
consideration 

Total structures in  
considered area/zone 

Damaged structures in 
considered area/zone Percentage 

Alluvial terraces 76 57 75 % 
Lowest terrace 54 50 92.6% 
Whole Catchment 617 72 11.7 % 

As far as the type of damage is concerned, a very critical factor on the struc-
tural performance of the building was found to be the type of foundation. Build-
ings without deep foundations were more severely damaged because flood water 
eroded the ground material under their basal part (Fig. 5a, b). Buildings with deep 
foundations presented a better structural performance, resulting in damages only 
in ground floor masonry and utensils.  

With respect to the geomorphic effects of the event alluvial sediments were de-
posited on the lower terrace mainly in the form of cobbles and boulders in places 
with high water velocity (Fig. 5c). Measurements that were carried out showed 

 
Fig. 5. Structure with superficial foundations destroyed after erosion of the ground material be-
low their basal part (a). Illustration of the erosion mechanism (b). Cobbles deposited on the lower 
terrace during the flood in areas with high water velocity (c) and boulders deposited in the lower 
terrace during older flood episodes (d). 
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that most of the cobbles were lower than 30cm but a portion of them measured up 
to 60cm on the terrace at Potamoula settlement, indicating water velocities be-
tween 0.8 – 2.8 m/s according to the Hjulström curve (Novak 1973). These values 
show good correlation with the value extracted from the flow rate calculations in 
location A, further downstream, which showed a mean velocity of about 1m/s. In 
addition, measurements of the grain size of older flood deposits presented boulder 
sizes of approximately 1m, showing even higher energy deposition environment. 
On the contrary, in areas with lower flow speed fine grain sediments were depos-
ited in various thicknesses (up to 30 cm in places) (Fig. 6a). During the event ero-
sion processes were intensified leading to enhancement of transportation of sedi-
ment material and minor failures on the river sides (Fig. 6b). 

 
Fig. 6. a Fine grain sediments deposited in areas with low flow velocity (Potamoula terrace), 
during the flood event of October 2008. (b) One of the locations where the event enhanced ero-
sion and processes and sediment was supplied in the river. 
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4 Discussion and conclusions 

Results showed that the portion of runoff during the storm reached 57% of the to-
tal rainfall (115mm out of 202mm total). This value is similar to the 56,9% of 
runoff discharged during a 201mm storm in Xerias river in Corinth in 1997 (Ba-
loutsos et al 2000). However, it is important that the two catchments have substan-
tial differences in geology and landuse, a fact that indicates that in high intensity 
storms permeability is not a dominant factor in runoff. 

Damages presented a very good correlation with the spatial extent of the lower 
terrace proving that the study of geomorphology is a useful tool when studying 
flood hazard. The examination of the type of damage showed that structural stan-
dards are very important in buildings situated in high hazard areas and that based 
on this geomorphic criterion a long term policy of removal of infrastructure from 
flood zones has to be adopted. 

Geologic material eroded from specific locations was deposited (in various 
grain sizes) continuing the process of terrace-building. Study of the geomorphic 
effects in general showed that this event although extreme, followed the pattern of 
fluvial geomorphic processes imprinted in the geology and the geomorphology of 
the catchment, proving that it was nothing but a normal part of this processes in 
acceleration.  
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Abstract Three approaches have been used to analyze the hydrograph of Inountas 
River basin in two reaches. Flow in each reach was estimated by combining the 
water level records with monthly field flow measurements. Base-flow separation 
has been accomplished by using the SWAT (Soil and Water Assessment Tool) ba-
seflow filter program. The fraction of water yield contributed by baseflow was es-
timated between 0.76-0.62 for Kladas reach and 0.79-0.70 for Vassaras reach re-
spectively. Flow duration curve for each reach was constructed from daily flow 
data. The flow-probability relationship, Q50 for Vassaras reach had a value of 
0.164 and for Kladas 0.198. The ratio Q90/Q50 for Vassaras reach was 0.689 indi-
cating that 68.9% of Vassaras stream flow was contributed from groundwater sto-
rage. The calculated recession factors were for Kladas reach 0.024 (10/04/2010-
04/06/2010) and for Vassaras reach 0.009 (20/03/2010-27/05/2010) and 0.005 
(09/07/2010-11/10/2010). 

1 Introduction 

The hydrologic basin of Inountas River (or Kelefina River), a tributary of Evrotas 
River is located at the south-eastern portion of Peloponnesus, Greece (Fig. 1). In-
ountas River has a watershed area of 343.5 km2 and is a complex hydrologic and 
hydrogeological system consisting of temporary tributaries, high mountainous ar-
eas and springs which are the main contributors to base-flow.  

River hydrograph analysis, specifically separating base-flow (long-term dis-
charge from natural storages) and quick flow (direct response to rainfall event) is 
important to estimate the groundwater discharge. Many techniques have been used 
to analyze base-flow from stream hydrographs since the last decades. In general, 
these methods can be categorized to three approaches, baseflow separation, fre-
quency analysis and recession analysis. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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Baseflow separation can be accomplished either using filtering procedures or 
graphical techniques. Data processing or filtering techniques provide an easily au-
tomated method indicating the baseflow response of the watershed (Brodie and 
Hostetler 2005).  

Frequency analysis indicates the relationship between the magnitude and fre-
quency of stream flow discharges from the hydrographic record. Flow duration 
curve (FDC) is one of the most informative methods of displaying the complete 
range of river discharges from low flows to flood events and it is a relationship be-
tween any given discharge value and the percentage of time that this discharge is 
equaled or exceeded (Smakhtin 2001). 

During the dry weather periods, water is gradually removed from the catchment 
by evapotranspiration and groundwater/soil water discharge into a stream. Stream 
flow discharge depletion during these periods is known as «recession», and is re-
flected in stream flow hydrograph by a recession curve.  Recession curve is the 
specific part of the hydrograph after the crest (and the rainfall event) where stream 
flow diminishes. Recession period lasts until stream flow begins to increase again 
due to rainfall (Smakhtin 2001). Recession segments can be analyzed to define the 
discharge processes that make up baseflow. The equation mostly used considering 
linear storage is (Maillet 1905) Qt=Qo×e-αt where Qo is the initial flow at the start 
of the recession segment, Qt is the flow at time t and α is a constant known as the 
cut-off frequency. The term e-α can be replaced by k, called the recession constant 
which is commonly used as an indicator of the extent of baseflow. 

2 Study area 

The study area includes the hydrological basin of Inountas River one of the largest 
tributaries of Evrotas River (Fig 1a). The geologic formation of the basin is com-
prised mainly of alpine formations of four geotectonic units. The Limestones of 
Mani (or Plattenkalk) Unit represent the indigenous unit of the area of study. At 
the base of the stratigraphic column of Mani Unit, is the Phyllitic Basement 
Rocks. Over the phyllitic unit lies the carbonate unit, consisting of marble and 
crystalline limestone with alternations of siliceous schist. The column ends with a 
transition to the slightly metamorphosed flysch. In the hydrologic basin of Inoun-
tas River, only parts of the carbonate formations of the unit are found, at its south-
ern and eastern part. Phyllite - Quartzite (or Arna) Unit, which overlies Mani Unit, 
consists of metamorphic rocks, characterized by strong deformation. The rocks of 
the unit consist of schist, micaceous schist and quartzite, meta-conglomerates, ma-
fic and ultramafic rocks. An extended area of the basin is covered by this unit. The 
main branch of Inountas River flows mostly on the geological formations of Phyl-
lites - Quartzite. Tripoli Unit lies over the Phyllite - Quartzite Unit. The strati-
graphic column starts with a slightly metamorphic formation, known as Tyros 
Beds, which occupy a small surface in the eastern part of the basin.  
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Over Tyros Beds lays a carbonate sequence, the main feature of which is the 
continuous neritic sedimentation with limestone and dolomites. This part of the 
unit covers a significant area of the basin; however, in most places it is character-
ized by small thickness. Above the carbonate sequence, lays the flysch of the unit, 
which has limited appearances in the central and southern sections of the basin. 
Pindos Unit overlies all the aforementioned units. In the area of study, the upper 
part of this unit, which consists of platty limestone with clay alternations, is found 
as remaining nappes. Above the alpine formations post-alpine formations of neg-
ligible extent are found at several places. All the above lead to the conclusion that 
the major water tables in the basin are three and they are hosted within the karstic 
aquifers. Water tables located within the limestone of Pindos Unit are not particu-
larly important, due to the limited extent of the formations, and the fact that they 
do not extend out of the hydrologic basin of Inountas River. The other two aqui-
fers are capable of altering the hydrological balance of the basin, because they 
cover a wide area, and extend outside the basin. 

The impermeable bedrock of the marbles of Mani Unit, do not participate in 
the area of study, so it is almost certain that the amount of water infiltrating in 
these formations will flow outside the basin. This view is supported by the fact 
that there are no springs that discharge these rocks. In contrast, the impermeable 
bedrock of the limestone of Tripoli Unit is Phyllite - Quartzite Unit. As a result, 
part of this limestone is discharged by springs within the basin (Springs Poly-
droso, Vamvakou, etc.). There is also a large part of the limestone of Tripoli Unit 
that is not discharged by springs. The most extended limestone area, where this 
phenomenon is observed, is located in the southern part of the basin, between the 
villages Vresthena, Chrisapha and Agriani, despite the fact that it is surrounded 
mostly by Phyllite - Quartzite. The southern part of this limestone area, north-east 
of Chrysapha, is an exception as limestone and a carbon mass that lies further to 
south are joined. Map data and fieldwork showed that the contact of limestone 
with their bedrock takes place at a high altitude, which prevents the flow of karst 
water to the south. However, this does not occur north-west of Agriani. In this 
case, even though the limestone of Tripoli Unit is in contact with the marbles that 
lay towards the East at high altitudes, the Phyllite - Quartzite Unit between the 
limestone and the marbles has disappeared. Therefore, there are great chances 
that the same phenomenon is happening beneath the mass of limestone of Tripoli 
Unit, resulting in the drainage of the karst water within them, to the underlying 
marbles, through which it exits the hydrological basin (Fig 1b). The most impor-
tant parameter is that the water infiltrating in the carbon mass is not only water 
that comes directly from precipitation. The largest tributary of Inountas River, 
which is called Sophronis River, flows above these rocks. Sophronis River sub-
basin covers 141.5 km2 of the entire hydrological basin that extends to an area of 
343.5 km2. Although Sofronis River drains a large area, it has no flow during the 
longest part of the year. Flow takes place only after heavy rainfall and only for 
extremely limited time during wet seasons. Moreover, Sofronis River is fed by 
several springs, the most important being those in Polydroso. Therefore, the larg-
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est amount of water in the hydrographic network of Sofronis River, due either to 
springs or to runoff, infiltrates into the carbonate rocks or is driven outside the 
hydrologic basin. 

 
Fig. 1 a. Geological map of the study area (Psonis 1990, Special Environmental study  
of Parnonas Mountain – Moustos wetland 1999), modified, b. Geological cross-section. 
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3 Methodology 

For the purposes of this study, one level logger was installed in the upstream 
(Vassaras reach) and one in the downstream part (Kladas reach) of Inountas River 
measuring the level of water table every 15 min. Flow was measured on monthly 
basis using a flow current meter (OSS PC1).  

Flow in each reach was estimated (Fig. 2 a,b) by combining the water level re-
cords with the monthly field flow measurements. Rating curves were created using 
the open-channel flow equation, in which the flow and channel parameters are 
constant with respect to distance and time, and the slope of the water surface is 
equal to the energy gradient line. The semi-empirical Manning flow equation for 
one dimensional uniform steady flow is used for the simulation of water flow. The 
most common relationship between stage and flow is (USGS 1982; Maidment 
1993) Q=a×(H-Ho)b where Q is the flow (m3/s), H is the stream stage (m), a and b 
are constants, and H0 is the stage at which the discharge is zero. This type of rela-
tionship is established by fitting a curve to the measured data. 

 
Fig. 2. a. Time series of stream flow and measured field flow for Kladas reach,  
b. Time series of stream flow and measured field flow for Vassaras reach. 
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The base-flow has been separated from daily stream flow time-series using the 
SWAT (Soil and Water Assessment Tool) baseflow filter program according to 
the methodology outlined by Arnold and Allen (1999) and Arnold et al. (1995) 
which is a modification of the recession curve displacement method. Results are 
presented in Figure 3 a, b.  

 
Fig 3. a. Time series of stream flow and estimated baseflow for Kladas reach,  
b. Time series of stream flow and estimated baseflow for Vassaras reach. 

A flow duration curve for each reach is constructed from daily flow data. Prob-
ability P that a given flow will be equaled or exceeded is defined by 
P=100×(m/n+1) where m is a unique ranking number to each flow starting from 1 
for the maximum flow to n for the minimum flow and n is the number of flow 
measurements. The flow-probability relationship is presented as a log-normal plot 
in Figure 4. The median flow (Q50) which is the flow which is equal or exceeds 
50% of the time has been calculated. Base-flow is significant if this part of the 
curve has a low slope, as this reflects continuous discharge to the stream. Also the 
ratio of the flow which is equal or exceeds 90% of the time, to that of 50% of the 
time (Q90/Q50) has been calculated indicating the proportion of stream flow con-
tributed from groundwater storage (Nathan and McMahon 1990).  
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Fig. 4. Flow duration curve for Vassaras and Kladas reaches. 

Recession segments for each reach were selected from the hydrograph and 
were analyzed to gain an understanding of the flow processes that make up base-
flow. Hydrograph for this segment was then plotted on semi logarithmic scale. 

4 Results 

Rating curves have been calculated for two periods for each reach (due to change 
of location of Kladas recorder in June 2009 and repair of Vassaras recorder in 
June 2010). The rating curve was calculated as Q=2.04×H1.29, R2=0.95 before June 
2009 and Q=2.04×H1.29, R2=0.95 after that period for Kladas reach. For Vassaras 
reach was Q=6.36×H5.50, R2=0.69 before June 2010 and Q=3.79×H3.86, R2=0.97 
after that period. Kladas (downstream) water quantity was 16.2×106 m3 for 
04/08/2009-11/01/2011 and Vassaras (upstream) quantity 15.8×106 m3 for the 
same period. 

The fraction of water yield contributed by base-flow fall between 0.76-0.62 for 
Kladas reach and 0.79-0.70 respectively for Vassaras reach.  

For Vassaras reach, the Q50 was 0.164 and for Kladas 0.198. The part of the 
curve with flows below the median flow represents low-flow conditions. The ratio 
Q90/Q50 for Vassaras reach is 0.689 indicating that 68.9% of Vassaras streamflow 
is contributed from groundwater storage. On the other hand Q90/Q50 is 0.363 for 
Kladas reach. In general, the steep flow for low-flows suggests relatively small 
contributions from natural storages like groundwater (Brodie and Hostetler 2005). 
In our case this steep flow is result of human activities such as direct river 
abstractions for agricultural purposes. 

From the hydrograph of Kladas reach, can be observed that the recession curve 
is from 10/04/2010 until 04/06/2010 then is interrupted with rainfall an then the 
river dries. In Vassaras reach the recession curve is from 20/03/2010 until 
27/05/2010 and then appears again from 09/07/2010 until 11/10/2010. The reces-
sion curve equation is Qt=0.389×e-0.024t, R2=0.85 for Kladas and Qt=0.535×e-0.009t, 
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R2=0.95 and Qt=0.153×e-0.005t, R2=0.86 for Vassaras. The cut-off frequency α is 
0.024 for Kladas (10/04/2010-04/06/2010) and 0.009 (20/03/2010-27/05/2010) 
and 0.005 (09/07/2010-11/10/2010) for Vassaras. 

5 Conclusion 

This work presented an analysis of Inountas River hydrograph. The Sofronis sub-
basin comprises 40% of the area and according to the hydrogeological conditions 
a large fraction of Sofronis River flow infiltrates into the carbonate rocks and out-
side the hydrologic basin. Sofronis River contributes only to the downstream part 
(Kladas) of the Inountas basin as confirmed from the baseflow separation analysis.  

The fraction of water yield contributed by base-flow to Kladas reach is 69% 
and to Vassaras reach 75%. The ratio Q90/Q50 for Vassaras is 68.9% (groundwater 
storage from karstic springs) while this ratio for Kladas is 36.3% due to human ac-
tivities such as direct river abstractions.  
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Abstract   Climate change is expected to affect mostly water resources in arid and 
semi-arid areas, imposing in this way significant constraints in satisfying water 
demands in these regions. Under these conditions, water resources management 
should focus in increasing the efficiency of water uses by minimizing water losses 
and improving on the water balance accounting of the watersheds. Evrotas River 
Basin is a typical case of a water resource that has been under intense human pres-
sure due to extensive water abstractions. Pumping from numerous wells (ap-
proximately 3000 private wells) and surface water abstractions impose significant 
uncertainty in water balance estimation and a new approach was developed to 
constrain the system and improve on the water balance assessment. The ETD (En-
hanced Trickle Down model), a physically-based watershed model was coupled to 
a karstic model and were used to simulate the hydrologic response of the water-
shed. Ten years of data were used to simulate the hydrologic regime of the water-
shed. Losses from the karst due to evapotranspiration and infiltration to the deeper 
aquifer were estimated to be 45% of its annual volume. Karst is recharged annu-
ally by a water volume of 306Mm3 and only 24% (75Mm3) recharges the river as 
karst baseflow. The annual rainfall volume (for the non-karstic area of the water-
shed) was estimated to be 629Mm3, the evapotranspiration was 655Mm3, stream 
discharge 152Mm3 and stream abstraction and irrigation were 77Mm3. On the av-
erage, the amount of irrigation (77Mm3) corresponded to 900 mm (per year for ag-
ricultural areas) which is almost twice the recommended irrigation levels. The 
modelling approach presented in this work can be used to constrain the uncertainty 
in the hydrologic budget of basins with complex hydrogeomorphology.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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1 Introduction 

The effects of climate change are expected to be more profound in arid and semi-
arid regions of the world like the Mediterranean according to the IPCC scenarios. 
Rigorous watershed management plans are required to be developed in order to 
address the decline in water supply as well as comply with relevant legislation 
such as the Water Framework Directive. The geomorphology of the Mediterra-
nean is characterized by steep slope mountains, flashy hydrographs, temporary 
rivers as well as ground water reservoirs found in karstic areas and alluvial depos-
its which make the hydrologic characterization very difficult. 

Limited modelling tools have been developed for arid and semi-arid hydrology 
(Tzoraki et al. 2009) due to difficulty to model flush floods (Vivoni et al. 2006) 
and low flow regime (Nikolopoulos et al. 2011), the fluctuation in floodplain in-
undation (Tockner et al. 2000) and spring baseflow of the hydrograph (Fiorillo F. 
2009, Rimmer and Sallingar 2006).  

The objective of this study was to develop a methodology to estimate the hy-
drologic mass balance of Evrotas River Basin. Karst was simulated using the 
KARSTIC MODEL (Kourgialas et al. 2010, Tzoraki et al. 2009) and the non-karst 
area using the ETD MODEL (Nikolaidis et al. 1994). The limited available mete-
orological and flow data, in addition to the complicated hydrogeology and geo-
morphology of the basin, imposed significant constraints in the modelling exer-
cise.  

2 Site description and data 

Evrotas River is located in south-eastern Peloponnese in the Prefectures of Laco-
nia and Arcadia covering an area of 2,050km2, and discharges into the Laconic 
Gulf after crossing 90 km of semi-mountainous areas and floodplains. The Evrotas 
River Basin expands between the mountain complexes of Taygetos and Parnonas, 
where numerous ephemeral and intermittent streams discharge into the main 
course. The main tributaries are Oinountas, Magoulitsa, Gerakaris, Kakaris, and 
Rasina (intermittent flow), Mariorema, Xerias, (episodic flow). The drainage den-
sity of the basin is 2.12 km/km2 and the river network is classified as 5th order ac-
cording to Strahler system. The basin has a typical Mediterranean climate with 
mild and cold winters and prolonged hot and dry summers with an average annual 
temperature of 16oC. Monthly mean temperatures are typically 4-11oC in the win-
ter and 22-29oC in the summer. The majority of rainfall occurs from October to 
March. The mean annual precipitation is 802mm and evaporation 1754mm.  

Geomorphologically, 41.1% of the basin area has an elevation higher than 
600m, 46.2% of the area ranges between 150-600m, and just 12.7% has an eleva-
tion from 0 to 150m. The watershed is covered 61.2% by forest, 37.9% by agricul-
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tural areas, and 0.7% by urban areas. The inhabitants are 66000 and the biggest 
town is Sparta with 18000 inhabitants. The main activities in the watershed are ag-
riculture, livestock and small food industries. 

 
Fig. 1. Geology, subbasins and Hydrographic network of Evrotas River Basin. 

The Taygetos mountain created by intense uplift and folding during the alpine 
orogeny straddles two geological zones: the first zone is the autochthonous Plat-
tenkalk series comprising intensely folded phyllitic basement rocks of Permo-
Triassic age overlain by middle Triassic to upper Eocene dolomitic limestones and 
crystalline limestones; and the second the allochthonous phyllitic quartzite series 
which consists of folded phyllites, schists and quartzites of Permian age (Pope and 
Millington 2000). A series of alluvial fans, restricted to piedmont zone, adjacent to 
the east edge of Taygetos Mountain, represents several depositional events and 
comprises significant water storage. Taygetos karst appears high transmissivity 
(10-3-10-4m2/s) and recharges the north - west part of Sparta shallow alluvial aqui-
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fer through several springs. Sparta unsaturated zone has variable thickness 20-30m 
and the saturated hydraulic conductivity varies between 8·10-5-7·10-7m/s (Anto-
nakos and Lambrakis 2000). Sparta aquifer appears low transmissivity values 
(3·10-3-14·10-3), is recharged by surface water and springs and through numerous 
wells is used for the irrigation of the plain. 

3 Methodology 

Precipitation and stream flow have been measured since the 1970s by the Land 
Reclamation Service at six stations: Elos (4 m), Riviotissa (163.5m), Vrontamas 
(280m, it operates since 1953), Perivolia (490m), Sellasia (590m) and Vasaras 
(646m). In addition, there is a network of six automatic level loggers (Onset Com-
puters, HOBO pressure transducer U20-001-04) that record the water level con-
tinuously and monthly measurements of flow are taken to construct the rating 
curves. Three weather stations in the catchment provide daily records of precipita-
tion, temperature and evaporation. The watershed was subdivided into 6 sub-
catchments (Vivari, Oinountas upstream and downstream, central Parnonas, Cen-
tral Taygetos and Skala) (Figure 1) following hydrologic, geologic and climate 
delineation criteria. Vivari subbasin is characterized by high altitude, flysch and 
limestone geologic series and numerous springs. Oinountas upstream subbasin is 
extended mainly in Phyllite - Quartzite series that consists of schists, metacon-
glomerates, quartzites and metabasalts. Oinountas downstream is characterized by 
a dense drainage area and high flows. Central Parnonas subbasin covers the south 
part of Parnonas Mountain and its streams experience mainly episodic or ephem-
eral flow in contrast to Central Taygetos subbasin that includes the most important 
related to flows streams and the main river corridor. Finally the Skala subbasin in-
cludes the south part of the basin and even though in its north part the river is to-
tally infiltrated into the karst, in its south part the river flow is originated by an ex-
tended springs system and ends in a heavily modified deltaic system. 

The KARSTIC MODEL (that assumes the existence of an upper (faster) and a 
lower (slower) reservoir that represent different karstic formations of the studied 
area) was coupled with a watershed model, the Enhanced Trickle Down model 
(ETD) a physically-based model in order to simulate the hydrology of Evrotas 
river watershed. In the KARSTIC MODEL the recession flow constants of upper 
(ku) and lower reservoir (kl) relate to the rate of discharge of the karstic springs. 
The inverse of these coefficients is the hydraulic retention time of the discharged 
water for each reservoir. Three snow-melt related coefficients (n, k, and c) define 
the snow melt process. Two coefficients, a1 and a2 relate to geologic setting and 
hydraulics of the karst. Finally, the product e*Akarst is the equivalent surface area 
of the karst in km2. The three precipitation and snow melt coefficients control the 
slope of the hydrograph during the melting season. Finally, e*Akarst adjusts the 
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peaks of the hydrograph. The area of the karst that contributes to the spring flow is 
not known. 

ETD model is a compartmentalized model treating each of the five compart-
ments ((1) atmosphere, (2) snow, (3) soil, (4) unsaturated zone, (5) surface water 
and (6) groundwater)) as a continuous stirred reactor. The model is a combination 
of four submodels. The hydrologic submodel, used in this study, is the component 
that generates flows in and out of the compartments. It simulates snowmelt, inter-
flow, overland flow, groundwater flow, frost-driven processes, seepage and eva-
potranspiration. It solves hydrologic equation in steady state and needs lumped pa-
rameters. The terrestrial portion of the watershed is divided into three components 
(soil, unsaturated zone and groundwater). The ETD model was modified in order 
to incorporate the upstream flow (QUPSTREAM), the karstic flow (QKARST) 
that is the contribution of the karstic springs, the irrigation water (QIRR) that is 
diverted from the groundwater to the agricultural soils and the surface water ab-
straction (QWITHDR) for irrigation. A schematic representation of the ETD hy-
drologic model is shown in Figure 2. The first number in parenthesis indicates the 
direction of flow and the second the source of flow, for example Q(2,1) means that 
flow from compartment 1 (atmosphere) is input to compartment 2 (snow). QOUT 
is the outflow of the basin and QOVERLAND FLOW is the basin surface runoff.  
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Fig. 2. Schematic representation of the revised version of the ETD model. 
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4 Modeling Results 

The discharges of the six main karstic formations (limestones, dolomitic lime-
stones) of Taygetos, Skortsinos, Vivari, Karyes, Parnonas and Skala were esti-
mated by the KARSTIC MODEL. The runoff data for the period of 2007-2009 
(daily values) were used in order to calibrate the karstic flow model and for the 
period 1999-2007 (monthly values) in order to validate the model. The area of 
each karst was estimated in GIS by the examination of the geologic maps. De-
tailed analysis of rainfall-elevation relationship extrapolated new time series of 
precipitation of the karst and non karst areas. The temperature lapse rate was esti-
mated for Vivari, Skortsinos and Karyes to be -4.2oC/km and for Taygetos and 
Parnonas -5.1oC/km. The Karst system was simulated using one reservoir with a 
flushy response to rainfall events. The snow melt exponent was set equal to 0.25 
and the snow melt factor was calibrated between 0.315-0.5. The reservoir hydrau-
lic time indicates that the springs have a characteristic response time of 2-3 
months (retention time 63-106 days). Losses from the karst due to evapotranspira-
tion were estimated to be 45% of its annual precipitation. 

Despite the important areal extend of Parnonas karst (434km2, 18% of the ba-
sin), streams in that part of the basin experience only ephemeral flow. Parnonas 
karst is discharged partly into the river and is infiltrated in deeper reservoir, lost or 
contributes to the spring system of Skala and sea springs near the Laconic gulf. 
The springs of Vivari (mean annual outflow 390mm/y, 110km2), Skortsinos 
(390mm/y, 16km2) and Taygetos (480mm/y, 271km2) are important drinking wa-
ter sources and are used to satisfy the irrigation demands of the basin. Karyes karst 
contributes to Arachovitiko stream of Inountas subbasin with an average flow of 
0.47 m3/s, since Vivari karst contributes to Evrota with an average flow of 1.36 
m3/s (Figure 3a). The annual average recharge for Evrotas Karst was 306Mm3 and 
24% (75Mm3) of it reaching the river as karst baseflow. 

Karstic model outputs (daily time step) were used as inputs to the ETD model. 
The ETD model was used to simulate the hydrologic part of the non-karst parts 
of the basin. The simulated aquifer zone depth (depth of bedrock), DEPBER, 
(2-50m) was selected based on the geologic data in the watershed. The hydraulic 
conductivity of soils, KPERC3, was selected to allow a wide range of possible be-
haviors (0.001-0.008m/d) of the soils. The transpiration coefficient, Kb, was al-
lowed to vary over the range of 0-17.78 μm/day, accordingly to the water demand 
variation of the plants in the basin. 

The hydrologic simulation results of ETD for central Taygetos subbasins are 
presented in (Vrontama station) Figure 3b. The ETD model was able to capture 
the seasonal and interannual variability of the flow very well. The mean annual 
flow of Vivari and Central Taygetos subbasins estimated 1.6m3/s and 4.76m3/s 
and the Root Mean Square Error equal to 0.05m3/s and 0.12m3/s accordingly. The 
annual average hydrologic balance of Evrotas River basin up to Vrontamas station 
was estimated as follows on an annual basis: the precipitation (for the non-karstic 
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area of the watershed) was 629Mm3, the karstic recharge was 306Mm3, the 
evapotranspiration was 655Mm3, stream discharge was 152Mm3, stream abstrac-
tion (withdrawals) and irrigation were 77Mm3. The amount of irrigation was esti-
mated using data from the electric power company for agricultural electricity use. 
The electrical power generator consumption P (kW) and the volume of pumping 
water are related according the equation: P (kW) = Q*H*1.15/222, where Q in m3 
the volume of pumping water and H in meter the pumping depth. The power P that 
consumed in 2008 was equal to 13.67 GW for Sparti region and 38.62 GW for 
Gytheio area. Taking in consideration the different pumping depths (10-250m) of 
the irrigated land (84761acre) the annually water volume consumption estimated 
equal to 72Mm3/year up to Vrontamas station. The irrigation water rate was 
0.9m/m2 compared to the recommended value of 0.5m/m2 annually. The direct 
river abstraction was estimated to be 5Mm3/year. 

5 Conclusions 

The Karstic Model was coupled with the watershed model ETD to simulate suc-
cessfully the hydrology of Evrotas River Basin and assess its hydrologic balance. 
The 10 year annual average precipitation of the basin was estimated to be 1285 
Mm3/yr and almost the half volume (629 Mm3/yr) is the precipitation of the karst 
areas. Karst areas springs guide 306 Mm3/yr into the river and the groundwater of 
the non karst areas. The average annual evapotranspiration was 805 Mm3/yr (63% 
of the annual precipitation) and the river runoff was 152 Mm3/yr (12% of the an-
nual precipitation. The annual irrigation and water withdrawals were estimated to 
be 77 Mm3/yr or 6% of the precipitation. The amount of irrigation used in the area 
is approximately double the recommended irrigation for the products cultivated in 
the area. Significant losses exist from Parnonas karst to the Lakonic gulf and the 
Skala area. The modelling framework used in this work simulated successfully 

 
Fig. 3. Comparison of simulated and observed flow data for Vivari and Central Taygetos 
Subbasins (Vrontama outflow). 
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both wet and dry hydrologic years and it can be used for the management of wa-
tershed in semi-arid areas. 
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Abstract   The Almyros basin, (Eastern Thessaly, Greece) formed during the Plio-
cene-Pleistocene N-S extensional phase that affected the entire Aegean area. His-
torical evidences show a prograding character of the Almyros coastline, developed 
along the Pagasitikos gulf. This tendency is enhanced by the actual form of the river-
beds witnessing a vertical (in depth) erosion of the riverbeds.  This evolution is 
probably due to the continuing tectonic action and not to deposition of alluvial sedi-
ments as no important sediment load is observed. The fault system that could favor 
the progradation of the coastline should be the NW-SE and NNW-SSE slip-normal 
faults. 

1 Introduction 

The Almyros basin (Fig. 1), is based at SW part of the Pagasitikos Gulf (Eastern 
Thessaly, Greece), was formed during the Pliocene-Pleistocene as a result of the 
two main normal fault systems that affected the area. Their directions are NW-SE 
to NNW-SSE and ENE-WSW to E-W (Doutsos 1980; Caputo and Pavlides 1993; 
Galanakis 1997; Galanakis et al. 1998; Zovoili et al. 2004). The recent E-W nor-
mal faults and NNW-SSE oblique slip faults gave to the Almyros basin its actual 
form. Plio-Pleistocene formations (Fig. 1), constitute the main formations of the 
Almyros basin composed mainly of argillaceous beds, sandstones and river and 
coastal conglomerates (Marinos et al. 1962; Katsikatsos et al. 1978).The Holocene 
formations, situated at the eastern part of the basin, are restricted close to the sea 
front and include continental deposits and coastal sands and conglomerates. The 
main and most important drainage branches are the rivers of Platanorema, Xirias 
and Holorema (Fig. 1). The water flow in these rivers is intermittent and during 
the summer, the rivers get dry. 

Quaternary scattered volcanic centers are also located, In the region of Almyros 
and are associated to the post-alpine volcanic activity of the Central Aegean area. 
Therefore, we can find imprints on the basin’s landscape formed by the short liv-
ing and weak activity of  Microthebes, Achilion and Zerelia volcanoes. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Fig. 1. Simplified geological map and drainage network of the studied area.  

The present study is a preliminary report of an extensive research carrying out 
in Almyros basin. Its main purpose is to examine the coastline changes during the 
Holocene, based on physical and anthropogenic impacts. 

2 Historical facts  

In Greek language, “Almyros” means salty. The ruins of the ancient city of Alos 
are located approximately 10km to the south and 4km inland. Alos was a well 
known port in the ancient years and mostly important in the Persian wars (3rd cen-
tury BC). The above information could be an indication that during historic times 
the coastline was situated west of the recent one. 

3 Coastline shift 

Evaluating the historical facts and the changes of the coastline, it is obvious that 
there is a prograding tendency. However the question is whether this progradation 
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is due to alluvial fill or to tectonic activity. Based on the first field observations, 
the following remarks have to be made: 

 The riverbeds, traversing the alluvial deposits, exhibit vertical (in depth) ero-
sion forming abrupt lateral sides (Fig. 2). 

 When the rivers cross the Plio-Pleistocene formations two groups of terraces 
are distinguished (Fig. 2B). The mean depth from the higher terrace down to 
the river bottom is 9-10m. The gradient of the surface of these formations is 
about 2% and the in depth erosion evident. 

  
Fig. 2. Vertical (in depth) erosion of the riverbeds developed on Holocene (A) and Plio-
Pleistocene (B) formations. T1 and T2: river terraces. 

4 Discussion-conclusions 

The vertical erosion of the riverbeds observed in Plio-Pleistocene and alluvial 
formations of the Almyros basin enforce the arguement of an uplift occurring dur-
ing the Quaternary. As the basin was a result of normal faulting, this uplift could 
be a contradiction to the general morphotectonic evolution of the area. A mecha-
nism responsible for such an evolution could be relative to the causes: 

1. The sediment load of the drainage system is important during the wet and 
flooding periods so the accumulated sedimentary volume is dissected during 
the normal (low flow) periods. 

2. The ratio uplift/immersion due to the tectonic activity is >1. 

The first cause isn’t entirely convincing as the size of the rivers, their interrupted 
flow and their sediment load are not capable enough to produce serious transfor-
mation on the coastline. The anthropogenic impact during the ancient years and up 
to the recent times could not be also a significant reason for coastline progradation 
(Fig. 3), as it is shown on the land-use map.  
The most important human activities are restricted at the SE coastal part where 
mining processing plants were installed. 

The second point related to the tectonic activity seems more valid. Zovoili et al. 
(2004) refer that the offshore segment of the Nea Anchialos fault causes an uplift 

T2
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of the north part of Almyros basin. Our observations indicate that this uplift is ge-
neralized at the whole area of the Almyros basin. The main faults that contribute 
to these movements, according to our observations, should be dip-slip faults ori-
ented NW-SE to NNW-SSE. 

 
Fig. 3. Land use of Almyros basin 
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Abstract   The drainage basin of the Mediterranean Sea, accounting for some 
4,184 103 km2 (including the R. Nile), is larger than that of the Black Sea (2,320 
103 km2). Estimates of the annual water load for the Mediterranean and Black Sea 
rivers are 550 km3 and 395 km3, respectively. According to these figures, the cor-
responding values of annual water yield 130 m3/km2 (Med) and 170 m3/km2 
(Black) show that Black Sea Rivers have a larger water capacity. In the case of the 
Black Sea, the large river systems (>10,000 km2) drain 87% of its catchment sup-
plying the 60% of its freshwater load. In contrast, the medium and small (<10,000 
km2) Mediterranean Sea rivers, although they drain 16% of its watershed, supply 
almost 70% of its water load. The impact of river damming has already reduced 
the freshwater fluxes by 40% for the Mediterranean and <10% for the Black Sea. 

1 Introduction 

River systems play a major role in the formation and evolution of the coastal zone, 
as the effect of their freshwater and sediment fluxes could be extended many ki-
lometers from their mouth area influencing, therefore, a large part of the inner 
continental shelf and the associated coastal waters. Within this framework, the 30th 
CIESM Workshop had investigated the role of the rivers in the formation and evo-
lution of the coastal zone of the Mediterranean and Black Seas (CIESM 2006), in-
corporating also aspects of human interference. Furthermore, over the last century 
the human impact has played also an important role i.e. “greenhouse effect”, dam 
construction and other management schemes. Nowadays, the anticipated climatic 
change is expected inevitably to affect precipitation levels (Solomon et al. 2007) 
that consequently will change freshwater discharges.  

The Mediterranean and Black Seas are two basins interconnected by the Sea of 
Marmara, through which they exchange water masses. The drainage basin of the 
Mediterranean Sea accounts for some 4,135 103 km2, while along its coastline drain 
more than 200 rivers of various size. The Black Sea watershed is 2,350 103 km2, in-
cluding more than 130 rivers. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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The present contribution provides comparative information regarding the 
freshwater fluxes of the Mediterranean and Black Seas drainage basins, with re-
spect to their variable size of the incorporated river watersheds and the effect of 
river flow regulation (e.g. dam construction). 

2 Data collection – methodology  

For the calculation of the water load of the Mediterranean rivers, its catchments 
have been divided into 5 physiographic regions (Fig. 1), on the basis of their geo-
graphical locations and climatological conditions (mainly upon prevailing pre-
cipitation levels; Poulos and Collins 2002). Subsequently, the water yields 
(m3/km2) for each of the 5 regions was estimated. This estimation is based upon 
the calculation of the weighted-average of the corresponding water yields, from 
field-measurements of the water fluxes of more than 70 rivers discharging along 
the Mediterranean coastline (Poulos and Collins 2002; UNEP/MAP 2003; 
MEDHYCOS 2001; CIESM 2006). Subsequently, the mean (weighted) value for 
each Region was calculated, using the known water yields and the weighted area 
of the watersheds, corresponding to the measured water fluxes.  

 
Fig. 1. The watershed of the Mediterranean Sea, including its division into five physico-
geographical regions (I-V) (originally, from Poulos and Collins (2002). 

Similarly, the drainage basin of the Black Sea was divided into 3 physiographic 
regions (Fig. 2). The water discharge of this region was calculated on the basis of 
existing data (Jaoshvilli 2002; Dimitrov et al. 2003) that covers almost the total 
area of Black Sea drainage basin. For river flow regulation, data and information 
have been abstracted from ICOLD (1998), Vörösmarty et al. (1998), Jaoshvilli 
(2002), UNEP/MAP (2003) and Poulos and Collins (2002). 
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Fig. 2. Schematic presentation of the three regions of the watershed. The watershed of the Black 
Sea, including its division into three physicogeographical regions (I-III). 

3 Mediterranean and Black Sea freshwater inputs 

The total estimated volume of freshwater discharge for the total area of the Medi-
terranean Sea watershed (some 4,184,200 km2) reaches annually the 550 km3 (Ta-
ble 1); this value corresponds to a mean water yield of some 130 103m3/km2.  

Table 1. Hydrological characteristics of the five regions of Mediterranean’s watershed. 

Reg. 
CA 
(103 km2) 

CA/TA 
(%) 

WL 
(km3) 

WL/TWL 
(%) 

Y 
(103m3/km2) 

No. 
Rivers 

I 614.6 14.7 (46.8)2 256.8 46.7 (55.1) 417.9 >90 

II 107.0 2.6 (8.1) 90.1 16.4 (19.3) 842.2 >35 

III 337.3 8.1 (25.7) 98.6 17.9 (21.1) 292.2 >42 

IV 2,9284.0 70.0 (4.4) 86.7 15.8 (0.7) 29.6 >7 

V 196.9 4.7 (15.0) 17.8 3.2 (3.8) 90.3 >18 

Sum 4,184.2   550.0   131.4 >200 

S(-Ni)1 1,314.2   466.5   355.0   

Key. (1): Total area excluding that of R. Nile; (2): In parentheses the statistical values are given 
for the total area, excluding the catchment of R. Nile (for region locations see Fig. 1); CA: cat-
chment area; TA: total area; WL: water load; TWL: total water load; Y: water yield. 
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Higher freshwater discharges are associated with the European part (Regions I, 
II & III) of the Mediterranean watershed in comparison to its African part (regions 
IV & V), despite the presence of the extraordinary in size catchment of the R. 
Nile; this is related obviously the lower levels of precipitation in the region of the 
North Africa. Analogous is the number of the rivers draining the 5 regions, whilst 
the highest water yields belong to region III (some 840 103m3/km2), when the least 
productive is the Nile’ region (IV). It should be also pointed out the relatively 
small contribution of the R. Nile in terms of freshwater input (90 km3), as it pro-
vides approximately only the 16.4% of the total freshwater volume (~280 km3), al-
though its watershed (2,870,000 km2) represents almost 70% of the total area of 
the Mediterranean drainage basin (3,442,000 km2).  

The fluvial characteristics of the smaller in size Black Sea watershed 
(2,319,000 km2) are given in Table 2. Its total freshwater discharge capacity 
reaches annually the 395 km3. This means that the rivers out-flowing into the 
Black Sea have freshwater yields (on an average some 170 103 m3/km2) larger 
than those of the Mediterranean drainage basin (some 130 103 m3/km2). Such a 
difference is related to the fact that the Black Sea rivers drain a larger hinterland 
area with mean levels of precipitation >750 mm/yr, whilst the Mediterranean’s 
catchment is characterized by a mean precipitation of <350 mm/yr (Poulos and 
Collins 2002). The latter figure remains smaller (some 650 mm/yr) than that of the 
Black Sea, even when the R. Nile is excluded from the analysis.   

Table 2. Schematic presentation of the three regions (I, II & III) of the Black Sea watershed. 

Reg. CA (km2) CA/TA (%) WL (km3) WL/TWL (%) Y (103m3/km2) No. of Rivers 

I 1,545.8 66.7 265.1 67.2 171.5 18 

II 443.7 19.1 32.9 8.3 74.1 11 

III 329.5 14.2 96.6 24.5 293.2 >107 

Sum 2,319.0  394.6  170.1 >136 

Key: CA: catchment area; TA: total area; WL: water load; TWL: total water load; Y: water yield. 

4 Size-based analysis of the Mediterranean and Black rivers 

For the needs of the present investigation, river watersheds have categorized into 
six classes with respect to their size; these classes are presented in Table 3 to-
gether with the number of the Mediterranean and Black Seas rivers. Subsequently, 
on the basis of the above size classification, the fluvial characteristics of the rivers 
discharging along the coastlines of the Mediterranean and Black Seas are pre-
sented in Table 4. 
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Table 3. River classification, according to the size of their watersheds. 

 Size of catchment area (in km2) 
No. rivers Very small 

(<102) 
Small 
(102-103) 

Medium 
(103-104) 

Large 
(104-105) 

Very large 
(105-106) 

Mega 
(>106) 

Med/nean >62 33 76 28 0 1 
Black Sea >38 63 23 9 3 0 

Table 4. Hydrological characteristics of the Mediterranean and Black Seas rivers, according to 
their size classification (presented in Table 3). 

River Size CA 
(103 km2) 

CA/TA 
(%) 

WL 
(km3) 

WL/TW 
(%) 

Y  
(103m3/km2) 

Ra  
(10-6) 

 Mediterranean Sea Rivers 

Very small & Small 375.2 9.0 137.9 25.1 367.6 >22.7 
Medium 237.4 5.7 104.6 19.0 440.7 18.2 
Large  701.6 16.8 224.0 40.7 319.2 6.7 
Very large  0.0 0.0 0.0  0.0 0.0 0.0 
Mega  2,870.0 68.6 83.5 15.2 29.1 0.2 
Total (excl. Nile) 1,314.2 31.4 466.5 84.8 355.0 >47.6 
Total (T) 4,184.2 100.0 550.0 100.0 131.4 >47.8 
 Black Sea Rivers 

Very small & Small 69.1 3.9 34.0 12.5 492.3 >43.6 
Medium 61.1 2.6 26.6 6.7 435.0 9.9 
Large  419.1 18.1 75.9 19.2 181.1 3.9 
Very large  1,769.6 76.3 271.8 68.9 153.6 1.3 
Mega  0.0 0.0 0.0 0.0 0.0 0.0 
Total (T) 2,319.0 100.0  394.6 100.0  170.1 >58.6 
Key: CA: catchment area; TA: total area; WL: water load; TWL: total water load; Y: water yield; 
and Ra: river’s density ratio (number of rivers (see Table 3) normalized to the total catchment area. 

The Mediterranean watershed is characterized by the presence of the mega-
sized Nile River and the absence of very large (105-106 km2) rives (see also Table 
5). The reverse situation applies to the Black Sea, where the very large rivers rep-
resent the ¾ of its total watershed area, whilst a mega river does not exist. The 
large rivers is more important in the case of the Mediterranean, draining >50% of 
its catchment and providing the 40% of its freshwater flux, than those of the Black 
Sea; the latter accounts for only 18% of its catchment and 19% of its freshwater 
water volume. Another difference of the two watersheds is given by the role 
played by the small and medium sized rivers; the latter representing about the 47% 
of Mediterranean’s catchment provide almost the 50% of its freshwater volume, 
while for the Black Sea draining less than 7% of its watershed provide, approxi-
mately, the 19% of its freshwater. Another interesting observation is the substan-
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tially increased yields (>400 103m3/km2) of the medium and small rivers with re-
spect to either their corresponding average values and/or to the values of large riv-
ers (see Table 4). 

Table 5. The major river systems (>10.000 km2) of the Mediterranean and Black Seas. 

River (associated country) CA (103 km2) CA/TA (%) WL (km3) WL/TWL (%) 

 Mediterranean Sea 

Segura (Spain) 15.0 0.36 1.0 0.18 
Ebro (Spain) 85.8 2.05 17.0 3.09 
Rhone (France) 96.0 2.29 54.0 9.82 
Tevere (Italy) 17.0 0.41 7.4 1.35 
Po (Italy) 54.3 1.30 48.9 8.89 
Neretva (Croatia) 13.0 0.31 12.0 2.18 
Drin (Albania) 19.6 0.47 11.8 2.15 
Pinios (Greece) 10.8 0.26 3.8 0.69 
Axios (Greece) 23.7 0.57 5.3 0.96 
Strimonas(Greece) 16.6 0.40 5.2 0.95 
Evros (Greece-Turkey) 27.5 0.66 3.2 0.58 
Cediz-Nehri (Turkey) 18.0 0.43 2.3 0.42 
Büyükmenderes (Turkey) 25.0 0.60 3.1 0.56 
Seyhan (Turkey) 14.0 0.33 4.8 0.87 
Ceyhan (Turkey) 19.1 0.46 6.8 1.24 
Moulouya (Marocco) 51.0 1.22 1.6 0.29 
Chellif (Algeria) 44.0 1.05 1.3 0.24 
Mejerda (Tunisia) 22.0 0.53 0.9 0.16 
Nile (Egypt) 2.870 68.59 90.0 16.36 

Total: 3,442.3 82.27 280.4 50.98 

 Black Sea 

Danube (Rom-Ukr) 817.0 35.23 200.0 50.68 
Dnieper (Ukr) 503.0 21.69 53.0 13.43 
Dniester (Ukr) 72.1 3.11 10.2 2.58 
Don (Russia) 442.0 19.06 28.0 7.10 
Kuban (Russia) 63.5 2.74 12.8 3.24 
Rioni (Geo) 13.4 0.58 9.6 2.43 
Chorokhi(Geo) 22.1 0.95 8.7 2.20 
Kizil Irmak (Tur) 78.6 3.39 5.9 1.50 
Sakarya (Tur) 56.5 2.44 5.6 1.42 
Yesir Irmak (Tur) 36.1 1.56 5.3 1.34 

Total  2,104.3 90.74 339.1 85.94 
Key: CA: catchment area; TA: total area; WL: water load; TWL: total water load. 
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The major anthropogenic influence affecting the water and sediment fluxes, 
over the last century, is the construction of river dams for hydroelectric power 
generation, irrigation, public water supply and flood control. Obviously, this re-
taining of freshwater within the reservoirs leads not only to the strong smoothing 
of the river’s hydrograph seasonality, but also to the reduction of freshwater fluxes 
due to direct evaporation from the reservoir and/or the use of the river water fur-
ther downstream to dam position. Characteristic examples for freshwater reduction 
mainly after dam construction are provided in Table 6. UNEP/MAP (2003) report 
has estimated that at the end of the 20th century the freshwater capacity has been 
reduced to 333 km3; this figure corresponds to a reduction of approximately 40%. 
In contrast, in the case of the Black Sea, it has been estimated that after damming 
freshwater fluxes (data from Jaoshvilli 2002; Dimitrov et al. 2003) have been re-
duced by only 8% (CIESM 2006). The later is explained by the physiography of 
the catchment area, which incorporates very large rivers with very low relief ratio 
that does not favour the construction of dams.  

Table 6. Characteristic examples of reduced freshwater fluxes following river damming. 

River/Country Reduced water 
flow (%) 

River/Country Reduced water 
flow (%) 

Ebro (Spain) 1  -53.8 Nile (Egypt) 2 -93.0 
Tiber (Italy) 1 -31.2 Medjerdah (Tunisia) 3 -55.6 
Ofanto (Italy) 1 -42.8 Moulouya (Morocco) 4 -76.1 
Adige (Italy) 1 -35.8 Dniester (Ukrania) 5 -10.0 
Cetina (Croatia) 1 -88.5 Dnieper - (Ukrania) 5 -17.9 
Shkumbini (Albania)1 -33.6 Don (Russia) 5 -12.5 
Semani (Albania) 1  -29.4 Rioni (Georgia) 5 -74.4 
Axios (Greece) 1 -47.1 Inguri (Georgia) 5 -39.2 
Nestos (Greece) 1 -54.8 

 

Kamchea (Bulgaria) 5 -30.7 
Key. (1): UNEP/MAP (2003); (2): Abu el Ella (1993); (3): Zahar & Albergel (1999); (4): Snous-
si et al. (2002); (5): Jaoshvilli (2002).  

5 Conclusions 

The drainage basin of the Mediterranean Sea, accounting for some 4,135 103 km2 
(including the R. Nile), is larger than that of the Black Sea (2,350 103 km2). Esti-
mates of the potential (not regulated) annual water load for the Mediterranean riv-
ers are 550 km3 and, for the Black Sea, 395 km3. Black Sea rivers present, conclu-
sively, a larger freshwater capacity than those of the Mediterranean rivers as 
shown by their corresponding yields of ~170 103 m3/km2 and ~130 103 m3/km2 and 
the relatively higher density ratio (Ra) of Black Sea rivers. Another difference is 
the fact that the large Black Sea rivers (>10,000 km2) drain 87% of its catchment, 
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providing ~60% of its freshwater input, while the large Mediterranean Sea rivers 
(excluding the R. Nile) represent only the 18% of its catchment, supplying ~27% 
of its freshwater flux. This is also related to the low freshwater inputs by the Nile 
river (some 86.5 km3 before damming) despite its mega-size (2,870 103 km2). A 
reverse situation applies to medium and small rivers (<10,000 km2), whose contri-
bution is greater in the case of the Mediterranean than in the case of the Black Sea. 
The main human interference is related to the regulation of rivers’ flow through 
the construction of hundreds of dams. The impact of river flow regulation, mainly 
due to dam operation has already reduced Mediterranean freshwater flux by 40%, 
which is much greater than what applies to the Black Sea (<10%). 
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Abstract   Flooding is one of the most important types of disasters in southern 
Greece with many victims and extended damages over the last century. The in-
crease in population together with the augmented pressure for urban expansion has 
increased flood risk during the last decades considerably across southern Europe. 
Peloponnese is not an exception in this regime, recording a significant amount of 
flood events and casualties. In this work, a catalogue of flooding phenomena dur-
ing the period 1896-2010 in Peloponnese has been compiled based on numerous 
sources. Based on this record the temporal and spatial distribution of flood events 
and victims was examined. In total, 102 events were identified, causing 57 human 
casualties and inflicting extensive damage across the study area. Results showed 
seasonality patterns with more events clustering in November. They also showed 
that urban and coastal environments tend to present higher flood recurrence rates 
than mountainous and rural areas. An increasing trend in reported flood event 
numbers and casualties during the last decades was discovered. Moreover, spatial 
patterns were identified highlighting areas with higher flood recurrence rates 
across the region studied. 

1 Introduction 

Flooding problem becomes an increasingly significant issue in the Mediterranean 
region as population expands to river deltas and coastal areas that are subject to 
inundation mostly from small rivers and ephemeral mountain torrents. Greece is 
not an exception in this regime having a very rich flooding record since the his-
torical times.  

During the last decade efforts to mitigate flood risk have been enhanced with 
new practices in Greece and across Europe in scientific as well as in civil protec-
tion terms. Moreover, the legal framework has been enriched with new legal bind-
ing instruments (e.g. European Commission Directive 2007/60). In Greece, regu-
lar recording of flood events by civil protection agencies started relatively 
recently, limiting the systematic official records to the last two decades. On the 
other hand, regional authorities, damage compensation organizations and the press 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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documented disasters in official reports or in anecdotal form, maintaining archives 
with an extensive amount of data that were not systematically evaluated as a 
whole until now.  

Previous works suggested and demonstrated that examination of flood history 
is an important part in flood hazard assessment (Potter 1978, Bayliss and Reed, 
Benito, Salvatti 2009, Diakakis 2010). In this context and given the scarcity of in-
strumental and systematic hydrological data, flood history examination has been 
considered, a useful tool to assess preliminarily flood hazard spatial distribution in 
Peloponnese. 

Goal of this paper is to exploit the possible benefits of the examination of a his-
torical flood record in Peloponnese, in terms of civil protection, strategy and op-
erations. 

2 Hydrological setting 

Greece has evolved through a complicated geotectonic process during the alpine 
orogenic cycle, leading to the development of a variety of physiographic elements. 
Peloponnese is one of the characteristic examples of this process (Fig. 1).  

 
Fig. 1. Main physiographic elements of Peloponnese. 

A large part of Peloponnese is mountainous, so most urban development takes 
place in the lowlands. Most of the population is clustering in the coastal regions 
(ex. the 3rd largest city of Greece, Patras), while during the summer there is a 
noteworthy population increase in smaller towns or villages along the coastline, 
contributing to augmented flood vulnerability. 
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A large part of the drainage network of Peloponnese consists of ephemeral 
mountain torrents and small to medium size drainage basins with limited amount 
of discharge for most of the year. However, there is a number of larger river ba-
sins situated mostly in the southern (Evrotas basin) and western (Alfeios and Pin-
ios basins) parts of Peloponnese. Hydrological data are generally scarce as most of 
the basins are ungauged, making historical records valuable in flood studies.  

3 Data and methods 

A large number of reports and documents were collected from several sources, 
such as: 

 Official flood damage delineation declarations from government organizations 
related to disaster recording, such as regional authorities, the Earthquake Reha-
bilitation Center (2010) and the General Secretariat of Civil Protection (GSCP 
2007). 

 The press, with the following databases: 
– the Digital Newspapers Collection of the Greek National Library (Digital 

Newspapers Collection 2010) 
– the Greek National Newspapers Archive (2010) of the Library of the Hel-

lenic Parliament (microfilm database) 

A systematic record of the above data was essential, so a database was devel-
oped with detailed data on each flood event. Information was standardized to 
match the database’s requirements. Then data were stored with information on lo-
cation, flooded river, flooded villages, towns or settlements, and casualties for 
each event. Finally, 102 entries in total were stored in this database. Simple checks 
such as cross-referencing between different sources of information were carried 
out to assure quality control of the record and standardization of information. 

The development of a database improved our capabilities for data analysis and 
made them easier to retrieve and process. It also highlighted possible lack of in-
formation and presented the record in a more systematic form in a way that it 
could be evaluated for Peloponnese as a whole and for specific prefectures at the 
same time.  

Temporal and spatial distribution of events and casualties were derived by us-
ing simple statistical methods for quantitative analysis of the data. Interesting con-
clusions were also drawn by plotting flood locations on a map in GIS environ-
ment, after connecting the developed catalogue with GIS databases. This process 
was essential in order to extract the spatial density of events across Peloponnese. 
Further analysis was performed in Peloponnese as a whole, in order to examine 
possible differences per month (Table 1).  
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4 Results 

Statistical processing of the data showed 57 casualties resulting from 102 flood 
events in total during the period 1896-2010. The most important events in terms of 
casualties are shown in Table 1. 

As far as monthly distribution is concerned the analysis showed that November 
is the month with the richest flood record (50% of total events) followed by Janu-
ary (12%), October and December (10% each) with flood casualties following ap-
proximately the same distribution monthly distribution (Fig. 2). 

 
Fig. 2. Distribution of flood events and casualties in months expressed as percentage of total 102 
events. November and January present the highest proportion with 50% and 12% of the total 
events. October and December follow with 10% each. In terms of casualties, November and Jan-
uary record the most victims with 54.4% and 19.3% respectively. 

 
Fig. 3. Temporal distribution of flood events and casualties in 5-year segments between 1896 
and 2010. 

As far as the temporal distribution of flooding is concerned, events and casual-
ties were grouped in five-year periods between 1896 and 2010, in order to exam-
ine their 5-year occurrence variations (Fig. 3). The analysis shows an increase in 
reported flood events and deaths since 1960 and especially in the last 25 years. 
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This increasing trend can be attributed mainly to improvements of means of re-
porting and increase in population density since the first decades of the century in 
the area. Natural trends cannot be established based on these data due to possible 
lack of information in the early century especially during wartime.  

 
Fig. 4. Number of flood events (left) and flood victims (right) per administrational unit in Pelo-
ponnese during the period 1896-2010.  

The spatial distribution of flood events was examined primarily on the basis of 
second level administrational entities (“Prefectures”) and expressed as the number 
of events per unit (Fig. 4). Laconia and Ileia presented the highest concentration of 
events while Arkadia the lowest. In terms of flood casualties Messinia, followed 
by Korinthia and Laconia recorded the most victims (Fig. 4). Finally, flood events 
were plotted on the map to illustrate spatial patterns within the administrational 
units and the study area as a whole. Based on this projection spatial density was 
calculated across Peloponnese (Fig. 5). 

 
Fig. 5. Locations of 102 flood events and spatial density of in events per square kilometer across 
Peloponnese between 1896 and 2010.  
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5 Conclusions 

The analysis showed that Peloponnese has suffered numerous floods during the 
last century that induced significant damages to properties and infrastructure and 
took 57 lives. In terms of seasonality the month with the richest record is Novem-
ber (50%) followed by January (12%). It is important to note that there is an in-
creasing number of floods and victims reported during the last two decades that 
can be attributed mainly to population increase and improvement of reporting 
means and not in a existence of natural trend. In terms of spatial distribution Spar-
ti, Patra, Corinth, Argos, Kalamata and Pyrgos are the locations with the richest 
flood record as shown by spatial density analysis. Floods appear to occur mostly 
in coastal and low altitude areas. In terms of administrational entities, the prefec-
ture of Laconia presents the most flood events. 

Analysis of the historical record can be used to preliminarily identify higher 
risk areas and can be useful for operational decision-making and civil protection. 
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Estimation of sedimentation to the torrential 
sedimentation fan of the Dadia stream with 
the use of the TopRunDF and the GIS models 

A. Vasiliou, F. Maris, G. Varsami 

Lab of Mountainous Watersheds and Risk Management, Department of Forestry and Man-
agement of the Environment and Natural Resources, Democritus University of Thrace, mail 
to: fmaris@fmenr.duth.gr 

Abstract  The present paper examines the maximum flow rate and soil erosion of 
the watershed of the Dadia stream. The use of empiric forms took place, in order 
to calculate the maximum flow rate, while the volume of soil erosion was esti-
mated by the Universal Soil Loss Equation (USLE) and the modified Gavrilovič 
method. The methods above classified the sub-basins and the TopRunDF Model 
was applied to the most important watershed of all. The TopRunDF is a simulation 
model based on GIS, developed by Scheild and Rickenmann (2009) and predicts 
the repository and the amount of sediment deposition on the torrential fan. An ex-
tensive use of GIS took also place, for the simulation parameters to be defined and 
for the model to be wholly depicted. 

1 Introduction 

The stream of Dadia (local name Diavolorema) flows across the National Park of 
Dadia - Lefkimi - Soufli, and is part of the forest complex Dadia - Lefkimi - Sou-
fli. The area under study is on the east part of Thrace, in the prefecture of Evros, 
southeast of the town of Soufli, near the village of Dadia and can be found at lati-
tude 40 59' - 41 15' and longitude 2 19' - 2 36' east of Athens. The area possesses a 
high ecological value, due to the presence of a variety of raptorial birds, many of 
which are rare in Europe. As a result of its position, the area is an important habi-
tat for many reptiles and birds. It is also a crossroads for migrating birds and hosts 
ideal avian nesting habitats. This complex is a separate area of the network "Natu-
ra 2000" named "Evros Mountains". In 2006 under a joint ministry decision the 
area was characterized as National Park with the name "National Park of Dadia - 
Lefkimi - Soufli". The area under study appears to have a highly multifarious ter-
rain and a dense hydrographic network. The stream of Dadia ends up in Evros 
River along with all its debris. The area of the basin is 163.92 km2 (Maris and Va-
sileiou 2010). The purpose of this study is to examine, quantify and determine the 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 



208 A. Vasiliou et al. 

spatial soil erosion of the study area. In order to have a better and closer investiga-
tion of the drainage network, the basin was divided into 29 sub-basins and follow-
ing that, all those which were less than 1 km2 were removed, having the total 
number reduced to 20 sub-basins (Fig. 1). 

 
Fig. 1. a, b: Study area and sub-basins of the stream of Dadia. 

2 Research Method  

The TopRunDF model is a two dimensional runout simulation tool for debris 
flows to predict the amount of sediment deposition on the torrential sedimentation 
cone. It was created in 2009 by Scheild Rickenmann at the Institute of Mountain 
Risk Engineering, University of Natural Resources and Applied Life Sciences in 
Vienna (Scheidl and Rickenmann 2010). The TopRunDF is written in Visual Ba-
sic 6.0 and operates as a single executable program using ARC-Objects. Based on 
the topography of the torrential fan the model combines the simple flow routing 
algorithm described in Hürlimann et al. (2008) with the area-volume relation. The 
input parameters of TopRunDF are the debris-flow volume V, the mobility coeffi-
cient is a dimensionless parameter which contains some information on the flow 
properties during the depositional phase, the starting point of the deposition (fan 
apex) and the digital terrain model of the area. The output results predict the depo-
sition areas as well as deposition height of a debris-flow event on the fan. The 
main advantage of this model is that it doesn’t use very demanding and time-
consuming data, while the accuracy of the results is remarkable.  

2.1 Volume of the debris-flow event 

The estimation of soil erosion was conducted with empirical models and in par-
ticular according to the Universal Soil Loss Equation (Universal Soil Loss Equa-
tion, U.S.L.E.) and the Gavrilovič method (Gavrilovič 2006). 
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2.1.1 Universal Soil Loss Equation 

The general equation of soil degradation is based on multi-annual measurements 
of the intensity of erosion of standard surfaces, conducted by Wischmeier and 
Smith in various areas of the U.S. during the period 1930-1952 (Wischmeier and 
Smith 1965). In the present study in order to apply the method in areas with dif-
ferent land use and with a larger inclination, we modified the parameters we used. 
The USLE is expressed with the following equation: A = R · K · LS · P · C, where 
A represents the potential long term average annual soil loss, R is the rainfall and 
runoff factor, K is the soil erodibility factor, LS is the slope length-gradient factor, 
C is the crop/vegetation and management factor, P is the support practice factor. 
The torrential streams bank erosion, which is empirically estimated at 20% of the 
surface erosion, is also added to the total basin erosion (Maris et al 2006).  

R Factor 

In order to calculate the R factor, in this study, we used the following formula, 
which was developed in Germany and has been applied to Greek conditions 
(Chrysanthou and Pyliotis 1995): 

 R = 0.83 · N-17.7,  

where R mean annual amount of precipitation is the rainfall and runoff factor and 
N (in mm) (mm/year) For the calculation of the N factor, we used the average an-
nual rainfall, calculated by the Soufli Meteorological Station. For the conversion 
of the point rainfall to areal rainfall we used the Kriging method (Matzarakis 
2006). 

Κ Factor 

To calculate the K-factor we used the WRBFU.kml file from the European Soil 
Data Center.  

Table 1. K factor according to soil classification (Da Silva 2005). 
 
Soil Type Κ Factor Soil Type Κ Factor 

Dystric leptosols 0.0254 Eutric Cambisol 0.0508 
Chromic luvisols 0.041 Chromic Vertisol 0.0367 

The format of the file is compatible with the program Google Earth, where the 
satellite image of the basin we study, was taken from. The file had been georefer-
enced with the Arcmap program, with which we digitized the soil.  
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LS Factor 

To calculate the LS factor we used the Arcmap 9.3 program and the following 
formula (Ma Jianguo 2001)  

 LS = (Flow Accumulation Cell Size / 22.13)0.4 (Sin Slope / 0.0896)1.3 

P Factor 

The P factor was given a value of 1 for all the sub-basins, as there was no adjust-
ment work found in any of them. 

C Factor 

To calculate the C factor, we used the land use database of the European Envi-
ronmental Agency Corine 2000, from the Arcmap program, and the land uses with 
their codes as they are presented in Table 3. 

Table 2. Land use factor (Zarris et al. 2002). 

Land use C Fact. Land use C Fact. Land use C Fact. C Fact. C Fact. 

112 0.001 312 0.001 241 0.18 324 0.02 
211 0.3 313 0.001 242 0.18 331 0.6 
213 0.15 321 0.3 243 0.1 332 0.45 
221 0.2 322 0.45 244 0.05 333 0.45 
222 0.2 323 0.03 311 0.001 512 0.000 

2.1.2 The Gavrilovič method 

The Gavrilović Method is a parametric distributed model for qualifying the ero-
sion severity and estimating the total annual sediment yield of a catchment. The 
equation has the following format: W = T·h·π·(√Ζ3)·F (m3/year) W is the average 
annual production of sediments (m3/year), π is the mathematical constant 3.14159, 
F is the area of the catchment, h Mean annual amount of precipitation (mm/year), 
Z: Coefficient of erosion, T : Temperature coefficient. 

The T factor is calculated using the following formula: 

 T=(to/10+0.1)1/2 

Where to is the mean annual temperature for the average altitude of the mountain 
basin. In order to calculate the h factor, we used the same methodology we used 
for calculating the N factor, the USLE method. The Z is the coefficient of erosion 
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calculated as: Ζ = x·y·(φ + √J), where J is the average slope of the surface of the 
basin as a tangent angle, x the factor expressing the geological medium resistance 
reduction during erosion, depending on the status, the cultivation area and the 
presence of vegetation, Table 3 (Globevnik et al. 2003). 

Table 3. Values of x for different land uses according to the Corine 2000. 

Use Price x Use Price x Use Price x Use Price x 

311 0.05 313 0.05 313 0.05 323 0.05 
324 0.5 243 0.4 243 0.4   

The erosion coefficient of rock and soil resistance y, which is depended on the 
petrological and edafological composition of the basins, has its values according 
to the corresponding bibliographical tables (Kotoulas 2001). In the study area, the 
values used for the y factor is 0.3 for the Crystalline igneous, 0.9 for the schist and 
1.2 for Neogene deposit. The f coefficient is the value for the observed erosion 
processes. The general table where all the values were taken from is found in the 
literature (Kotoulas 2001). For each basin there was a different value after consid-
ering all these factors.  

2.2 Mobility coefficient 

The mobility coefficient Kb, is a dimensionless parameter defined by the user. For 
back calculation, it is recommended to estimate ΚBobs using the empirical relation: 
ΚBobs= Bobs·Vobs

-2/3, with Bobs representing the observed planimetric deposition area 
[m2], and Vobs the observed volume [m3] of the debris-flow event to be simulated. 
Due to the fact that TopRunDF, in this case, was used to predict potential deposition 
areas, kBpred, the mobility coefficient was calculated based on the average slope of 
the channel Sc as well as on the average slope of the fan Sf, as show below:  

 KBred=5.075Sf-0.1·Sc-1.68.  

In the cases where the model is used for prediction, it is necessary to take into 
account the factor of uncertainty. In this case, this factor is equal to 2. Using the 
extension 3D analyst of ArcGis 9.3 we calculated the average slope of the streams 
of that area and the slope of the cone sedimentation. 

2.3 Start point of the simulation 

The model is given the simulation starting point, with coordinates X (east) and Y 
(north). Those coordinates must lay within the applied digital terrain model and 
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have to be defined in the same projection. Starting point can be a distinct change 
within the longitudinal flow-profile or obstacles forcing the debris flow to deposit. 
The user is asked to complete a lot of simulations in order to be able to achieve 
reasonable results. Therefore, we conducted several tests for determining the co-
ordinates that lead to more plausible results. 

2.4 Digital elevation model-DEM 

The TopRunDF model was created to perform high-resolution digital elevation 
models derived from LIDAR on a grid with size 2.5 m x 2.5 m. The digital eleva-
tion model must be provided in an ascII form to ensure its independence from any 
GIS commercial program, (Scheild et al. 2008). In the present paper, due to the 
lack of measurement instruments, we used the classical digitalization of contour 
lines of 4 meters, which originate from georeferenced maps of the Hellenic Mili-
tary Geographical Service. Following that, they were condensed by 1 meter, they 
were transformed to a cloud of points and finally we created a digital terrain mod-
el in ascII grid 2.5m x 2.5m, so as to be compatible with the requirements of the 
TopRunDF model. 

2.5 Monte Carlo Recurrence Factor (MCI number) 

The model uses the Monte Carlo iteration number to simulate lateral spreading of 
the flow area. The MCI number indicates the recurrences in the estimation of the 
deposit areas. It was experimentally estimated that the model behaves better when 
the repetition rate equals to 50. 

2.6 Water Discharge 

To calculate the water discharge, due to lack of data, we resulted in using empiri-
cal models. The most important are those of Friedrich Qmax=24.12·F0.516, of Valen-
tini Qmax=(30/F1/2)·F, of Wundt Qmax=13.8·F0.6 and finally those of Klement-
Wunderlich Qmax=5.5·F5/6, where F is the area of basin. 

3 Results 

According to the USLE method the highest values of the sediments come to 
37722.95 m3/yr (basin 14), 31737.7 m3/yr (basin 7), 29208.23 m3/yr (basin 15), 
22515.4 m3/yr (basin 2), 17720.45 m3/yr (basin 1). The corresponding results 
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of the modified method Gavrilovič represent 31467.37 m3/yr (basin 14), 28503.85 
m3/yr (basin 7), 25874.25 m3/yr (basin 15), 22364. m3/yr (basin 2), 19621.42 
m3/yr (basin 1). Therefore both methods are identical both quantitatively and in 
terms of classification. The most significant referring to debris flow is basin 14 
while at the same time appears notable discharge which the mean value is 
8.24 m3/sec. 

   

Fig. 2. a. maximum possible overflow of the sub-basin 14, b. amount of sediment deposi-
tion of the 14 sub-basin of the stream of Dadia. 

Because of its importance, therefore, chosen be applied to the TopRunDF. Us-
ing GIS the Mobility coefficient is calculated to 64. The repetition number of 
Monte Carlo simulation is defined to 50. The total volume traded through the 
streams is about 40.000 m3. The TopRunDF estimated 58.487 possible deposition 
areas from which 15600 it simulated. The maximum deposition height is 0.64 cm. 
The spatial representation of the results obtained in 2 separate files. The msc file 
shows the inundated simulation area combined with the overflow possibility of 
each related cell. The depo.asc file shows the deposition area and the deposition 
height of each cell (Fig. 2). 

4 Conclusions 

The stream is characterized by an important amount of Dadia torrential phenom-
ena and its morphological evolution affects drastically the protected area. The up-
land watersheds of the area are characterized by the domination of crystalline-
igneous formations, their large forest cover and the intense action of the climatic 
factors upon them. Specifically, the important precipitation and the intensive tem-
perature fluctuations, especially in the areas upstream, are the factors which crys-
tallize the influence of the torrential phenomena. Thus, the fragmentation and the 
foliation of the material is favored. The whole procedure results in the production 
of sediments. It is therefore necessary to apply the new model TopRunDF in order 
to be able to determine precisely the deposition areas of the debris-flow and their 
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sedimentation, as well as the latters' implementation rhythm. In conclusion, To-
pRunDF enables early planning and exact location of the technical and agriculture 
projects that are required for the area's protection. 
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Abstract   The interaction of surface water and groundwater was studied using 
modeling with regard to climate change. Groundwater level was simulated for 
reference climate period (1961–1990) and future climate period (2071–2100). 
Groundwater level difference between minimal and maximal values in both pe-
riods as well as seasonal tendencies of water level fluctuations in two monitor-
ing sites Bērze and Mellupīte and impact on drainage runoff was determined. 
The objective of presented study is to investigate the overall status of fluctua-
tions of groundwater level and to evaluate the possibility to use improved 
METUL model for the groundwater level modeling. However, it is important to 
consider that climate change could have a significant impact on many aspects 
of the hydrological processes, especially on groundwater level fluctuations. Re-
lationship between meteorological conditions and groundwater are determined 
as seasonal variations of water level. Climate change directly influenced water 
cycle elements especially shallow groundwater as a significant part of water re-
sources. The results show that groundwater level variations might be higher in 
the future than currently expected. 

1 Introduction 

Both groundwater regime and balance has a significant role in the agricultural land 
as an integral part of water cycle - surface and subsurface water interaction. Most 
of the groundwater resources, especially shallow aquifers below soil surface are 
sensitive to the contamination and other anthropogenic factors (Okkonen et al. 
2009).  

Numerous studies on groundwater level and flow modeling have been carried 
out elsewhere using the model HBV by Bergström (1992) and the model 
MODFLOW by McDonald and Harbaugh (1988). Recent studies on the ground-
water level modeling show observed calculated and forecasted changes as men-
tioned by Almedeij and Al-Ruwaih (2006). Impacts of the future climate on hy-
drological cycle, especially on water level fluctuations are discussed by Dragoni 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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(1998) and Dragoni and Sukhija (2008). Moreover, in order to simulate impact of 
the future climate on water level, 11 regional climate model (RCM) data (Sennik-
ovs and Bethers 2009) in this study were used.  

The 11 future models were selected from different RCM models, which cov-
ered and provided climate data for modeling period (2071–2100). Climate change 
impact, especially on groundwater level in agricultural areas has not been studied 
in Latvia. In agricultural areas where intensive farming activity take place, high 
groundwater level is typical that makes groundwater sensitive and increases the 
risk to be highly influenced by climate change. The Latvia University of Agricul-
ture (LUA) started groundwater monitoring in 7 observation wells in two agricul-
tural run-off monitoring sites Bērze and Mellupīte in 2005. In Latvia, the amount 
of precipitation is higher than evaporation and surface runoff. Therefore, in the 
most of the agricultural lands in Latvia subsurface drainage systems for water lev-
el control have been constructed. The conceptual groundwater model METUL for 
Latvia was prepared by Krams and Ziverts (1993). This model is site oriented two 
dimensional mathematical model based on daily meteorological data. Previous 
studies of water level modeling in Latvia were used for design purposes of agri-
cultural land drainage.  

The main goal was to determine water regime and to control water level in ag-
ricultural areas for better farming conditions in spring and autumn seasons. In this 
study METUL model was calibrated using measurements of the daily water level 
data for the period (2006–2009). Groundwater level modeling in future climate 
conditions with METUL model RCM meteorological data (Goderniaux et al., 
2009) was modified by Sennikovs and Bethers (2009). Reference climate period 
(1961–1991) was compared with future climate period (2071–2100) with regard of 
impact on groundwater level changes. The aim of the present study is to calibrate 
and adapt parameters of the METUL conceptual mathematical model using differ-
ent regional climate model data and to verify the modeled groundwater level fluc-
tuations at two agricultural monitoring sites during period 2006–2009.  

2 Materials and methods 

Description of the agricultural run-off monitoring sites 

Agricultural run-off monitoring sites Bērze and Mellupīte are located in different 
parts of Latvia and represent regions with different climate, soil, slopes, crops and 
farming intensity (Fig. 1). The Bērze agricultural monitoring site is located in the 
central part of Latvia in Zemgale plain lowlands. The thickness of quaternary de-
posits is 10 – 20 m. Calcic Cambisol according to FAO classification (2006) is the 
dominating soil type in Bērze monitoring site. The composition of the top soil is 
the following: 10.5% clay, 54.96% silt and 34.54% sand. In monitoring site four 
wells (BG-1, BG-2, BG-3 and BG-4) have been constructed. BG-1 is 23.0 m deep 
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and location of screen within the profile is 13.0 – 17.0 m., BG-2 and BG-4 is 
5.70 m deep and location of screen is 2.0 – 6.0 m. BG-3 is 8.0 m deep and location 
of screen is 4.0 m - 7.70 m. 

 
Fig. 1. The LUA groundwater monitoring sites in Latvia. 

The Mellupīte agricultural monitoring site is situated in the western part of 
Latvia. The thickness of quaternary deposits is 10 – 20 m. According to the granu-
lometric composition dominated soil is clayey loam. Most of the agricultural land 
is drained with tile drains (depth 1.1 – 1.3 m, spacing between drains 10 – 32 m) 
Vagstad et al. (2001). The composition of the top soil is 11.9% clay, 40.95% silt 
and 47.15% sand. In monitoring site three wells (MG-1, MG-2, and MG-3) have 
been constructed. MG-1 is 7.0 m deep and location of screen within the profile is 
2.0 - 6.70 m. MG-2 is 4.5 m deep and location of screen is 2.0 m - 4.20 m. MG-3 
is 11.0 m deep and location of screen is 6.0 m - 10.70 m. 

Description of METUL model 

The METUL model is a two dimensional conceptual mathematical groundwater 
level model based on the observed daily meteorological data. The data for the 
groundwater level modeling has two main data sets: meteorological data (precipi-
tation, air temperature, relative humidity) for model input and groundwater level 
observation data (borehole data) for the model calibration (Fig. 2).  

Calculation of water balance consists of three parts: the estimation of snow 
cover, estimation of the water balance of the vadose zone and estimation of 
groundwater levels (Krams and Ziverts 1993).  
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Fig. 2. Scheme of data necessary for groundwater level modeling with METUL model. 

Data sets for modeling 

Meteorological data were measured in the nearest meteorological stations of 
Latvian Environment, Geology and Meteorology Centre (LEGMC) in Saldus 
and Dobele. In the mentioned agricultural monitoring sites Bērze and Mellupīte 
groundwater level and temperature data of groundwater wells were measured 
using data logger “Geolog micro” with accuracy of 1 mm and frequency of 
measurements 1 h. In the Ensembles project (Hewitt and Griggs 2004) 11 RCM 
were developed for future climate prediction. For calculation of mean meteoro-
logical parameters RCM data sets modified by Sennikovs and Bethers (2009) 
were used. 

Statistical methods 

Coefficient of determination (R2) was used to compare the observed and modeled 
data for the METUL model calibration. Characteristics of groundwater regime in-
volve the arithmetical mean, minimal and maximal values of parameters. Estima-
tion of the differences between water levels in reference with the climate period 
and the future climate period was carried out using the t-test and F-test.  

3 Results and Discussion 

The meteorological factors, such as, precipitation, air temperature and relative 
humidity, has impact to both daily water level fluctuations and seasonal changes. 
Water balance components are closely related to each other (Jan et al. 2007). The 
impact of one component on another during different seasons and intensity was 
discovered. The observed and modeled water level fluctuations in calibration pe-
riod (2006–2009) of the Bērze and Mellupīte agricultural monitoring sites are ana-
lyzed and shown in Figure 3.  
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Groundwater recharge mainly depends on percolation from the vadose zone to 
groundwater as mentioned by Goderniaux et al. (2009). The observed data show 
that water table depth varies from 0.90 m to 0.70 m below soil surface in October, 
November and December in Bērze and Mellupīte monitoring sites. In January and 
February, sometimes in March, water level decreases approximately by 0.5 m, but 
in spring period (April, May) - increases again up to the 0.70 m below soil surface. 
The precipitation increases, while the relative humidity decrease and that relation 
of the increasing air temperature and relative humidity was observed in summer. 
In the studied monitoring sites Bērze and Mellupīte water level fluctuates insig-
nificantly approximately 1.90 m below soil surface during summer months (June, 
July, August, and September) as shown in Figure 3. 

 
Fig. 3. Observed and modeled groundwater level in Bērze and Mellupīte monitoring sites. 

The coefficient of determination (R2) gives the proportion of the fluctuation 
of the predicted one variable in comparison with other variable set (Steel and 
Torrie, 1960). The calculated determination coefficient testifies the following 
values: R2=0.88 in Bērze, R2=0.63 in Mellupīte monitoring site (Fig. 3). The 11 
RCM were used for predictions of future groundwater level. The obtained data 
show the increase of annual precipitation rates from 1.7 mm to 2.1 mm per day 
and mean temperatures from 6.2°C to 9.7°C. In the future climate period mini-
mal water level depth will be increased in Bērze and Mellupīte monitoring 
sites, while the maximum groundwater level depth will decrease at the same 
time. The obtained and modeled data of minimum and maximum water levels 
are shown in Table 1. 

Comparisons of seasonal changes of groundwater level fluctuations for both 
modeling periods are shown in Figure 4b. The pattern of water table fluctuations is 
similar in Bērze and Mellupīte monitoring sites within winter and summer sea-
sons. However the most significant changes could be expected in winter season. 
Over 30 year period trends of water level fluctuations for reference and future pe-
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riod show the similar trends for Bērze monitoring site. In the future groundwater 
level could increase in winter and spring seasons but could decrease in autumn 
seasons (Fig. 4b). 

 
Fig. 4. a. Seasonal water level fluctuations in Bērze monitoring site. b. Modeled groundwater 
level fluctuations in Bērze site. 

The modeled data show that due to climate changes water levels reach the lev-
els closest to soil surface (minimum depth) with a positive trend and the deepest 
water levels with expressed negative trend (maximum depth). However, the main 
changes could be forecasted for minimum water levels (Fig. 4b, Table 1). 

Table 1. Trend changes of water levels in LUA groundwater monitoring sites.  

Bērze Mellupīte 
Period 

Min Max Min Max 

1961-1990 0% -7.5 % -4.1 % -5.9 % 
2071-2100 -5.5 % +10.1% -7.4 % +1.8% 

Between water level and subsurface drainage runoff in Bērze monitoring site 
correlation coefficient is (R2=0.75) (Fig. 5a). Runoff of subsurface drainage was 
observed if water level reached 2.0 m below soil surface.  

According to climate changes the calculated probability shows that ground-
water depth above 1.0 m and the intensive drainage runoff could be increased 
from 16% (58 days/year) in reference period to 28% (102 days/year) in the future 
climate period in Bērze monitoring site (Fig. 5b). Drainage runoff starts in water 
level ~ 2.0 m below soil surface (Fig. 5b). 

Between water level and subsurface drainage runoff in Mellupīte monitoring 
site correlation is (R2=0.67). If water level is ~ 2.20 m below soil surface in 
drainage area, runoff of subsurface drainage is starting. The similar calculations 
set increase of groundwater level that could prolong drainage runoff by 9% 
(33 days/year) and intensive runoff by 14% (51 days/year). The possible 
changes of water level fluctuations are considered in conditions of climate 
change. Results show that despite of the increase of annual precipitation rates 
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in modeled future climate period (2071-2100) compared to reference climate 
period (1961-1990) water levels could be decreased. During summer and au-
tumn seasons water level fluctuation amplitudes may increase in future period, 
but the average groundwater level could decrease. On the other hand expected 
higher water level in winter and spring seasons could prolong subsurface drain-
age runoff in the future climate period. 

 
Fig. 5. a. Impact of water level on drainage runoff in Bērze site, b. Probability curves of ground-
water level in Bērze site. 

4 Conclusions 

This study recommended that application of METUL model for prediction of wa-
ter level could be used for reference period and future climate period. After cali-
bration and verification process METUL model for groundwater level modeling 
could be used for water table simulation in agricultural run-off monitoring sites 
Bērze and Mellupīte. Climate change impact on groundwater regime fluctuations 
in agricultural areas of Latvia firstly has been occurred. Significant groundwater 
level changes in future (2071–2100) in winter and spring seasons are expected. It 
suggests that water level could increase in these seasons, while in summer and au-
tumn seasons water level could decrease in comparison with the referred climate 
period (1961–1990). Groundwater aquifer shows its vulnerability to seasonal vari-
ations of water level fluctuations and can be attributed to climate impact in time 
period 2071–2100. It must be taken into consideration that the rise of groundwater 
regime amplitudes within seasons might influence water resource availability in 
the future. It is concluded that climate change impact with regard to agricultural 
activities should be restricted. Further research could be based on upscaling me-
thod of another territory with different soil type, infiltration conditions and other 
hydrophysical circumstances. Moreover the autocalibration will be implemented 
on METUL. The algorithm of autocalibration Nelder-Mead optimization method 
allows finding parameters which give the best correlation between modeled and 
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observed groundwater levels. This work has supported by the ESF project “Estab-
lishment of interdisciplinary scientists group and modeling system for groundwa-
ter research”.  
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Abstract   Glafkos coastal aquifer is located at north Peloponnesus (Greece), 
south of the city of Patras. It is the most important source of fresh water for irriga-
tion, industrial use and water supply of the city of Patras. However, a competent 
groundwater management policy for the protection of groundwater resources 
against pollution due to human activities and the impacts of a possible change in 
climate has not been established. A calibrated groundwater model is the basis for 
the implementation of such a management plan. Despite the fact that significant 
information about the geology and the hydrogeology of the aquifer has been pre-
sented in previous studies there exist considerable uncertainties concerning the re-
charge mechanisms of the aquifer. In order to get insight into the dynamic behav-
iour of the aquifer a groundwater level monitoring network consisting of seven 
boreholes has been constructed during the years 2007-2008 in cooperation with 
the Municipal Enterprise of Water Supply and Sewage of Patras (DEYAP). From 
the electrical resistivity profiles registered in the seven boreholes, hydraulic con-
ductivity profiles have been derived. From the analysis of the time series of the 
groundwater level, differences in the behaviour of the seven observation wells 
have been identified, which are important for understanding and modeling the dy-
namics of the aquifer and for the delineation of the capture zone of the water sup-
ply wells. 

1 Introduction 

The plain basin of Glafkos River is located at north Peloponnesus (Greece), 
south of the city of Patras (Fig. 1). It is formed mainly by Quaternary deposits 
which host the Glafkos coastal aquifer (Lambrakis et al. 1997). The eastern, 
landwards part of the aquifer consists of coarse-grained sands and pebbles and 
is characterized as an unconfined aquifer while the coastal part consists of fine-
grained sediments where the succession of multiple low permeability layers of 
clays and high permeability layers form the confined coastal part of the aquifer 
(Mandilaras et al. 2008). 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Fig. 1. Glafkos coastal aquifer. 

A large number of pumping wells (Fig. 1) has been constructed in the coastal 
plain of Glafkos River during the past four decades, to account for water demand 
for irrigation, industrial use and water supply of the city of Patras. Due to saltwa-
ter intrusion problems which arose in the early 90’s, wells located in the coastal 
zone at a distance less than 1 km were set inactive and the Municipal Enterprise of 
Water Supply and Sewage of Patras (DEYAP) rearranged the pumping schedule 
of municipal wells by operating them only during the dry period of the year, i.e. 
approximately from May to October. For the remaining period of the year surface 
water from Glafkos River has been used. The majority of the industrial wells are 
inactive since the mid of 90’s, following the reallocation of local industries, which 
occurred at that time. The use of the groundwater of Glafkos aquifer has been re-
duced but the groundwater resources are still of significant importance both for the 
water supply during the dry period of the year as well as for the irrigation. There-
fore, for the development of a groundwater management policy for the protection 
and sustainable use of the groundwater, a calibrated groundwater model is re-
quired. Although information on the geology and hydrogeology of Glafkos aquifer 
has been presented in detail in previous studies (Voudouris 1995, Mandilaras 
2005), the recharge mechanisms still remain unclear and the available data are not 
sufficient for the calibration of a groundwater model (Ziogas 2006). For this pur-
pose, a groundwater level monitoring network was designed and constructed in 
cooperation with DEYAP during 2007-2008 (Fig. 1). This work presents informa-
tion obtained from the construction and operation of this network and the use of 
this information in order to appropriately simulate the recharge of the aquifer. 

2 Groundwater level monitoring network – 
hydrogeological parameters 

The network of the seven monitoring wells (Fig. 1) was constructed in cooperation 
with DEYAP in the frame of an INTERREG project. The depth of the wells 
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ranges from 90 to 120m. The diameter of the boreholes is 117/8in and the diameter 
of the screens is 6in. The space between the borehole wall and the screens is filled 
with gravel. Before the installation of the screens electrical resistivity logs were 
recorded. 

Investigations concerning the hydraulic conductivity and the porosity of the 
aquifer have been presented by Lambrakis et al. (1997), Voudouris (1995) and 
Mandilaras (2005). The presented values were estimated by means of pumping 
tests and therefore they are depth integrated. The analysis of the electrical resistiv-
ity profiles recorded in the seven monitoring wells during their construction led to 
the estimation of the depth distribution of the hydraulic conductivity (Fig. 2a) as-
suming isotropic conditions. The analysis is based on the formation factor F, 
which is defined as the ratio of the resistivity Ro of the porous material saturated 
with an electrolyte, to the bulk resistivity Rw of the same electrolyte (Archie 
1942, cited in Bear 1972). Ro can be measured in the field using a two electrode 
arrangement, called the normal log (Driscoll 1986). In fresh water aquifers, the 
electrolyte is the aquifer water. Thus, Rw results from measurements of the water 
electrical conductivity. From the known values of Ro and Rw the porosity profile 
of the formation is estimated using an appropriate relationship between F and the 
porosity. Then, from the porosity profile, the hydraulic conductivity profile is es-
timated using an appropriate hydraulic conductivity-porosity relationship. The 
analysis of the resistivity profiles of the seven observation wells as well as the 
evaluation of the assumptions, on which the method is based, is presented in 
Kaleris and Ziogas (2011). 

 
Fig. 2 a. Hydraulic conductivity profiles for two monitoring wells obtained from the analysis of 
electrical resistivity profiles, b. Locations, at which investigations to hydraulic conductivity have 
been performed - Depth integrated values. 

The estimated hydraulic conductivity values from previous studies and the 
depth integrated values from the hydraulic conductivity profiles resulted from the 
discussed previously analysis are generally in good agreement (Fig. 2b). Although 
the above estimates cover spatially a significant part of Glafkos aquifer, the spatial 
distribution of the observation points in the aquifer does not allow the estimation 
of a reliable variogram for a kriging interpolation. Therefore, a regionalization of 
the hydraulic conductivity values has been performed empirically. 
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3 Groundwater level data 

Before the installation of the groundwater level monitoring network mentioned 
above, groundwater level measurements were conducted by DEYAP at 17 mu-
nicipal pumping wells. Such measurements are available for the period 1982-2009 
and have been performed on a monthly basis. The time series of some of the wells 
exhibit large data gaps. However, the most significant problem with these data is 
that many of the measurements were conducted when the pumping wells were in 
operation. These values are strongly influenced by pumping and are not appropri-
ate for the investigation of the recharge mechanisms of the aquifer. The monitor-
ing network of the seven observation wells is operating since July 2008. In the pe-
riod July 2008 to March 2009 groundwater levels were registered manually in 
monthly intervals. Since April 2009 groundwater levels are automatically regis-
tered on a daily basis. As shown in Fig. 3 and as it is expected, the behaviour of 
the groundwater level observed in the monitoring wells is totally different from 
the behaviour observed in the pumping wells. 

 
Fig. 3. Comparison between groundwater level data from the observation wells and the munici-
pal pumping wells (see Fig. 1) operated by DEYAP. 

The lowest recorded value of water level is 0.1m and the largest one is 17.0m. 
The pattern of the groundwater level variation in time is similar in all of the ob-
servation wells, as it is shown in Fig. 4a. Further, groundwater levels are very well 
correlated to each other with correlation coefficients between 0.93 and 1.00. 

For the investigation of the recharge mechanisms a harmonic analysis of the 
groundwater level time series of all the wells has been performed for the two 
complete hydrological years contained in the time series, i.e. from 01/10/2008 to 
30/09/2010. The time series of the daily values of each well contains two signifi-
cant harmonics, one with a period of two years and one with a period of one year 
(annual cycle). The first one corresponds to an intermediate term variation of the 
groundwater level due to the corresponding variation of the hydrological regime 
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and should be considered as a non-linear trend. The 2-year and the 1-year har-
monic explain together more than 95% of the variance of the time series of each 
observation well. This implies that the time series of the groundwater level do not 
contain any significant high frequency harmonics (short term fluctuations). 

 
Fig. 4. a. Groundwater level time series obtained from the seven observation wells, b. Compari-
son of the time lag of the water level in each well for its 2-year and 1-year harmonic in refer to 
the corresponding harmonics of the river discharge. 

Groundwater dynamics in the Glafkos aquifer seems to be strongly influenced 
by the river (see also Lambrakis et al. 1997; Voudouris 1995; Mandilaras 2005). 
In order to investigate the effect of the river on the groundwater level we esti-
mated the harmonics of the time series of river discharge and compared them with 
the harmonics of the groundwater level measured in the observation wells. River 
discharge measurements are conducted on a daily basis at the hydroelectric dam of 
Glafkos River (Fig. 1) and have been available by the Public Power Corporation 
(DEH). The river discharge contains two significant harmonics with similar peri-
ods as these of the groundwater level, i.e. with a period of one and two years. 
However, these harmonics explain only 50% of the variance of the time series. 
This means that the discharge time series contain a large number of high fre-
quency components (short term fluctuations) each of which explains a small por-
tion of the variance. These short term fluctuations do not influence the groundwa-
ter level. Between the corresponding harmonics of the river discharge and the 
groundwater level there is a time lag which is shown in Fig. 4b as a function of the 
distance of the observation wells from the riverbank. According to these results 
the response time of the observation well G4 to the time variation of the river dis-
charge is the smallest one, despite the fact that its distance from the river is larger 
than that of the observation wells G8 and G10. The largest response time has the 
observation well G1. This response time is significantly larger than that of the well 
G6, which is located approximately at the same distance from the riverbank as the 
well G1. As it is shown in Fig. 4b, the dependence of the lag time of the wells G6 
and G4 strongly deviates from the trend outlined by the observation wells G1, G2, 
G5, G8 and G10. The importance of the temporal characteristics of the groundwa-
ter level for the model calibration is shown in the following section. 
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4 Preliminary results of simulations 

A measure of the deviations between measured and predicted time series of 
groundwater levels used in groundwater simulations is: 

    22
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i i

Crh h h h h       (1) 

where hobs,j,i and hsim,j,i are the observed and simulated, respectively, groundwater 
level on day i at observation well j and ,obs jh  is the mean groundwater level at ob-
servation well j for the simulated period. Crhj expresses the relationship between 
the variance of the difference between measured and simulated groundwater levels 
and the variance of the observed groundwater levels. 

However, an aspect which is not sufficiently evaluated by the criterion in 
Eq.(1) is the timing error or phase shift error between observed and predicted time 
series of groundwater level. The timing error CrΔtj,k can be defined as the time lag 
(phase shift) between the k-th significant harmonic of the predicted time series of 
the groundwater level in well j and the corresponding harmonic of the observed 
groundwater level. The existence, in the predicted time series, of similar harmon-
ics as in the observed time series is a basic condition for the reliability of a tran-
sient groundwater model. 

For the calibration of the groundwater model of Glafkos aquifer both measures, 
Crhj and CrΔtj,k, have been used. The model of Glafkos aquifer is based on the 
code SEAWAT (Langevin et al. 2003), which takes into consideration the density 
differences between the seawater and the fresh groundwater. The boundary of the 
modeled area is shown in Fig. 1 and 2. Details about the geometrical, geological 
and hydraulic parameters of the aquifer used in the model as well as about the 
boundary conditions, the time dependent hydrologic input variables and the model 
discretization are given in Ziogas (2011). 

 
Fig. 5. a. Crhj values of simulation results and b. CrΔtj,k values of simulation results as a function 
of the distance of the observation wells from the riverbank for simulations performed with dif-
ferent combinations of the model parameters. 
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Figure 5 shows the values of Crhj and CrΔtj,k for two models of the Glafkos aq-
uifer, whose main differences are summarised in Table 1. Groundwater recharge 
in the two models differs considerably concerning both its annual volume as well 
as its time variation. 

As shown in Fig. 5a, the difference between the Crhj values resulting for the 
two models is for the most observation wells less than 25%. Increased differences 
of about 30% and 45% result for the observation wells G6 and G1 respectively. 
However, as is shown in Fig. 5b the reduction of phase shift for the 2-year har-
monic in case of model 2 compared to the phase shift of model 1 is for all the ob-
servation wells larger than 45%. This implies that CrΔtj,k is more sensitive against 
the groundwater recharge mechanisms of the aquifer, i.e. against the volume and 
the distribution of the groundwater recharge, compared to Crhj. Consequently, the 
phase shift between measured and predicted time series represents, in combina-
tion with Crhj, a valuable measure for the evaluation of the groundwater recharge 
mechanisms. 

Table 1. Values of the main hydrologic input variables in models 1 and 2. 

Hydrologic year Groundwater recharge from: 
Pumping 
(x 106 m3/year) 

 
river infiltration  
(x 106 m3/year) 

boundary fluxes  
(x 106 m3/year) 

 

  Model 1*  

2008 – 2009 10.8 8.1 9.3 
2009 – 2010 11.9 7.8 9.3 

  Model 2**  

2008 – 2009 11.7 8.1 6.8 
2009 – 2010 10.9 7.0 9.3 
* 45% and 30.5% of the annual infiltration volume is concentrated at the beginning of the hydr. 
years 2008-2009 and 2009-2010 respectively. 
** 49% and 28% of the annual infiltration volume is concentrated at the beginning of the hydr. 
years 2008-2009 and 2009-2010 respectively. 

5 Conclusions 

The construction of a network of seven observation wells in Glafkos aquifer pro-
vided valuable information about the geological structure of the aquifer. The elec-
trical resistivity logs recorded during the construction of the wells allow the in-
sight into the vertical hydraulic conductivity distribution of the aquifer and the 
appropriate representation of the geology in the developed groundwater model. 

The groundwater level time series obtained from the operation of the monitor-
ing network since July 2008, allow a better understanding of the groundwater dy-
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namics. The harmonic analysis of the time series of the groundwater level and its 
correlation with the harmonic analysis of the time series of the river discharge 
shows the importance of the river infiltration for the groundwater recharge. 

The phase shift of the predicted time series of the groundwater level compared 
to the observed time series seems to be an interesting measure for the model cali-
bration in the strongly dynamic Glafkos aquifer. Preliminary results obtained from 
a SEAWAT groundwater model for the aquifer show that phase shift is more sen-
sitive to the groundwater recharge mechanisms than criteria based on the ground-
water level. 
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Abstract   The analysis of the dynamic response of a shallow aquifer to rainfall is 
a hot topic for groundwater resources management. A data-driven methodology 
namely Evolutionary Polynomial Regression is here undertaken to perform this 
kind of analysis. The introduced methodology is an evolutionary modeling ap-
proach, based on the multiobjective evolution of a population of explicit models. 
The methodology is here applied to a particular case study involving a shallow po-
rous aquifer located in south Italy, showing some peculiar characters. The out-
come of this approach is here discussed focusing on the hydrogeology of the aqui-
fer. Then some hydrological considerations on the results are presented. Finally, 
the obtained model is consistent with past studies on the same aquifer by other au-
thors and based on different methodologies.  

1 Introduction 

Water resources management is a paramount problem for dry and semi-arid re-
gions, notoriously affected by periodic dry periods (Siegfried and Kinzelbach 
2006). In fact, a precarious balance between rainfall and water resources charac-
terizes these. Custodio (2002) emphasizes that groundwater resources manage-
ment, depends on the detailed and updated characterization of the aquifer dynamic 
analysis. Such management should be based on a combination of rainfall analysis 
and monitoring, aquifer characterization and, in general, system modeling. Evolu-
tionary Polynomial Regression (EPR) is an evolutionary modeling technique 
(Giustolisi and Savic 2009) successfully applied to multiple problems related to 
natural systems (Doglioni et al. 2010; Giustolisi et al. 2008). It proved quite effec-
tive at modeling the dynamic relationship between groundwater levels and rainfall 
heights for specific cases, related both to porous and karst aquifers (Doglioni et al. 
2011; Giustolisi et al. 2008, Mancarella and Simeone 2008). Although, EPR is a 
data driven model based on a regressive approach, the returned models are explicit 
polynomial equations, and this allows for conjecturing on the relationship between 
the main variables of the investigated phenomena. This allows for highlighting 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 



234 A. Doglioni et al. 

some unclear or unknown relations and to indirectly get information about the 
physics of the phenomenon at stake. This paper introduces an application of EPR 
to a very shallow porous aquifer, whereas the dynamic relationship between rain-
fall and groundwater table is pursued. The aquifer flow across sand strata, while at 
the topsoil there is a silt layer. Therefore differently from the aforementioned 
works, in this aquifer groundwater occasionally flows confined under pressure 
(Polemio et al. 2003), when the piezometric level is higher than the bound be-
tween sand and silt layers. Due to the alternate groundwater flow both as a free 
and sometimes as a confined aquifer, model identification can be challenging. The 
modeled case-study consists in 25 years data, concerning total monthly rainfall 
and average monthly groundwater levels measured in a sampling well. EPR-
MOGA results are compared with the outcome from a similar investigation at-
tempted on the same aquifer according to a statistical approach (Polemio 1994). 
Presented results are pursuant with those obtained by past studies. Finally, EPR-
MOGA already proved to be particularly fit to those cases where the input to the 
process and the boundary conditions are not easily accessible, as for the case-
study. 

2 The Evolutionary Polynomial Regression - EPR 

EPR-MOGA is a multiobjective evolutionary modeling technique by Giustolisi 
and Savic (2009), which allows for the identification of a set of explicit equations 
starting from a measured dataset. These models show variable performance both 
in terms of fitness to data and structural complexity of the equations. Therefore, 
their cross comparison can help the choice of the model which better represent the 
trade-off between structure of the equation and fitness to data. EPR-MOGA is a 
two-stage methodology: firstly a structural model identification based on a Ge-
netic Algorithm is made; afterwards, an estimation of the constant values is made, 
based on the Least Square technique. To this aim, the contribution of the user is 
particularly valuable, since she/he can assume the main structure of the model. In 
particular, EPR-MOGA can simultaneously optimize at most three objective func-
tions: minimization of the Sum of Squared Errors, number of monomial terms and 
of percentage of input, selected among the candidates given by the user. The gen-
eral expression of the pursued models is: 

        m
,1 ,k

0 1 k
1

...j j
j

j
a a



     ES ES
H X X  (1) 

where H is the forecasted value of the water table level, Xk are the attributes of the 
model (the past rainfalls and groundwater levels), aj represents the model parame-
ters, a0 is an offset or bias value, m is the number of monomial values involved 
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into the equation, k represent the general column selected by the matrix of the in-
puts, and ES(j,k) represents the selected exponent.  

3 The case study 

EPR-MOGA is here applied to a porous aquifer located in south Italy, along the 
south coast of Basilicata. In particular, the test well is located (Fig. 1) close to an 
abandoned check-point on the railway, named “Casello 49”, which is on the rail-
way between Taranto and Reggio Calabria. The available timeseries cover 25 
years, from January 1951 to December 1975; they are part of the collection of the 
former National Hydrographic Bureau. The rainfall timeseries consists of daily 
measures, while the piezometric head (m AMSL) timeseries, referred to the test 
well, comprise measures made every three days. The annual average rainfall dur-
ing the investigated time interval is 570.2 mm.  

 
Fig. 1. Location of the investigated site. 

The investigated aquifer is located in the flat area between the mouths of the 
Basento and Cavone Rivers that is part of the large coastal plain of Metaponto 
(Cilumbriello et al. 2010; Fidelibus et al. 2004; Polemio et al. 2003; Polemio 
1994). The aquifer is formed by the Holocenic alluvial sediments, made up by fine 
grey sands and silts in strata of small thickness (level C) with overlying 
ochraceous and grey sands and coarse sands (level B), and a final ochraceous silty 
clay stratum at the topsoil (level A) (Fig. 2). These deposits show in general a me-
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dium permeability; locally they may be really slightly permeable. This is due to 
the irregularly distribution of silty clayey strata (Polemio et al. 2003), which host 
the aquifer. The presence of clayey levels forces the groundwater to flow at differ-
ent levels: however, these levels are interconnected. The depth to water table is of 
about 2 meters. Rainfall directly recharges the backward heteropic terraced sand 
gravel aquifer, which is highly permeable and supplies the aquifer of the plain. So 
rainfall indirectly recharges the aquifer through quite quick flow paths. 

 
Fig. 2. Strata sequence and grain size distribution of levels A and B. 

For the aims of modeling, the total monthly rainfall heights and the monthly 
average hydraulic heads were computed starting from the available timeseries. 
This led to a dataset of 300 observations, both for rainfall and hydraulic heads. 
The use of monthly average values of water table heights was preferred in order to 
smooth the timeseries, avoiding a potential presence of noise and/or errors not per-
taining to the physics of the phenomenon but to unknown extra input. Table 1 
provides some details and statistics about raingauge station and sampling well. 

Table 1. Data details and main statistics. 

 Pluviometric data [mm] Phreatimetric data [m AMSL] 

Station  San Basilio Casello 49 

Gauge height 67 m AMSL 6.80 AMSL 

Max 350.8 5.60 

Min 0 3.80 

Mean 47.5 4.48 

Standard deviation 49.5 0.36 

Figure 3 represents a time plot of the rainfall and water level timeseries. In or-
der to model the phenomenon, both timeseries were split into two datasets: the 
training set, about 2/3 of all the data (Ljung 1987), and the test set, the remaining 
1/3 of data (Fig. 3). This subdivision is necessary in order to test the generalization 
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capabilities of the returned models. In fact, while EPR-MOGA identifies the mod-
els exclusively on the training set, the test set is used after the model identification 
stage, in order to test models on a “new” set of data. In particular data, from Janu-
ary 1951 to August 1967, are used as training set, while data ranging between Sep-
tember 1967 and December 1975 are used as test set.  

 
Fig. 3. Modeled data sets and their subdivision. 

Looking at groundwater data, it is interesting to observe that water level oscil-
lations are larger when rainfall peaks are registered; however, a lag of about 1-2 
months subsists between rainfall and water levels peaks. The oscillations are 
noteworthy since the water table is quite shallow, being depth to water averagely 
2.3 m. The geological nature of the top-soil, mainly constituted by silty-clay de-
posits, can imply occasional pressurized flow through the aquifer, at high ground-
water levels, which can changes the dynamic behavior of the groundwater levels. 
In fact, when groundwater flows under pressure, it can originate quick increase of 
piezometric level without a real severe increase of the amount of water in the aqui-
fer. Starting since 1967, groundwater levels show a moderate increasing trend up 
to the end of the observed data, likely related to the presence of an unknown extra-
input, which are currently investigated by ongoing works. 

4 Results and discussion 

In order to model the aquifer a potential set of candidate input is assumed, as well 
as the general structure of the models. The candidate input set is constituted by the 
total monthly rainfall heights up to 8 months before the groundwater level to be 
predicted and the two measured water levels before the level to predict. The struc-
ture of the models is generally assumed as polynomial (equation (1)), where up to 



238 A. Doglioni et al. 

4 monomial terms are allowed, while the set of potential exponents is {0; 0.5; 
1; 2}. The result of the modeling search is a Pareto set of 17 models, which corre-
spond to different levels of model complexity and fitness to data. Among these 
models one was chosen, since it represents a good trade-off between model com-
plexity, a-priori physical knowledge of the investigated aquifer and fitness of 
model-returned water levels to data both for short-period predictions and for me-
dium-long-period predictions. Moreover, fitness performance was evaluated par-
ticularly looking at the results on the test set of data. Here the fitness was ac-
counted using as key indicator the Coefficient of Determination, which is 
representative of the ratio between the sum of squares errors between the predicted 
and the measured values and the unbiased estimate of the variance of groundwater 
levers. CoD is evaluated as: 
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where N is the number of samples, Ĥ and Hexp are the EPR returned values and 
measured, respectively, and avg(Hexp) represents the average value of measured 
groundwater levels evaluated for the N samples. On this premise, the chosen 
model among the 17 constituting the Pareto set follows: 

 2
1 1 0.0021289 0.096254 2.4205t t tH P H       (2) 

Figure 4 shows the model-predicted water levels for short-time periods, 1 and 2 
months and medium-long periods, 6 and 12 months. Equation (3) provides some 
information on the behavior of the system, and on the interpretation of its dynam-
ics. Looking at equation (2) it is possible to observe that the structure of the equa-
tion is quite simple; whereas the only significant selected input are the total 
monthly rainfall of the month before the predicted water level and the water level 
preceding the forecasted one. This imply that the aquifer is responsive to precipi-
tations with one-month lag, while an important role is also related to the persis-
tence of the phenomenon, related to the variable Ht-1. However, this variable is 
raised to power 2, implying that the effect of the persistence is somehow ampli-
fied. This particular behavior was partly unexpected, since past experience on an-
other porous aquifer of south Italy (Giustolisi et al. 2008; Mancarella and Simeone 
2008), returned a more complex model, whereas the persistence term was raised to 
power 1. Here, the power 2 of the persistence term is related to the high memory 
effect already emphasized by Polemio (1994) for the same aquifer. This pertains 
to occurrence of high piezometric levels, which force groundwater to flow in a 
confined condition. In this condition, piezometric levels become sensitive to aqui-
fer recharge. For this reason, the performance of the selected model tends to decay 
when the time horizon of predictions increases, as shown by the values of the 
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CoD, which are reported in the following Table 2. Note that CoD shows negative 
values for 12-month ahead prediction, which means that the variance of residual 
exceeds the variance of water levels, thus implying a high error. For long-term 
prediction horizons, it is necessary to model at the same time free and confined 
flow behavior, then the model can deteriorate its effectiveness. 

 
Fig. 4. Model-predicted water levels. 

Finally, it is noteworthy that equation (3) involves those variables, Pt-1 and Ht-1, 
which are consistent with the main variables identified by Polemio (1994) for the 
dynamics of the same aquifer. Indeed, the outcome of this study, based on a re-
gressive technique, agrees with the results from a statistical approach, and from 
spectral analysis.  

Table 2. CoD values for the accounted predictions.  

 1 month 2 months 6 months 12 months 

CoD training 0.87 0.60 0.20 -0.60 

CoD test 0.82 0.41 0.21 -0.27 

5 Conclusions 

This paper presents an application of EPR-MOGA technique for modeling the dy-
namic response of a shallow porous aquifer to precipitations. The result shows a 
good agreement of the model with the expected behavior of the aquifer in short-
term prediction. However, for long-term prediction the chosen model did not 
prove effective. The decay of the performance can be due to the fact that some-
times groundwater flow under pressure and occasionally overlying ground is 
flooded. These events occur randomly besides being time-confined, i.e. the flow 
under pressure is relative brief, as well as there is a change in the dynamics of the 
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system. Therefore, the presence of extra phenomena like these biases the proce-
dure, since it is based on the identification of a model from measured data, 
whereas extra input constitutes marginal information contained in data. On the 
other hand, EPR-MOGA identified a simple and significant model, which pro-
vides some knowledge on the aquifer behavior on the base of the simple variables 
used to study the dynamic response of the aquifer. This model is consistent with 
the outcome of past studies made on the same aquifer and based on different ap-
proaches (Polemio 1994). It shows that EPR-MOGA can be a really powerful and 
reliable for the study of the dynamics of aquifers, also in complex scenarios. Fi-
nally, it is noteworthy that the identified model can support the management of the 
aquifer, in particular for the implementation of short-medium term management 
policies, due to the reasonable good predictions of the water levels returned up to 
6-months ahead. 
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Abstract In this paper, the NAM model was applied in the Strymonas River 
catchment to simulate the daily discharge that ends up into the Lake Kerkini. In 
the NAM model, the catchment is represented by four reservoirs, each one repre-
senting different physical elements of the catchment. The model uses precipita-
tion, potential evapotranspiration and temperature as driving forces in the simula-
tion of snow accumulation and melting, interception, actual evapotranspiration, 
overland flow, interflow, groundwater recharge and baseflow. Optimal calibration 
of the model parameters was obtained for three different model setups by using 
meteorological and discharge data. The model was also validated against dis-
charge data. The NAM model was used to estimate the continuous Strymonas 
River mean daily discharge and the results show that the estimation accuracy is 
depended by the model setup. 

1 Introduction 

The use of simulation models should be considered as an important tool in water 
resources management and related decision-making. Hydrological models are 
well-developed and a long tradition of application exists. Rainfall – Runoff model-
ing is the process of transforming rainfall into catchment runoff. Almost all rain-
fall - runoff models take as input data, at least, precipitation and potential 
evapotranspiration and calculate as result catchment runoff. 

The MIKE 11 is a powerful hydrological modeling system which can be used 
in water resources management. The system, developed by DHI, was designed to 
simulate water flow in rivers and open channels. It is composed by several mod-
ules namely rainfall-runoff (RR), hydrodynamic (HD), advection-dispersion (AD) 
etc., which in some cases can be used in combination and in others cases as stand-
alone simulators (DHI 2009). MIKE 11-NAM is a rainfall-runoff model which is 
part of the MIKE 11 RR module. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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MIKE 11-NAM model has been used by many researchers. Refsgaard and 
Knudsen (1996) validated three different models (MIKE 11-NAM, MIKE SHE 
and WATBAL) on three catchments in Zimbabwe for decision making on water 
resources management, and when at least one year’s data were available for cali-
bration, all three models performed equally well. Madsen (2000) formulated an 
automatic calibration strategy for the MIKE 11-NAM model that included the op-
timization of multiple objectives, measuring different aspects of the hydrograph, 
and was based on the shuffled complex evolution algorithm. Keskin et al. (2007) 
applied the MIKE 11-NAM to simulate (in a semi-distributed manner) the runoff 
from snowmelt to the Yuvacik Basin in Turkey. Hatzispiroglou et al. (2009) simu-
lated single rainfall-runoff events in four catchments of Samos Island using MIKE 
11-NAM and model results were in good agreement with the observed data. Re-
cently, Makungo et al. (2010) used the MIKE 11-NAM model and Australian Wa-
ter Balance Model (AWBM) to simulate runoff hydrographs for the ungauged 
Nzhelele River. 

The objective of this paper is to present an application of a rainfall-runoff 
model, MIKE 11-NAM, in the Strymonas River catchment to simulate the inflow 
discharge into the Lake Kerkini, at a daily time step. The model was tested using 
three different model setups; a) the initial setup using the default model parame-
ters, b) the second setup using the extended groundwater parameters and c) the fi-
nal model setup using the snowmelt component parameters. For each setup the 
model was calibrated and validated against discharge observations alongside the 
Strymonas River. The simulated hydrographs can be used in water resources plan-
ning and management of Lake Kerkini, which involves the achievement of multi-
ple and conflicting goals or objectives, such as to meet the water requirements of 
agriculture and ecosystems of Lake Kerkini and Strymonas River estuary.  

2 Study area and data sets 

The Strymonas River catchment is located on the Balkan Peninsula and occupies a 
total area of 16,747 km2 (Fig. 1). It is a transboundary catchment shared by Bul-
garia (50.6%, 8,473 km2), Greece (35.8%, 5,990 km2), FYROM (9.8%, 1,641 
km2) and Serbia (3.8%, 643 km2). The total length of the river is about 390 km 
and originates from the Southern slopes of the Vitosha Mountain in Bulgaria 
(2180 m a.m.s.l.). At approximately 290 km, it collects the discharge from several 
tributaries, the Dragovishtitsa, the Dzerman, the Strumeshnitsa, etc. and leaves 
Bulgarian territory near Kulata village (85 m a.m.s.l.). After a course of approxi-
mately 25 km in Greek territory, it flows into the north-eastern part of Lake Kerk-
ini. It continues downstream from Kerkini, draining the plain of Serres before it 
discharges into the Strymonikos Gulf. Lake Kerkini is a manmade lake con-
structed between the period 1933-36 mainly for the protection of Serres plain 
against floods, caused by the Strymonas River. Soon after, it was used as a reser-
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voir for irrigation water, playing an important role in the welfare of the Serres 
plain, where irrigated agriculture is probably the most important issue from an 
economical and social point of view (Gerakis et al. 2007; Halkidis and Papadimos 
2007; Doulgeris et al. 2008). 

 
Fig. 1. The transboundary Strymonas River catchment 

Precipitation data were acquired from 19 stations: eight in Bulgaria and 11 in 
Greece. In addition, temperature data were gathered from four stations: three in 
Bulgaria and one in Greece. The average annual precipitation in the catchment is 
686 mm and the mean temperature is 12 oC. Observed discharge measurements 
were obtained from four monitoring stations (51700, 51750, 51800 and 51880) at 
a daily time step for the period 2003-2006 along the Strymonas River. The mean 
annual discharge at the above stations is 8.4, 21.8, 43.5 and 67.4 m3/s, respec-
tively. The location of the meteorological and hydrological stations as well as the 
delineation of the sub-catchments are shown in Figure 1 (Doulgeris et al. 2008). 



244 Ch. Doulgeris et al. 

3 The MIKE 11-NAM model 

MIKE 11-NAM model represents various components of the rainfall-runoff proc-
ess by continuously accounting for the water content in four different and mutu-
ally interrelated reservoirs. Each reservoir represents different physical elements 
of the catchment and, depending on the requirements and the data available, the 
NAM can be prepared in a number of different modes. 

The NAM model can be characterized as a deterministic, lumped, conceptual 
model with moderate input data requirements. By default, it can be prepared with 
nine parameters representing surface-root zone storage as well as groundwater 
storage. For a better description of the baseflow, additional (lower) groundwater 
storage can be defined. In this case, the upper groundwater storage provides the 
fast responding component of the baseflow, whereas the lower storage usually has 
a slower response. When using a snow melt component, precipitation is driven to 
snow storage if the temperature is below the defined base temperature and if the 
accumulated snow melts at a constant rate defined by a degree-day coefficient 
(DHI 2009). 

Model parameters must be calibrated against a time series of hydrological ob-
servations, usually discharge observations versus model results. Model calibration 
can be done either manually or by using computer-based automatic procedures. In 
automatic calibration, the calibration objectives are formulated as numerical 
goodness-of-fit measures that are optimized automatically. In this paper, the cali-
bration scheme includes the overall volume error and the overall root mean square 
error (Madsen 2000; DHI 2009). These performance statistics are included in a 
multi-objective optimization problem which is solved by the shuffled complex 
evolution algorithm (Madsen 2000, Madsen et al. 2002). 

A model’s performance was evaluated using a variety of standard statistical cri-
teria including the overall water balance error (WBer), the correlation coefficient 
(R), the Nash-Sutcliffe efficiency (RNS), the index of agreement (d), the modified 
index of agreement (dmod) and the relative index of agreement (drel). The above sta-
tistical criteria are given by the formulas (Martinec and Rango 1989; Papamichail 
and Papazafiriou 1992; Krause et al. 2005): 
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where Qo,i is the observed discharge at time i, Qs,i is the simulated discharge at 
time i, oQ  is the mean observed discharge, sQ  is the mean simulated discharge 
and N is the total number of time steps. 

If the model performs well, WBer values should be close to zero and the values 
of R, RNS, d, dmod and drel should be close to unity. The performance of the model 
is usually checked for the calibration and for the validation periods, separately, 
and using the calibrated parameters the model can be applied to predict the catch-
ment’s runoff at other time periods. 

4 Results and discussion 

The NAM model was used to estimate the discharge at a daily time step in the 
Strymonas River. The simulation period was from 1/1/2003 until 31/12/2006, in 
line with the availability of discharge data. The calibration period was from 
1/1/2003 until 31/12/2004 and the validation period from 1/1/2005 until 
31/12/2006. The hydrological regime of the simulation period is characterized as 
normal or wet, including also extreme events of discharge. 

Meteorological data (i.e., precipitation, temperature and potential evapotranspi-
ration) and hydrological data (i.e., discharge) were input into the NAM model. 
Mean areal precipitation in the sub-catchments was computed using the common 
Thiessen polygon method (Shaw 1988) and daily rainfall data. Mean temperature 
was computed by the lapse rate approach (Mutreja 1986). In the NAM model, the 
actual evapotranspiration is calculated from the model and based on potential 
evapotranspiration and on the model’s parameters. Potential evapotranspiration 
was estimated using the Thornthwaite method (Shaw 1988), since temperature 
was the only available meteorological data. 

Initially, the NAM model was set up using a minimum set of nine parameters 
(SimS1-default setup) whose values were estimated with an auto-calibration pro-
cedure based on available discharge data of the four monitoring stations (51700, 
51750, 51800 and 51880). Afterwards, two new parameters were included into the 
previous setup in order a slower baseflow to be simulated for the catchment 
(SimS2-extended groundwater setup). The values of the 11 model parameters 
were estimated using the auto-calibration procedure. Finally, the snow melt com-
ponent was included in the model (SimS3-final setup) and the calibration of the 
two new parameters was done manually. For a sound evaluation of the model’s re-
sults, both graphical and numerical evaluation criteria have been applied. In Fig-
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ure 2 is shown for station 51700 the observed and the simulated hydrograph ac-
cording to the three different model setups for the calibration period. 

According to Figure 2, there are more or less systematic deviations of the simu-
lated discharge with the SimS1 setup. Model results improved significantly when 
the extended groundwater parameters were included in the model (SimS2), com-
pared to the initial model setup (SimS1). More specifically, the baseflow, the run-
off peaks and the dates at which they appear are simulated better when SimS2 was 
used. The improved simulation of baseflow is due to the more detailed description 
of the groundwater zone. The statistical evaluation criteria are given in Table 1. 
The WBer was decreased from 12.4% (SimS1) to 1.6% (SimS2) and the other sta-
tistical criteria R, RNS, d, dmod and drel were improved significantly. The final 
model setup (SimS3) gives almost identical results to SimS2 and the small differ-
ences are due to the snow effects in discharge. The comparison of model results 
for SimS1, SimS2 and SimS3 gives similar to the above conclusions for the sta-
tions 51750, 51800 and 51880. 

Table 1. Evaluation of NAM model results at station 51700 of Strymonas River. 

Statistical criteria Calibration period Validation period 
 SimS1 SimS2 SimS3 SimS1 SimS2 SimS3 

WBer (%) 12.4 1.6 3.9 11.0 3.1 1.0 
R 0.66 0.78 0.78 0.68 0.80 0.81 
RNS 0.39 0.59 0.59 0.44 0.63 0.64 
d 0.78 0.86 0.86 0.78 0.86 0.87 
dmod 0.55 0.67 0.67 0.57 0.67 0.68 
drel 0.36 0.76 0.74 0.58 0.80 0.81 
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Fig. 2. Discharge in Strymonas River at the station 51700 for the calibration period. 
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Fig. 3. Discharge in Strymonas River at the station 51700 for the validation period. 

To validate the NAM model in Strymonas River, daily discharge was predicted 
for the period 2005-2006 using the model parameters estimated during the calibra-
tion period. In Figure 3 is shown the observed and the simulated hydrograph ac-
cording to the three different model setups for the validation period. The statistical 
evaluation criteria are given in Table 1. The model results improved significantly 
for the SimS2 model setup compared to the SimS1. The WBer was decreased from 
11% (SimS1) to 3.1% (SimS2), the R, RNS, d, dmod and drel were improved signifi-
cantly and the final calibration setup (SimS3) gives similar results to SimS2. 

Using the model parameters of the final model setup (SimS3), the NAM model 
was also used to compute the discharge (and the yearly accumulated water volume) 
that inflows into Lake Kerkini (Fig. 4). The mean simulated annual discharge 
(79.6 m3/s) and the corresponding water volume (2,510 106 m3) should be managed 
properly to cover the irrigation demands from Lake Kerkini taking also into account 
the requirements of the ecosystems of Lake Kerkini and Strymonas River estuary. 
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Fig. 4. Simulated discharge and yearly accumulated water volume into Lake Kerkini by using the 
final model setup (SimS3). 
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5 Conclusions 

The rainfall-runoff model (MIKE 11-NAM) was applied to all sub-catchments of 
the Strymonas River for a four-year time period at a daily time step. Using both an 
automatic calibration and a trial-and-error procedure, the model’s parameters were 
calibrated against the observed discharge along the Strymonas River over a period 
of two consecutive years. The use of groundwater extended parameters (SimS2) as 
well as snow-melt parameters (SimS3) significantly improved the model’s results. 
Furthermore, the model was also validated for a two years period and satisfacto-
rily predicted the Strymonas River discharge. Therefore, the model is capable to 
predict the water inflow into the Lake Kerkini, and in combination with its sim-
plicity, it can make it a valuable tool in the design and implementation of water re-
sources management plans of Lake Kerkini. 
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Abstract   Damsarkho (Latakia, Syria) coastal aquifer is under severe hydrologi-
cal stress due to the overexploitation of a shallow aquifer for irrigation. Excessive 
pumping during the past few decades has led to seawater intrusion into the aquifer. 
For the purpose of planning and management, SEAWAT, a variable density solute 
transport computer code, was used to study groundwater volume and quality. The 
conceptual model is based on field and laboratory data collected between 1960 
and 2003. This simulation demonstrates that the use of injection wells or a subsur-
face barrier would both represent a good method with which to improve water 
quality and prevent seawater intrusion. 

Introduction 

In many coastal areas, the growth of human settlements, together with the devel-
opment of agricultural, industrial and tourist activities, has led to the overexploita-
tion of aquifers. Such overexploitation commonly results in a rise of the freshwa-
ter–saltwater interface (seawater intrusion) and thus degradation of the chemical 
quality of groundwater. The Mediterranean provides many clear examples of the 
presence of seawater intrusion (Abou Zakhem and Hafez 2003; Arfib and de Mar-
sily 2004; Bonacci and Roje-Bonacci 1997; Chiocchini et al. 1997; El-Bihery and 
Lachmar 1994; Paniconi et al. 2001b; Petalas and Diamantis 1999), with the Span-
ish coast not an exception (Calvache and Pulido-Bosch 1994; Giménez and Morell 
1997; Iribar and Custodio 1992; Padilla et al. 1997a, b). This phenomenon has 
also been observed on the Syrian coast north of Latakia (the Damsarkho plain). 
The model will be used for hydrodynamic simulation and appropriate management 
of local water resources, with the aquifer system representing a good example of 
the recent saltwater intrusion of coastal plains. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Potential solutions to saltwater intrusion 

A variety of different measures are commonly used to control seawater intrusion 
and protect groundwater resources, although the target of most is to increase the 
flow of fresh groundwater and/or reduce the flow of saltwater. As such there are a 
number of methods with which to prevent saltwater contamination of groundwa-
ter, including subsurface barriers and artificial recharge. Subsurface barriers: De-
fined as underground semi-impervious or impervious structures constructed in 
coastal aquifers, subsurface barriers are used to simultaneously impede the inland 
infiltration of seawater and increase the groundwater storage capacity of an aqui-
fer. The cost is highly dependent on the depth of cut-off, length of wall and spe-
cific material availability. Artificial recharge: Todd (1980) defines artificial re-
charge as the augmentation of the natural movement of surface water into 
underground formations. A variety of artificial recharge techniques are currently 
available, including water spreading and recharge wells (Todd 1980). A technique 
is involving the transfer of surface water into an aquifer. Use of a dual-purpose 
well is economically preferable to the construction of a specialized recharge well. 
The general purpose of recharge wells is to overcome the high cost of the water 
spreading technique in areas where suitable land is scarce and/or expensive. In ad-
dition to clogging problems, several other difficulties are associated with the re-
charge well technique. For instance, a large amount of dissolved air is carried to-
gether with recharge water, whilst water quality research has indicated that a 
variety of bacteria are also found in recharge water. Under certain circumstances, 
bacteria can grow quickly and eventually reduce the filtering area of the well 
screen (Civan 2007; van Beek et al. 2009). 

Conceptual model of the study area: The Damsarkho coastal plain is located 
north of the town of Latakia, Syria, and is composed of marine and alluvial sedi-
ments which cover an area of about 40 km2. The study area is characterized by 
Mediterranean climate, with wet winters and dry summers, while the average an-
nual rainfall varies from 800 to 1000 mm/year (Selkhozpromexport 1979). The 
Damsarkho plain is characterized by the presence of favourable hydraulic charac-
teristics aquifers, which consist of loose sands, gravelly sands, sandstone, lime-
stone and sandy gravelly clay. With an average thickness of around 25 m, these 
aquifers are in direct hydraulic contact with seawater.  

The main geometric-structural and hydrogeological characteristics of the Dam-
sarkho multi-aquifer system were reconstructed on the basis of geological maps of 
the region and the borehole lithological sections from 17 wells drilled across the 
plain. The system is composed of five layers (sandy clay, limestone, sandy clay 
with gravels, marl and dolomite), although these layers occasionally combine to 
form a single-layer aquifer.  

Mesh discretisation Based on the SEAWAT code (Langevin and Guo 2002), the 
model developed simulates transient variable density groundwater flow and solute 
transport for the period from 1966 to 2010, using a database developed by Abed 
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Rabo (2000). Regularly spaced finite-difference 50 m x 50 m cells on the horizontal 
plane are used, with the final grid consisting of 120 rows and 120 columns in the 
horizontal, and 5 regularly spaced layers in the vertical direction (Fig. 1, 2). 

 

Fig. 1. The grid of modelled Damsarkho plain area showing the locations of geological sections, 
pumping wells, suggested places of injection wells and wall with the co-ordinates given in metres. 

 

Fig. 2. Geological sections through selected pumping wells. The locations of the sections are 
shown in Fig. 1. Note that all wells discharge from limestone layer. 
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Results and discussion  

This study simulated the period from 1960 to 2010, using available data (Abed Rabo 
2000; Abou Zakhem and Hafez; Syrian Irrigation Ministry, unpublished data) to fol-
low each of the past, current and the future of seawater intrusion. As mentioned pre-
viously, although many methods of preventing seawater intrusion are available, two 
such procedures will be tested separately here. To determine the effectiveness 
of each method, their expected effects were simulated up to the year 2020, with the 
results from each simulation then compared with each other. The suggested places 
of injection wells and subsurface barrier (wall) are shown in Figure 1. 

Subsurface barrier After installation of the subsurface barrier in the model 
(thickness 1 m, hydraulic conductivity 1.5 10−9 m/s), it can be observed that the 
inland movement of seawater intrusion is stopped, and in some places also pushed 
back seaward. The projected change between 2010 and 2020 is shown in a second 
layer (Fig. 3). 

 
Fig. 3. Simulated change in TDS concentration (mg/L) in the second layer before (a 2010) after 
installation of injection wells (b 2020) and a subsurface barrier (c 2020). 

Injection wells 15 Shallow injection wells were introduced in the model between 
the sea and production wells, with a screen in the range of -20 to -40 m, a distance of 
500 m between them and an injection yield of about 11 L/s. The effectiveness of in-
jection wells depends on several factors; the most important of which being the lo-
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cation and length of screen, the volume of injected water, as well as the hydraulic 
conductivity of the targeted layer. The projected change from 2010 to 2020 after the 
introduction of an injection well is shown in a limestone layer (Fig. 4). 

Comparison of seawater intrusion prevention techniques  

In order to compare the effectiveness of the two solutions to seawater intrusion, 
salinity changes in second layer were tracked over a period of 10 years at the first 
pumping well in depth 38m (see Fig. 1 for location of first pumping well), and by 
the hydraulic balance in the five layers. The results of this comparison are pre-
sented in Figure 4 and Table 1. Analysis of salinity changes reveals that in both 
cases, the salt content is significantly reduced. However, this decrease is greater 
after introduction of the injection wells than the subsurface barrier. The hydraulic 
balance enhanced this conclusion, so we can confirm that the injection wells are 
better solution in prevention of seawater intrusion. 

 
Fig. 4. Comparison of salinity in the bottom of the first well after using the mentioned prevention 
techniques, Solid line for subsurface barrier and dotted line for injection well solution. 

Table 1. Simulated hydraulic balance of the Damsarkho area in August , a, 2010 Before using 
solutions, b, 2020 after using injection wells, c, 2020 after using subsurface barrier. 

scenario 
tried 

Sea boundary (m3) Recharge 
(m3) 

Well (m3) East bound-
ary(m3) 

Storage(m3) 

 In Out In In Out In Out In Out 

a 7998 49057 21793 - 154132 19034 0 156085 378 
b 3317 136555 25184 85929 154141 7130 239 149265 364 
c 6510 14489 25172 - 154135 0 43099180451 251 



256 A. Khomine et al. 

Conclusion 

SEAWAT has proved to be a useful tool with which to simulate the transition 
zone of the Damsarkho coastal aquifer. The results obtained from the model have 
been used to identify locations for a potential subsurface barrier and a number of 
injection wells, as well as to predict the pattern of future intrusion, if the current 
excessive rate of abstraction continues. From our results, it can be confirmed that 
both the subsurface barrier and injection systems represent good solutions to the 
seawater intrusion problem. Installation of a subsurface barrier is suggested as be-
ing the most economic, despite its initial high cost, since it would not have to be 
maintained over time. Although the injection well method is projected as being the 
most effective practical solution, problems remain regarding the source of the in-
jected water and the potentially high future maintenance costs. 
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Abstract   This paper deals with the hydrogeological study of the evolution of 
groundwater salinisation - degradation at the eastern Nestos River Delta, NE 
Greece, based on geophysical research including 10 geoelectrical soundings. 
Relevant hydrogeological works included in-situ measurements of groundwater 
level, pH, Specific Electrical Conductivity (SEC) and temperature, as well as 
chemical analysis of groundwater samples (July 2009). Important conclusions 
were drawn based on the analysis of all the available data and the elaboration of 
piezometric and SEC distribution maps and the designed geoelectrical inter-
sections. 

1 Introduction 

Seawater intrusion appears within the majority of the coastal aquifers in Greece, 
which are under hydrogeological investigation, and is responsible for their qualita-
tive degradation. Today, all scientific evidences lead to the conclusion that the in-
trusion of seawater into coastal aquifers is a phenomenon that regards the majority 
of the coastal area of northern Greece, including the coastal area of Eastern Mace-
donia and Thrace (Kallioras et al. 2006).  

In saltwater intrusion studies, hydro-geochemistry analysis from monitoring 
wells and geophysical methods are used. The best geophysical method to assign, 
particularly in salinity mapping is geo-electrical method (Baharuddin et al. 2009, 
Loke 2000). Geo-electrical methods are used to detect variations in aquifer electri-
cal resistivity and this in turn has been inferred with changes in groundwater salin-
ity (Al-Bassam and Hussein 2008). There are applications in the literature where 
both geo-electrical method and groundwater quality studies have been integrated 
together (Al-Bassam and Hussein 2008; Benkabbour et al. 2004; El-Waheidi et al. 
1992; Gnanasundar and Elango 2001; Goldman et al. 1991; Khalil 2006; Samsu-
din et al. 2008; Sung-Ho et al. 2007). 

The construction of several drainage works and the increasing use of irrigation 
water in the east delta plain of Nestos River, have resulted in seawater intrusion 
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and related deterioration of the groundwater quality (Gkiougkis 2011, Daska-
lopoulos 2007, Sakkas et al. 1998, Pliakas et al. 2001). This paper deals with the 
study of geological and hydrogeological characteristics of the coastal aquifer sys-
tem of the eastern delta area of the Nestos River, based on geoelectrical sound-
ings. The main target was to trace the extent of groundwater salinisation in the 
study area. 

 
Fig. 1. Geoelectrical sounding measurements sites across the study area borders. 

2 Geomorphological and geological framework, hydrogeology  

The study area is located south of the city of Xanthi in Xanthi Prefecture, N.E. 
Greece. It is bounded to the west by the Nestos River and to the south by the Ae-
gean Sea (Fig. 1). The morphology of the region is characterized by a very low re-
lief and shallow pits, to the S and SE, forming small ponds, which are part of the 
eastern Nestos delta wetlands. The most important surface water body of the area 
is Nestos River located to the west of the study area. It is also one of the main 
sources of freshwater recharge for the coastal unconfined aquifer in the study area. 
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Laspias stream is located across the eastern side of the study area where the de-
graded industrial and sewage treatment effluents are discharged. Northerly, at a 
distance of approximately 2 km, a drainage trench is located, which after draining 
the northerly irrigated land, conveys water into the Laspias stream.  

The main cultivation in the area is corn and cotton, which have been irrigated 
with groundwater from the coastal aquifer. The intensive agricultural activities in 
combination with the irrational use of fertilizers and insecticides have resulted in 
severe problems such as soil degradation, exhaustion of the aquifers potential and 
increase of the salt concentrations in the shallow aquifers particularly in the 
coastal areas (Diamantis et al. 2009). 

The study area is located in a recent sedimentary delta environment of a thick-
ness of some tens of meters created by the Nestos deposits. These alternate sand, 
clay and silt layering deposits, resulting from a wide range of structural and depo-
sitional processes, produce a heterogeneous geological environment. It is worth 
mentioning the presence of organic clay at some points due to the delta marshes 
(Gkiougkis 2011; Gkiougkis et al. 2010). 

The east delta plain extends to 176.4 km2, from which the 106.63 km2 are culti-
vated (only 60%), while the coastal saline uncultivated lands extend to 45 km2. 
Considering the hydrological data of Nestos Delta plain (mean annual rainfall for 
the period 1965 - 1996: 546.9 mm, infiltration approximately: 15%), the annual 
infiltration for the 131.4 km2 area is estimated at 10.8×106 m3. The irrigated lands 
extend to 89.90 km2, while the 35 km2 of them meet irrigation needs from the 
Nestos River. The rest areas meet irrigation needs by pumping, where considering 
the type and the extent of the crops as also as well operation data, the annual water 
consumption is estimated approximately at 27×106 m3 (Gkiougkis 2011). Taking 
into account the amounts of the two basic parameters of the groundwater hydro-
logic balance mentioned above (infiltration - water consumption), a lack of about 
16×106 m3 water is evaluated (Pliakas et al. 2001, Sakkas et al. 1998). It is esti-
mated that a small part of this lack is replaced by the Nestos riverbed percolation, 
at rates depending on the run of the buried old streambeds and the distance from 
the river (Gkiougkis 2011; Gkiougkis et al. 2010). 

There are two hydrogeological systems that are formed within the alluvial de-
posits of the wider study area (Pliakas et al. 2001, Sakkas et al. 1998): (a) The 
shallow system, consisting of phreatic and mostly of semi-confined aquifers ex-
tended down to a depth of about 30 m. Natural recharge to this system comes 
mostly from the infiltration of rainfall and less from stream bed percolation of the 
north hilly area. (b) The deeper system, consisting of confined aquifers extended 
to a depth of at least 190 m. Natural recharge to this system comes to a great ex-
tent from river Nestos percolation through buried old stream beds, and from the 
lateral groundwater inflows coming from the adjoining Vistonis lagoon hydro-
geological basin. 

Evaluation of the groundwater hydraulic parameters of the study area aquifers 
after working out the results from the pumping tests of 11 selected wells in the 
wider study area resulted in values for (Pliakas et al. 2001, Sakkas et al. 1998):  
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(1) transmissivity (T), ranging from 4.0×10-4 to 1.1×10-2 m2/sec, (2) storage coef-
ficient (S), ranging from very low values to 10-3, characterizing the aquifers of the 
study area as confined mainly westward, and in some sites as semiconfined. Fig-
ure 2 shows the piezometric map of the study area in April 2009, before the irriga-
tion period. The major groundwater flow direction is from the northwest towards 
the south with minor flow from the N.E. and central parts of the study area to-
wards the south (Gkiougkis 2011; Gkiougkis et al. 2010).  

 

Fig. 2. Left: piezometric map (April 2009), Right: distribution of SEC values μS/cm (July 2009) 
(Gkiougkis 2011; Gkiougkis et al. 2010). 

The Laboratory of Engineering Geology of the Department of Civil Engineer-
ing, D.U.Th., Greece, in collaboration with the Hydrogeology Group of the Tech-
nical University of Darmstadt, Institute of Applied Geosciences, Germany, con-
ducted a groundwater quality research at the study area on July 2009. 
Groundwater samples from 30 wells were collected (1/7/2009 and 2/7/2009). 
Sampling also included in situ measurements of the physicochemical parameters 
of the groundwater of the study area (pH, SEC-Specific Electrical Conductivity, 
Temperature). There are quite a few wells within the study area with SEC values 
above 1,500 μS/cm, reaching values of almost 6000 μS/cm. This could be attrib-
uted to seawater intrusion as these wells are in close proximity to the sea. The 
wells with SEC values lower than 1,500 μS/cm are mainly under constant fresh 
water recharge from Nestos River (Gkiougkis 2011; Gkiougkis et al. 2010). 

3 Geoelectrical research  

In the study area 10 geoelectrical soundings were performed, and the main target 
was to identify the stratigraphy of the area (Fig. 1). The geoelectrical soundings 
were performed according to the Schlumberger electrodes provision with a maxi-
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mum current electrodes spread of 800 m (G1, G5) – (ΑΒ/2 = 400 m) and 1000 m - 
(ΑΒ/2 = 500 m). The survey points were selected in such a way in order to cover 
sectors of the study area where only swallow boreholes (<12 m) are present and as 
a result the stratigraphy is not defined in detail. The survey points are located 
across Nestos River (3 geoelectrical soundings), across Laspias stream (3 geoelec-
trical soundings) and across the upper border of the study area, 9.5 km from the 
nearest seashore of Erasmio (4 geoelectrical soundings). 

The outcome of all geoelectrical soundings was corresponding to direct strati-
graphy data. The comparison between geoelectrical sounding results and the ac-
tual nearest borehole intersections was totally satisfactory. Only in one case (G1) a 
thick sand-clay layer cannot be detected, mainly due to the positioning of the 
sounding upon the Nestos river mound. Before the implementation of electrical 
soundings, every possibility of direct surface or underground geological stratigra-
phy recognition must be exhausted. The interpretation of a geoelectrical sounding 
is questionable without any comparison data of surface geology and borehole in-
tersections. 

Today the groundwater exploitation is diminished to a minimum. Nowadays 
most of the local stakeholders, irrigate their cultivations with surface water from 
nearby Laspias and Megalomacheros streams. Another possible cause of ground-
water salinisation, apart from extensive overpumping, might have been the re-
charge from Laspias stream, whose water electrical conductivity exceeds 
3,000 μS/cm, during summer period (Gkiougkis 2011). As for the geoelectrical 
soundings G9 and G10 the results can be characterized as expectable and logical 
compared to all recent surveys and researches on the study area. The G9 and G10 
point are located near the seashore, where the relevant indicators and quality 
specifications of the groundwater aquifer system had been worsen due to seawater 
intrusion. Only the geoelectrical sounding G8 (5 km from the seashore), from 7 m 
depth up to 85 m depth, came across with saline groundwater conditions, an unex-
pected result. The above finding has to be investigated further in order to study the 
possible affection of a geothermal field of the broader area deeper below.  

The results of the performance of 10 geophysical (electrical sounding) measure-
ments (Fig. 1, 3) showed 6 distinct main geoelectrical formations categorized ac-
cording to the values of their specific electrical resistivity, as follows (ΑSCE 
1987, Kallergis 2000): (1) gravel-pebble mixture (50-220 Ohm×m), (2) gravel 
(25-50 Ohm×m), (3) sand (20-25 Ohm×m), (4) clayey sand (16-20 Ohm×m), (5) 
sandy clay (11-16 Ohm×m), (6) clay (8-11 Ohm×m), salinization conditions 
(< 8 Ohm×m), while the dominance of clay and clay-sand materials throughout 
the whole extent of the study site is very distinct. 

The above resistivity values are only valid in the study area, and thus the range 
of the values is smaller, compared to the values range described in relevant tables, 
on international bibliography, for the above geological formations. 
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Fig. 3. Geoelectrical intersections (G1-G10). 
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4 Conclusions 

The area of investigation is a typical example of lack of scientific groundwater re-
sources management of coastal aquifers, which has resulted in the aggressive in-
trusion of seawater wedge at the mainland freshwater aquifer. The continuous 
over-pumping conditions and the overexploitation of the aquifer resources en-
hance the qualitative degradation of the aquifer and pose threats for a variety of 
factors of the area such as environmental, social, economic and agricultural devel-
opment. 

The fluctuations of the specific electrical resistivity values for the same geo-
logical formations have a great range. Two totally different geological formations 
could have similar specific electrical resistivity values. The interpretation of the 
geoelectrical sounding measurements should be done very carefully. A safe me-
thod is to compare the measured values with the actual stratigraphy data for the 
same area. In the eastern Nestos River Delta, the geoelectrical soundings results 
were totally satisfactory when compared with the actual geological and hydro-
geological data for the specific area. 
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Abstract Pieria basin is located between Paggeon and Symvolon mountains, in 
Kavala Prefecture. It is characterized by elongated shape with NE-SW direction of 
development. In the plain area intensive cultivation is applied, which imply to in-
creased water quantities for irrigation. In this paper the piezometry of the study 
area is analyzed in two periods of measurements according to the lower and the 
higher water level as well as the correlation between the water level and the irriga-
tion periods. For this reason, systematic water level measurements from March 
2005 to November 2007 in regular base were collected from selected boreholes of 
the basin. Furthermore, data collected in 1996 were also used for comparison  

1 Introduction 

Pieria basin is located between the Paggeon and Symvolon mountains in Kavala 
Prefecture (Fig. 1). It covers an area of 190 km2, with a NE-SW direction. Mor-
phologically is characterized as a semi-mountainous to mountainous basin. Its 
drainage network is very well developed and the main water stream is Marmaras 
River which is discharged in the Northern Aegean Sea. The main occupation of 
the population of the area is the cultivation of the farms locating in the plain area. 

Because of the increased rural development of the area many boreholes have 
been drilled which belong to the local irrigation service of Pieria basin, which is 
the main irrigation water supplier in the area. It is calculated, from the collected 
data using the mean value of discharge rate of each borehole, that the total amount 
of the water used for irrigation, in the year 2004 was 6500000 m3. The hydro-
geological research which took place in the study area includes an inventory of the 
boreholes, a monitoring network for the observation of the fluctuations of the wa-
ter level and finally water level measurements from March 2005 to November 
2007. There were also collected data of the water level measurements of Pieria ba-
sin (TOEB) for the period from January 1996 to November 2004. The main pur-
pose of this paper is to present the fluctuation of the groundwater level during the 
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periods of September 2003 and March 2005 combined with the corresponding ab-
stractions for irrigation in order to be shown the recharge and the discharge rate of 
the aquifers of the basin. The main reason for the selection of these two periods is 
because the observations of the water level in September 2003 were the lower 
ones and respectively in March of 2005 the observed water level at the boreholes 
had the maximum values in Pieria basin area. 

2 Geological setting 

Geologically the area is a part of the Rhodope massif. Rhodope massif mainly 
consists of metamorphic rocks of different ages and tectonic history. This geologi-
cal unit is a complex with heterogenic lithological synthesis (Brunn 1960; Kockel 
and Walther 1965; Meyer 1966, 1968; Boneev 1971). The first researcher of the 
Rhodope massif Kronberg (1966, 1967, 1969, 1970) suggested that is a complex 
of metamorphic rocks which have possibly polymetamorphosed and folded during 
the Alpine orogeny period. Various researchers (Papanikolaou and Panagopoulos 
1981; Dimadis and Zachos 1986; Kilias and Mountrakis 1990 have distinguished 
two tectonic units (Sidironero and Paggeon) within the area of the Greek part of 
the Rhodope massif. The study area is entirely located in Paggeon unit. The geo-
logical map of the area is shown in Figure 1. 

The geological structure of the area is defined as follows: 

a) The lower Gneiss-schist zone (Gn, Gsch, Mr_sch). The presence of gneisses, 
mica schists, green schists and amphibolites is characterized this geological 
unit. During the transition to the upper parts we have a rotation of mica 
schists and marbles. These rotations recommend us the boundary with the up-
per located carbonated zone of the marbles. 

b) Marbles zone (Mr). The marbles in this area are not characterized by intense 
bedding. In general they are massive and white colored which mainly origi-
nated from limestones created in shallow condition. Marbles characterized by 
banded structure are present in this zone. These banded marbles are located in 
the lower parts of this carbonated zone in the transition zone from the marbles 
to the lower located gneiss-schist formation. 

c) Igneous rocks - Granitoids (γ): In Pieria basin there is a lack of volcanic rocks 
as it is in some parts of the Rhodope massif. The granitoids that occurred in 
the Paggeon Mountain area have been penetrated in the lower tectonic unit of 
Rhodope massif (Eleftheriadis and Koroneos 2003). In general the presence 
has a SSW-NNE direction in masses along the areas of Mesolakia, Podohori 
and Mesorropi. These granitoids emplacement in Paggeon is affiliated with 
the tectonic stresses that had as a result the formation of the Paggeon anticline 
(Schenk 1970). 

d) Pleistocene formations (Pt.cs): Pleistocene sediments in the area cover the SW 
part of the basin. In these formations there is a presence of tuffaceous limestones 
which originated from brackish or fresh water (Sakellariou-Mane 1966).  
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Fig. 1. Geological map of the study area (γ: granioids, Gn: Gneiss, GnSch: Gneiss schists, 
Mr_Sch: Mica schists, Mr: Marbles, Pt.cs: Pleistocene formations, Q.al1: Holocene deposits) 
(IGME 1974, Dimopoulos 1978). 

These deposits mainly consist of sands, sandstones, clay, conglomerates and 
tuffaceous limestones. There is a presence of formations which originated from 
high flow torrential river and by gritty marls, clays, sandstones, sand and con-
glomerates. Conglomerates supply is exclusively provided by bedrocks (metamor-
phic rocks) and for these reason the dominant material is roundstones originated 
by marbles, gneisses and granites (Dimopoulos 1978). The sudden spreading inter-
ruption of the Pleistocene sediments to the east of the basin might have an attach-
ment with the faulting in NNW-SSE direction and the displacement of the eastern 
part. 

e) Holocene deposits (Q.al1): These deposits are fluvial terrestrial and they occur 
within the alluvial fans. The most representative types of these formations are 
the slide rocks and river deposits. In these Holocene deposits formations we 
can distinguish three basic types between them (Dimopoulos, 1978): 

A lower sequence of loose deposits with roundstones, which is mostly devel-
oped at the northern margins of the basin close to the marbles of the Paggeon 
(with intermediate material the red clay). The second sequence is followed by lat-
eral formations (lateral scree) whose emplacement is due to its transportion with 
the surface water. The third sequence of formations is similar to slide rocks with 
larger dimensions of the rocks developed in the mass. Substantially they are flu-
vio-torrential deposits. These facies are observed at Paggeon foothills with greater 
frequency than at the S and SE parts of Symvolon Mountain.  As a conclusion ac-
cording to the presence of the slide rocks mostly in the northern part of the area 
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we can accept that in the greater area of Pieria basin we had a regional uplift of the 
south part of Paggeon Mountain against the northern part of Symvolon Mountain. 

3 Piezometric conditions in the area 

Pieria basin area has an extremely well developed network of boreholes which 
cover the irrigation demands. Six representative boreholes, across the area, have 
been chosen for the presentation of the water level fluctuation of the area from 
year 1996 to 2007. These boreholes are MP1 close to Podohori village, MPL3 lo-
cated near Platanotopos, which is an area with high needs in irrigation water, 
MMS2, MM6, MD6 boreholes close to Messoropi, Moystheni and Domatia re-
spectively and finally MK1 next to Kipia village at the NE part of the plain. 

Table 1. Absolute water level (m) above sea level and the water level difference for the periods 
of September 2003 and March 2005. 

Borehole 
Water level (m) (asl) 
September 2003 

Water level (m) (asl) 
March 2005  Difference (m) 

MP1 73.4 78.6 5.2 
MPL3  96.5 110.4 13.9 
MMS2 91.1 95.1 4 
MM6 101.3 108.1 6.8 
MD6 89.1 94.7 5.6 
MK1 117.1 122.5 5.4 

The fluctuation of the water level of the aforementioned boreholes from Janu-
ary 1996 to November 2007 is shown in Figure 2. As a remark is that the fluctua-
tion of the water level is mainly during the year, meaning that the lower level is 
monitored during the irrigation period (summer months to September) and the 
maximum observed water level is monitored during the winter period till spring 
until the beginning of the pumping period. Substantially is shown that besides the 
high pumping rate during the irrigation period the mean water level recurs to the 
initial level. During the period 2005-2007 the water level of the boreholes MD6 
and MM6 especially during the winter increased more than the average mean of 
the previous years. This is related to the fact that in the Paggeon Mountain area we 
have particularly high amounts of atmospheric precipitation. According to Figure 
2 we can assume that the recharge of the aquifers was extremely quick and in-
tense. Paggeon Mountain is the area that mostly provides feeding in the aquifers. 
This is happening because of the high amounts of precipitation occurring there and 
the combination of the existence of the marbles with their positive geometric char-
acteristics that favor infiltration and water recharge.  
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From the water level measurements, as given in Table 1, and the diagram in 
Figure 2, is assumed that the average lower levels observed in September 2003 
and the respectively higher in March 2005.In Figure 3 is given the spatial distribu-
tion of the piezometry (meters above sea level) for the period of September 2003. 
Is shown that the hydraulic gradient takes values around 3.9% and is higher in the 
western part of the area close to Platanotopos area. In the eastern part of the study 
area the hydraulic gradient is reduced and in the area of Mesotopos and Meli-
sokomeio is estimated to be 7‰. 

 
Fig. 2. Water level (m) in boreholes for the period from January of 1996 until November 
of 2007. 

In Figure 4 the spatial distribution of the piezometry in the period that observed 
the maximum water level measurements (March 2005) is shown. The hydraulic 
gradient for this period was calculated to be 5.3% in Platanotopos area and ap-
proximately 6‰ in Melisokomeio area as measured from the compiled piezometric 
mps. It is assumed that during the dry period we have a greater value of the hydrau-
lic gradient from Paggeon towards Platanotopos area compared to the wet period in 
the same area. In Melisokomeio area the hydraulic gradient during the dry period is 
respectively greater than the wet period. Nevertheless the piezometric curves shape 
in both periods doesn’t differentiate much. This fact indicates the presence of an 
unified aquifer, as well as an uniformity in the recharge and discharge rate of the 
aquifers in the whole area. High values of the hydraulic gradient that are observed in 
Platanotopos area evince the presence of a zone with low permeability and a higher 
degree of difficulty in recharge of the aquifer in the basin. 

The presence of springs with relatively high discharge rates and clay layers in-
dicates the absence of marble occurrence at the basin margins. Based on the data 
collected for the pumping rates of the boreholes is assumed that these values are 
higher in Platanotopos area, because the plain and the cultivated area is signifi-
cantly larger than the Melissokomeio area. The exploitation of the aquifers in this 
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part of the basin (Platanotopos) takes place in a significant higher degree than in 
the rest of the basin. Groundwater flows are mainly from the northwest towards 
Aegean Sea. 

 

Fig. 3. Piezometric map for the period of September 2003. 

 

Fig. 4. Piezometric map for the period of March 2005. 

Characteristically it is pointed out that the boreholes have been drilled close 
and parallel to the direction of the river have artesian flow during the whole year, 
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except some periods of time especially in the middle of irrigation period, when the 
water levels across the whole area decline. The spatial distribution of the water 
level difference between September 2003 and March 2005 is shown in Figure 5. 

 
Fig. 5. Spatial distribution showing the difference of the water levels (m) between March 2005 
and September 2003. 

From these variations it is shown that the high differences of the water level 
observed mostly in the Platanotopos-Moustheni area. On the other hand these fluc-
tuations are significantly lower in the rest area. The main reason for these greater 
differences in the first case is the high rate of discharges taking place in this part 
of the area during the irrigation period. As a consequence of these high pumping 
rates we observe the high hydraulic gradients mentioned before and the difficulty 
of groundwater movement for the recharge of the aquifer layers.  

4 Conclusions  

Pieria basin is characterized by intense exploitation of groundwater, especially 
during summer, in order to cover the increased demands for irrigation purposes. 
The main aquifer is developed within the alluvial deposits of Plio-pleistocene age 
that covering the lowlands of the basin. A decline of Piezometric surface of the 
aquifers is recorded during the irrigation period due to high rate of pumping. Irri-
gation period starts from the beginning of April until October. The water level 
arises during the wet period of the year (October-April) due to recharge mainly 
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from the Paggeon mountain, which receive significantly high amounts of atmos-
pheric precipitation, which because of the hydraulic contact  that we have in this 
area it feeds the aquifers of the plain area (mostly through the marbles system). 
Hydraulic gradients are higher in the western part of the area due mostly in the 
over pumping of the boreholes located in this area. The entirely area is developing 
significant water bearing capacity, despite the large amounts of water that are 
pumped every year. The recharge rate is direct and fast. It is calculated for the 
year of 2004, was about 6500000 m3 only for irrigation needing. The water level 
recurs in short time by the end of the pumping period. This means that the re-
charge of the aquifers is much bigger than 6500000 m3 annually. 
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Abstract   The study of the Xynias basin is focused on the investigation of the 
water balance and surface water quality and their impacts due to anthropogenic 
and natural factors. The average annual precipitation within the study area 
amounted to 685 mm of which 139 mm (20.3%) is the total runoff, the 428 mm 
(62.5%) is estimated to be the actual evapotranspiration and 118 mm (17.2%) is 
the total infiltration. The chemical analyses showed that water flowing from upper 
reaches of River Enippeas is classified to the Ca-HCO3 hydrochemical type and it 
is associated with the presence of limestone’s and flysch formations, while water 
from the drainage ditch, is classified to the Mg-HCO3 hydrochemical type and is 
associated with the development of the ophiolites. The drainage ditch is found to 
be polluted mainly due to anthropogenic factors. 

1 Introduction 

Rivers are receivers of their basin waters. They transfer significant amounts of wa-
ter and dissolved contaminants of natural or anthropogenic origin. During their 
flow through the hydrographic network, the removable mass subject to constant 
chemical, biological and physical changes, which can greatly change the physical 
qualitative. These changes are directly related to geological, morphological and 
hydrographic factors which prevail in the wider region of the river basin, but also 
to anthropogenic interference (Tsakiris 1995, Antonopoulos 2001, Voudouris 
2008). As part of this investigation runoff was measured and chemical analyses 
were performed on water samples collected from the basic water axes of Xynias 
and Skopia basins. The survey aims to highlight the natural and anthropogenic in-
fluences that contribute to the qualitative differentiation of the characteristics of 
surface waters in the basin. The survey is part of a Phd Thesis that is in progress at 
the Agricultural University of Athens. This paper presents the first results that 
were obtained from the hydrogeological investigation of the area.  
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2 Methodology 

To investigate the quality of surface waters and to identify the various factors, 
natural and anthropogenic, affecting them, the following tasks took place: a) hy-
drolithological recognition and interpretation using geological maps of IGME 
sheets «Anavra», «Domokos» (Marinos et al. 1957), «Leontarion» (Marinos et al. 
1962), «Stylis» (Marinos et al. 1963) και «Lamia» (Marinos et al. 1967), b) sur-
face runoff measurements using a flow-meter (Flow Probe FP101/Global Water). 
Measurements were taken every 15 days, during the period from 10/2009 to 
03/2011, in three stations at the drainage ditch of Xynias basin and two stations at 
the Skopia basin (Fig. 1, 2) and c) surface water samples were collected and chem-
ical analyses were performed on a monthly basis (4th/2010 to 3th/2011) at the same 
stations as runoff measurements. Using portable instruments in the field, water 
temperature (Tw oC), pH, O2 mg/l and electric conductivity (ECw μS/cm) were 
measured. In the Laboratory of Mineralogy and Geology of Agricultural Uni-
versity of Athens, chemical analyses were performed on samples using titration 
methods, spectrophotometry and flame photometry, and the following parameters 
were determined: 1) hardness, 2) HCO3

-, 3) Ca2+, 4) Mg2+, 5) Na+, 6) K+, 7) Cl-, 
8) SO4

2-, 9) NO3
- and 10) NH4

+. 

3 Study area 

Geomorphology: The study area is focused on the Xynias basin, which covers an 
area of 606.69 km2. It consists of the hydrological basins of Xynias and the upper 
reaches of the river Enippeas known as the basin of Scopia. The average altitude 
of the basin is 605 m, with lowest at 300 m at the outlet of the basin of Skopia and 
highest at 1600 m in the mountains of Anavra to Othrys. The basin of Xynias is 
the basin of the central drainage ditch, of the former Xynias lake, covering 167.90 
km2 and of 66.19 km perimeter. Morphologically, the area consists of an elon-
gated plain section, quite smooth, enclosing outskirts with relatively small area, 
except the SW section. To the N dominates the limestone massif of Xerovouni, to 
the NW the naked height Dolines, to the E the area is quite plain, to south the cen-
tral ridge of Othrys and finally to the SW and W a series of hills forming a com-
plex but not particularly sharp relief. Previously, much of the lowland part of the 
area (34 km2) was covered by the waters of the former Xynias lake. In 1946 the 
drainage works of the lake had been completed and through the drainage ditch the 
waters were drained out. The remaining land was released for cultivation. Thus 
human intervention changed the region from a hydrogeological and hydrological 
closed basin, to a sub-basin of the Pinios River. The basin of Skopia is the river 
basin of the upper reaches of the Enippeas River, with total area 438.79 km2 and 
116.06 km perimeter. Enippeas is the longest tributary of Pinios River and has a 
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total length exceeding 280 km. Geomorphologically, this basin consists of a flat 
central and northern part which is the main part and also the high central peaks of 
Othrys to south and east and small ground elevations to the north and west. It is 
separated from the neighboring Xynias basin with an almost imperceptible bulge 
in “Magoula Mines”.  

 
Fig. 1. Geological map of the research area (Marinos et.al. 1957, 1962, 1963, 1967). 

Geology: The study area belongs to the geological section of the Eastern Greece 
and throughout the Sub-Pelagonian unit (Fig. 1). The stratigraphic structures from 
the youngest to the oldest formations include: a) alluvial and diluvial deposits of 
the Quaternary consisting of clay, sand, gravel, pebbles and lateral scree, b) marls, 
clays, sandstones, conglomerates, marly limestones and lacustrine sediments with 
lignites of  the Neogene, c) flysch (Upper Cretaceous) consisting of clay sand-
stone, clayey limestone and conglomerates, d) platty marly limestones (Upper 
Cretaceous),  e) schist rocks of the Triassic-Jurassic age consisting of a system of 
cherts schist, marly limestones in thin alternating layers, f) peridotites, serpen-
tinites, diavases, dolerites and tofu basic igneous rocks. The Xynias basin and the 
entire Othrys mountain have undergone tectonic effects of three different geotec-
tonic units; the Pelagonian, the Parnassos-Giona unit and Pindos. The results of 
these actions are the faulting and upthrusting which are widely observed. Xynias 
basin tectonic features are folded structures with synclines and large curvature an-
ticlines, with no scaling observed (Soulios 1975).  
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4 Hydrological setting 

Hydrographic Network: The form of the hydrographic of a basin is in accordance 
to the lithological composition of the basin that has a direct effect on the perme-
ability of the slopes, the morphological relief, the rainfall and its seasonal distribu-
tion. The shape of the drainage network of the basin is mainly dendritic and its to-
tal length is 1574.73 km (Fig. 2). The dendritic form justifies the superiority of the 
surface runoff against infiltration. The hydrogeological formations that appear 
within Xynias basin are divided into three main groups of rocks, which is a func-
tion of their lithological composition and permeability. Into the first group all gra-
nular rocks (quaternary deposits) are ordered, in the second group the karstic car-
bonate formations and in the third group the fissured rocks ophiolites, cherts 
schist, flysch and post-alpine deposits (Fig. 2). 

 
Fig. 2. Drainage network and Lithological composition of the study area.  

Hydrological balance: The climatic conditions in the region are characterized by 
the alternation of wet and cold season, starting in October and a dry and hot one, 
starting in the middle of May (Karapiperis 1977). For accurate knowledge of the 
water resources of the study area, is necessary to calculate the water balance given 
by the governing equation P=ET+R+I. For the determination of precipitation 
(P, mm) of the hydrological balance, monthly rainfall database (years 1995-2010) 
of 5 stations with good geographic distribution has been set. By using linear re-
gression method their shortcomings have been completed and have held the rela-
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tion of annual precipitation with the altitude of the stations. The linear relationship 
Y=0.602*X+290.4 with a correlation coefficient r=0.85 resulting, gives mm rain-
fall of each altitude in the basin. Applying the rain-degree method calculated the 
average annual rainfall equivalent to the average altitude (605m) of the basin 
equal to 685mm of rain. And the distribution is uneven among the elevation zones 
with higher values in the mountainous area of 651-1253mm rainfall and lowest in 
the semi-mountainous 471-651mm. Thus the total volume of water precipitation 
received by the area of the plateau Xynias is P=415.58*106 m3. The annual runoff 
of the basin according to the monthly measurements was calculated to 84.1 m3 of 
water, or 139mm (20.29%) of the annual precipitation of the basin area. To esti-
mate the infiltration used infiltration coefficients as those identified in the past 
(Soulios 1986). Thus, the infiltration coefficients, expressed as a percentage of 
precipitation, are 20% approximately for the alluvial deposits, 50% for the lime-
stones and 6% for the ophiolites, flysch, etc. Based on these coefficients and the 
area in km2 of the hydrolithological formations the total infiltration was estimated 
at 71.6*106m3 or 118mm=17.2% of the annual precipitation. The determination of 
actual evapotranspiration made using equation of water balance after having cal-
culated the other parameters. Thus ET=P-R-I or ET=685-139-118 or finally 
ET=428mm=62.5% of the annual precipitation. 

5 Quality of surface waters 

From the field measurements occurred in surface waters of Xynias drainage ditch 
and upper reaches of River Enippeas significant differences on the qualitative pa-
rameters were found. The values of electrical conductivity ranged in the ditch be-
tween 588-940μS/cm while in the Enippeas ranged at lower levels between 422 
and 662μS/cm. Similar variation in values occurs in the total dissolved solids. 
Concentrations in the ditch ranged between 593mg/L and 1094 mg/L, while in the 
Enippeas ranged between 453 mg/L and 605 mg/L. These differences are mainly 
related to the lithology of the two sub-basins and especially to human activities. 
Figure 3 shows the variation of concentrations of main elements of both water cur-
rents Xynias and Enippeas. The highest concentrations occur during the wet sea-
son, while during the dry season the values are severely limited. The pH values 
ranged in both water currents at the same levels 7.1 to 8.4 and show the slightly 
alkaline type of water. Among the gaialkalines in the Xynias basin prevails Mg2+: 
52.4-112.6 mg/L, while calcium ranged at lower levels Ca2+: 20.0-97.6 mg/L. The 
strong presence of Mg2+ is obviously associated with the development of ophio-
lites in the region, which are rich in soluble magnesium minerals (olivines etc). In 
the Enippeas basin, calcium prevails against the magnesium with values Ca2+: 
80.0-98.4 mg/L and Mg2+: 12.4-25.1 mg/L. The source of calcium is associated 
with the presence of carbonate rocks in the region. Alkalines Na+ and K+ present 
in all, sufficiently low concentrations ranging Na+: 4.1-24.6 mg/L and K+: 0.2-3.4 
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mg/L. Among the anions are dominated by HCO3
-, with the highest concentrations 

occur in the Xynias ditch (HCO3
-: 439.2-591.7 mg/L) and lowest in Enippeas 

(HCO3
-: 256.2-347.7 mg/L). 

 

Fig. 3. Variation of concentrations of main elements in the surface waters of Xynias ditch and 
upper reaches of Enippeas river. 

The Cl- in all, were represented in both water currents with similar concentra-
tions ranging from 7.1mg/L to 28.4 mg/L. The SO4

2- appears in the Xynias ditch in 
high levels SO4

2-: 3.7-209.7 mg/L, as well as nitrate ions NO3
-: 13.6-35.6 mg/L, 

ammonia ions NH4
+: 0.15-10.58 mg/L and phosphate ions PO4

3-: 0.23-1.72 mg/L. 
Their presence is obviously related with the strong presence of organic material in 
alluvial deposits and the various anthropogenic influences, the intensive agricul-
ture, and waste of human settlements and livestock farms. On the contrary, within 
Enippeas basin, concentrations of these compounds are found at lower levels 
(SO4

2-: 8.3-56.1 mg/L, NO3
-: 23.3-36.1 mg/L and NH4

+: 0.05-0.26 mg/L PO4
3-: 

0.08-1.00 mg/L). 

 
Fig. 4. Classification of surface waters in the Piper diagram. 

From the Piper diagram (Fig. 4) was found that the waters of the Xynias ditch 
and Enippeas have been classified as gaialkalines and their hydrochemical types 
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are Mg-HCO3 and Ca-HCO3 respectively. Generally it was found that Enippeas 
waters have low concentrations of dissolved solids, have a limited burden of 
anthropogenic factors and have high quality. Unlike the waters of the Xynias 
ditch, where higher concentrations of dissolved solids were found due to surface 
pollutants from human activities. 

6 Conclusions  

The investigation of the hydrological regime, that took place on the Xynias Basin, 
in combination with the investigation of the qualitative parameters of surface 
waters, obtains the following results: a) the total precipitation amounted up to 685 
mm of which 139 mm (20.3%) is the surface runoff, 428mm (62.5%) is estimated 
into actual evapotranspiration and 118 mm (17.2%) is the total infiltration, b) 
Water drainage ditch is classified to the Mg-HCO3 hydrochemical type associated 
with the development of ophiolites and reveal quality degradation mainly due to 
anthropogenic influences, c) River Enippeas waters is classified to Ca-HCO3 
hydrochemical type, associated with the presence of carbonate rocks and flysch 
formations. The pollution load is detected at very low levels. 
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Abstract This paper concerns the hydraulic relation between the water table 
hosted in the quaternary formations and the river that crosses the plain west of 
Mavrovouni. In terms of this study, the groundwater level in the wells was meas-
ured in four periods. Also, the river flow was measured at the entry point of the 
plain and in the area near the river mouth. The water level data were used to create 
piezometric maps. These maps show that there is an underground drainage line, 
which could be interpreted as a movement of water from the aquifers to the river, 
especially at the northwestern part of the plain. However, in the entire area, the 
river lies at a higher level than the groundwater level; therefore, the only move-
ment that takes places is that from the river to the aquifers. At the region south-
eastern of Petrovouni, the piezometric lines for the three out of the four periods of 
study show a movement of water from the river toward the aquifers. During the 
fourth cycle, October 2007, the river had run dry, making the feeding of the aqui-
fers impossible. These findings are confirmed by flow measurements of the river, 
which showed that the river feeds the aquifers as long as it has a flow. Finally, as 
expected, a variation of the groundwater level measurements between wet and dry 
seasons was observed and was measured at 1.4 m on average. It should be noted 
that the measurements took place during a dry hydrological year. 

1 Introduction 

Northwestern of Gythio lays the largest hydrological basin of the eastern Tayge-
tos. The basin has a general slope toward the Southwest and ends at Laconikos 
Gulf, western of Mavrovouni (Fig. 1b). The river that crosses the basin is known 
as “Platy Potami”. The main spring that feeds this river is “Agia Marina Spring”, 
which is the largest spring of eastern Taygetos (Karalemas 2006). Downstream of 
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the spring, the river flows for the largest period of the year. Upstream of the area 
of the village Archontiko, the river crosses alpine formations that are mainly 
schist. Downstream of that region, the river moves into Aegies plain and enters a 
narrow valley, at the area of Monachi Sykia. Then, it moves into the plain lying 
western of Mavrovouni toward South-southeast and flows into Stomio Bay. The 
area of study of this paper is the last part of the basin. 

In terms of this project, piezometric maps were constructed for the study area. 
The study of piezometric maps generates useful conclusions concerning the 
groundwater movement, the hydraulic connection between neighbouring water 
systems, and the hydraulic conductivity at each position of the aquifer (Kallergis 
2001, Mimikou and Baltas 2003, Lekkas and Alexopoulos 2005). Furthermore, the 
river flow at the area where the river enters the plain and at the river mouth was 
measured. The aim of the aforementioned was to monitor the hydraulic relation-
ship between the river and the water tables hosted in the geological formations 
that cover the plain. For this reason, the groundwater level in 44 wells, which were 
initially selected, was measured at four periods. The altitude of the wells was cal-
culated by means of topographic maps of 1:5000 scale of the Hellenic Military 
Geographical Service. 

This work was carried out in terms of the PhD thesis of the author, a thesis that 
is supported by the Research Project titled “Decision Support System for the Pro-
tection and Management of Water Resources of Laconia Prefecture by means of 
Geographic Information Systems” (PENED 2003). This project is co-financed by 
90% by National and Community Funds (25% from the Greek Ministry of Devel-
opment-General Secretariat of Research and Technology and 75% from E.U.-
European Social Fund) and 10% by Development Corporation of Prefecture of 
Laconia, Regional Development Company of Parnonas and Development Corpo-
ration “Parnona - Taygetou”. 

2 Geological and hydrogeological setting 

The geological map (Fig. 1b) shows that there are four geological formations in 
the study area, the lowest of which are alpine formations that consist of schist of 
Phyllite-Quartzite Unit, overlain by minor tectonic napes, composed of marble be-
longing to the Mani Unit, according to on-site research that was conducted (Lat-
soudas 1984 considers that these rocks belong to Tripoli Unit). Above these for-
mations post-alpine sediments are found, which are divided to neogene sediments 
that mainly consist of marls and to quaternary sediments the composition and 
grain size distribution of which vary. 

From the hydrogeological point of view, schistolithic formations have very low 
permeability, thus are practically impermeable compared to the adjacent forma-
tions. Also, the Neogene formations are practically impermeable, because the clay 
in the marls obstructs the groundwater movement into their mass. On the contrary, 
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the quaternary sediments are loose and consist mainly of sand, gravel and pebbles, 
and therefore, they are a formation with a remarkable permeability, which varies 
horizontally and vertically. Consequently, it is expected that the quaternary sedi-
ments host water tables, since they overlie impermeable formations. Finally, the 
marbles are karstic aquifers, which have very high permeability, but extremely 
limited appearance; as a result they do not play an important hydrogeological role 
in this area. 

 
Fig. 1. a. Location map. b. Geological map (Psonis and Latsoudas 1983, Latsoudas 1984; 
Dimadis 1989, modified) of the region area that shows the boundary of the hydrological basin 
of Platy Potami River.  

From all the above, it is concluded that the aforementioned area is ideal for 
study, since the permeable clastic formations are generally surrounded by imper-
meable, and therefore are considered as hydraulically isolated (Fig. 3). An excep-

a 
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tion is the southern part of the plain, where a small area of the quaternary forma-
tions is in contact with marble. The marble extend to the sea, but does not actually 
affect the hydraulic heads of the plain, due to the small area of contact. 

3 First measurement period (March 2007) 

The first period of measurements took place from 17 to 19 March 2007. For this 
time of the year higher levels of groundwater were expected. Figure 2a shows the 
piezometric map of the plain of Mavrovouni with a half-meter interval of subse-
quent piezometric lines. An underground drainage line, which roughly follows the 
present riverbed and has general direction NNW - SSE, is observed. Observing the 
north-northwestern area, the piezometric lines appear dense in both regions sepa-
rated by this axis, especially in the eastern; this suggests that the permeability of the 
formations near the river is higher than that of the adjacent formations. In the centre 
of the plain, southeastern of Petrovouni, the underground drainage line presents a 
small offset to the West and does not follow the current riverbed. Furthermore, east-
ern of this axis, there is an underground watershed of the same direction, and even 
more eastern, an even less distinct drainage line is formed. This setting continues to 
the Southeast until the centre of the plain, where the underground watershed gradu-
ally disappears, the two underground drainage lines are joined and the distance be-
tween the piezometric lines becomes greater. However, the absence of wells that are 
apt for groundwater level measurements in the region eastern of the river does not 
allow a detailed depiction of the piezometric surface. Even more southern, near the 
main road leading from Mavrovouni to Areopolis, the piezometric lines tend to 
straighten (transect virtually the river) and the distance between them becomes 
smaller. In the southern part of the map, northern of the carbonate formations, an 
additional couple of an underground drainage line and an underground watershed of 
short length are found. They are almost parallel to the main underground drainage 
line. These axes are formed by the piezometric line of 4 m. It must be noted that the 
piezometric lines of 3.5 m and 4.5 m are not accurate, due to lack of data. 

The fact that the piezometric lines roughly transect the contact between the 
quaternary and the impermeable formations indicates the absence of hydraulic 
communication between them. In contrast, in the western part of the plain, south-
ern of Petrovouni, the piezometric lines are almost parallel to the border of the 
plain, possibly due to the limited supply of quaternary formations from a small 
stream passing nearby. It must be noted that there is not a sufficient number of 
wells in this region to enable the accurate mapping of the piezometric surface. In 
the southern part of the map, piezometric lines are expected to form a small angle 
with the contact between quaternary and carbonate formations. Specifically, ac-
cording the data, the groundwater level in the quaternary formations is above sea 
level, while the altitude of the karstic water should be at the sea level. Therefore, 
the aquifers of quaternary formations are expected to feed the karstic.  
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Fig. 2. Piezometric map of a. March 2007, b. June 2007, c. October 2007, d. January 2008 of the 
study area. 
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Fig. 3. Geological cross-section. 

The flow of Platy Potami River was 665 m3/h the area entering the plain and 
515 m3/h at the river mouth. Hence, along the plain, the river feeds the water ta-
bles that are hosted in the quaternary formations. 

4 Second measurement period (June 2007) 

The second measurement period took place between 25 and 27 June 2007. The 
groundwater levels were on average 0.4 m lower than those measured in March.  

The piezometric surface in June 2007 is shown at the map (Fig. 2b). The shape 
of the piezometric surface is similar to that of March. The only difference lies in 
the southern part of the map, near the carbonate rocks, where the underground 
drainage line and the parallel underground watershed are less distinct. 

The Platy Potami River maintained a very low flow (36 m3/h) near the entrance 
to the plain, water that was infiltrating nearby. Also, there was stagnant water 
downstream of the public road leading from Mavrovouni to Areopolis, because the 
river mouth was blocked by a large volume of sand dunes.  

5 Third measurement period (October 2007) 

The third period includes measurements from 10 to 15 October 2007. This season 
is characterized by lower groundwater levels, because it is the end of the irrigation 
season and the new hydrological year has not started yet. It is significant that some 
wells in the northern part of the plain were dry. The piezometric surface in Octo-
ber 2007 is shown in the map (Fig. 2c). In comparison to the aforementioned pie-
zometric maps, the following differences are observed. Firstly, the main under-
ground drainage line is more accurately defined in the southeastern part of the 
plain. The piezometric surface is on average 0.95 m lower than that of June 2007.  

A notable change is the shift to the East of the main underground drainage line 
at the area southeastern of Petrovouni until it concurs with the riverbed. Finally, 
the underground drainage line and the parallel underground watershed in the 
southern part of the map are not very distinct. 
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The river showed no flow downstream of the village Archontiko. Shortly be-
fore the river mouth, stagnant water was observed, similar to that of the previous 
period, but had a much lower level. 

6 Fourth measurement period (January 2008) 

The measurements of the fourth period were performed from 14 to 15 January 
2008. Even though the hydrological year 2007-2008 was also dry, the groundwa-
ter level was higher in January, as expected. The piezometric surface in January 
2008 is presented on the map (Fig. 2d). The groundwater level has risen by an av-
erage of 1.30 m compared to that of October; as a result, the shape of the piezo-
metric surface in the southeastern part of the plain was restored, as it was in March 
and June 2007. Also, the shift of the main underground drainage line at the area 
southeastern of Petrovouni is relocated westwards of the river bed. Finally, the 
underground drainage line and the parallel underground watershed in the southern 
plain became more obvious and more similar to the situation that was “captured” 
last March. 

The flow of the river was measured at 927 m3/h at the area entering the plain 
and 833 m3/h at the river mouth. As shown by the measurements, the river was 
feeding the quaternary aquifers. 

7 Discussion - Conclusions  

The piezometric maps mentioned in this paper were compared to those of two 
other studies at the same area (Dimakopoulos 1991, Arvaniti and Gerasimopoulos 
2009). The major difference is the absence of the main underground drainage line. 
It is estimated that this difference is owed to the limited number of wells included 
in the other studies (6 and 31, respectively). 

From the maps of the four successive periods, it appears that the shape of the 
piezometric surface changes in the central and southern parts of the plain only dur-
ing the period of October 2007. This variation is possibly due to the groundwater 
level dropdown, which results in the piezometric surface approximating the perme-
able-impermeable surface. The variation in the groundwater level of the water table 
between wet and dry season (March and October 2007) is an average of 1.4 m. 

During the studied periods, in the northwestern part of the plain, the curves of 
the piezometric lines show concave towards downstream; this would normally 
suggest that the water tables feed the stream. However, in the entire area, the 
phreatic water table is located at lower elevations than the river bed. Thus, the 
only possible water movement is that from the river to the water tables. Therefore, 
the shape of the piezometric lines that forms the underground drainage line, which 
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concurs with the riverbed, is due to the feeding of the formations under riverbed 
from the adjacent formations. For this reason, this shape is maintained throughout 
the year. At the area southeastern of Petrovouni, during the wet periods (March-
January), the curves of the piezometric lines show concave towards upstream; this 
proves the feeding of the water tables from the river. These are confirmed by the 
flow measurements of the river, since feeding from the river to the water tables 
took place during all the periods that the river had flow. 

In the southern part of the plain, near the carbonate rocks, an underground 
drainage line and a parallel underground watershed appears on the maps created 
for all periods. These forms are limited in length due to the absence of wells. The 
fact that these forms exist during the four periods is more likely owed to potential 
variations in the altitude of the bedrock in the region. 
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Abstract   The design of a proper Soil-Aquifer Treatment (SAT) groundwater re-
charge system is proposed after studying the geological and hydrogeological re-
gime of the coastal aquifer system at Nea Peramos, NE Greece. The investigation 
of the qualitative problem of the study area included groundwater level measure-
ments and groundwater sampling and chemical analyses, respectively. The paper 
also includes the design of necessary maps, such as geological, piezometric and 
distribution of specific qualitative parameters. The investigation concludes to fur-
ther research and managerial useful proposals. 

1 Introduction 

The majority of coastal aquifer systems in Greece are environmentally degraded 
due to groundwater salinization mainly because of the intrusion of seawater to-
wards the mainland. In Northern Greece, research projects carried out by the 
Laboratory of Engineering Geology of the Department of Civil Engineering of 
Democritus University of Thrace have provided evidence that the encroachment of 
seawater into freshwater coastal aquifers of Eastern Macedonia and Thrace takes 
place in Rivers Evros, Lissos and Nestos (through both the river course and the 
aquifer of each delta environment), Lakes Vistonida and Ismarida, and coastal ar-
eas of Rhodope, Xanthi and Kavala (Diamantis and Petalas 1989; Kallioras 2008; 
Kallioras et al 2006; Kallioras et al 2010; Petalas 1997; Petalas et al. 2002; Pliakas 
et al 2001; Pliakas et al. 2007). The presence of seawater intrusion phenomenon in 
the above areas is mainly due to overpumping conditions for irrigation purposes. 

Laboratory of Engineering Geology of the Department of Civil Engineering, 
Democritus University of Thrace, elaborates the salinization problem in the study 
area focusing on designing a Soil-Aquifer Treatment (SAT) system artificially re-
charging effluent from the Nea Peramos WWTP (former Municipality of Eleft-
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heres which now belongs to Municipality of Paggaion, Kavala, NE Greece). Soil-
aquifer treatment refers to processes that occur in the soil (vadose zone) and aqui-
fer that act to remove or reduce chemical and biological constituents of concern. 

Soil-aquifer treatment can be an important step in the treatment train for reuse 
of wastewater. SAT systems for treatment and storage of waters of impaired qual-
ity must be tailored to local hydrogeology, quality of input water and climate (Na-
tional Research Council 1994).  

2 Description of the study area - geological 
and hydrogeological characteristics 

The area of investigation is located in Prefecture of Kavala, Municipality of Pag-
gaion and covers the hydrogeologic basin of Nea Peramos (Fig. 1). The study area 
covers approximately 20 km2 and it contains small settlements with small popula-
tions which increase during the summer months due to tourist visitors. The geo-
morphology of the study area is characterised as flat, with elevation of less than 20 
m throughout the entire study site, while the most important surface water body of 
the area is the stream of Nea Peramos, which flows through the area and dis-
charges into the sea from SW to NE. The main agricultural activity is the farming 
of vineyards, while there is a number of fruit-bearing trees and olive trees in the 
area, all playing a vital role in the economy of the local communities. The climate 
of the area is typical Mediterranean with dry and hot summers. The main geologi-
cal unit of the surface area is dominated by quaternary deposits, while coastal 
sands and alluvial deposits appear in the form of strips at the eastern and western 
boundaries, respectively (Fig. 1). The aquifer system of the study site includes an 
upper layer of sedimentary deposists of a varying depth up to 20 m (composed of 
terrestrial deposits and alluvial fans) and coastal sands at the region adjacent to the 
seashore (Pliakas et al. 2007). The underlying metamorphic geological formation 
is mainly composed of granodiorite which is strongly foliated. The phenomenon 
of seawater intrusion involves the unconfined aquifer layer.  

The area of investigation includes a number of groundwater wells, which are 
distinguished into three distinct categories according to their depth and hence the 
exploitation of certain aquifer layers (Geoservice 2000; Pliakas et al. 2007): (i) 
shallow wells which pump from the unconfined aquifer only, (ii) deep wells 
which pump exclusively from the underlying granodiorite aquifer and (iii) deep 
wells which have open screens to both aquifer layers and exploit both geological 
formations. 

The quantitative regime of the unconfined aquifer was investigated through 
measurements of groundwater levels, after the design of an appropriate monitoring 
network of 20 groundwater wells. Piezometric maps (Fig. 2) prior and after the ir-
rigation period show (Pliakas et al. 2007): (i) a constant recharge axis from NW to 
SE direction, fact which is attributed to the discharge of the groundwater potential 



Groundwater recharge using a Soil Aquifer Treatment (SAT) system in NE Greece 293 

of the mountainous zone, (ii) that the unconfined aquifer of investigation dis-
charges into the sea along three main axes with direction W-E, NW-SE and N-S 
(seawater intrusion is indicated along the above axes, as it is proved at the chemi-
cal analyses section of the paper in question). 

The research also included the qualitative investigation of the unconfined aqui-
fer, part which was achieved by the design of an appropriate qualitative monitor-
ing network of 15 wells and sampling of groundwater (15/07/2006). The research 
also included in situ measurements of physicochemical parameters of the ground-
water of the area such as electrical conductivity, pH and temperature (Pliakas et al. 
2007). The chemical analyses took place at the Laboratory of Engineering Geol-
ogy of Civil Engineering Department of Democritus University of Thrace. 

 
Fig. 1. Geographical location and geological map of the study area (IGME 1983, modified). 

 
Fig. 2. Piezometric maps of the study area (left: May 2006, right: October 2006)  
(Pliakas et al. 2007). 

According to water standards from Kallergis (2000), the groundwater samples 
of the aquifer of investigation appear to have good quality, with the exception of 
some samples from wells located within the coastal zone. The latter ones have 
Revelle values between 1 and 2, fact which characterizes the groundwater samples 
as being slightly polluted by seawater intrusion conditions. The above ascertain-
ment can be supported by the fact that these samples also have high chloride val-
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ues and values of electrical conductivity greater than 1500 μS/cm. It should be 
noted that the above groundwater wells are located along the NE-SW main dis-
charge axis of the unconfined aquifer (main salinization axis) (Fig. 3). 

 
Fig. 3. Left: Distribution of chloride ions (mg/L) of the groundwater samples of the study area 
(sampling date 15/07/2006) Right: Distribution of electrical conductivity (μS/cm) of the ground-
water samples of the study area (sampling date 15/07/2006) (Pliakas et al. 2007). 

3 Indicative proposal of groundwater artificial recharge 
using a SAT system  

The Wastewater Treatment Plant of former Municipality of Eleftheres is con-
structed at a local topographical peak (with an altitude of 10–20 m) located at a 
distance of 2 km from the coast and approximately 400 m upstream of the western 
boundary of N. Peramos (Fig. 4). The population of the former Municipality of 
Eleftheres is 6,300 people during the winter period, whereas it is increased up to 
24,700 people during the summer period where a touristic peak is observed. The 
potential of the wastewater treatment plant for the next 20 years is estimated to be 
30,000 ΙΑ (eq. pers.) (Markantonakos and Papavasilopoulos a, b, 2003). It is as-
sessed that part of the treated effluent will be used for irrigation purposes of non-
edible cultivation (under relative quality standards for suitability), while the re-
maining amount of the effluent will be discharged into Eleftheres torrent after the 
use of specific filters. The wastewater treatment plant is designed in order to 
achieve a high degree of organic pollutants, ammonia, nitrates and phosphorus 
removal; so that the potential or risk for contamination or pollution to the receiv-
ing water body (Eleftheres torrent) will be minimized. Additionally, the applica-
tion of UV distillation and purification results in effective removal of bacterials 
and pathogens within the water. In general terms, the design and operation of the 
wastewater treatment plant of Eleftheres is such, so that the risk of negative envi-
ronmental impacts in the surrounding area will be minimized. 

The selection of appropriate location for a proposed SAT plant is one of the 
most important stages during the assessment of such water engineering works. 
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Such a selection is based on different criteria according to the geological and hy-
drogeological regime of the proposed site whereas consideration of the relative ag-
ricultural areas (public or private) should also take place. With reference to the lat-
ter, it has to be noted that the financial cost assessment should also consider 
possible costs of expropriations of private properties, which in many cases might 
cause significant raise of the total budget of the project. One of the most important 
and objective requirements for the design and implementation of a SAT system is 
the presence of a thick unsaturated zone which underlies the SAT installation in 
order to ensure all necessary aerobic processes and the removal of certain bacteria. 
For this reason, the so-called California Guidelines (Hultquist et al. 1991) suggest 
that the minimum vertical distance between the bottom of the recharge basin and 
the water table should be at least 3 m. However it has been recorded that artificial 
recharge in the Netherlands with the application of bank infiltration systems, has 
been designed and constructed under controlled conditions below the water table.  

The measurements of the water table of the coastal phreatic aquifer of N. Pe-
ramos and the interpretation of its fluctuation in different periods of the hydrologi-
cal year (11/1/2006, 21/3/2006, 5/5/2006, 16/10/2006) (Pliakas et al. 2007) re-
vealed that the water table in each of the groundwater wells Ε035, Ε113 και Ε03 
(Fig. 4) meets the aforementioned criteria with respect to the minimum vertical 
distance between the bottom of the recharge basin and the water table.  

According to previous geological and hydrogeological investigations for the 
study area (Geoservice 2000; Pliakas et al. 2007) it is believed that the alluvial and 
quaternary deposits which compose the unsaturated zone in groundwater wells 
Ε035 και Ε113, NW of the wastewater treatment plant, satisfy the demands (in 
terms of soil type and hydrogeological conditions) for an effective and proper in-
filtration of the treated effluent and hence the recharge of the underground phrea-
tic aquifer. Groundwater well E03 is adjacent to the foot hill where the outcrops of 
the granodioritic formation appear and therefore is not recommended for the in-
stallation of a SAT system at that specific location. The combination of all the 
aforementioned conclusions lead to the decision that the installation of the pro-
posed SAT system at the coastal area of Eleftheres basin should be located at a 
distance of 1 km NW from the wastewater treatment plant (Fig. 4) (Stergiou 
2009). The proposed pilot SAT system should include the following (Fig. 4): 

– The assessment and dimensioning of the effluent tank (dimensions of the 
tank bottom, depth and tank volume) in order to effectively receive the 
treated effluent from the wastewater treatment plant. 

– The excavation and formation of 2 systems of shallow recharge basins A 
and B (Fig. 4); each system containing 3 recharge basins of individual di-
mensions: surface area 15×30 m, depth 0.50 – 0.80 m, in order to be filled 
with water not more than 20 – 30 cm in height so that the clogging of the 
basin bottom (and hence the effectiveness of the SAT system itself) will be 
minimized. 

– Coating of the bottom of the recharge basins with the use of gravels or me-
dium grained sand (0.10 – 0.20 cm)  
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– Installation of proper water pipes for the transfer of water from the effluent 
tank to the recharge basins as well as proper water pipes which will be 
connecting the adjacent recharge basins of the SAT system. 

– The installation of a monitoring network of groundwater wells and piezo-
meters in order to inspect on a frequent basis the qualitative and quantita-
tive effectiveness of the SAT system.    

 
Fig. 4. Quantitative and qualitative groundwater monitoring wells network of the study area. In-
dicative proposed location of recharge basins for the application of SAT system. Positioning and 
dimensioning of 2 systems of recharge basins (with 3 basins each). Plan and profile of a repre-
sentative recharge basin (Pliakas et al. 2007, Stergiou 2009). 

4 Conclusions – Managerial proposals 

This paper studies the design of a proper Soil-Aquifer Treatment (SAT) ground-
water recharge system proposed after studying the geological and hydrogeological 
regime of the coastal aquifer system at Nea Peramos, NE Greece. The piezometric 
surface of the study aquifer layer shows groundwater level values which are 
greater than the mean sea level, due to the recharge conditions of the investigated 
aquifer, fact which eliminates the possibility of active seawater intrusion. The 
quality of groundwater at the western part is good, while the groundwater of the 
eastern coastal part appear slightly saline as revealed by their Revelle values. 
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Laboratory of Engineering Geology of the Department of Civil Engineering, 
University of Thrace, elaborates the salinization problem in the study area focus-
ing on designing Soil-Aquifer Treatment (SAT) systems artificially recharging ef-
fluent from the Nea Peramos WWTP (Municipality of Paggaion, Kavala, NE 
Greece). In the framework of this research and based on relevant experience of the 
above laboratory regarding the management of aquifers recharge and according to 
the relevant recommendations, specifications, propositions and guidelines of sci-
entific organizations, committees and agencies in Greece and worldwide (ASCE 
1987, 2001, CMD 2009, EU 2006, US EPA 1992, US NRC 1994), the following 
research works and managerial proposals were concluded: (1) study of the hydro-
geological regime of the aquifer system and feasibility study of applying effluent 
recharge through SAT systems using recharge basins, (2) definition and testing of 
all the necessary qualitative characteristics of the effluent based on documentation 
and experience of other researches and applications worldwide  (SS, TDS, SAR, 
TOC, BOD,  pathogenic microorganisms, organic compounds, DBPs, heavy met-
als, nutrients, nitrogen, phosphate), (3) selection of suitable off-channel or in-
channel sites for the recharge basins, (4) testing an experimental pilot recharge 
application and evaluation of the recharge effectiveness, (5) design of a network 
of wells monitoring the quality of the recovered water, (6) determination of the 
proper testing parameters, (7) confrontation of potential clogging problems, (8) 
determining the recovered water uses, (9) environmental impact assessment for 
the broader region, (10) establishment of safety countermeasures in the designed 
recharge facilities.  
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Abstract   Water balance for Dar es Salaam Quaternary coastal aquifer (DQCA) 
was calculated according to the method of Thornthwaite and Mather. Monthly po-
tential evapotranspiration estimates were calculated from 39 years (1971-2009) of 
routine meteorological data using Penman-Monteith, Thornthwaite, Hargreaves 
and Hamon methods. Results were compared in order to show possible differences 
that could be attributed to the methods. Determination of groundwater recharge 
rates gave a mean value of 184 mm year-1 which is equivalent to 71.39 x 106 m3 

year-1 indicating that 16.5% of the long term average annual precipitation of 1114 
mm ends up as groundwater recharge. Groundwater abstraction from DQCA was 
estimated to be 69.3 x 106 m3 year-1. These results are alarming in two aspects: 
high abstraction rate and the increasing trend of borehole drilling. Groundwater 
abstraction which is nearly equal to the amount of the groundwater recharge is far 
greater than the least conservative sustainable yield calculated at 70% (equivalent 
to 49.97 x 106 m3 year-1). 

Introduction 

Dar es Salaam is the fastest growing city in Tanzania with a population of about 
4.0 million and with high concentration of business, industries and institutions. 
The high population growth and deterioration of surface water supply has resulted 
in an incredibly increased dependency on groundwater from Dar es Salaam Qua-
ternary coastal aquifer (DQCA). The threats to this aquifer system among other 
things include seawater intrusion due to overexploitation of the aquifer and nitrate 
contamination caused by the use of pit latrines and urban agriculture (Mjemah 
2007; Mtoni and Walraevens 2010; Mtoni et al. 2010). The objective of this study 
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was estimation of a sustainable yield for the DQCA through determination of the 
amount of groundwater recharge, based on the estimation of water budget for the 
aquifer. 

Geological and hydrogeological setting 

The study area (Fig. 1) is located in Dar es Salaam City which is part of the coast-
al area of Tanzania. The latter consists of Precambrian basement rocks and overly-
ing sedimentary formations: Karoo, Jurassic, Cretaceous, Tertiary and Quaternary. 
The study area is mainly located in the Quaternary deposit (Fig. 2). As indicated in 
Figure 2, the study area and its surroundings comprise three major parts distin-
guished by the geological formations: the central coastal plain with Quaternary 
fluviatile deltaic sediments, the Mio-Pliocene deltaic clay-bound sands and gravels 
in the northwest and southeast and the Lower Miocene fluviatile sandstones of 
Pugu Hills in the west of the study area. 

 
Fig. 1. Location of the study area: a) over 4000 boreholes are estimated to have been drilled only 
in the inner part of the city; b) Boreholes visited with yield > 10 m3/h. 

The hydrogeological regime of Dar es Salaam City is characterized mainly by 
two aquifers both of Quaternary age. The upper unconfined sand aquifer is super-
imposed on the lower semi-confined sand aquifer, having thickness ranging from 
1-10 m and 5-50 m respectively; both being separated by a clay aquitard with a 
thickness ranging from 1-30 m (Mjemah 2007).  
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Fig. 2. Geological map of the broader area (map modified from Mjemah et al. 2009). 

Climatic conditions 

The average amount of rainfall in Dar es Salaam City is approximately 1114 mm 
per year (average calculated based on data from 1971-2009) with considerable 
variation. The major precipitation (78.6%) occurs in two periods: long and heavy 
rains occurring in March to May with peak rainfall in the month of April, while 
short and light rains occur in October to December (Fig. 3). The dry season begins 
in June until September, and is characterized by limited rainfall. The maximum 
mean monthly temperature is 32.4oC and the minimum mean monthly temperature 
is 18.3oC. The lowest mean monthly temperature is recorded between June and 
August. Radiation has maximum mean monthly value of 20.76 MJm-2 while the 
minimum is approximately 16 MJm-2; observed to decrease during the rainy sea-
son. Radiation shows a similar trend with potential evapotranspiration (PET) 
while a weak similarity is observed for wind speed. The mean monthly wind speed 
varies from 4.44 ms-1 to 6.79 ms-1. The high mean monthly PET values are 
experienced during the early months of the year (i.e. January and February).  
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Fig. 3. Variation of average monthly of: 1) rainfall (mm), 2) potential evapotranspiration (PET) 
(mm), 3) radiation (MJm-2), 4) wind speed (ms-1), and 5) temperature (°C) for the period 
from 1971 to 2009.  

Soil moisture balance and ground water recharge 

The study area is characterized by vegetation cover (grass) of shallow roots 
(0.5 m) and a lithology of fine sand (vadose zone), which, according to Thorn-
thwaite and Mather (1957), this assumes a water holding capacity of 10% over the 
entire root zone. This gives a water capacity of the root zone of 50 mm. This refers 
to the plant available water (PAW) calculated as the difference between field ca-
pacity (FC) and permanent wilting point (PWP). Excess soil moisture to the FC is 
drained to the groundwater reservoir in the form of groundwater recharge. The dif-
ferent terms of the soil moisture budget were computed using the concept of water 
balance of the unsaturated zone according to Thornthwaite and Mather (1955; 
1957). It consists of monitoring of the accumulated potential water loss (APWL) 
and the amount of water stored in the soil (SB). The latter is calculated as 
SB=PAW*e-APWL/PAW+WPWP (with WPWP: the water content of the root zone at 
PWP = PWP * root depth). Calculations to determine SB and APWL were per-
formed for each month using monthly mean precipitation (P) and PET. Soil water 
content at PWP for sand is assumed to be 6% by volume (Raes et al. 2010). This 
gives 30 mm available water content of the root zone at PWP. Soil moisture was 
calculated by balancing precipitation and evapotranspiration using FC and PWP as 
parameters. The runoff factor for this study was taken as 8% of the precipitation as 
suggested by previous studies (Mjemah 2007; Mjemah et al. 2011). The hydro-
logical year has been considered from the beginning of October (the beginning of 
the rainy season) to the end of September of the next year (i.e. the end of dry sea-
son). The initial PAW in October 1971 is assumed to be 0 mm. 
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The average annual recharge computed on a monthly basis using the evapotran-
spiration calculated respectively by Penman-Monteith (PM_PET), Hargreaves 
(HS_PET), Thornthwaite (TH_PET) and Hamon (HN_PET), gave the values of 
166 mm/year, 174 mm/year, 198 mm/year and 199 mm/year respectively. The four 
methods gave a mean of 184 mm/year. Figure 4 shows the comparison between the 
average values of monthly potential evapotranspiration calculated using the four 
methods; Hargreaves and Penman methods show a comparable trend, as opposed 
to Thornthwaite and Hamon methods. Mostly, Thornthwaite and Hamon show 
lower values, except in April where all methods show more or less the same value. 

 
Fig. 4. Comparison of average monthly potential evapotranspiration (PET) computed using dif-
ferent methods for the period 1971/1972-2008/2009. 

Figure 5 shows the variation of natural groundwater recharge rate calculated for 
each year using average PET estimated by different methods. The highest 
groundwater recharge rate is 504 mm/year, which occurred in 1994/95, while in 
1979/80, 1984/85, 1999/2000 and 2002/2003, very little or no groundwater re-
charge occurred.  

 

Fig. 5. Variation of annual potential evapotranspiration (average of different methods), rainfall 
and groundwater recharge. 
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Water balance and sustainable yield 

Determination of groundwater recharge rates gave a mean value 184 mm/year be-
ing equivalent to 71.39 x 106 m3 /year, an amount which represents 16.5% of the 
long term average annual precipitation of 1114 mm ending up as groundwater re-
charge. Sustainable yield is considered as a fractional of natural recharge and was 
calculated according to the concept proposed by Ponce (2007): average percent-
ages estimated at approximately 40%, the least conservative approximately 70%, 
and reasonably conservative approximately 10%. These estimates are presented in 
Table 1. 

Table 1. Estimates of sustainable yield according to the concept of Ponce (2007). 

Estimated recharge 40% of recharge 10% of recharge 70% of recharge 

71.39 x 106 m3 /year 28.56 x 106 m3 /year 7.14 x 106 m3 /year 49.97 x 106 m3 /year 

Estimation of water budget 

Groundwater provides over 50 percent of the present water supply for Dar es Sa-
laam City. Since 1997, industries (e.g. beverage, pharmaceutical, chemical, etc), 
big hotels, institutes, colleges and urban farming are increasingly depending on 
groundwater. Groundwater survey in the study area was conducted in different pe-
riods between 2009 and 2010. The survey which took place in the most part of the 
“inner city” (Fig. 1) was used as a guide to estimate the amount of groundwater 
use in the Dar es Salaam area that extends from the Kisarawe/Pugu Hills west of 
Dar-es-Salaam City to the Indian Ocean in the east, and from the Mzinga River in 
the south to the Mbezi River in the north (Fig. 2). Five hundrend boreholes were 
visited in the study area. Dar es Salaam is situated largely on a sand aquifer and 
most boreholes are drilled between 20-60 m. The aquifer shows high yield of more 
than 6 m3/h in median value. Most of the visited boreholes used for water supply 
have yields ranging between 10-15 m3/h and few of them have yields between 15-
30 m3/h.  

Mjemah et al. (2011) estimated boreholes yields from Dar es Salaam Quater-
nary aquifer at 8.56 x 106 m3/year using data collected in 2005. This estimation 
was based on investigation of 1300 registered boreholes. However, many unregis-
tered boreholes exist and most of them were drilled illegally. Mato and Mjwahuzi 
(2010) report the existence of over 3500 registered boreholes in the city. Out of 
500 boreholes randomly visited during this study, about two third of them are not 
found in the database and about 30 percent are not operating. Based on the record 
of 3500 boreholes registered by the year 2010, it is likely that there will be about 
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7000 unregistered boreholes. This makes a total of about 10,500 boreholes drilled 
in Dar es Salaam. Using the experience of the field survey, we can assume that on-
ly about 70 percent of these boreholes are actively operating and the rest are aban-
doned due to either high salinity in water, drying up or low yield of boreholes 
and/or pump problems. 

According to Mjemah et al. (2011) boreholes/wells used for domestic purposes 
are assumed to be pumping for 1 h/day, at every day of the year, while wells used 
for public water supply are assumed to pump for 6 h/day, during 365 days/year. 
The industrial wells are assumed to pump for 6 h/day, during 260 days/year. The 
yearly totals per well were then summed whereby 1300 borehole/wells yields were 
estimated to be 8.56 x 106 m3/year.  Based on the same approach, for 10,500 bore-
holes/wells one will expect a yield of about 69.3 x 106 m3 /year. This abstraction 
which is nearly equal to the amount of the groundwater recharge is far greater than 
the estimated sustainable yield of the aquifer.  

Conclusion and Recommendations 

Water balance for Dar es Salaam Quaternary aquifer was calculated on the basis 
of long term average monthly precipitation, evapotranspiration and combined soil 
and vegetation characteristics, according to the method proposed by Thornthwaite 
and Mather. The water balance of the catchment suggests for the average sustain-
able yield (calculated at 40% of natural groundwater recharge) a value of 28.56 x 
106 m3 year-1 with the current use approximately 69.3 x 106 m3 year-1.  

Groundwater levels fluctuate seasonally. During the dry period, the water table 
falls due to pumping, evapotranspiration and discharge to streams. The major 
source of renewable groundwater in the aquifer is rainfall. During years of drought 
or below average rainfall, the reduced rate of recharge is opposed to the increased 
pumping, resulting in decreased discharge to streams.  

In conclusion, so far this study has provided an increased understanding of a 
number of important factors including the need for further research. Conclusive 
factors were that: i) the estimated water balance shows a danger of aquifer over-
exploitation: as a result of immense industrialization and high population growth, 
groundwater is heavily relied on in Dar es Salaam City to serve as alternative to 
surface water which is seriously deteriorating; ii) increase of borehole drilling that 
goes unchecked affects the protection of the groundwater resource; iii) minimizing 
the adverse effects of scarcity requires optimal as well as sustainable patterns of 
groundwater management; iv) a proper management of the aquifer system is re-
quired; and v) a systematic groundwater model should be developed to control 
seawater intrusion and to provide more insight in understanding the hydrological 
behaviour of the system in relation to the current imposed stress on the recharge 
flux. 
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Abstract   Water regime of Albanian rivers is a Mediterranean typical one. During 
the wet period, it flows 85-90% of the annual flow and the dry period represents 
only 10-15% of the annual amount. In this paper the water regime of the Semani 
and Vjosa River is analyzed. These are two rivers with total different hydro-
geological characteristics. Vjosa river watershed is mainly composed of massif 
calcareous rocks that are streaky and karstified. A totally different view is in the 
other river, in Seman where the impermeable rocks dominate. Even the distribu-
tion of the precipitation is quite different. In the Vjosa River the amount of the 
precipitation varies from 1500 mm to 2500 mm per year and in Semani River only 
1100 mm per year. The flow in the wet period is mainly a result of the precipita-
tion and the minimum discharge occurs during the dry period representing the 
base flow that is the contribution from the groundwater. In this point of view the 
flow in the dry period is also an indicator of the underground water resource. Dur-
ing the dry period the watershed gives what it received and what has cumulated 
during the wet period. This is more evident in the case of a karstic watershed. The 
recession curves were analysed for all the hydrometric stations in both river basins 
and the parameters of these curves are evaluated. These results are analyzed and 
compared between the two different watersheds reflecting the differences on water 
exchange of surface and ground water. Finally an assessment of groundwater re-
sources in both hydrogeological basins worked out.  

1 Principal characteristics of the basins 

The Vjosa River is the biggest river in South Albania and the second in the coun-
try. Its catchment’s area is about 6710 km2 and is 272 km long. About 1/3 of its 
watershed is situated in Greek territory (Fig. 1).The mean altitude of the water-
shed, from its spring to the mouth of the river, is to 855 m above the sea level. The 
slope of the Vjosa watershed is almost uniformly over all its longitude (27-29 %). 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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Fig. 1. Schematic and geological map of the study area (after Eftimi R.) 

The Semani River in the south part is confined with Vjosa River. Its catchment 
area is 5658 km2 that is about 1/5 of the Albanian territory. The two main 
branches are Devolli and Osumi Rivers, with catchment areas, respectively 
3130 km2 and 2142 km2. The relief is mountainous with a total slope of 1900 m. 
The mean altitude of Semani watershed is 863.4 m a.s.l and of Devolli watershed 
1082 m a.s.l.  

From the hydrogeological point of view the Vjosa River watershed is com-
posed mainly of stratified limestone, where karst is a powerful phenomenon. The 
limestone rocks are intensively karstified and many surface and underground karst 
forms facilitate the surface water infiltration.  

In general Vjosa watershed is characterized by a high percentage of rocks with 
high permeability. The main part of this formation is located on the left side of the 
watershed; meanwhile the right part is almost composed by non-permeable rocks. 
In this side, Vjosa is bored with Semani River. This is an indicator of the high per-
centage of the infiltration of water in the ground and of the possibilities of a high 
drainage of the water from this catchments area.  

The Semani River traverses almost all the tectonic zones characterized by a 
complicated geological structure. Devolli springs out from limestone rocks but on 
its way down the rock formation of the watershed are flyches characterized by a 
low permeability. The Osumit River too, flows in a territory composed of carbonic 

   Extensive and highly productive aquifers  
  Extensive and highly productive aquifers 

 
  No groundwater resources 

Seman River Basin 

Vjosa River Basin
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rocks and flysch. So this watershed, from the hydro-geological conditions, is con-
sidered the most poor considering all the others watershed in Albania. 

Even in terms of precipitation regime, these two watersheds are quite different. 
The Vjosa basin, it is characterized by abundant precipitation. The main type of 
precipitation is the rainfall. The mean layer of precipitation in the Vjosa basin is 
1670 mm. In the upper part of the basin the amount of precipitation is 1387 mm, 
and during the summer this zone has the lower amount of precipitation; only 106 
mm. In the Drino basin the mean multi-annual value is 1920 mm. 

The mountain chain on both sides of the Drino River receives a large amount of 
precipitation, over 2500 mm. So, these are the main parts of the watershed “feed-
ing” the river and having a considerable influence on the water regime and its dis-
tribution within the territory of the watershed (Dakova 1998). 

In terms of the seasonal distribution the precipitation regime is a typical Medi-
terranean with scarce amount of precipitation during the summer, that take 7 to 10 
% of the annual weight and abundant precipitation during the winter, 45-50% of 
the total annual precipitation. This precipitation falling during the wet season is 
accumulated (stored) in aquifers and drains into the river during the dry season.  

A total different view is in the Semani watershed. In Devolli watershed there is 
the less amount of precipitation, only 762 mm per year. In Osumi this amount is 
higher with values up to 1020 mm - 1070 mm per year. This amount of precipita-
tion comes down during the fall-winter season. During the summer this amount 
represents only 12%-14% of the total annual of precipitation.  

2 Water storage of the basin 

Water potential of the underground basin is determined by its hydro-geological 
properties and by the amount of infiltrated precipitation. In the carbonate rocks 
environment karst phenomena has an important role. Its presence explains the 
main characteristics of groundwater (Fröhlich et al. 1994).  

The region of the Vjosa watershed in general is characterized by good water 
storage. This is due to the presence of rocks with good characteristics on water 
storage, and due to the high level of tectonics in it (Fig. 1). This has conditioned 
the high infiltration into the karstic limestones. But on the other hand, the complex 
geological-structural composition, the stressed mountainous character, the well 
developed hydrographic network, influence for the groundwater in the region to be 
not uniformly distributed. The heterogeneity of the rocks, composing this region 
in general, makes possible the presence of different kind of groundwater as po-
rous, karstic or fissured and all their combinations (Dakoli and Xhemalaj 1996). 
The opposite view is for Semani watershed where the rocks composing this water-
shed do not have storage capacities as flysch formation the groundwater is scarce. 

The main features of a karstic region are either the absence or the scarce sur-
face hydrographic network and the good underground network, a high module of 
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the underground flow and in many cases its underground hydrographic watershed 
is not the same with the surface one. This is also due to the drainage of groundwa-
ter in adjacent watersheds. A good example of it is the karst massif of Mali Gjere.  

3 Recession of groundwater resources  

Recession represents the process of diminishing discharge in a water flow as a re-
sult of the drainage of the water storage layers of its basin during the non-
influencing regime in the absence of precipitation. Precisely, the way in which this 
discharge diminishes is the way that represents the most important characteristic 
of a particular water basin (Dakova 1998). 

The rate of underground nutrition of a river is determined by the total amount 
of precipitation, by their annual distribution and evapotraspiration (Kirchner 
2009). So the amount of precipitation occurring during the wet period called deci-
sive precipitation is important for the recharging of karstic water.  

The precipitation occurring during the fall mainly fills the waterways and the 
capillaries of the unsaturated zone, so they have a small contribution to the karstic 
waters but they prepare the conditions for the infiltration during the successive 
months. Even during the months of June-October the precipitation do not influ-
ence so much on the recharging of karstic waters. During this period the water in 
the river flow is a result of groundwater stored during the preceding periods from 
precipitation (Vogel and Kroll 1992). During the dry season when the infiltration 
is close to zero, the water regime is called non-influenced regime.  

The recession of underground resources can be expressed in an analytic form, 
making more practical the evaluation of different issues. Whatever this analytic 
expression is its expresses in a simple way the physical process of the recession of 
the storage layers. The most common analytic form of this process recommended 
(Tallaksen, 1995) for the evaluation is the exponential one, as it follows: 

  eQQ 0  (1) 

Where Q0- initial discharge, - slope of the retention curve and - time  
The recession coefficient - represents the slope of the curve and is a charac-

teristic for a certain spring. From this coefficient one can have a preliminary result 
of the dimensions of the water recession layer. Consequently the water volume 
stored in the rock can be evaluated. So the smaller the recession coefficient is, the 
higher the water volume stored on the underground layers is (Srinivas et al. 1999). 
In the same time from this coefficient the porosity and the permeability of the rock 
formation can be evaluated. The higher this coefficient is (the faster the water is 
drained from the underground formation), the smaller the effective porosity is (or 
the storage coefficient) and the higher the permeability is. As a conclusion, the re-
tention coefficient is a very important characteristic of the watershed.  
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Fig. 2. The hydrograph of retention from the formation with poor water storage capacity (Semani 
river) (red line) and karstic formation (Vjosa river) (blue line). 

The shape of the recession hydrograph, (Fig. 2) especially of a flow recharged 
by karstic rock formations, represent in reality the structure, function and hydro-
dynamic parameters of its water storage system (Eftimi 1979). 

 

 

Fig. 3. a. The characteristic recession curves for Semani and b. Vjosa basin. 

For both Rivers, there were selected those years where the recession process 
has normally occurred, that means those years when during the dry period no pre-
cipitation happened or was not significant and does not disturb the process of 
gradual diminishing of water discharge. It was intended to select those years when 
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the precipitation during the wet period was of high values and the least possible 
during the dry period. These conditions secure an optimal “recharge” of the un-
derground reservoirs during the winter-wet season, and a not “disturbed” empti-
ness during the summer- dry season (Bogdani 1997). 

This was the logic to determine the characteristic curves of recession for a par-
ticular gauging station (Fig. 3).  

4 The assessment of groundwater storage  

The underground water resources of a water basin can be approximately esti-
mated, using the recession analysis as above (1). The calculation is considered as 
“approximate” because, first it is difficult to definitively evaluate the impact of 
summer precipitation on these water resources and second, the end of recession 
curve never corresponds with the end of water resources. In other words, even in 
the smoother part of the curve, at the end of the recession period, there is always a 
certain water resource on the water basin. What can be exactly estimated by these 
recession curves is the water volume stored in the basin during the wet season and 
drains out of it through the end of the dry season (Eftimi and Kolaneci 1986).  

So the integral of the recession curve gives the quantity of water stored in the 
underground layers from “0” time selected as origin. This integral can be applied 
in the limit zero-infinite. In this case the recession curve is supposed to continue 
gradually to the infinite, without being influenced by precipitation.  

The volume coming out from the calculations represents the water volume 
stored in the underground formations during the wet season that drains during the 
non influenced water regime plus that part of that water which has not had the op-
portunity to drains because of the precipitation that disturbed this regime. In this 
case the underground reservoirs start to fill up without being totally empty. These 
are the potential resources of a water basin. 

In the case where the integral will be calculated for the limits 0-t, where the re-
gime is interrupted by the precipitation, the water volume represent only that part 
of underground water resources draining into the river valley during the regime 
without precipitation (Gustard et al. 1989) making up the effective resources. In 
both cases the water volume is calculated from the following equations:  
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Table 1. The potential and effective water volume for Vjosa and Semani watersheds. 

Gauging Station Year Surface (km2) V( potential) (m3) V(effective) (m3) 

VJOSA     

Vjosa-Çarshove 1978 2175 3.4788*108 1.2896*108 

Vjosa-Permet 1978 2820 4.3622*108 1.9792*108 

Vjosa-Dorez  1960 5424 11.4654*108 5.9697*108 

Perroi Çarshove 1981 90.8 17 869 272 6 536 592 

Perroi Langaric 1981 297 41 726 066 19 719 504 

Kardiq-Palokast 1980 182 50 958 135 23 662 800 

Drino-Hormove 1986 1280 2.2732*108 1.6311*108 

Bença – Bençe 1960 133 87 872 301 22 330 080 

Sh.-Kuç 1980 64.8 42 337 241 22 289 472 

Sh.-Lepenice 1978 332 55 234 996 34 299 072 

Sh.-Vodice 1960 548 1.052*108 92 024 640 

Smokthina 1978 32.8 42 885 818 15 655 680 

Kalas – Tatzat 1986 29.1 1.0411*108 21 146 832 

Kalas-Blerimas 1957 228 18240708 16 912 800 

Bistrica – Krane 1960 108 6.5212*108 1.9961*108 

Pavla – Bogas  1960 337 1.2534*108 47 907 072 

SEMANI     

D.-Miras  1960 934 4 802 548 4 178 606 
D.-Sheqeras  1960 786 2.4593*108 15 245 280 
D.-Gjinikas  1978 828 48 440 502 32 415 120 
D.-Kokel 1960 1884 87 114 050 78 494 400 
O.-Qafzez  1974 1065 11 963 077 10 345 183 
O.-Corovode  1960 1106 41 041 123 33 860 866 
O.-U.Vajgur.  1960 1122 50 625 000 44 879 336 
Prr.-Çorovodes  1965 1198 16 314 353 15 275 575 

The water resources are calculated for the pre-selected typical years, that means 
those years where the dry season has /or has not such low precipitation that does 
not influence the recession curve.  

In the case where the curve is composed by two micro regimes, the calculation 
is done for both of them. It is calculated the volume for the first phase from t=0 up 
to t1 time and then for the second phase considering the beginning of this one at t1 
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time up to the t2 time. So there is a Q0 of the second phase not in the originate axe 
of ordinate but on the axe where t1 begin up to the t2 time that represents the end of 
the recession curve. This is the way to calculate the water resources in the water 
basin that do not drains from integrating from the time when the curve is inter-
rupted to the  assuming as the slope the  coefficient of the second phase.  

Using the above approach, the potential water volume (the total amount of wa-
ter in aquifer) and effective water volume (the amount of water in aquifer that in 
specific condition flow as surface water), are calculated and these values are 
showed on the Table 1. 
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Abstract   The multilayered coastal aquifer system of the southern Rhodope prov-
ince in North Greece was selected to examine the applicability of multivariate sta-
tistical methods in the investigation of groundwater variability and to evaluate 
their performance in the presence of overlapping processes. The aquifer system 
which forms the main source of water supply to numerous productive wells in the 
area, drilled at various depth horizons, faces serious degradation of groundwater 
quality. A widespread sampling survey was conducted at the end of the wet season 
2010 and 16 physicochemical parameters were determined for every sample col-
lected. Multivariate statistical techniques (cluster and factor analysis) were applied 
twice, first including all the sampling points, and second after the removal of deep 
boreholes samples. The results showed that the above methods were able to sepa-
rate a mixture of processes in the aquifer system (saltwater intrusion, agricultural 
runoff, mineral dissolution, ion exchange, connate water influence), and spatially 
distribute them in the study area. They also highlighted the need for knowledge of 
technical information regarding the boreholes and of sound hydrogeological data 
in the area, since the inclusion in the analysis of deep connate groundwater masses 
caused masking effects.  

1 Introduction 

Identification of groundwater regimes during a hydrochemical survey is often a 
difficult assignment because of the large number of samples created and the com-
plexity of the hydrochemical procedures met in groundwater environments (Ap-
pelo and Postma 2005). Especially in the case of coastal aquifers, discrimination 
between different salinization sources is troublesome due to the conjunction of 
various processes (Morell et al. 1996). Multivariate statistical techniques can fill 
this gap, as they present two very important attributes. First, they can significantly 
reduce the number of variables used without loosing significant information, and 
second, they can produce comprehensive classification of either variables or cases 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 



316 E. Galazoulas et al. 

(Davis 2002). There are various studies in the literature using these methods in 
groundwater data (e.g., Melloul 1995; Abu-Jaber et al. 1997; Jayakumar and Siraz 
1997; Voudouris et al. 1997; Kumar et al. 2009). In all these studies, the authors 
were able to productively identify the hydrological procedures exhibited in a vari-
ety of groundwater environments and to differentiate among them. 

Ιn cluster analysis, variables or cases are grouped together according to a vari-
ety of distance measures and amalgamation rules, while in factor analysis the ei-
genvectors of the correlation data matrix are calculated and the ones representing 
significant proportions of data variability are selected following certain criteria. 
The eigenvectors represent the principal factors of the original dataset which are 
all uncorrelated and orthogonal to each other (Davis 2002).  

The multilayered coastal aquifer located at the southern Rhodope Province, 
Greece, which is facing saltwater intrusion and anthropogenic contamination prob-
lems over the last 30 years, was selected as a case study area. The aim of this 
study is to apply certain multivariate statistical techniques (cluster and factor anal-
ysis) in order to identify and spatially distribute the various hydrochemical proce-
dures, to enhance observations from previous studies (Petalas 1997; Petalas and 
Diamantis 1999), and to evaluate their performance in the case of overlapping 
processes. 

2 Study area description and hydrogeological setting 

The study area is situated in the southwest coastal zone of Rhodope Province, in 
Northeastern Greece (Fig. 1). The climate of the area is semi-arid, with an average 
rainfall of 554 mm/year (2003-2009). The wet season (October – April) is fol-
lowed by the dry period between May and September, which is the main irrigation 
period.  Over-utilization of the regional groundwater resources has led to a re-
markable piezometric drawdown and intensive saltwater intrusion (Petalas 1997). 
The hydrogeology of the area has been investigated thoroughly in the past (Petalas 
1997; Petalas and Diamantis 1999). Examination of geological, hydrogeological 
and hydrochemical data showed the presence of a complex multilayered aquifer 
structure deposited during the upper Miocene. Two main aquifers can be identified 
in the area. The shallower semiconfined aquifer which is formed by intercalations 
of loose sandstones, siltstones and clays and the deeper confined aquifer which is 
formed within deposits of alluvial origin underneath the semiconfined layer. The 
above aquifers are separated from each other by a thick clay unit. At the base of 
the system, a thick green clay layer forms a baseline isolating the productive aqui-
fers from the underlying deposits where connate water masses are present. The 
depth of this barrier unit is approximately 100 meters below mean sea level.  
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Fig. 1. Location of the study area and sampling points. 

Pumping wells in the study area can be divided into three groups. First, wells 
that are screened to only one of the productive aquifers identified before; second, 
wells open to both the shallower and the deeper  parts of the aquifer system; and 
third, wells that are screened below the green clay baseline. This final group of 
wells is quite developed during the last years due to the need for better quality 
water in highly contaminated zones. Groundwater recharge at the top aquifer is 
through infiltration of surface runoff, direct percolation of rainfall, groundwater 
inflow along the western and northeastern boundaries, and infiltration of irriga-
tion water. The bottom aquifer is recharged mainly by inflow from contiguous 
aquifers. 

3 Sampling procedures, chemical analysis 
and statistical treatment 

For the purpose of this study, an excessive sampling survey was conducted during 
the beginning of the irrigation season (May 2010). A network of productive bore-
holes (Fig. 1) was selected in order to cover equally and representatively the area 
of interest, and special care was taken so that samples were collected from bore-
holes corresponding to different screen depths. In certain occasions, wells laying 
very close to each other were selected (e.g. R15 and R24, or R2 and R9), because 
they depicted dissimilar physicochemical properties, or because technical data 
about them were unknown. Sampling, preservation and transport of the samples 
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was conducted following the standard procedures provided by APHA (1995). 
Physicochemical parameters (Electrical Conductivity, pH and Temperature) were 
measured in situ while analyses of Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-,HCO3
-, NO3

-, 
NO2

-, NH4
+, Br-, Li+ and F- concentrations were conducted in the Laboratory of 

Ecological Engineering and Technology, Democritus University of Thrace, 
Greece. All boreholes were pumped for at least 30 minutes before a sample was 
taken to achieve representative samples of groundwater attributes. In total 31 sam-
ples were collected, producing the (31 x 16) whole dataset matrix with five sam-
ples corresponding to deep boreholes. Thus the number of samples analyzed in the 
reduced dataset was 26.  

For the application of cluster analysis on both data sets, the simple Euclidean 
distance and the Ward’s clustering method were selected due to their good per-
formance and their applicability in previous studies (Hussein 2004; Mahlknecht et 
al. 2004). Prior to the application of factor analysis the Mayer – Kaiser – Olkin 
(KMO) measure of sampling adequacy was examined. The results showed that the 
dataset is suitable for factor analysis in both datasets. The varimax rotation 
scheme was applied on the initial factors extracted, in order to achieve higher 
loadings on them and increase the total proportion of variance explained. After the 
rotation, significant factors were selected according to certain criteria (eigenvalues 
and scree-plot inspection) (Davis 2002). 

4 Results and discussion 

Cluster analysis identified three main clusters on both datasets based on the visual 
interpretation of the graphs. 

 
Fig. 2. Cluster analysis a. on the whole dataset. b. on the reduced dataset. 

Cluster analysis results on the whole dataset are shown in Fig. 2a. The first clus-
ter includes the variables Li+, HCO3

-, Temp and pH. Since Li+ presence in the area 
is related to thermal waters (Petalas 1997) and is grouped along with the Temp 
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variable, this cluster is indicative of the influence of deep thermal connate water 
masses. The additional presence of HCO3

- and pH in the same cluster is explained 
by dissolution of the calcite mineral, a process which consumes hydrogen ions and 
increases bicarbonate concentration, according to the equation (Hem 1985): 

 + 2+ -
3 3CaCO +H =Ca +HCO  

All the samples from deep boreholes in the area appear marginally oversatu-
rated in calcite, due to the long residence time of groundwater at these depths. The 
second cluster encloses two subgroups of variables. The first (subcluster 2.1) con-
tains the ions NO3

-, NO2
-, SO4

2-, K+ and is related to anthropogenic contamination 
through the application of agricultural fertilizers. The variables enclosed in the 
subcluster 2.2 (Na+, NH4

+, F-) form a group of elements which generally exhibit a 
strong relationship with calcium. The first two ions participate in cation exchange 
phenomena with Ca2+ between aquifer matrix and groundwater in coastal aquifers 
(Gimenez 1994). On the other hand F- has no other known origin except the disso-
lution of fluorite (CaF2) mineral whose solubility is affected by the concentration 
of Ca2+ in groundwater (Boyle 1992). Saturation indices of fluorite mineral in the 
area indicate balanced dissolution of the mineral, at the groundwater environment. 
In general cluster 2 is associated with a mixture of processes taking place in the 
groundwater system. Finally, cluster 3 includes the variables Br-, Cl- , Mg2+, Ca2+ 
and EC. The above grouping is associated with the intrusion of saltwater in the 
aquifer, which significantly increases groundwater electrical conductivity and has 
higher concentrations in chloride and bromide ions compared to freshwater. This 
process is coupled by the concomitant inverse cation exchange phenomena (ab-
sorption of Na+ and release of Ca+) between the saline water and the clays in the 
aquifer matrix (Appelo and Postma 2005).  

The results of cluster analysis application on the reduced dataset are shown in 
Fig. 2b. Cluster 1 contains nitrate and bicarbonate anions which indicate the pres-
ence of recharging waters, since bicarbonate is the major freshwater anion in the 
area, while nitrate is the most stable form of dissolved nitrogen produced by agri-
cultural fertilizers. This process could not be identified in the previous analysis 
because of the high concentration of deep borehole samples in the bicarbonate ion 
and the lack of significant nitrate concentrations at these samples. Although deep 
samples are removed from the analysis, variables associated with them are 
grouped in cluster 2. This grouping shows the regional uplift of deep connate wa-
ter masses to the above confined aquifer. The cluster 3 of the whole dataset is 
completely the same with the subcluster 3-2 of the reduced dataset. The variables 
in both clusters are associated with saltwater intrusion and inverse cation ex-
change phenomena. Agricultural contamination, cation exchange and fluorite min-
eral dissolution processes are now depicted in subcluster 3-1 as a single group. 

Factor analysis results in the whole dataset indicate the presence of three sig-
nificant factors and thus three controlling processes in the groundwater environ-
ment (Fig. 3a, b), which explain 82.94% of the total data variability. The first one, 
which explains 55.8% of the data variance, depicts high loadings on the variables 
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EC, K+, Na+, Ca2+, Mg2+, Cl- , SO4
2-, NO2

-and Br- and is associated with the salini-
zation processes in the aquifers, including both saltwater intrusion and anthropo-
genic contamination. Factor 2 corresponds to 20.6% of the total variance and is 
negatively loaded with the variables pH, Temp and Li+

 and positively loaded with 
the nitrate anion.  

 
Fig. 3. a, b. Rotated factors loadings of the whole dataset, c, d. Rotated factor loadings on the 
reduced dataset. 

This opposition reflects the contradicting influence of deep water masses and 
recharging waters represented by the nitrate ion. The bicarbonate ion, which is a 
major constituent of both processes, fails to load on this factor and is individually 
loaded in the third factor, which explains 6.6% of the variability in the dataset. 
Scores for this factor showed high values for both shallow and deep wells. Thus, 
the inclusion of deep borehole samples in the analysis fails to associate bicarbon-
ate ion with a certain process. Variables F- and NH4

+ are not strongly correlated 
with any of the extracted factors but they are moderately loaded in the first and the 
third of them. This means that their variability is possibly affected by multiple 
processes of the aquifer system.  

Fig. 3 (c, d) shows the factor loadings achieved for every variable, after the re-
moval of the deep borehole samples. A four factors model was selected for the re-
duced dataset following the eigenvalue criterion, explaining 87% of the total data 
variability. Factor 1 corresponds to 61% of the variance and depicts high loadings 
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on the variables EC, Na+, K+, Ca2+, Mg2+, Cl- , SO4
2-, NO2

-, NH4
+, Br- and F-. This 

factor is again associated with a variety of processes taking place in the aquifer 
system resulting in high salinization. Factor 2 is highly loaded by the lithium ion, 
moderately high with the potassium ion, and explains 10% of the data variability. 
This factor reveals the upconing of deep water masses to higher horizons. This 
time high factor scores were representative of shallow wells. The last two factors 
explained approximately 9% of the total variance each and show high loadings for 
HCO3

- in factor 3 and for the Temp variable for the fourth factor. Factor 3 show-
ing high loadings for the bicarbonate ion and moderately high for the nitrate ion is 
similar to previously identified groups and corresponds to recharging waters and 
shallow boreholes. Finally, the fourth factor showing negative loadings for Temp 
and pH while the NO3 loading is moderately positive high depicts the opposing 
processes between the deeper and shallower horizons in the area. All the commu-
nalities achieved were close to 1 except for the values of the variables Li+ and 
HCO3

- which were slightly lower. The nitrate ion does not depict high loadings in 
any of the extracted factors but moderately high in three of them. This is an indi-
cation of the participation of the ion in multiple processes.  

To identify the areas mostly affected by every one of the above factors, the 
areal distribution of factor scores were examined. The results showed discernible 
patterns in the processes illustrated before, especially for the second and third 
principal components which are more distinctive. The second factor shows high 
scores for wells in the lower confined aquifer highlighting zones of possible deep 
water upconing. The sampling stations depicting high factor scores for the third 
factor represent very shallow wells easily reached by recharging waters. 

5 Conclusions 

The use of multivariate statistical techniques for the identification of the govern-
ing processes affecting the groundwater environment is proved fruitful in the 
study area. Cluster and factor analysis separated known procedures (saltwater in-
trusion, agricultural impact, natural recharge) and highlighted new ones hitherto 
unknown (dissolution of fluorite). Masking effects due to the superposition of 
overlapping processes appear on both methods, when deep water samples are in-
cluded in the analysis because bicarbonate ion is the major constituent of both 
connate water masses and recharging freshwater. In the case of cluster analysis, 
bicarbonate ion is grouped along with deep sample indicative variables and the re-
charging process is not directly visualized. Factor analysis, including the deep 
samples, loads a single factor with the bicarbonate ion but the factor scores are 
significantly high for both shallow and deep wells. Clusters and factors associated 
with thermal connate water masses are included in the analysis even after the re-
moval of deep groundwater samples. This indicates the regional upconing of deep 
groundwater to the above confined aquifer. 
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Abstract   In the coastal zone between the municipalities of Moschato and Gly-
fada in the south – western area of the prefecture of Attica the aquifers appear sa-
line as it was identified in the past. The main reasons for the intrusion of the sea, is 
the low water table elevation because of the recharge decrease and the groundwa-
ter overexploitation. Samplings and measurements regarding the groundwater ta-
ble in the studied area were taken, in “low - water” period (September - October 
2009). The degradation of the quality of the groundwater and the intrusion of sea 
water were established. According to chemical analysis, high concentrations of 
ions of chloride (Cl-) and sodium (Na+) were measured in the regions of Moschato 
and Kallithea. Comparisons to the previous twelve year period in 1997, the hydro-
geological conditions are improved, as concerning water table level and the salin-
ity of water. In the areas where the recharge of the aquifer is satisfactory, high 
concentrations of ions of calcium (Ca2+) and high concentrations of acid carbonic 
ions (HCO3

-) are observed in the municipality of Alimos. Regarding irrigation, the 
groundwater of the study area is characterized mostly as high risk of salinity and 
low risk of alkalinity (C3S1 by Wilcox). The sea intrusion and the need for 
groundwater protection in the area, demand rational management of water re-
sources. It is proposed that pumping and the application of artificial recharge must 
be decreased.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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1 Introduction  

The study area is about 50 km2 and is located at the southwest section of Attica in 
the coastal zone consisting of municipalities Moschato and Glyfada being also the 
south part of the hydrological basin of Athens. 

Previous investigation for the hydrogeological status of Athens (Koumantakis 
1997, Koumantakis et al. 1997) proved the intrusion of sea water to the ground-
water. 

In this study a research takes place for delimiting the salinity zone, considering, 
geological-hydrogeological conditions of the area, water table measurements and 
the chemical analysis of water samples in the period September-October 2009. 

2 Geology - Hydrogeology  

The geological formations of the area are consisted mainly of quaternary and neo-
gene period deposits with locally appearances of schist, ophiolithe, limestone 
(Fig. 1). 

Especially for the quaternary deposits appeared in loose condition, riverside 
origin with presence of side fallen -very thick- fragments at places, consisting of 
gravels, sand, clay, silt in several mixing ratio. All the alluvial-quaternary deposits 
are medium permeability formations in general. Because of the urban areas the re-
charge zone reduced at the west part of Ymittos Mountain. 

The aquifers that are developed in these formations are shallow - unconfined or 
deeper confined at the lower part of the area. They appeared with low recharge 
because the urban areas reduced surface water flow from Ymittos Mountain and 
the aquifer is poor of capacity. 

Neogene deposits especially of marly limestone and sandstone are appeared at 
the coastal regions Alimos, Elliniko, Glyfada and slightly at municipalities of Pa-
laio Faliro, Kalithea, and Moschato. At the region of Alimos, sands and silts from 
the period of Late Miocene are present. Formations of the Neogene period are im-
permeable to semi permeable at places, caused by intercalations of sandstone-
conglomerate-limestone, with low interest of exploitation but a significant role as 
cut off shutter to prevent the seawater intrusion. As a result, from the alternations 
of impermeable and permeable rocks in bedding or in lens or in irregular shape, is 
the presence of confined aquifers. All these accordingly to cumulative thickness of 
aquifers, permeability and the conditions of recharge observed between very poor 
to medium. 
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3 Piezometric Status 

Piezometric measurements performed at 23 boreholes and 2 pits (Mpitzileki 
2010). Points selected according the layout of the coastal zone Moschato-Glyfada. 

The evaluation of piezometric maps based on the considering that the aquifer 
system is uniform although there is some alternation of several aquifers. As a part 
of the previous theory there is a hydraulic communication within wedges of the 
several aquifers so this consideration does not corrupt the whole situation. Accord-
ing to the measurements of water table, a map compiled for the period between 
September and October 2009 (Fig. 1b). 

 
Fig. 1. a. Piezometric map of September 1997. b. Piezometric map of September-October 2009. 
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The conclusion of the piezometric map is the low water level at the coastal 
zone of Elliniko with the possible intrusion of seawater in one section where the 
hydraulic load became zero. The intrusion of subsaline water, documented with 
chemical analysis of water samples, controlled mainly by geological structure of 
the area (neogene marls along coastal zone). 

As long as we are leaving from the coastal zone water level raised and when we 
are reaching to the edge of south part Ymittos Mountain raised up to 40m. It is ne-
cessary to make a special reference about the water level progress between the last 
twelve years (September 1997, September-October 2009) (Fig. 1a, b). 

From the comparison of the maps the piezometry for the last twelve years is 
appeared slightly well possibly because of the decrease of pumping. Especially for 
the period of September 1997 (Fig. 1a) two areas with zero water level (dry) lo-
cated, the bigger one settled at the regions of  Moschato-Kallithea as a result of 
over-pumping, and the second smaller at regions Elliniko-Glyfada, while the rest 
of the area piezometric status appeared with positive load. In opposition for the 
period September - October 2009 the zero water level (dry) area Moschato-
Kallithea not appeared and the condition is better, while a small reduction ap-
peared at the second area Elliniko-Glyfada. 

4 Hydrochemistry  

During the period of September-October 2009, 47 samplings of groundwater took 
place at study area (Mpitzileki 2010). Statistics process of the chemical analysis 
results at Table 1. 

The mean value of Cl- is 149.28mg/L. The 32% percentages of samples exceed 
200mg/L, with max values appeared to Elliniko (848 mg/L) and Kallithea 
(805mg/L). At Kallithea 7 of 13 samples with Cl- 200 up to 805mg/L. Content of 
Na+ appeared with high mean value (175.02mg/L), with max acceptable for drink-
ing 175mg/L and 40% percentage of the samples exceeding this value. Mean val-
ue of Mg2+ (52.16mg/L) is over the acceptable limit for drinking 50mg/L (47% of 
samples exceed). 

Eleven samples appeared with content of Κ+ over the max acceptable value 
12mg/L. NO3

- with mean value 48.37mg/L, 40% percentage exceeds the limit 
50mg/L. The mean value of electrical conductivity is very high (1511.5μS/cm). 
All these were anticipated from the salinisation at coastal zone. Strong correlation 
exists between values EC-Na+ (y=0.1708x-83.181, R2=0.8199), EC-Cl- 
(y=0.2574x-239.85, R2=0.7456) (Fig. 2), Na+-Cl- (y=1.4724x-108.42, R2=0.868) 
as a result of groundwater subsaline.  

At the region of Moschato appeared high values of Ca2+ (108.69mg/L), Na+ 
(168.60mg/L) and Cl- (114,60mg/L). Compared with measurements took place at 
1997, there is a reduction of Cl-, SO4

2-, NO3
-
 values. The groundwater has been 

significantly polluted by human factor. 
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At municipality of Kallithea appeared high values of Na+ (221.40mg/L) and Cl- 
(236.46mg/L). Compared with measurements of 1997 an increase of SO4

--, Cl- and 
the electrical conductivity can be observed, opposite to the values of NO3

- that are 
reduced. 

Groundwater has charge qualitative analysis caused of subsaline and human 
pollution. 

At municipalities of Alimos and Palaio Faliro high values of Na+ 
(228.88mg/L), Mg2+ (66.04mg/L), Cl- (187.42mg/L) measured. Compared with 
readings of 1997 we have a reduction of SO4

--, Cl-, NO3
- and Na+, in opposition 

the electrical conductivity (1765.67μS/cm) increased. 

Table 1. Statistic analysis of the chemical analysis results. 

Parameter Maximum value Minimum value Mean value (m) 
Standard deviation 
(s) 

Ca++ 146.18 18.42 84.61 30.26 

Na+ 600.00 6.70 175.02 129.13 

K+ 38.80 0.70 7.51 7.42 

Mg++ 133.89 1.46 52.16 26.48 

Cl- 848.00 3.00 149.28 204.07 

SO4
-- 325.00 30.00 128.49 68.06 

HCO3
- 733.22 145.18 410.40 111.08 

NO3
- 198.00 2.40 48.38 35.43 

pH 9.69 7.22 7.70 0.43 

E.C. 3700.00 291.00 1511.50 684.45 

At municipalities of Glyfada and Elliniko high values of Na+ (103.42mg/L) re-
lated with measurements of 1997 while all the other parameters reduced. High 
values of Cl- and electrical conductivity are measured to Elliniko, Alimos, Palaio 
Faliro, Kallithea, Moschato in opposite at Glyfada lower values. Less charge areas 
observed, far from the sea, near Vouliagmenis avenue and the main part of Gly-
fada. 

According to Wilcox diagram (Fig. 3) more samples belong to category C3S1 (4 
at Moschato, 7 at Kallithea, all at Elliniko, 1 at Alimos and 4 at Glyfada), water 
with high salinity and low alkalinity. In category C3S2 belonging all the samples of 
Palaio Faliro, 4 Kallithea, 3 at Alimos and 1 at Moschato, water with high salinity 
and medium alkalinity. Two samples from Kallithea and one from Elliniko classi-
fied at category C4S3, with very high salinity and improper for irrigation use.  
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Fig. 2. Correlation diagram between Electrical Conductivity and concentration of Cl-. 

 

Fig. 3. Wilcox diagram. 
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5 Conclusions- Recommendations  

According to the measurements of 1997 (Koumantakis et al 1997; Koumantakis, 
1997) at the coastal zone Moschato-Glyfada an extended salinity area is devel-
oped. Recent measurements at the region from Moschato up to Glyfada showed a 
small decrease of the salinity area. The improved situation of water level at Sep-
tember 2009 is possibly caused by pumping reduction. Significant reason to the 
controlled intrusion of seawater is the geological structure at the coastal zone 
composed of neogene marls. Regions with high altitude and far from the sea are 
not facing problems with salinity. 

Salinity approved with the quality deterioration of groundwater which certified 
by samplings in the area at September 2009 (Mpitzileki 2010). Zones limited by 
municipalities of Moschato-Elliniko appeared with high contents Na+, Cl- and high 
electrical conductivity. High contents at places of nitrate, sulphate ions certify pol-
lution from human factor. Groundwater of Moschato, Kallithea, Elliniko, Glyfada 
can be useful for watering under conditions of salinity control. Groundwater of 
Palaio Faliro, Alimos demands satisfactory washout and drainage while there are 
individual instances where the water is unsuitable for watering. 

On the grounds of development and protection for underground water bearing 
systematic monitoring needed. Possible application of technically enrichment 
could help the additional decrease of the salinity zone as this has been done with 
the same way at similar circumstances in our country (Korinthos, Argolida). 

Additionally could be a development of rain water with storage in tanks for use 
in dry periods or with drainage underground for technically enrichment. Finally 
for covering the water needs the processed liquids waste recommended to reuse as 
previously tested for suitability according to a recent legislation. 
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Abstract   The upper part of Gallikos river watershed basin covers an area of 
868.1 km2. The largest part of the basin administratively belongs to the Prefecture 
of Kilkis. A small part, along the southern border, belongs to the Prefecture of 
Thessaloniki. The present paper examines the hydrogeological and hydrological 
conditions of the area. It also describes the geological, lithostratigraphical and 
tectonic conditions which comprise a determining factor for the quantitative 
characteristics of surface and groundwater. The recharge and operation 
mechanism of the aquifers is investigated, as well as their interaction and the role 
of the surface water. River discharge, water table level, precipitation and water 
consumption data are presented and the hydrologic balance of the area is 
calculated.  

1 Introduction 

The upper part of Gallikos river basin covers an area of 868.1 km2 (Fig. 1). It is 
located in the eastern part of Kilkis Prefecture following a NNE-SSW orientation. 
It has a pear-like shape and its mean altitude has been calculated at 357.7 m. The 
hydrographic network is very well developed with the main branch being 
approximately 45.5 km long. It is a seventh class branch according to the Strahler 
classification. Its flow direction is NNE-SSW and it is characterised as torrential. 
The population within the limits of the study area is 39,353 inhabitants (according 
to the 2001 census), a significant percentage of which is employed in the 
agricultural sector. The cultivated areas are approximately 1,556 acres (source: 
Land Reclamation Survey of Kilkis).  

The water demands in the area are mainly covered by the groundwater 
exploitation. The distribution of the population, and therefore the water demands, 
is not uniform. The majority of the population, cultivated lands and industrial 
activities are concentrated in the central and southern part of the basin (south of 
Kilkis city). 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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2 Geological and tectonic setting 

The upper part of Gallikos river basin (Fig. 1) belongs to the Circum Rhodope 
geotectonic zone and Serbo-Macedonian massif. The main pre-alpine formations 
mainly consist of paleozoic gneisses, schists, amphibolites and quartzites, which 
form the crystalline basement of the area (Mercier 1966). At the central-southern 
part of the basin, carbonate rocks (limestones) of Triassic and Jurassic age outcrop 
(Meladiotis 1984). The quaternary deposits consist of lacustrine, terrestrial, 
fluviatile and fluviatile-torrent sediments, with sands, clays and conglomerates. 

The tectonic setting of the area is very complicated (Mountrakis 1985) and 
follows the general tectonic conditions of the Circum Rhodope and Serbo-
Macedonian. In general, an inversion of the layers at the western boundary of the 
Serbomacedonian and Circum Rhodope contact is observed, which results in the 
tectonic placement of older Serbomacedonian formations (Vertiskos series) over 
the younger Perirhodopic sediments. Due to the activity of the Circum Rhodope 
reverse faults, many irregular tectonic contacts are created.  

3 Hydrogeological setting 

According to their lithological composition and tectonic impact, the geological 
formations have different hydrogeological behavior. They are characterized either 
as permeable or as impermeable. The quaternary deposits and the limestones are 
considered as permeable. The gneisses, schists, amphibolites and quartzites of the 
study area basement are considered as impermeable.  

The main aquifer is developed at the plain part of the basin within the 
quaternary deposits (Μattas 2009). They cover approximately 40% of the area 
extent (Fig. 1) with a mean thickness of 33 m. The mean value of the hydraulic 
conductivity (k) is estimated at 2.4*10-4 m/sec. The exploitable discharge of the 
boreholes according to the data of their lithological sections and pumping tests, 
range from 4 m3/h to 300 m3/h. The mean value is calculated at 89.6 m3/h. 

The highest values of boreholes discharge are recorded in the south plain part 
of the basin, where the quaternary deposits are mainly developed, i.e. they have 
their biggest thickness and their largest surface development with no presence of 
other formations. 

The majority of the boreholes have been drilled along the river bed. Their water 
level is near the ground surface. The discharge rate is high for small drilling 
depths (15-20 m). The river through the infiltration is the main recharge source of 
the aquifers of the quaternary deposits, in combination with the direct infiltration 
from the precipitation.  

The limestones outcrops cover a very small area, just the 2.5% of the basin, but 
their hydrogeological importance is remarkable. Their mean thickness is 80 m and 
the mean hydraulic conductivity (k) is calculated at 2.4*10-3 m/sec. The discharge 
rate at the boreholes drilled in the limestones ranges from 40 m3/h to 90 m3/h, with 
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a mean value of 60 m3/h. The depth of the boreholes drilled in these formations is 
usually more than 150 m, penetrating also the surface sediments or the crystalline 
bedrock. 

The available data from the drilling exploration and water level measurements 
showed that even in the originally impermeable formations, low potential aquifers 
developed, due to the intensive tectonic activity that creates a secondary porosity. 
This has as a result the formation of preferential groundwater flow paths.  

The impermeable geologic formations where gneisses prevail cover the biggest 
part of the basin (57.5%). The mean hydraulic conductivity is calculated at 4.8*10-

6 m/sec. The available data acquired from the lithological sections of the boreholes 
show that the thickness is at least 230 m. The mean discharge rate is 19.5 m3/h. In 
most cases, the depth of the boreholes exceeds 110 m. Several of the boreholes 
that were drilled in these formations did not encounter any aquifers. Hence, the 
mean values of the hydrogeological parameters and the data from the wells are not 
representative for the entire area covered by these formations, but only for the part 

 
Fig. 1. Simplified hydrolithological map of Gallikos river basin. 
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with the most favorable conditions. It should be mentioned that the yields decrease 
with time and water-level drawdown, since the pumped water comes from the 
fissures and joints. The effective porosity in such formations is very low 
(Matthess-Ubell 1983). Regarding the recharge of this aquifer, the role of the river 
is essential, thereby most of the boreholes were drilled along the river bed.  

The presence of the groundwater in the basin is controlled by the tectonic 
setting, the topography and the river. The relatively small thickness of the 
quaternary deposits, their intersections with metamorphic and carbonate rocks and 
the layer inversion at the western boundary of Serbomacedonian and Circum 
Rhodope zones, in combination with the lepioid structure that creates many 
irregular tectonic contacts, indicate hydraulic communication between the aquifers 
in the study area.  

Therefore, the water level contours were drawn for the entire basin (Fig. 2). 
The examination of the water table level shows that there is a clear axis 
demonstrating the groundwater flow direction. This axis follows the main 
tributaries of the hydrographic network and is drained towards the south, at the 
exit of the basin (Nea Philadelfia area). The hydraulic gradient is high (3.7%) at 
the eastern part of the basin, but it has a typical value (0.75%) at the western part. 

 
Fig. 2. Water table map during April 2005. 
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It seems that there is lateral recharge from the northern and eastern part of the 
basin, but it not considered of great importance, despite the long recharge front. 
This can be attributed to the small hydraulic conductivity of the formations.  

4 Hydrological setting, hydrological balance 

The significant surface occurrence of the impermeable metamorphic and 
magmatic formations has favoured the development of an intense and dense 
hydrographic network, which is recharged directly from the precipitation and not 
from springs. These conditions, in combination with the small river bed depth, 
results frequently in flooding phenomena, especially when extreme weather 
phenomena occur. On the contrary, in dry years recession phenomena in the river 
are observed. The function of Gallikos river could be characterized as a torrential. 
Superficial runoff is observed at the exit of the basin (Nea Philadelfia area), even 
when the river branches have recessed before they reach it. This is attributed to the 
subterranean flow that spouts in Nea Philadelfia and participates again, to the 
surface cycle through hydrographic network.  

The Laboratory of Engineering Geology and Hydrogeology/School of Geology/ 
AUTH, installed a water level meter of continuous recording in the area of Nea 
Philadelfia, in order to measure the water depth of the main Gallikos river branch 
at the exit of the basin.  

The location was selected in order to have a non turbulent river flow and as 
much as possible unchanging river bed shape and dimensions. 

During the recording period, the river discharge was periodically measured. 
The correlation between water depth-discharge (Fig. 3) resulted in a logarithmic 
equation that relates the two parameters. The hydrograph of Gallikos river (Fig. 4) 
was constructed for the hydrologic year 2005-2006 (1/10/05-30/9/06). 

 

Fig. 3. Depth of river water versus discharge of the main branch of Gallikos river for the time pe-
riod 20/12/04-30/9/06 at Nea Philadelfia area. 
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Fig. 4. Hydrograph for the hydrologic year 2005-2006. Discharge lt/sec. 

The total discharge for the above time period, was calculated to be Q= 56.1*106 

m3. According to he hydrograph analysis, the superficial runoff is R= 45.3*106 m3 
(80.8%) and subterranean flow is IR= 10.8*106 m3 (19.2%).  

A network of cumulative monthly rain-gauges was operating in the area, under 
the supervision of the Kilkis Prefecture (Fig. 1). This network was later 
complemented by the Laboratory of Engineering Geology and Hydrogeology/ 
AUTH. 

The elevation of the rain-gauges (H) was correlated with the precipitation (P) 
height according to the measurements of the period 1/10/05-30/9/06. The equation 
that connects (H) and (P) is:  

 P(mm)=0.36H(m)+370.3 

Since the mean basin elevation is 357.7 m, the annual volume of the 
precipitation is 433.8*106 m3. 

According to the population data (2001 census) and assuming a mean water 
consumption of 250 L/day/inhabitant, the annual water demands for domestic use 
are calculated at 3.6*106 m3. The annual irrigation demands are estimated at 
3.4*106m3, taking into account the type and extent of cultivation, the irrigation 
network losses and the estimated over-consumption by the farmers. The irrigation 
returns are estimated to be about 15% or 0.5*106 m3.  

Finally, the water amount that is consumed for animal husbandry and industrial 
activities or for any other water use was estimated to be 1.0*106 m3 per year.  

The lateral (northern and eastern) recharge that apparently takes place, 
according to the water table level, is estimated at 15.8*106 m3, using the Darcy’s 
formula. The same quantity is estimated for the groundwater losses at the 
southwestern part of the basin. 

The water demands are covered almost entirely by the exploitation of the 
groundwater. The groundwater reserves do not change significantly over long-term 
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periods (more than a year). This means that the consumed water, which is 8.5*106 
m3, as well as the irrigation returns, must be added to the 10.8*106 m3 that is the 
amount of the water that infiltrated to the aquifers and came up to the surface. 

According to the above data, the resulting hydrological balance is presented in 
Table 1.  

Table 1. Hydrological balance of Gallikos river basin for the hydrologic year 2005-2006. 

 P E I R 

(mm) 499.7 425.4 22.2 52.1 
(106 m3) 433.8 369.2 19.3 45.3 
(%) 100 85.1 4.5 10.4 

The hydrological balance of the area establishes the significance of the 
impermeable crystalline rocks presence, which favors the superficial runoff 
instead of infiltration.  

According to the Turc formula (Turc 1951) the evapotranspiration is 440.3 mm. 
The measured data give a value of 425.4 mm. The deviation between calculated 
and measured values is negligible (3.5%). 

5 Conclusions 

The main aquifers of the upper part of Gallikos river basin are developed within 
the quaternary deposits and carbonate rocks. The river constitutes an important 
factor of the aquifers recharge. The water demands in the area are covered by the 
exploitation of groundwater aquifers. The boreholes were mainly drilled along the 
main river bed, following a NNE-SSW axis, which coincides with the 
groundwater flow direction. The significant surface development of the primarily 
impermeable crystalline basement formations favors the superficial runoff than 
infiltration. According to the hydrological balance, the evapotranspiration is 
85.1%, the infiltration is 4.5% and the superficial runoff is 10.4% 
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Abstract   This paper aims at proposing a methodology for the compilation of 
groundwater monitoring networks. The methodology is based on the implementa-
tion of a simple algorithm that assists the objective selection of the most appropri-
ate sites out of a large inventory, which is originally drawn. The proposed algo-
rithm was developed in the framework of a research project related to the study of 
possible residues of 1,3 Dichloropropene in groundwater, in four representative 
basins of Greece. It considers a number of criteria in order to ensure that the most 
appropriate and representative sites are selected for the scope of this particular 
project. This algorithm aims at the establishment of specific criteria the adoption 
of which may minimize the subjectivity incorporated in the selection of monitor-
ing points, especially when different field operators perform this exercise at geo-
graphically distant basins. Subject to the necessary amendments in order for the 
criteria considered to meet the specific targets of a given project, it is suggested 
that the proposed algorithm may be applicable at all cases of groundwater moni-
toring networks establishment.  

1 Introduction 

Groundwater resources management relies amongst others on accurate, reliable 
and reproducible data. Long discussions have been made and scientific efforts are 
still under way towards the direction of addressing issues such as groundwater 
quality and quantity in a continent wide perspective, employing commonly ac-
ceptable methodologies and approaches. The need for developing Europe-wide 
common background reference data is becoming more pronounced (Quevauviller 
2008), and several attempts have made towards this direction (Wendland at al. 
2008). Data integrity, comparability and accuracy is an essential issue even on na-
tional level, and to a large extent it depends on the principles adopted and applied 
in setting-up groundwater monitoring networks.  

Compilation of monitoring networks is a time-consuming, laborious and very 
responsible task that requires knowledge and expertise. Several textbooks, proto-
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cols and research works exist on the principles that one should consider in setting 
up a monitoring network in order to ensure accuracy, reliability and representa-
tiveness of collected data (Tulipano et al. 2005; Tebutt 1992; Babiy 1984; Pana-
gopoulos 1995; Panagopoulos et al. 2008). Clear definition of the scopes that a 
monitoring network should serve is of paramount importance to its successful de-
sign. Sound scientific justification of the sites selection ensures its reliability, rep-
resentativeness, acceptance and approval from the scientific community and the 
decision makers. When networks need to be designed in different geographical lo-
cations to monitor the same parameters, extra caution is required to ensure that all 
networks are compiled under exactly the same philosophy and framework of prin-
ciples. Normally, the selection of monitoring points is done manually based on 
specific principles and the expertise of the scientific team that undertakes this task. 
Although this is a typical and commonly accepted procedure, it does not safeguard 
that selection is not subjective. 

In this exercise, a monitoring network was compiled in each of four basins 
spread around Greece, aiming at assessing the fate and transport of 1,3-Di-
chloropropene  (1,3-D) in groundwater. 1,3-Dichloropropene is a plant protection 
product the use of which is widely spread throughout Europe and Greece as well 
(Terry et al. 2008). In Greece, this study focused on the following representative 
basins where the product is applied and that are characterized by a multitude of 
climatic, hydrogeological, land use and water use conditions: Chryssoupoli basin 
in northern Greece, Trifilia basin in Peloponnese, Tymbaki basin in southern cen-
tral Crete and Ierapetra basin in southeastern Greece.  

Selection criteria for setting-up monitoring networks are dictated by standard 
requirements that such networks should meet, but also have to fulfil special speci-
fications drawn from each individual study. In this case the following criteria were 
considered amongst others: proximity to the 1,3-D application zone, reasonable 
coverage of the study basin, representative coverage of major hydrodynamic 
mechanisms, focus on the same aquifer system, existence of reasonable amount of 
information on well construction, use of monitoring points for production of pota-
ble water (as a first priority). It has to be stressed that in setting up the monitoring 
networks, practical issues, such as ease of accessibility and operability of the 
monitoring points throughout the year were taken into account.  

2 Materials and methods 

For each study basin the existing well inventories are retrieved. These inventories 
were compiled in the framework of older consultancy works, development pro-
jects, research studies, or simply working maps for practical purposes. A uniform 
digital data base was then compiled on the basis of the collected material and each 
point of the inventory per basin was checked in order to make the necessary 
amendments and corrections. Upon completion of this stage of the work a "base" 
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well inventory was created for each study basin that comprised of: 419 points for 
Chrysoupoli basin, 67 points for Trifilia basin, 128 points for Tymbaki basin and 
35 points for Ierapetra basin. Analysis of this database returned a pre-selection in-
ventory consisting of 16 points per basin, for which detailed information were col-
lected and compiled. Out of this inventory, up to 5 points are selected to form the 
monitoring network of this study. Selection of the monitoring points is based on 
14 criteria analysed using a simple algorithm, in order to minimize the subjectivity 
and maximize objectivity in the selection procedure.  

In this algorithm each criterion is assigned a specific weighting factor and a class, 
in order to compute a rank for each candidate monitoring point. Hence, subjectivity 
is reduced and constrained to the selection of the evaluation criteria, the declaration 
of the required weighting factors and the corresponding classes. The degree of sub-
jectivity is thus constant for all four monitoring networks that were designed in 
Greece in the framework of this study. Arbitrary scales are assumed for weighting 
factors (scale 1-10) and corresponding classes (scale 1-5) and assigned values are in-
tegers. Class categories for each criterion are assigned in a way to reflect typical 
situations in Greece. In every study basin the compiled algorithm is applied on every 
candidate monitoring point and the top 5 rank points are finally selected to form the 
monitoring network. The exact form of the algorithm is as follows: 

 
 
 

 


WF
CWF

R
 

Where R: is the computed rank, WF: the weighting factor and C: the class. 
The considered criteria are illustrated in Table 1 and the corresponding classes 

are tabulated per criterion in Table 2. 

Table 1. Considered criteria and assigned weighting factors in the selection algorithm. 

No Criterion Weighting factor 

1 Distance from application 9 
2 Existence of borehole lithological section 10 
3 Depth to water level 8 
4 Water level measurement date 7 
5 Well depth 5 
6 Depth of screen intervals 8 
7 Work type 2 
8 Accessibility-sampling permit 5 
9 Current use of work 10 
10 Operation status 7 
11 Aquifer(s) tapped 9 
12 Property status 4 
13 Relative position to 1,3-D application zone 7 
14 Well-head protection status 10 
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Table 2. Established classes per identified criterion. 

Classes 

Parameters 
5 4 3 2 1 

Distance from application 0-20m 21-100m 101-200m >200m Unknown 
Existence of borehole 
lithological section Reliable Reliable-near Descriptive Descriptive-

near Non-existent 

Depth to water level <6m 6-20m 21-50m >50m Unknown 
Water level measurement 
date 2005 2000-2004 1995-1999 Before 1995Unknown 

Well depth <21m 21-50m 51-100m >101m Unknown 

Depth of screen intervals Only <25m Discrete 
<25m> Continuous Only>25m Unknown 

Work type Housed b'hole Open-air 
b'hole 

Housed LD 
well 

Open-air 
LD well 

B'hole/LD 
well housed 
in greenhouse 

Accessibility-sampling 
permit A-SP-ET-YR* A-SP-YR A-SP-ET A-SP A or SP or 

ET or YR 
Current use of work Potable Combined Irrigation Livestock Industrial 

Operation status In full operation Completed- 
no power 

Completed-
faulty 
equipment 

Completed-
not 
equipped 

Under 
construction-
servicing 

Aquifer(s) tapped Unconfined Multiple Single 
confined 

Multiple 
confined Unknown 

Property status Municipal 
Local 
Irrigation 
Organisation 

Private Armed 
forces Unknown 

Relative position to 1,3-D 
application zone 

Core of main 
zone 

Margins of 
main zone 

Downstrea
m of wide 
zone 

Offstream 
of wide 
zone 

Upstream of 
wide zone 

Well-head protection 
status High Average Acceptable Low Insufficient 

*A: Accessible, SP: Sampling permit granted, ET: Existing sampling tap, YR: Year round  
operation. 
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3 Results 

Application of the algorithm yielded the five top ranked monitoring points per 
studied basin. Figure 1 illustrates the distribution of the selected top ranked moni-
toring points in one of the studied basins, following application of the algorithm 
presented in the previous chapter. 

 
Fig. 1. Selected monitoring points at Chryssoupoli basin. 

Table 3 illustrates the encoded analysis of each of the considered 14 criteria for 
the pre-selected monitoring points in Chryssoupoli basin and table 4 contains the 
resultant ranks for each of the considered pre-selected monitoring points for the 
same basin. 
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Table 4. Resultant ranks at Chryssoupoli basin. 

Well code Rank Well code Rank Well code Rank 

B11KAV001 3.63 B11KAV007 3.33 B11KAV012 3.58 
B11KAV002 3.82 B11KAV008 2.69 B11KAV013 3.58 
B11KAV003 3.82 B11KAV009 2.69 B11KAV014 3.28 
B11KAV004 3.71 B11KAV010 3.62 B11KAV015 3.83 
B11KAV005 3.46 B11KAV011 2.60 B11KAV016 3.84 
B11KAV006 3.59         

Similar results were obtained for each of the other three studied basins. As de-
duced from the study of Table 4, the resultant ranks vary considerably between the 
analysed candidate points, however it is noticeable that a considerable number of 
monitoring points do present similar rank values.  

4 Discussion-Conclusions 

A simple algorithm was synthesised to facilitate the need for selection of the most 
appropriate monitoring points. The proposed algorithm was applied in four diverse 
basins of Greece targeting at selecting the most appropriate groundwater monitor-
ing points that would best facilitate the requirements of an environmental fate and 
transport study for 1,3-D that is widely used in specific basins of the country. A 
number of criteria were considered on the basis of the specific requirements and 
targets of the monitoring networks and analysed on multi-criteria analysis adopt-
ing common standards. This way it was ensured that common objective assess-
ment of each and every monitoring point was performed, regardless the field op-
erator that provided the initial data for characterisation and the distance between 
the candidate points.  

Even though the proposed approach introduces a high level of objectivity, it 
still incorporates subjective elements that lay on the appointment of the selection 
criteria, the assignment of weighting factors in each of the criteria and of course 
the classification categories identified for each individual criterion. Still, it is sug-
gested that this approach provides in a systematic way an assessment of the “can-
didate” monitoring points on the basis of a common framework. This means that 
even if the assessment is subjective, the degree of subjectivity remains common 
for the entire process and therefore the “error” in this context is minimised. To-
wards minimising the subjectivity of the proposed approach, a Delphi analysis of 
the weighting factors and classes of each considered parameter could prove to be 
essential. 

It has to be stressed that as in every methodology, its correct and accurate im-
plementation requires that adequate and reliable data are available and also that 
deep knowledge of the hydrogeological system for which the monitoring network 
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will be compiled, exists. Furthermore, it is of paramount importance that the cor-
rect requirements and targets sought by the monitoring network are identified well 
in advance the monitoring points’ selection procedure. It is proposed that the pre-
sented algorithm may be used under the appropriate alterations and adaptations in 
setting up monitoring networks that would meet a wide spectrum of targets.  
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Abstract   A Monte Carlo stochastic model was developed to simulate contami-
nant transport from an instantaneous source inside a landfill into heterogeneous, 
two-dimensional aquifers. Probabilities of detection Pd were calculated for differ-
ent arrangements of monitoring wells. The frequency of sampling is critical in he-
terogeneous aquifers with bi-annual or annual sampling decreasing average per-
centage Pd by almost 20%, and 50%, respectively, relative to that by monthly 
sampling. It appears that at a minimum sampling should take place twice a year, 
with the once- in-a-month sampling appearing the optimum choice considering the 
effort involved and the improvements in detection. In heterogeneous aquifers a 
large number of monitoring wells sampled infrequently does not perform any bet-
ter in terms of detection than a lower number of wells sampled regularly.  

1 Introduction 

Successful detection of aquifer contamination via monitoring wells is a compli-
cated problem with many factors, such as the heterogeneity of the geologic envi-
ronment, the quantity and nature of the contaminants, the number and location of 
the monitoring wells, and the frequency of sampling, all contributing to the uncer-
tainty of early detection. The current article addresses these issues by investigating 
the case of instantaneous leakage from a landfill facility into a heterogeneous aq-
uifer, focusing at the importance of sampling frequency. 

The major factor that influences the likelihood of early detection of an aquifer’s 
contamination by a landfill leak is its dispersion into heterogeneous geologic for-
mations. The stochastic Monte Carlo framework has been used to address the 
spread and the evolution of a plume in a 2-D aquifer in order to determine the 
maximum detection probability of various monitoring wells linear arrangements. 

Additional uncertainty arises from lack of knowledge about the leak itself. The 
location of the source, the quantities and chemical composition of the contami-
nants, and the time when a leak originated are questions with significant uncer-
tainties involved. Simulation studies (Meyer et al. 1994, Storck et al. 1997, Bierk-
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ens 2005, Yenigul et al. 2005, Papapetridis and Paleologos 2010, 2011) usually 
assume conservative contaminants, with continuous or instantaneous leakages, and 
with the source's location randomly selected within a landfill's area. 

The frequency of a sampling program that is implemented at a monitoring well 
system is another component that defines the likelihood or not of detecting con-
taminant concentrations above regulatory threshold values. The EU Directive 
1999/31/EU on “the landfill of waste” states that sampling for monitoring pur-
poses should be conducted “…At a frequency to be determined by the competent 
authority and in any event at least once a year…” The dependence of the prob-
ability of detection on the sampling frequency can be explained if one considers 
the sub-region of the plume characterized by concentrations, which are above the 
threshold regulatory limits. This sub-region continually changes in space and time, 
and hence for instantaneous leaks infrequent sampling may result in obtaining 
samples at the wells that are used as regulatory check points when this critical part 
of the plume has already travelled elsewhere. This is in contrast to continuous 
leaks of constant flow rates where monitoring has been shown to be insensitive to 
the frequency of sampling (Yenigul et al. 2006).  

2 Model Description 

Our study involved the stochastic simulation of groundwater flow and contami-
nant transport in 2-D heterogeneous aquifers (Meyer et al. 1994, Yenigul et al. 
2005, Papapetridis and Paleologos 2011). Monitoring wells were assumed to fully 
penetrate the aquifer resulting in vertically-averaged concentration measurements. 
Sources of uncertainty of the physical problem involved the heterogeneity of the 
two-dimensional geologic field, the dispersion of the contaminant, and the initia-
tion point, size, and duration of a leak. The contaminant was assumed to be con-
servative, and fully water soluble. 

The heterogeneity of the geologic environment was addressed through the hy-
draulic conductivity, which was simulated as a log-normal, stationary, second or-
der, isotropic stochastic process (Freeze 1975, Gelhar 1986, Elfeki 1996) using the 
Spectral Turning Bands Method (STUBA) (Mantoglou and Wilson 1982). Con-
taminant transport into the subsurface heterogeneous environment was simulated 
using the particle tracking method based on the ‘random walk’ approach (Uffink 
1987, Tompson et al. 1987).  

Uncertainty concerning the potential location within a landfill, where a leak 
may have originated, is related to the lack of information on possible points of 
failure of a landfill’s bottom liner. We have assumed that any single point of the 
landfill is an equal-probable source of leakage, which takes place once as a single 
failure event taking place at zero time (when the simulation begins), resulting in 
an instantaneous ejection of contaminants into an aquifer. The contribution of the 
unsaturated zone in the contaminant’s movement and dispersion was neglected.  
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Four linear configurations of monitoring-well installations were examined con-
sisting of 3, 6, 12 and 20 wells, equally spaced from each other. Wells that were 
located at the ends of each arrangement were placed half the distance from the 
landfill’s top and bottom edges so that the efficiency of the monitoring system 
would be maximized (Yenigul et al. 2005). Monitoring of aquifer was simulated 
for a 30 year period. The flow field was considered 1000 m long and 400 m wide. 
The variance of the log hydraulic conductivity varied among the values of 0.0 
(homogeneous aquifer), 1.0 (heterogeneous aquifer) and 2.0 (strongly heterogene-
ous aquifer), while the mean of the log hydraulic conductivity was taken to be 
equal to 2.3. The correlation length, λ, was considered constant and equal to 20m 
for both directions x and y (isotropic medium).  

A rectangular landfill facility was located between x-coordinates of 10 m and 
60 m, and y-coordinates of 140 m and 260 m. The total pollutant mass was equal 
to 1000 gr, simulated by 8000 discrete particles. The initial concentration of the 
point source, )/( ooo nVMC  , was 4000 mgr/L, where oM  the initial mass, 25.0n  
the effective porosity, and oV 1 m3. The threshold concentration ,THC which was 
detectable from the monitoring wells was set at 0.35% of the initial concentration, 
corresponding to 112 particles. This corresponded to a level of critical contamina-
tion from nitrate, cyclohexanon, or diethyleneglycol, which would require reme-
dial procedures (Yenigul et al. 2005). Three different transverse dispersion coeffi-
cients, ,Ta were examined, equal to 0.01 m, 0.05 m and 0.5 m. The longitudinal 
dispersion coefficient, ,La  was calculated by the relation TL aa 10  (Gelhar 1986, 
Spitz and Moreno 1996). A detailed description of the simulation model and input 
parameters can be found at the work of Papapetridis and Paleologos (2011). 

3 Results and Discussion 

The number of wells that are used in a monitoring arrangement has a great influ-
ence on the likelihood of detecting or not potential contamination events from a 
landfill facility. Having performed 3000 simulations for each case, it was evident 
from our numerical experiments that in all cases of hydrogeologic heterogeneity 
and dispersion the more wells utilized for detection purposes the greater the detec-
tion probability. This was the major factor that affected the probability of detect-
ing contaminants. Even when the hydrogeologic environment was favorable, such 
as the case of a homogeneous aquifer, the only way to increase the performance of 
a linear monitoring-well arrangement was by increasing the number of wells. It 
was observed that the use of 20 monitoring wells provided extremely high detec-
tion probabilities, which in some cases, at least at the numerical level, reached full 
detection. On the other hand, the minimum requirement of 3 monitoring wells sti-
pulated in the 1999/31/EU directive “on the landfill of waste,” did not return de-
tection probabilities over 19%. The implication of this very low performance is 
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that approximately four out of five cases of instant leakage from a landfill would 
remain undetected if such a well arrangement is to be used. 

Variability of the geologic field is a factor that greatly affects detection prob-
ability. During field experiments using tracers it was observed that plumes have 
complex structures and in some cases they were split into separate parts which 
drifted off in different directions (McLaughlin et al. 1993). As a result of a 
plume’s irregular movement narrow bands of no detectable concentrations were 
created, rendering monitoring very hard. Numerical simulations have verified that 
as hydrogeological heterogeneity increases detection probability decreases (Yeni-
gul et al. 2005, Papapetridis and Paleologos 2010, 2011).   

In addition to a field’s heterogeneity, dispersion greatly affects the form that a 
contaminant's plume takes (Meyer et al. 1994, Yenigul et al. 2005). The longitudi-
nal dispersion causes elongation of the plume in the direction of groundwater 
flow, while the transverse dispersion causes it to widen. This means that the far-
ther a plume travels, the more it spreads and dilutes into the ground. The disper-
sion of pollutants as they travel into an aquifer results in opposing situations with 
regards to monitoring. As the plume evolves the contaminated area increases, 
making it more likely for a plume to be detected by a monitoring system. On the 
other hand though, as the plume evolves the concentration drops, making it more 
difficult to obtain high concentration samples, and hence to detect at a distance 
from the source. Detailed discussion on the effects of heterogeneity and dispersion 
on the detection probability of a linear arrangement of monitoring wells can be 
found at the work of Yenigul et al. (2005), and Papapetridis and Paleologos (2010, 
2011). 

Contamination is detected by a monitoring set, when a plume’s concentration at 
any well is sampled above threshold limit. However, considering the irregular 
form a plume can take and the simultaneous dilution that takes place it is clear that 
a detection ‘window’ is created as contamination propagates. Consequently, in 
cases of instantaneous contamination of ground water, the monitoring wells sam-
pling frequency affects the overall efficiency of detection probability.  

The dependence of the detection probability on the sampling frequency is in-
vestigated here for the case where the contaminant's mass is released instantane-
ously into an aquifer. Numerical results refer to sampling frequencies of once a 
day, once a month, once every two-months, quarterly, once every four-months, bi-
annually, and once a year. In each of the following Figures (Fig. 1-3) the detection 
probability Pd is plotted against the sampling frequency, for three different hetero-
geneity levels (variance of Y=lnK) and transverse dispersion coefficient aT.  

In homogeneous geologic environments of low dispersivity (aT =0.01m) it was 
observed (Fig. 1) that for every monitoring arrangement the detection probability 
does not change but slightly up to the level of bi-annual sampling. In the case of 
20 wells Pd remains at the 98-99% level for all frequencies, decreasing to 95% on-
ly when annual sampling is performed. If a medium dispersive environment is as-
sumed (aT=0.05m), then for 20 wells Pd decreases from 99% to 94% at bi-annual 
sampling, and to 85% at annual sampling. The same trend holds true for 3, 6, and 
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12 wells systems, where the average percentage decrease between monthly and bi-
annual sampling was 6%, and between monthly and annual sampling 15%. How-
ever, in the case of high dispersion (aT=0.50m) the effect of sampling frequency 
on Pd is pronounced. When 20 wells are used Pd drops from 37%, when monthly 
sampling is performed, to 31%, when biannual sampling is followed, to eventually 
4%, if samples are taken annually. The average percentage decrease in detection, 
for all monitoring arrangements, was 20% if sampling decreased from monthly to 
biannual, and 91% if sampling decreased from monthly to annual. It is obvious 
that in a highly dispersive field sampling at the once-a-year level nearly cancels all 
monitoring efficiency. 

 
Fig. 1. Detection probability Pd  vs sampling frequency for the homogeneous case of hydraulic 
conductivity σΥ

2 =0.0, and  aT=0.01m, aT=0.05m, aT=0.50m. 

In cases of medium heterogeneity (σΥ2 =1.0) and of medium dispersion 
(aT=0.05m), Figure 2, the average percentage decrease in Pd was 7% if sampling 
was done bi-annually rather than monthly, and dropped to 22%, if it was done an-
nually. In the case of aT=0.50m it was observed than the detection attained by bi-
annual sampling dropped by 31% relative to that accomplished by monthly sam-
pling, and by 70% if annual sampling was performed.  

In Figure 3 a strongly heterogeneous field with variance of lnK equal to 2.0 
was examined against the sampling frequency. In this case it was observed that up 
to medium values of transverse dispersion coefficient (aT=0.05m) Pd decreased for 
all monitoring systems with a decline in sampling frequency. The average per-
centage decrease in detection probability, relative to that attained by monthly sam-
pling, was 10% and 27% if biannual or annual sampling was performed, respec-
tively. In the case of aT=0.50m (high dispersion) it was observed that for all 
monitoring systems a decline from monthly to biannual sampling reduced Pd by 
37%, while a decline from monthly to annual sampling reduced Pd by 66%. Espe-
cially, in case of annual sampling it is observed that the reduction at Pd is 5% and 
25% less than the corresponding situation for medium heterogeneous and homo-
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geneous fields of the same dispersion, respectively. This means that field hetero-
geneity counteracts dispersion, providing this way larger Pd for the same monitor-
ing well arrangements.  

 
Fig. 2. Detection probability Pd vs sampling frequency for medium heterogeneous case of hy-
draulic conductivity σΥ2 =1.0 and  aT=0.01m, aT=0.05m, aT=0.50m. 

 
Fig. 3. Detection probability Pd  vs sampling frequency for strong heterogeneous case of hydrau-
lic conductivity σΥ2 =2.0 and  aT=0.01m, aT=0.05m, aT=0.50m. 

If sampling once every two months is considered then for low dispersive fields 
of even strong heterogeneity the average percentage decrease in detection, relative 
to monthly sampling, was less than 2%, while for high dispersions the decrease 
was less than 7%. In all cases considered once-a-day sampling provided the best 
results, although, in most cases, it would be a capital and human resources inten-
sive practice to provide for daily monitoring considering the time period that a 
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landfill needs to be monitored and that, even if some leachate is to escape, not all 
contamination cases are so severe as to justify such a practice.   

The effect of sampling frequency on the detection probability is more pro-
nounced when the aquifer is heterogeneous and dispersion is increased (Fig. 2, 3). 
As a general rule it appears that under all conditions at least bi-annual sampling 
should occur at a monitoring system. If one wants a higher detection probability 
then sampling at a frequency of once a month or even once every two months ap-
pears to be the optimum choice for most well arrangements, considering both the 
effort involved if one were to proceed with a much more intense sampling and the 
improvements on detection attained at this level. It is interesting to note that in he-
terogeneous aquifers a large number of monitoring wells (such as the case of 12 or 
20 wells considered here) if sampled infrequently (for example, once a year) does 
not perform much better in terms of detection than arrangements having a lower 
number of wells, but which are sampled more regularly. 

4 Conclusions 

A Monte Carlo stochastic model was developed to simulate contaminant transport 
into heterogeneous, two-dimensional aquifers. Pollution originated from a ran-
dom, instantaneous point source within a landfill facility. Different arrangements 
and distances of monitoring wells from a landfill were considered, and the corre-
sponding detection probabilities Pd, at different sampling frequencies, were calcu-
lated. It was shown that in all cases of hydrogeologic heterogeneity and dispersion 
the more wells utilized for detection purposes the greater the Pd. 

Frequency of sampling is critical in heterogeneous aquifers of high dispersion. 
Bi-annual sampling decreased the detection probability relative to monthly sam-
pling by about 20% and 35%, for all well arrangements, at transverse dispersion 
coefficient values of 0.05m and 0.50m, respectively. Once every two months sam-
pling decreased Pd by about 2% and 7% relative to monthly sampling for the same 
dispersion cases. As a general rule it appears that under all conditions at least bi-
annual sampling should occur at a monitoring system. If one wants a higher detec-
tion probability then sampling at a frequency of once a month or every other 
month appears to be the optimum choices for most well arrangements, considering 
both the effort involved, if one were to proceed with a much more intense sam-
pling, and the improvements on detection attained at this level. It is interesting to 
note that in heterogeneous aquifers a large number of monitoring wells if sampled 
infrequently does not perform much better in terms of detection than arrangements 
having a lower number of wells, but which are sampled more regularly. 
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Abstract   The aquifer system of the lower reaches of Aliakmona and Loudias 
rivers covers an area of 1638 km2 and is mainly hosted within the Quaternary and 
Neogene sediments. It comprises of intercalations of confined to semi-confined 
aquifers consisting of sand, gravel, conglomerates, marl-limestones, pyroclastic 
formations, sandstones which are separated by layers of clays or marls. Based on 
data of piezometric records we concluded that over the last 20 years the water-
balance reached to a deficit of about 28*106 m3/year. That resulted to a decline of 
the piezometric surface, which is more intense in the eastern, northern and western 
parts of the aquifer system, where irrigation water comes from groundwater pump-
ing, than in central and south parts, where the irrigation waters are mainly origi-
nated from the Aliakmonas river. 

Keywords: aquifers, water balance, piezometric surface decline 

1 Introduction 

This paper is based on field data which came up after the study of the aquifer sys-
tems of the Region of Central Macedonia, which was carried out by the Institute 
of Geology and Mineral Exploration of Greece, within the third European Com-
munity Support Framework (2003-2008). The area of the aquifer system belongs 
to both the Aqueous Region of Western Macedonia and the Aquifer Region of 
Central Macedonia but according to the hydrogeological criteria is a single aquifer 
system (Veranis 2010). Previous studies include only a few parts of the aquifer 
system (Rapti 1995). In this investigation, for the first time, the hydrological char-
acteristics of the area as an aquifer system are mentioned one of which focusing 
on the piezometric study and the water balance of the aquifer system. 
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The aquifer system takes up an area of 1638 km2 and its larger part (948 km2) is 
lowland with altitude from 0 to 20 m. The hill zone (20-200 m) surrounds the low-
land and takes up an area of 654 km2, while a small mountainous zone of 36 km2 
in the northern part of it varies, having altitudes from 200 to 550 m. The semi 
mountainous and the hill part is transected by a hydrographic net of dendritic 
form. In the lowland man’s intervention, which is attributed to the construction, 
since 1930, of the drainage ditch of Loudias river, of the ditch 66 and of the net of 
the irrigation canals as well as the ditches for the rain waters. 

2 Geological structure 

The cartographic units of the aquifer system consist of the Quaternary and Neo-
gene sediments. The Quaternary sediments are divided into Holocene and Pleisto-
cene aged sediments. The Holocene sediments consist of fine-grained sands, clays, 
loamy clays, conglomerate and sands at the beds of the torrents as well as materi-
als of torrent - like benching with small thickness. The cones of screes slopes con-
sist of disconnected, non benching gravels and pebbles as well as deposits of the 
dried lake of Giannitsa which consist of clays and clay-sands. Last but not least, 
recent cones of trench deposits are traced. The Pleistocene sediments are located 
in the low land and hill area of the western part as well as the northern plan at the 
feet of Paiko mountain. Cones of screes of red clays, limestone breccias, boulders, 
cones of trench deposits disconnected or mildly consolidated colluvial and river- 
trench deposits. The thickness of the Pleistocene sediments is estimated about 
100 m.  

Of upper to mid Pliocene- lower Pleistocene age tuffs, toffites and mud flows 
are occur in the hill side between Anydro and Mandalo villages as well as at the 
west-north part of Skydra town. The Miocene sediments are located in the eastern 
and northern-eastern part of the aquifer system and consist of: (a) Sandstone- 
marly series which is an interchange of fine-grained sands or clays with the inter-
vention of marly lenses, marly sandstones, marly limestones and more rarely of 
conglomerates. (b) Marls and red clays. (c) Sands, gravels and marls. These sedi-
ments are covered by limestones, marly limestones, marls and sandstone-
conglomerates. 

The thickness of the Quaternary and Neogene sediments rages from a few dec-
ades of meters at the margins of the sedimentary basin to approximately 1500 m in 
the central and eastern part. From the study of the lithological sections of the bore-
holes constructed for the hydrocarbons exploration, it resulted that the sedimenta-
tion started at the Eocene and the whole thickness of the sediments is more than 
3400 m. The hydrogeological research is limited to the depth of 650 m, because in 
even deeper levels the temperature of the water is more than 33-350C and they are 
characterized as thermal waters.  
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3 Hydrolithological and hydrogeological characteristics  

The borders of the lower reaches of Aliakmona and Loudias rivers aquifer system 
at the northern and western part are determined by the contact between the loose 
sediments and the metamorphic rocks of the basin or the volcanic rocks of Aridea 
area. At the eastern part it is separated from the granular aquifer system of Axios 
river through the surface and subsurface water divide. At the southern part the 
border with the granular system of Kolindros is located in the contact between the 
Neogene sediments of Kolindros aquifer system and the Quaternary sediments of 
the low reaches of Aliakmona- Loudias system respectively.  

 
Fig. 1. Hydrogeological map of the aquifer system lower reaches of Aliakmona and Loudia rivers. 

The aquifer system consists of aquifer intercalations, consisting of sands, grav-
els, conglomerates, volcanoclastic rocks, marly limestones and sandstones, which 
are separated from impermeable to semi-impermeable beds as clays or marls. The 
aquifer system is confined to semi-confined. The unconfined aquifers are located 
along the rivers beds and in many places they are exhausted. According to their 
hydrolithological behavior the different units of the system are classified into four 
categories (Fig. 1): 
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 Micro-macropore permeable sedimentary formations covering an area of 
1330 km2. Sedimentary deposits of Quaternary age and river trench deposits of 
Pleistocene age. Their hydrogeological interest is considered important. Due to 
the various particle composition and the different participation of the clay ma-
terial, the sediments show differences in their hydrolithogical behavior later-
ally. The hydraulic conductivity (K) ranges from 10-4 to 10-6 m/s, the yield of 
the bore-holes range from 30 to 350 m3/h, the value of the transmissivity (T) 
ranges from 1*10-4 to 2.9*10-2 m2/s and the specific capacity (Sc) ranges from 
0.5 to 80 m3/h/m. 

 Macropore permeable formation covering an area of 50 km2. Permeable for-
mation consisting of volcanoclastic materials with conglomerate intercalations 
that have a remarkable aquifer capability. The thickness of the formation 
ranges from 25 to 270 m and overlies an impermeable clay formation (Rapti 
1995). The yield of the boreholes range from 55 to 240 m3/h, the specific ca-
pacity (Sc) ranges from 1.96 to 36.4 m3/h/m, the transmissivity (T) ranges 
from 1.17*10-2 to 2.4*10-4 m2/s and the hydraulic conductivity varies from 
1.1*10-3 to 2.7*10-6 m/s. The storage coefficient (S) ranges from 1.5*10-3 to 
1.36*10-4. Beside their appearances in the N-NW part, the volcanoclastic mate-
rials have an important contribution as intercalations in the clastic sediments at 
the northern, western and central part of the aquifer system and consist of a 
positive factor for the development of important aquifer ability.  

 Impermeable and low permeable sedimentary formations of small area (8 km2). 
They are consolidated conglomerates with a great percentage of clay and com-
pact layers of red clays which are located at the northern-western part of the 
aquifer system and along the bed of Aliakmona river.  

 Impermeable formation of large area (250 km2). They are located at the area of 
the drained lake of Giannitsa, they have a small thickness and consist of clays. 
Under these impermeable formations important aquifers are found within sands 
and conglomerates separated by clays. 

The depth of the bore-holes ranges from 30 to 400 m with a geometrical mean 
of 150 m (n=580). The thickness of the unsaturated zone ranges from 2 to 145 m 
with a geometric mean of 21 m and consists, at a great scale (60%) from semi-
permeable materials as the alternation of clay with sand, gravels, conglomerates or 
mixtures of them. At the percentage of 22% they consist of impermeable materials 
(clays, marls) and the rest 18% consists of permeable materials (sand, conglomer-
ates).  

The total thickness of the aquifer beds ranges from 4 to 145 m, with a geomet-
ric mean value of 32 m. The percentage participation of the aquifer system at the 
total length of the transected beds in the bore holes ranges from 4 to 60% with 
geometric mean of 24%. For a total thickness of sediments of about 650 m, stud-
ied up to date for hydrogeological purposes, the thickness of the aquifer system is 
150 m. 
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4 Piezometric study 

The depth of the piezometric surface ranges from +0.2 (artesian) to 125 m with a 
geometrical mean of 4.10 m. The larger rates are traced at the hill side which is the 
periphery of the aquifer system and the smaller ones at the low land respectively. 
There is a difference between the hydraulic load (Dφ=1.5-4.5 m) among the dif-
ferent depths of the aquifers. The piezometric surface at the deep aquifers is at a 
smaller depth than at the shallow ones respectively.  

A seasonal variation of the piezometric surface is mentioned. At the western 
part of the system, where the Pleistocene sediments with the lower factor of hy-
draulic conductivity occur, the ranging (Ds) is from 2.0 to 10.9 m, while at the 
low land central and southern part, where the Quaternary sediments are prevailed 
and it consists the discharge area of the system, the ranging is from 0.2 to 2.0 m 
respectively and the mean value is Ds=2.32 m. In Figure 2 is presented the sea-
sonal variations of some representative boreholes of the aquifer system. A decline 
of the piezometric level is obvious in the western and north-eastern part of the 
system (Fig. 2). 

The larger hydraulic slopes are mentioned at the eastern, northern and western 
part (Fig. 1). In the low land the piezometric curves are less dense which means 
that a better transmissivity and hydraulic conductivity are observed, than at the hill 
side, where the Pleistocene sediments prevail, the hydraulic slope and the seasonal 
ranging of the piezometric surface have higher rates. Generally, a radial flow to 
the central part of the drained lake of Giannitsa, which is the discharge area of the 
system, is noticed. The greater hydraulic slopes are noticed at the N-NW part of 
the system (20-25%0) but generally they range from 7.0 to 1.5%0 with the smaller 
rates at the Platy area, reaching 0.8 to 0.5%0. 

At the area of the Ditch 66 the piezometric curves are parallel which means that 
there is no hydraulic connection between the ditch and the aquifer system. In the 
area upstream of the Ditch 66 it seems to exist a small discharge of the aquifer 
system to the water trenches of East Vermio mountain. At the SW part, Aliak-
monas river, at its entering the plain of Imathia at the area of Ammos and Var-
vares villages feeds the aquifer system. Along the axis of Vergina, Kouloura and 
Stavros villages, which is the lowest topographical point, there seems to be a dis-
charge of the aquifer system towards the area of the drained lake of Giannitsa. To 
the southern part, Aliakmonas river transects under an angle the piezometric 
curves which means that it is recharged from the southern part of the system and it 
charges it towards the NE part (Kresic 2007). At the southwestern part, from the 
watertrenches of the hill side there a small provision of the system seems to exist. 
At the area, south of the Koryfi and Prasinada villages there occurs a discharge of 
the subsurface waters towards Aliakmonas river. At the central and southern part 
of the system the direction of the groundwater flow is stable SSW → NNE to the 
bed of Loudia river. At the areas of Platy, Arachos, Mikro Monastiraki villages 
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along the national road of Chalkidona- Pella and even southern from it, negative 
absolute altitudes of the piezometric surface are noticed (Fig. 1).  

 
Fig. 2. Seasonal variations of the piezometric surface of the lower reaches of Aliakmona-Loudia 
rivers aquifer system. A=central part, B=east part and C= west part of the aquifer system. 

In the past, the small flow speed of Loudias river contributed to the creation of 
the appropriate circumstances for the entrance of the sea to land during the tide, 
but this procedure was blocked by two dams which were placed within its bed 
(Panoras and Chatsigiannakis 1992). After the water supply of Aliakmonas river 
(516*106 m3/yr) at the draining canals, which takes place every year at the be-
ginning of the irrigation period during May, the piezometric surface height is in-
creased. Long duration data (1990-2007) from water level measurements at 75 ir-
rigation boreholes present a decline of 25cm/y of the mean regional piezometric 
level, a fact which is attributed to over pumping. On the contrary, at the central 
and southern part of the system and especially at the area between the rivers of 
Aliakmonas and Loudias, where the irrigation takes place from surface waters, 
even the upward of the piezometric level is noticed at some boreholes (Veranis 
2010).  



Hydrogeological conditions of the lower reaches 363 

5 Water balance 

Inflows: From the interpretation of the meteorological stations data of the broader 
area, it resulted that the mean yearly precipitations at the area of the aquifer sys-
tem during the period 1980-2007 is 549 mm. The mean value of the real 
evapotranspiration is estimated to 412 mm/y. The sum of infiltration and surface 
runoff is 137 mm/y (Veranis 2010). The mean value of the infiltration calculations 
is based on the distribution of the rocks at the digital geological map and the bib-
liographical data (Soulios 2004) and is 67 mm/yr (11%). The surface infiltration is 
estimated by the equation of the water balance and is 70 mm/yr. Besides the im-
mediate infiltration, the recharge of the aquifer system takes place due to the per-
colation of the surface waters of the drainage ditches, through the irrigation canals 
and the subsurface side percolation from the karst aquifers at the Paiko and Ver-
mion mountains. An importance recharge takes place due to the irrigation water 
returns, which is about 15-25% of the consumption (ΕΝΜ & Special Consultants 
2008).  

According to data from the lithological sections at 300 bore-holes, the hydro-
geological mapping and the bibliography data (Soulios 2004), it is estimated that 
the mean value of the active porosity (ne) is 7% (3 -18%). The renewable re-
serves (V1) as well as the water quantities (V2) pumped from the permanent re-
serves are estimated from the equation: V=E*Ds*ne, where E=the area of the aq-
uifer system, Ds=mean value of the piezometric level fluctuations per year. 
V=1638km2*2.32m*0.07=266*106 m3/yr. From these quantities the: 
V2=1.638km2*0.25m*0.07=28*106 m3/yr are pumped from the permanent re-
serves and the: V1=1.638km2*2.07m*0.07=237*106 m3/yr from the yearly re-
newable reserves respectively. 

Outflows: The outflows are divided into the quantities of water pumped and the 
natural discharges. The consumption of the ground water pumping is for the drink-
ing water (25.2*106 m3/yr), the industry, crafts (8.8*106 m3/yr) and livestock 
(2.7*106 m3/yr). The irrigated areas during 2007-08 at the aquifer system were 
about 900000 acres, from which the 500000 acres are irrigated by surface waters 
and the rest 400000 acres from pumping of ground waters. As far as the area is 
concerned the pumping of the ground waters for the irrigation takes place in the 
eastern, northern and western part of the aquifer system, while in the central and 
larger than the southern part are irrigated from surface or source waters which 
come from areas outside the aquifer system. Taking into account the distribution 
of the several cultivations in the area of study, the bibliographical data for the nec-
essary quantities of water in relation to the kind of cultivation and the air tempera-
ture, with the method of Penman- Monteith, it is estimated that the mean quantity 
of waters needed is 550 to 580 m3/acr, (ΕΝΜ and Special Consultants 2008), so 
the consumption for the irrigation water is about 228*106 m3/yr. The result of 
over-pumping is the negative water balance, which is limited at the areas where 
the irrigations take place due to ground water pumping and it is estimated that they 
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are about 28*106 m3/yr. Loudias river is the receiver of the natural discharges of 
the aquifer system, of the excess of the irrigation water of the canals and of the re-
turns of the irrigation water to the aquifer and presents flow during the summer 
period only with a supply of 15-20 m3/s.  

6 Conclusions 

The granular aquifer system of lower reaches of Aliakmona and Loudias rivers 
consist a multi-aquifer system confined to semi-confined, hosted within Quater-
nary and Neogene sediments.  

At its larger part, it is characterized by an important aquifer capability with 
bore-holes yield of 40-300 m3/h. The geometric mean value of the specific ca-
pacity of the bore-holes is 3.7 m3/h/m (0.17-87.5), the transmissivity (T) is 
1.2*10-3 m2/s (5.67*10-5 to 1.9*10-2 ) and the hydraulic conductance (K) is 
4.1*10-5 m/s (3.3*10-6 to 1.33*10-3) and the mean yearly fluctuation of the piezo-
metric surface is 2.32 m. 

The hydrological balance of the aquifer system is negative and is about 
28*106 m3/yr. Due to the negative water balance of the aquifer system, the mean 
value of the piezometric surface decline is 0.25cm/y and the higher values are lo-
cated in areas where the irrigation water derives from the groundwater.  
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Abstract This article deals with the geological and hydrogeological characteristics 
of “Megalo Rema” basin which flows into the Gulf of Rafina in Eastern Attica, 
the hydrological balance is estimated and the surface water quality is analyzed. 
The estimation of the hydrological balance brings up proportion of surface runoff 
R:121.4mm=28.2%, real evapotranspiration ETreal:243.9mm=56.5% which re-
sponds to Mediterranean values and groundwater flow I:66.1mm=15%. The 
monthly observation of the surface water quality indicates high concentrations 
during the dry period and in reverse the wet period. The waters are alkaline; TDS 
values range from 1100 to 1485 mg/L and belong to the hydrochemical types Ca-
Mg-Na-Cl-HCO3 and Ca-Mg-Na-Cl-HCO3-SO4. On the whole, the elements with 
geogenic origin are detected at the outfall of the river, while the trace elements de-
riving from human activities are detected in higher concentrations uphill of the 
river, by the pollution sources. The concentrations of Mn, Cr, Ni, Pb, Cd and Zn 
exceed the maximum limits of the European directive for drinking water. Their 
presence is attributed to geogenic factors, as well as to soiling by fertilizers and 
pesticides’ application and by the area’s urbanization.  

1 Introduction 

The “Megalo Rema” basin is located in the middle and north part of Mesogeia val-
ley and the South part of Penteli’s foot. After constructing the International Air-
port of Athens "Eleytherios Venizelos" the motorway "Attiki Odos" and the “Sub-
urban railway”, a demographic blowup has turned up (El. Stat 2001), which was 
sequent with the water need increase as well as the wastes quantities which end up 
to the environment, since all the towns of the area in issue are lacking of drainage 
system. Hydrochemical studies carried out in the past (Kounis 1979; Alexakis and 
Kelepertsis 1998; Kounis 1998; Stamatis et al. 2006; Champidi 2011) indicated 
the water deterioration due to human activities and bedrock dissolution. The sig-
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nificant reduction of the precipitation of the last decade (Baltas et al. 2010) has 
negative results in the replenishment of surface and ground water with fresh water, 
leading gradually to desertification (Kosmas and Danalatos 1994). The aim of the 
research is the estimation of the hydrological balance of the basin and the emer-
gence of the physical and anthropogenic impacts which contribute to the surface 
waters’ quality modification. The research was carried out within the framework 
of PhD Thesis, worked out in the Agricultural University of Athens. 

2 Study area 

Geomorphology: The study area covers 160 km2 in the Southeastern part of Attica 
and is located, within Eastern region of South Euboea Gulf, within Northern and 
Western region of the masses of Penteli and Hymettus mountains correspondingly 
and within Southern section of the hill-sequence Spata- Artemis (Fig. 1). The relief 
is intense in the Northern bounds, where Penteli’s slopes develop and smoother in 
the Southern part, which is covered by a big terrain of Mesogeia valley. The river 
“Megalo Rema” runs along the area, producing two major branches, one deriving 
from the Northeastern slopes of Hymettus, at Glyka Nera, and a second which is 
stored by Penteli’s slopes. The two rivers join at Pallini, ending up in Rafina Gulf. 

Geology: The study area is a part of the Attic-Cycladic massif and its geologi-
cal structure is dominated by two systems: a) the crystalline basement, extended 
from the Paleozoic to the Upper Cretaceous and b) the clastic Neogene and Qua-
ternary sedimentary nape (Fig. 1). The compact crystalline bedrock is consisted of 
schists and bnate rocks, specifically calcite and dolomite marbles. The Neogene 
and Quaternary formations are composed of marly limestones, marls, clays, sand-
stones, conglomerates and other incoherent materials. In general, the geological 
formations of Attica are classified into three series: a) the autochthonous series of 
schists and marbles composing the Triassic – Jurassic bedrock and the core of the 
Attica mountains, b) the allochthonous series of Cretaceous schists and sandstones 
and c) the Tertiary and Quaternary deposits (Lepsius 1983). The autochthonous 
series appear in the west margins of the basin and is composed of marbles (Upper 
and Lower Jurassic) and Kesarianis’ schists (Jurassic) of about 800 m total thick-
ness, while the formations of the allochthonous series are developed mainly in the 
north and locally in the south and west part of the Rafina’s basin and are com-
prised of Upper Cretaceous limestones and schists, total thickness of about 250 m, 
with ophiolites and marbles intercalations. Thin ore layers of mixed sulfide miner-
als are identified in the base of the Cretaceous carbonate rocks. The major part of 
the basin is covered by Neogene sediments, marly and travertine limestones, 
marls, clays, marly sandstones, conglomerates, and other incoherent materials, to-
tal thickness of about 50 – 150 m. The terrestrial and fluvial Quaternary deposits 
(sands, gravels, clays and pebbles), cover up parts of the drainage and coastal net-
work (Katsiavrias et al. 2007). 
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Fig. 1. A simplified geological map of the study area (modified by Katsiavrias et al 1977);  
1: Quaternary; 2: Neogene; 3: Limestones (Upper Cretaceous); 4: Schist and Phyllites (Lower 
Cretaceous), 5: Schists (Lower Cretaceous); 6: Marbles (Lower Cretaceous); 7: Ophiolites 
(Lower Cretaceous); 8: Upper Marble (Jurassic); 9: Kesarianis Schists (Jurassic); 10: Lower 
Marble (Jurassic), Sw1 – Sw5: Sampling points of surface water. 

The whole area is controlled by an E-NE and W-NW directed fault system, as 
well as by small appearances of NW-SE normal faults, that are responsible for the 
Mesogeia’s basin displacement. The west part of the basin is exclusively con-
trolled by the Hymettus’ marbles, while the central part took advantage of the 
huge pre-alpine syncline folding, of NE-SW’s direction. The following basin’s 
evolution has been influenced by the postalpine brittle tectonics (Jacobshagen 
1986; Katsikatsos 1992).  

Hydrogeology: Into the loose Quaternary deposits and the Neogene units, it is 
developed an upper phreatic aquifer of relatively low capacity due to clay material 
presence which affects negatively their hydraulic behavior. The localized schists 
compose the impermeable bedrock. The aquifer’s enhancement is retained by the 
instant infiltration of rainfall and by the lateral flow of the consolidated forma-
tions. The upper aquifer is utilized by a significant number of wells and boreholes, 
whose discharge rates don’t exceed the 5 m3/h for the wells, while for the bore-
holes they range between 15 and 35 m3/h (Kounis 1979; Stamatis et al. 2000; 
Champidi 2011). The schists are impermeable, since their fractures are blocked by 
their own erosion products. The limited capability of leaching water which charac-
terizes these formations results in the greater precipitation proportion going in fa-
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vor of runoff. The carbonate formations, limestones and marbles, which are no-
ticed at the basin margins, as well as the lenticular marble intercalations which are 
observed within the schists, comprise the signal area aquifer which is exploited by 
a big number of boreholes, with flow rates exceeding 50m3/h. In the coastal zone, 
the aquifers are in direct contact with the sea, which leads to their quality deterio-
ration due to groundwater mixture with the seawater. In addition, the intensive ex-
ploitation of the aquifers for irrigation use has resulted in the seawater intrusion in 
the inland zone. 

3 Hydrological Balance 

The region is characterized by the typical Mediterranean climate of Attica. The 
mean annual temperature is 18.71oC, whereas the absolute maximum reaches 
39.3oC and the absolute minimum -3.35oC. In Figure 2, are presented the parame-
ter of the hydrological balance, as they came up by the estimation. The mean rain-
fall is 431.42mm with dry periods, usually extending from May to September 
(Hellenic National Meteorological Service, 2009). The annual hydrogeological 
balance for the period October 2005 - September 2006, was created based on 
weekly measures of the water flow in “Megalo Rema” outfall and by estimating 
the evapotranspiration based on the empirical type of Burdon and Papakis (1963) 
since a significant part of the geological formations belongs to carbonate rocks: 

    P October March
ET Ρ April Sept2


    

where P is the monthly precipitation. 

 
Fig. 2. The hydrological balance’s parameters distribution. 

According to the results, the surface runoff (R) accounts for a relatively high 
proportion, 28% of the total precipitation, the evapotranspiration accounts for 57% 
of the total precipitation which responds to Mediterranean values, and the 
groundwater flow (I) accounts for 15% of the total precipitation (Champidi 2011). 
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The relatively high noted surface runoff is attributed mainly to waste inflow from 
the urban areas and from the several industries working in the area.  

4 Hydrochemistry 

The surface water samples were collected once a month during the hydrological 
year 2005-2006 from 5 different points (SW1- SW5) as seen in figure 1. The 
temperature, the electric conductivity and pH were measured "in situ" by portable 
apparatus (WTW LF 330/SET and WTWT PH 330i/SET). The chemical analysis 
of water samples were carried out in the Laboratory of Mineralogy and Geology 
of the Agricultural University of Athens using titration methods, 
spectrophotometry (Hach model DR-3000), flame photometry (INTECH/420) and 
atomic adsorption (AAS GBS 908) methods. The following parameters were 
determined: Hardness, Ca2+, Mg2+, Na+, K+, HCO3

-, Cl-, SO4
=, NO3

-, NH4
+, PO4

3-,  

SiO2 and the heavy metals Sr, Fe, Mn, Cu, Cr, Ni, Pb, Cd and Zn. In Figure 3, 
there are presented in diagrams the average concentrations of the major elements, 
for each sample point. The waters are slightly alkaline, TDS values range from 
1100 to 1485 mg/L and they are part of the hydrochemical types Ca-Mg-Na-Cl-
HCO3 and Ca-Mg-Na-Cl-HCO3-SO4. The surface waters of the study area are 
subjected to quality deterioration, attributed to rock dissolution as well as to 
human activities. The physichochemical parameters and elements are, for the 
majority of them, higher than the upper limit of E.U. and W.H.O. guidelines for 
drinking water (EUC 98/83; WHO 2006). The concentrations of the major cations 
and anions are characterized by high values. The highest values are determined at 
the outfall of the major stream (SW1), indicating their geogenic origin and the 
summative accumulation downhill. The highest concentration of NH4

+ and PO4
3- 

are also spotted at the outfall and are probably attributed to urban wastes and 
dripping of non septic sinks towards the major stream (Sikora et al. 1976; 
Κallergis 2000). The nitrates ΝΟ3

- are determined with higher values uphill of the 
river and are attributed to nitrogen fertilizers’ application, that’s why they were 
detected to the transit points of the river, deriving from agricultural areas (SW2, 4 
and 5). In the branch which is supplied by the metamorphosed units of Penteli 
(SW3), the concentrations were significantly lower.  

The chemical synthesis of this branch, which is supplied by the metamorphosed 
units and the weathered mantle of Penteli is significantly different from the other 
samples due to different lithology and the limited land use. The majority of the 
trace elements excluded Fe and Cu, present high concentrations, overcoming the 
upper limits of the directive EUC-98/83. 

The heavy metals’ concentrations are detected lower at the outfall and higher 
uphill of “Megalo Rema” stream. Their intense presence has to do probably with 
the soil deterioration, occurred by the mixed sulphure rocks’ metallifery (Alexakis 
and Kelepertsis 1998; Serelis et al. 2010) and by the application of fertilizers, 
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pesticides and soil improving compounds (Kabata-Pendias and Pendias 1992; 
Ross 1994; Alloway 1995; Siegel 2002; Kabata-Pendias and Mukjerjee 2007). 
Corresponding the monthly elements’ concentrations with the water flow and 
summing up the monthly values, there were calculated the total carriage polluting 
loads of the river towards Rafina Gulf.  
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Fig. 3. Quality characteristics of the surface waters. 

 
Fig. 4. Concentration values of the major elements’ range at the outfall of “Megalo Rema”  
(point SW1). 
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It is noted that every year, within “Megalo Rema” river, there are transmitted 
significant loads of nutrient elements ΝΟ3

-: 284.6 tons, ΝΗ4
+: 7.91 tons and 

PO4
3-:1.7 tons, which contribute to eutrophication occurrence in Rafina Gulf. 

5 Conclusions 

From the hydrological and hydrochemical research, carried out in the basin of 
“Megalo Rema” in Eastern Attica, the following conclusions can be drawn: i) The 
area is characterized by the typical Mediterranean climate with high temperatures, 
low precipitation and long-term drought periods ii) Out of the total of 431.4mm 
annual precipitation, the roof 56.5% is slipped by evapotranspiration, 28.2% out-
pours as surface runoff and the remaining 15% goes for the groundwater flow, iii) 
The relatively high surface runoff is attributed to waste inflow from the urban ar-
eas, the agricultural applications and mainly from the several industries working in 
the area, iv) The surface water quality is characterized by seasonal fluctuations 
and intense peripheral impacts. The anthropogenic factors are illustrated with the 
vivid presence of the ions  ΝΟ3

-, ΝΗ4
+ and PO4

3-, Cl-, SO4
2- Na+ and Κ+ and the 

heavy metals, v) From the monthly observation of the quality characteristics it is 
noted that the higher concentrations of elements with geogenic origin are found at 
the outfall while the polluting elements are found with higher values near the pol-
lution source, vi) The waters are alkaline, TDS vary between 1100-1485 mg/l and 
have unspecified hydrochemical type Ca-Mg-Na-Cl-HCO3 and Ca-Mg-Na-Cl-
HCO3-SO4, vii) High concentrations of heavy metals are observed and some of 
them (Mn, Cr, Ni, Pb, Cd  and Zn) exceed the upper limits of the European direc-
tive for drinking water, viii) Within “Megalo Rema” there are annually transmitted 
significant loads of nutrient elements ΝΟ3

-: 284.6 tons, ΝΗ4
+:7.91 tons and PO4

3-

:1.7 tons, which contribute to eutrophication occurrence in Rafina Gulf. 
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Abstract   In order to research soil moisture of a limestone peak forest plain in 
Laibin, Guangxi Province, the investigation had chosen three lands, a maize field 
covered by mulching film, a common maize field and a set-aside land, from 
March, 2006 to April, 2007, measuring soil moisture content and potential at the 
depths ranging from 0-450 cm in profiles by neutron probe and tensionmeter. The 
results showed that the content of soil moisture in aeration zone varied intensely at 
depth of 10 cm, and attenuate at 100 cm and 450 cm. On the other hand, soil mois-
ture content and dynamic variation presented seasonal features, Between Mar. and 
April, 2006, the mean soil moisture content was 36.7 %, which was the biggest 
value in that year. In this period, it was general higher and increased progres-
sively. From May to August, the mean was 34.1%, and both maximum and mini-
mum appeared during this time. From September to November, the mean was 
32.6%, mainly showed a trend of decreasing gradually. From December 2006 to 
February the next year, the mean was 31.4%, which was the lowest value in that 
year. The ZEP of soil moisture in aeration zone existed 338 days during one year. 
Depth of ZEP, from November 2006 to February 2007, was 170cm, and less than 
100cm in the other months. In all observation time, transpiration of soil moisture 
was 865.66mm, accounting for 88.5%. And infiltration was 145. 47mm, taking up 
11.5%.The field capacity was 30.3%. 

1 Introduction 

The moisture of aeration zone was the belt associating surface water with ground-
water. Soil moisture was considerable part of terrestrial water body. Within global 
freshwater resource, soil moisture content of aeration zone was 1.65×1013 m3, 
more than 5×1011 m3 flux of rivers (Korzom 1978), and had the intensive correla-
tion with human production and livelihood. Meanwhile, it was source maintaining 
terrestrial plants alive and fundamental condition which was essential in agricul-

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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ture. Laibin, Guangxi located in limestone peak forest plain. Owing to the extraor-
dinary surface and dual-structure underground, surface water availability was re-
duced and overland flow frequently flown into underground down swallow holes 
and bergschrund (Yuan Daoxian and Cai Guihong 1988). Therefore moisture had 
significance in cultivating crop which can plant in arid in Laibin. It had also re-
markable sense for directing agriculture productions, researching moisture dy-
namic of aeration zone in limestone area. Correct evaluation on water resources 
had the same importance. The study area is located in the middle of Guizhong ba-
sin, Guangxi, 2 km far away from Laibin city, at elevations of 80 to 130m. There 
were two soil types, Mllrendzina and Braunrendzinea. The pH values ranged from 
6.5 to 7.5. The total annual solar radiation was up to 1750.2 h. Average tempera-
ture was 20.65℃ over the year, Jan. (10.9℃) lowest and Jul. (28.6℃) highest. 
Mean precipitation was 1347.8 mm, most 2060.6 mm in 1994 and least 820.3 mm 
in 1989. There was more rainfall from May-August, occupying 62.3% of rainfall 
throughout one year. Accumulate temperature days is 297, required daily mean 
temperature >10℃. The climate characteristic, synchronization between heat and 
humidity, provided well conditions for crop, mainly containing rice, maize and su-
garcane. 

2 Methods 

Fix a system respectively used to monitor moisture aeration zone in a maize field 
covered by mulching film, a common maize field and a set-aside land. Each sys-
tem consisted of 4 parts; 1) a neutron probe, 5 m depth; 2) tensionmeter zone (24), 
5 m depth of profiles;3) water lifting zone (14), 5 m depth; 4) non-weighting lysi-
metre (6.67 m2 size, 2.5 m depth) and observation room which were underground. 
The points, observing soil moisture content and potential, were sited down pro-
files, 5 m depth. The arrangement rules as follows; 1/10 cm within 1m, 1/20 cm 
ranged from 1-3 m, 1/50 cm >3m. Frequency was 1/day in the period of rainfall 
and growing, 1/2 days in arid and non-growing. Deviation of potential was within 
1 mm, and error between two records on moisture content by neutron probe in-
clined 5 units at the same time and point. 

3 Results and discussions 

3.1 Variation of space and time on moisture and potential  

Soil moisture was the fundamental requirement to crop growth particularly in arid 
area. It measured the ratio between water contained and soil weight. Soil potential 
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described energy moving least moisture from some level to standard reference 
one, which represented unit amount. And it indicated how much water was avail-
able to pant (Jing Enchun 1994). Investigate and record them via the instruments 
within 0-450 cm, in the three lands beginning March 2006, ending April, 2007. 
Using software SPSS to statistic and analysis the data (Table 1 and Fig. 1). 

Table 1. Variation of moisture content in different depth. 

Depth 
(cm) 

Type of soil 
 

Maximal  
content (%) 

Minimal  
content (%) 

Amplitude  
varied (%) 

0-10 Gray-black, Cultivate soil 34.6 13.9 20.7 
10-140 Brown-yellow, gravelly clayey silt 39.1 21.6 17.5 
140-320 Brown-red, gravelly clayey silt 49.3 36.1 13.2 
320-450 Brown-red clay 50.4 45.9 4.5 

Soil physiochemical properties varied with depth of profiles from Table 1. It 
had no well diversion down 10-320 cm, conversely, maximal and minimal mois-
ture had risen successively 9.8%, 14.5%.which showed that depth was main 
domination in the middle of profiles. From cultivate soil to gravelly clayey silt and 
to clay, maximal and minimal soil water respectively increases 15.8% and 32%. 
So, for the whole aeration zone, soil property is more important than depth of soil 
profile, the former influence more than the latter. 

 
Fig. 1. Variation of moisture of soil profile in one year (from Lao 2011). 

Diversification of moisture content was fierce at 10 cm, and undistinguished at 
100 and 450 cm. The weaker intensity was, the deeper profile was. Otherwise, its 
variation was affected by precipitation. Because of abundant rainfall between 
April and October, 2006, moisture content varied under different depths, more 
marked at 10 cm than at 100 and 450 cm. The less amplitude of potential modi-
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fied, the deeper profiles were. Ranged from 0-1 m, diversification was strong, 
mean -475~ -70cm H2O. Mean was -250~ -160cm H2O and -360~ -340 cmH2O, 
which belonged to transition (1-3 m) and relative stable zone (3-4 m) respectively.  

Moisture content and regime were outstanding seasonal in varied depths 
against time. Precipitation and times increased from March to April, 2006, but less 
amount and briefer interval. Average content was 36.7%, max within one year. 
Max amplitude varied reached 17.5%. For more rainfall, larger humidity and low-
er temperature in the period, the infiltration caused by rain was more than deple-
tion, especially the soil above aeration zone. Therefore, the content was larger 
generally throughout zone in the time, and laid out the tendency rising gradually. 

In the autumn (September - November), times and amount decreased rapidly. 
However, evaporation remained intensive, and mean moisture was 32.6%. Mois-
ture had the trend low gradually, dominant. Its regime was impacted mainly by in-
dividual rainfall, and extent modified turned smaller, 15.4% max. 

In winter (December - September next year), due to more wind and less rain-
fall, it was arid. The moisture maintained evaporation, and amount was smaller 
and less gradually in every level throughout zone. Mean moisture was only up to 
31.4%, and the moisture variation did least in the period, 5.8% max. In the mean-
time the shortage did heaviest and mean was least. 

3.2 Feather of moisture ZFP in aeration zone 
under variation land-use types 

The soil water moved following Darcy’s Low on unsaturated flow. The flux could 
count through Partial Differential Equations under the conditions, moisture was 
incompressible and no supplement, and its density should be constant (li Baoqing 
et al. 1990,Li Qian et al.). 

 2 2

1 1
2 12 1( ) ( ) ( , ) ( , )

z z

z z
Q Q z t dz z t dzz z       equation (1) 

In the left of equation, Q(z2), Q(z1) parented the total volume in per cross-sectional 
area, when soil water flowed separately through Z2 and Z1 from t1 to t2 . calculus 
equaled moisture changes between Z2 and Z1 on right of the equation, θ mean 
moisture, θ(z,t1), θ(z,t2) presented respectively water cut curve of soil profiles; θ(z, 
t) could measure by neutron probe.  
The moisture flux for all positions, q, could be defined through unsaturated per-
meability coefficient and water potential gradient in correlate site.  

 ( )q k z
     equation (2) 
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In above equation, k(θ) was unsaturated permeability coefficient, was water 

potential. If the water potential gradient equaled zero, 0z
  , the flux was 

zero, site of ZF, making up Zero Flux Plane, ZFP. Usually, the water potential dis-
tribution was continuous function, correlation with depth. So, the location of 

points, which required 0z
   and sited in the curve of water potential distri-

bution ( ( , )z t ), was that of ZFP. According to it, acquire the amount of crop wa-
ter requirement.  

Summing up, the formation and development of ZFP had the following charac-
teristics: (1) Since alternation frequent between humid and arid, layer permeability 
strong, large limestone developing, the interval was short when ZFP reappearing 
and missing, stability poor and depth shallow. (2) During the period of ZFP forma-
tion and down growth, precipitation was more. For example, in the maize grown 
time, total was 510.4 mm. When the amount overtook 176.3 mm, it should destroy 
ZFP. And the ratio it happened went up to 34.5% of all. The volume was 334.1 
mm, rainfall percolated into soil above ZFP. It held 65.5%, what could improve 
the soil moisture storage and have superiority to maize growth. But, it cannot infil-
trate down into underground to form water resource of limestone. 

 
Fig. 2. The depth of ZFP under different land uses (from Lao 2011). 
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Fig. 3. Motion of Zero Flux Plane of soil (from Lao 2011). 

3.3 Feature of soil moisture in evaporation and seepage 
and calculation on soil field capacity 

Observe the evaporation and seepage of soil moisture, though the analogue non-
weighting lysimetre, settled in the experiment site (Fig. 3). Use the fundamental 
theory; keep the water level stable in the overhead of threshold (1.9 m) what was 
the limit of phreatic evaporation in the site. It equaled the lowest depth of ZFP 
evaporation summed the altitude of capillary tube sustaining up, 1.7+0.2. When 
the soil moisture moved down but cannot reach the threshold, the water would be 
evaporated; on the contrary, it would recharge the groundwater in aeration zone.  

The statistical results displayed through consistently observing; the number was 
229, in which soil moisture could sustain evaporative, and it accounted 70% of all. 
The largest evaporation emerged in a range from July, 2006 to January, 2007.  
The number of day rainfall was few, intensity weak, interval of consistent rain 
short, period of continuous drought prolonged, evaporation frequency high. The 
number of day was 48, when soil moisture percolating down to recharge under-
ground water of aeration. Its rate was 14.7%, and it happened in June, October 
2006 and March 2007. The numbers of days were 16, 11 and 6 successively. Mean 
infiltration monthly was 13.10 mm, 90 mm most, 0 least.  
Field capability equaled the most soil moisture content when gravitation all was 
discharged. It was also the soil storage within 24 h after some intensity rainfall, 
and varied due to the differences of soil types and humus content. It would stable 
relatively to the same type of soil, and was a remarkable index of soil retention. 
Meanwhile, it was important to accounting soil resource available. When the soil 
moisture content was below 70%-75% of field capacity, the field should be irri-
gated to maintain the normal growth. Hence, it, studying fiddle capacity, had the 
realistic significance to guide developing of local corp.
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4 Conclusions 

There were some characteristics of soil moisture in aeration zone in limestone 
peak forest plain. As follows: 

 From up to down, water contents and water potential of the aeration zone vary 
sharpest at 10-cm depth. Soil moisture content and dynamic variation presented 
seasonal features, Between Mar. and Apr., 2006, the mean soil moisture con-
tent was 36.7 %, which was the biggest value in that year. So, in order to pro-
moting the harvest of upland crops, it is necessarily to irrigate in this period. 

 The development of ZEP of soil moisture depth was varied with different land-
use types. 20-100cm in the field covered, 30-140cm in common field and 10-
170cm in set-aside land. On the other hand, there was a close correlation be-
tween development of ZFP of soil moisture depth and rainfall. The less rainfall 
was, the deeper ZFP of soil moisture depth developed. 

 The soil water evaporated from the second half of the year to January of the 
next year. During this period, high temperature and little rainfall lead to a total 
542.22mm evaporation, which occupied 62.6% of soil evaporation throughout 
our observation period. At the same time, the characteristic of field capacity 
varied in different land-use types. The mean field capacity was 26.4% from 0-
100cm in field covered, 30.4% in common field and 34.2% in set-aside land. 
Along the profile, it kept well stable from 0-100cm in the field covered. This 
feature is beneficial to crop growth.  
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Abstract  There were a long term drought in the karst areas of southwest China 
from 2009 Autumn to 2010 Spring, which reached severe levels of drought once a 
hundred years, The drought distributed in southwest of China, with a total area of 
100,0000 km2. 4.3486 million hectares farmland was affected by drought. The af-
fected population hit 51.049 million ones, led to serious problems of drinking wa-
ter for 16.09 million people and 11.055 million livestock. Besides in the karst 
area, water often leak into underground rivers. The main four factors contributing 
to the severe drought are the climate getting drier, rocky desertification, much hy-
draulic engineering and heavy water pollution. To mitigate the drought and water 
shortage in southwest China, China government collected huge fund, technique 
people and equipment in order to drill water-wells for water supply, which play an 
important role for the drought-resistance. Moreover, we formed many successful 
examples of exploitation of karst water. However, we should have a complete 
treatment strategy of drought in future. Systematic regional hydrogeologic survey 
in scale 1:50000, construction of water conservation and water sources, scientific 
management of water resources in karst basin and emergency response system of 
the drought-resistant are the key aspects. 

1 Introduction 

In recent years, with the climate changes and the increasingly ecological environ-
mental disruption, as a kind of natural disaster, the drought becomes more and 
more serious, which not only has produced a grave impact on agricultural produc-
tion but also has led to serious problems of drinking water for people and livestock 
(Zhu et al. 2006). In China, the drought mainly occurs in North China Plain, 
Northwest China and Southwest China, but there is a tendency to get drier in 
Southwest China. Ma Guozhu et al. made an analysis of drying trend over China 
from 1951 to 2006 (Ma and Ren 2007), by using the monthly precipitation and 
monthly mean air temperature data set from 160 observational stations over China 
in 1951-2006.The results showed that: in Southwest region, the precipitation and 
surface wetness index presented a linear decreasing trend, and the precipitation 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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and surface wetness index greater than the linear trend of the North China plain 
and Northwest, -0.042/10yrs and -30.4 mm/10yrs respectively. In southwest China 
occured a long term drought from 2009 Autumn to 2010 Spring, which reached 
severe levels of drought once a hundred years. Total drought area is about 
100,0000 km2.The severe drought was mainly occurred at east of Yunnan, south-
west of Guizhou and northwest of Guangxi, as shown in Figure 1. Geomor-
phologically, the heavy droughts occur mainly in peak cluster depression, karst 
plateau, karst tectonic basin and karst valley terrains, and the area with rock deser-
tification (Fig. 2). 

 
Fig. 1. Distribution of the drought area in Southwest China (from Qin 2011). 

The causes of frequent drought in Southwest China have been some studied. In 
addition to the climate anomalies, there are other three important causes: One here 
is contiguous karst areas, with 434,300 km2, and double spatial structure formed 
after prolonged intensive karstification. Although the average annual rainfall is 
1000-1800mm, surface water leaks into the ground soon after the rain, making 
surface dry. This type of drought is called “Karst Drought”. Second is uneven dis-
tribution of rain, more than 70% rainfall occurs in the spring and summer seasons, 
seldom rainfall in the autumn and winter seasons. Third is economic ackwardness 
in the karst areas and the local people suffered from shortage of funds and equip-
ments for mining of groundwater. 
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Fig. 2. Geomorphologic profile of the drought area (from Qin 2011). 

However, why the drought becomes more and more serious in the karst area of 
Southwest China? How to deal with the severe drought? No good answer so far. In 
this paper, the authors introduce the distribution, characteristic and situation of the 
2009 -2010 drought in the Southwest China, show some examples of drought 
treatment, and try to get causes of the drought and the effective countermeasures. 

2 Cause analysis of drought in Southwest China 

2.1 Atmospheric circulation anomalies lead to climate drought 

The rainfall in the Southwest China mainly comes from water vapor transmission 
of Indian Ocean and Bangladesh Gulf. However, activity of India - Burma geo-
tectocline was very weak and disadvantage of water vapor transmission in 2009. 
In addition, since autumn of 2009, The Tibet plateau created a strong cold high 
pressure gas and blocked the warm-moist air flow coming from the Indian Ocean 
and Bangladesh Gulf. On the other hand, the northern cold air could not reach 
Yunnan-guizhou plateau, cold air and warm air are hard to exchange and form 
precipitation.  

2.2 Large-scale water conservancy project in upstream lead 
to the situation of water resources in downstream severely 

With the industrial and agricultural development and population growth, in order 
to meet the water needs, more and more water accumulation structures were built 
in upstream, which would lead to water shortages in downstream. 
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2.3 Desertification leads to the lowering of water regulation 
and storage capabilities of ecological environments  

Karst rocky desertification lead to forest coverage reduced. In Guangxi, Guizhou 
and Yunnan province, where karst rocky desertification is serious, the average of 
forest coverage is only 21.0% in karst area, which is 50.6% of the non-karst areas. 
For serious degradation of vegetation, with double space structure on karst surface 
and underground, and funnel, cracks and underground drainage network devel-
oped dramatically in karst area. Surface runoff quickly import underground river 
system and flow away, so its infiltration coefficient is higher, which can be as high 
as 0.5-0.6 in bare peak and depression terrain. Moreover, with surface soil de-
pleted, the ability of surface water conservation is severely reduced, and water 
holding capacity is poor (Jiang and Yuan 2003). 

2.4 Water pollution worsening the shortage of drinking water 
in karst area. 

The development and utilization of water resources is also impact by serious pol-
lution of surface water and groundwater in some areas. "Three wastes" produced 
by industrial and mining enterprises and solid waste pollutants stacked on the 
ground, which will infiltrate into the underground river under the leaching process 
through carbonate’s surface dissolved ditches, erosion fissures, sinkholes, collapse 
pits, cracks etc. In some places, sewage even directly discharged into the under-
ground river. 

3 Some examples for exploitation of karst water 

Although surface water in karst areas of Southwest China is generally deficient, its 
groundwater resources are abundant. According to the data conducted by the Chi-
na Geology Survey, there is a total 1850 ×108m3/yr, most of them keep in under-
ground streams. Moreover, there are many epikarst springs and fissuring water. So 
to exploit groundwater resources reasonably in the light of karst geological and 
geomorphologic characteristics and conditions are effective drought- resistant 
measures (Shi et al. 2005).  
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3.1 Drilling underground water for water supply 

To mitigate the drought and water shortage in southwest China in spring of 2010, 
China government collected huge fund, technique people and equipment from 
other provinces and cities to come there In order to construct drilled and dug water 
wells. For example, the Ministry of Land Resources organized more than 10,000 
technique people from 17 provinces and cities come there drilling underground 
water for water supply. They totally drilled 2703 bore holes, formed 2348 wells, 
get water 360,000m3/d and resolve the drinking water problems of more than five 
million people. 

3.2 Exploit epikarst water resources in Nongla 

Nongla village of Mashan County, Guangxi, is a high peak-cluster depression 
where groundwater buried deep more than 300m. Exploitation of groundwater is 
difficult and expensive for the farmers who live scattered. Building water tanks in 
the exit of epikarst spring to store water, and use diversion canal for agricultural 
irrigation or water pipe for life. In solving the problem of water, local people made 
agricultural structure adjustment here. Besides planting corn in the depression, re-
habilitation of karst hills is undertaken by severely limiting human activities on 
the summits of karst cones, so permitting forest regrowth; by mid-slope contour 
terrace construction that permits farming yet limits downslope wash of soil; and 
by protective cover around the foot of hills to permit sustainable high agricultural 
production. 30 years late made the peak-cluster depression become a good forest 
park, with some luxury buildings.  

3.3 Wulicong Doline Reservoir  

Wulicong Doline Reservoir is in Mengzi County, southern Yunnan, It is on a karst 
tectonic basin which is the biggest dry karst land in southern Yunnan underlain by 
Triassic and Devonian carbonate rocks and Cambrian clasolite rocks. With the 
curtain grouting in karstic belt to form a reservoir in Wulichong doline, storage of 
79.49 million m3 of water commenced 1995 (Wang 2006). In combination with a 
long aqueduct (seven artificially draw water tunnels, with total 9.5 kilometers 
long), which delivers water to it from Nanxi River, Since 1997 began water deliv-
ery to Mengzi city, 8161 x 104m3 in water supply every year (Fig. 3). 
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Fig. 3. Profile map of the Wulicong Doline Reservoir (from Qin 2011).  

3.4 Maguan joint reservoir with surface water and ground water  

Maguan town ship is in the middle Guizhou province. It is on a karst plateau un-
derlain by Triassic carbonate rocks, stopping underground streams in cave exit to 
form a joint reservoir with surface water in Chongtou depression, and ground wa-
ter, with a long aqueduct, which delivers water to it from Yangpizhai depression. 
Achieved the storage of 103×104 m3 of water in low year (reliability p=95%) 
(Wang 2006). In addition, the project prevented inundation for Maguan basin. This 
was shown in Figure 4. 

 

Fig. 4. Profile of the Maguan joint Reservoir (from Qin 2011). 

4 Conclusions and discussion 

The karst of South China is a fragile environment controlled by topographical and 
geological conditions, as well as human activities. As a consequence of compli-
cated geological structure, stratigraphic features, and a deeply dissected drainage 
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system, it is divided into many small karst basin units with different groundwater 
circulation system. To mitigate the drought and water shortage in karst regions, 
simply increase investment or drilling water engineering are not enough. We 
should find out the effective way. At first, we should carry out hydro-geologic sur-
vey to understand the karst water’s types, resources and circulative characteristic, 
particularly the burial conditions, store rules and way of recharge, runoff and dis-
charge in different types of karst groundwater, based on comprehensive research 
of the background of the karst geology and karstification rule. Then, we could put 
forward corresponding targeted programs of development and utilization and spe-
cific engineering measures. Finally, according to these specific programs we can 
increase the investment into the project correspondingly; otherwise it would be 
hard to succeed. Here are some tips: 

1) To carry out 1:50000 hydrogeologic survey systematically. 
2) Strengthen the construction of water conservation and water sources. 
3) Implementation of scientific management of water resources in karst, devel-

opment and protection 
4) To build the emergency response system of the drought- resistant. 
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Study on epikarst water system 
and water resources in Longhe Region 

W. Lao, F. Lan  

Institute of Karst Geology, CAGS, Guilin, Guangxi 541004, China 

Abstract   The paper starts with analysis on regional karst water system and ela-
borates the structure of the epikarst water system and water cycle process in 
Longhe region. According to hydro-dynamic conditions, several confluence type 
or scattered flow type of epikarst water subsystems are subdivided. Based on sta-
tistic analysis on long-time observation data of the epikarst springs, it is concluded 
that the quantity of natural epikarst water resources in the area is 31.9×104m3/yr 
about 9.5% of rainfall can be drawn. Among the quantity of natural epikarst water 
resources, the exploitable water resource from epikarst springs is 5.9×104m3/yr 
and the effective amount is 7 732.4m3/yr. 

1 Introduction 

The development of the epikarst in south of China have the characteristics of a 
shallow karst water cycle and underground pipes coupling (Jiang and Yuan 1999, 
Jiang 1998), Structure and flow dynamic features of the epikarst are constrained 
by the hydrogeologic structure of the epikarst land cover conditions rainfall and so 
on (Jiang 1998, Lao et al. 2002, Qin and Jiang 2005), which made differences on 
features of the epikarst water in different region. The research on features of the 
epikarst water provides an effective and convenient avenue for solve the problem 
of drought and water shortage in karst peak-cluster area (Zhihua et al. 2003, Zou 
et al. 2005, Wang 2007). The research on features of the epikarst water is by a 
regulation coefficient to evaluation the number of resources in different Spatial 
scale, this research is good for strengthening empirical and analysis of the epikarst 
water system. The study area is located in Pingguo County, Guangxi Province, 
covers an area of 2.66km2, located in the subtropical monsoon climate zone, the 
mean annual temperature of 20.2 - 22.6 oC, frost-free period more than 345 days, 
the mean annual rainfall 1500mm, rainfall abundant but in the year rainfall is un-
evenly distributed in different seasons, season from May to September each year 
is the wet season, April, October and November are normal, December to next 
April is the dry season, with characteristics of rain of the hot season. The area is a 
typical peak and depression topography, formed by the large number of cones 
which have various heights and bottom are connected, and the closed depressions 
of various shapes of polygons during them. Depressions bottom have a height of 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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150-400m, and the height of the Peak is more than 500m. However, surface water 
system is not developed. There are about 530 people in the area; income mainly 
relies on planting, cultivation and export of labor services living in poverty. 

2 Karst water system 

According to the relationship among supply, discharge, savings and drainage of 
the karst water, study area could divided into two Karst water systems, one called 
Longhuai, another is Longhe, both of them have independent aquifer system and 
have flow system corresponds with them, Longhuai system covers an area of 
2.08km2, Longhe system covers an area of 0.58km2. The study area have the char-
acteristics of dual structure, some lots have the characteristics of triply structure. 
Based on the main features on structure, each system could divide into two sub-
systems, epikarst water system and phreatic karst water system. 

Karst water supply source in study area is nature precipitation, there are two 
main forms, one is throught surface grikes in the form of surface diffused supply 
water for epikarst water, this form is widespread in the area, another is precipita-
tion and a part of epikarst groundwater through cloups, ponors, regards, shafts, 
deep and large grikes in the form of concentrated inflow supply water for pheatic 
zone karst water. The discharge of karst water is mainly nature discharge, in the 
form of concentrate discharge and diffuse discharge. 

3 Epikarst water subsystem 

3.1 Distribution and development of epikarst 

Subtropical climate in study area provide favorable conditions for the develop-
ment of epikarst. A long term field investigation found that most epikarsts are de-
veloping on the shallow surface of hard pure carbonate rocks, the most typical is 
the epikarst on Paleozoic limestone which located in south of China. The exposed 
strata in study area are Permian and Carboniferous. Climate is hot and humid, so 
epikarst development is widely distributed. Field investigation found that rela-
tively flat lots in study area. 

3.2 Epikarst water subsystem structure 

Epikarst water subsystem in study area has the main features like these: 
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1) Source of supply, discharge, storage and drainage of the system are lapie, wa-
ter-eroded groove, dissolution pore, solutional cavity, karren and so on. 

2) Epikarst water subsystem is mainly divided into convergent discharge pattern 
and diffuse underflow pattern.  

3) Epikarsts that distribute in most mountain slope areas around depression have 
unitary structure. Coverage area of epikarst aquifer subsystem that located in 
the bottom of depression of Longhuai, Longlie, Longheshang, Longhe, Jieluo 
present characteristics of dual structure (epikarst and the Layer of soil or 
vegetation) or triply structure (epikarst and the Layer of soil and vegetation) 
(Fig. 1, 2). 

 

Fig. 1. Section showing the structure of the epikarst water subsystem of Longlie depression 
(from Wenke Lao 2011). 

 

Fig. 2. Section showing the structure of the epikarst water subsystem of Longhe depression 
(from Wenke Lao 2011). 

1) Bottom of epikarst water subsystem have no distinct impermeable layer, be-
cause of relatively complete soluble rock zone constitute local impermeable 
layer which is the bottom boundary of each epikarst water second subsystem. 

2) Between epikarst water subsystem and phreatic karst water subsystem, usu-
ally developing a certain thickness of the weak developed karst zone, which 
presenting double porosity.  
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4 Characters of epikarst water resources 

4.1 Dynamic characteristics of epikarst springs flow 

According to data collation and statistical process on flow rate of Longhe spring, 
Buyang1 spring, Buyang2 spring in study area from May 1, 2003 to April 30, 
2005 (Fig.3), the flow epikarst springs present the following features: 

 
Fig. 3. The relationship curves of epikarst springs’ flux and rainfall in Longhe. 

(1) The flow rate of epikarst springs are sensitive to precipitation in Longhe area, 
lag time is short, changing the basic synchronization. According to field ob-
servations, the springs’ max flow rate usually emerge 1h-2h late after max of 
precipitation. On the hand, dynamic curve showed a steep peak, it means epi-
karst have a weak regulation ability on storage water resources. 

(2) Usually, the spring flow rate is less in this area. Average flow rates of Longhe 
spring, Buyang1, Buyang2 are 0.75L/s, 1.02L/s, 0.06L/s. Most of them are 
dying up from November to February of the next year. According to investi-
gation, we found that Buyang1 spring have a better vegetation and soil cover-
age, so it has a strong regulation on storage capacity to water resources. 

4.2 Distribution features of epikarst water resources 

Distribution features of epikarst water resources in epikarst areas are shown in 
Fig.4, from this fig, we know that: 
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1) Distribution of epikarst water resources is very uneven during a whole year. 
The high flow period of Longhe spring, Buyang1 spring, Buyang2 spring is 
from May to September, respectively account for 94.71%, 94.91%, and 
95.03% in a year. While only 1.57%, 1.00% and 0.72% from October to April 
of the next year.  

2) For space, the availability epikarst groundwater resources mainly distribute in 
convergent epikarst areas.  

 
Fig. 4. The monthly distribution of epikarst zone karst water resources in Longhe. 

5 Evaluation of the epikarst groundwater resources 

5.1 Total natural resources 

There many methods to calculation natural resources of epikarst groundwater such 
as coefficient method, runoff modulus method, discharge method and a new me-
thod calling storage coefficient method, etc. According to hydro geological condi-
tions in our study region and observational data available, the authors use infiltra-
tion coefficient method to calculate the amount of natural groundwater resources 
of epikarst. The calculation of infiltration coefficient is: 

 λ=Q1/(P·S) equation (1) 

Where, λ: is the infiltration coefficient of epikarst; Q1: the amount of total excre-
tion during the period (m3), P: the calculated total rainfall during the period (m) 
and S: the recharge area of epikarst springs (m2)  
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 Q2=λ·P·S equation (2) 

Where, Q2: is the natural groundwater resources of epikarst zone (m3/yr); λ: the in-
filtration coefficient of epikarst zone; P: the mean annual rainfall (m/yr) and S: the 
computing unit (block paragraph) area (m2). 
Through calculating calculation natural resources of epikarst groundwater in each 
block paragraph by equation (2), the results showed that the amount of natural 
groundwater resources of Longhe karst water system is 31.90×104m3/yr, Longhuai 
system is 21.21×104m3/yr, Longhe system is 10.69×104m3/yr. 

5.2 Total effective use of resources  

Exposed surface epikarst springs are located in relatively high peak and slopes ar-
eas, and the springs draining all its water down to the surface, the water flow by it-
self and can be utilized easily. In theory, the amount of natural excretion of epi-
karst could be the amount of effective use, in fact, due to precipitation in different 
seasons during the uneven distribution and the size, number of storage facilities 
and other issues, often there are vast amounts of water in the wet period has been 
abandoned and lack of recoverable water resources in water period and dry sea-
son. It is more reasonable and practical to evaluate the effective amount of surface 
karst springs by sum of its gross drain and water quantity that was stored by stor-
age facilities during the rainy seasons. The formula is: 

 



m

i
i nQqQ

1
43 4.86  equation (3) 

Where, Q3: is the amount of effective use of epikarst water resources (m3/a); qi: 
the i day’s daily average flux of surface karst springs during the supply(or de-
mand) period (L/s), i= 1,2,3......m; Q4: the volume of water storage facilities (m3); 
m: gross days during the water supply (or demand) period and n: the use of stor-
age facilities during the rainy season the number of recycling savings 

The calculated results show that the total amount of natural epikarst ground wa-
ter resources in Longhe region is 31.90×104m3/yr, 21.21×104m3/yr for Longhuai 
system and 10.69×104m3/yr for Longhe system. 

6 Conclusions 

Epikarst water system in Longhe, Guohua, Guangxi have mountain Peaks in 
southern China exposed surface with the typical characteristics of karst. In the low 
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coverage of vegetation and soil, the region epikarst small storage capacity of water 
resources, the flow of epikarst springs are generally small and highly volatile, flow 
rate is sensitive to precipitation, the amount of water is small and uneven distrib-
uted in space and time. This is bad for development and utilization of epikarst wa-
ter resources. The current economic and technological condition made the effec-
tive utilization is only 5%. So, improve the vegetation coverage, enhance soil and 
water conservation, to improve water resources storage capacity of epikarst, in-
crease the flow of epikarst spring is the fundamental way to improve the effective 
utilization of epikarst groundwater resources. 

References 

Z. Jiang, D. Yuan (1999) Dynamics Features of the Epikarst Zone and Their Significance in En-
vironments and Resources. Acta Geoscientica Sinica, 20(3):302-308 

Z. Jiang (1998) Features of Epikarst Zone and Formation Mechanism in South China. Tropical 
Geography, 18, 4:322-326 

W. Lao, Z. Jiang, J. SHI, B. Liang (2002) Hydrogeologic Structure and Feature of the Epi-karst 
in Luota. Carsological Sinica. 21(1):30-35 

Z. Jiang, R. Wang, J. Pei, S. He (2001) Epikarst zone in south china and its regulation function to 
karst water. Carsological Sinica, 20(2):106-110 

X. Qin, Z. Jiang (2005) A Review on Recent Advances and Perspective in Epikarst Water Study. 
Carsological Sinica, 24(3):250-254 

P.R. China. A Preliminary Evaluation of the Capacity to Storage Groundwater of Epikarst Zone 
in Southest Karst Mountain of China (2003) Study on Karst Groundwater and rock desertifi-
cation in China. Nanning, Guangxi Province, 148-154 

S. Zou, W. Zhang, X. Liang, W. Luo, B. Liang (2005) Quantitative Calculation of Regulating 
Coefficient for Epikarsk Zone-Case Study of Zhaojiawan, Luota, West of Hunan. Hydrogeol-
ogy & Engineering Geology (4):37-42 

W. Wang (2007) Evaluation Method for Epikarst Water Resources Based on Analytic Hierarchy 
Process- A Case Study of the Daxiaojing Drainage Area. Geology of Guizhou, 24(1):17-21.26 



399 

Hydrogeochemical Characterization 
of carbonate aquifers of Lepini Mountains 
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Abstract   Groundwaters of carbonate aquifers located in the southern part of the 
Latium Region have been characterized by hydrochemical tracers for outlining the 
hydrogeological conceptual model of these aquifers. The preliminary results allow 
a hydrogeochemical characterization of ground waters, which helps defining main 
processes of geochemical evolution of the area. This study is based on hydro-
chemical characterization and their interpretation of 12 springs emerging from the 
Lepini Mts., monitored from 2003 to 2004, in the Southern part of Latium Region 
(Central Italy).  

1 Introduction 

Groundwater of Lepini Mts. is the most important water resource in the south part 
of Latium Region. In the last few decades many studies were carried out on these 
aquifers, but they never included hydrogeochemical properties of groundwater: 
however, the hydrogeochemical characterization of ground waters is nowadays 
one of the most powerful tools to outline hydrogeological conceptual models. 
Therefore, with the aim of contributing to the knowledge of the groundwater hy-
drodynamic features of Lepini carbonate aquifers a hydrochemical survey was car-
ried out over a one year period on the springs of the area.  

2 Geological and hydrogeological setting 

The Lepini Mts. are the northern part of the Volsci chain, oriented parallel to the 
Apennines, leaning against the Latium coastline, including also Ausoni Mts. and 
Aurunci Mts. The Lepini calcareous massif comprises an important karst aquifer 
that can be regarded as an isolated hydrogeological unit, nevertheless there is still 
uncertainty about its SE margins (Fig. 1).  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Fig. 1. Location of study area, springs and direction of main flow paths on topographic map. 

The top of mounts and hills (up to 500-800 m a.s.l) are calcareous and the val-
ley consists of igneous rocks, often with younger alluvial fan and colluvial depos-
its. The Pontina Plain, situated in the southwestern part of the Latium Region, is a 
coastal plain developed along an extensional marine boundary. The Plain is situ-
ated between the Lepini-Ausoni mountains of the Central Appenines and the Tyr-
rhenian Sea. Although it is generally between 0 and 40 m asl, it has several areas 
where the land is below sea level (Serva and Brunamonte 2007). The aquifer in-
side the Lepini massif may be classified as “unconfined with an undefined bottom 
surface”. The saturated zone of the aquifer reaches 1,000 m of thickness in the in-
ner areas of the relief. However, near the margins of the ridge, it may be easily in-
vestigated through boreholes which are more close to the surface (Boni et al. 
1986). The most important tectonic unconformity of the entire hydrogeological 
unit is the so-called “Carpineto line”, which is relevant for the study of groundwa-
ter circulation. The recharge areas of the aquifer generally coincide with outcrop-
ping karstic limestone where recharge takes place mainly through fissures. 

3 Methodology 

The main springs sampling surveys were carried out in Lepini Mountains from 
2003 to 2004 (Table 1). Chemical analyses were performed on the collected water 
samples for geochemical modeling. Water temperature, electrical conductivity and 
pH values were determined in the field. A Metropes C2-100 column was used to 
determine cations, while a Metropes A Supp 4-250 column was used for anions. 
The Chemical analyses were carried out at the Geochemical Laboratory of Sapi-
enza, “University of Rome”.
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The PHREEQCI software, version 2.10.0.0 (Parkhurst and Appelo 1999), was 
employed to compute aqueous speciation and fluid-mineral equilibria. The satura-
tion indexes (SI) are approximated due to analytical and activity concentration un-
certainties; they are assumed to be ± 0.5 accurate. For the present study, geo-
chemical evolution of groundwater has been evaluated by means of Mg++, Ca++, 
K+, Na+, Cl-, SO4

--, and HCO3
-, as they were the best indicators of groundwater 

flowpaths. 

4 Results and Discussions 

Chebotarev diagram of the samples from Lepini Mts. is shown in Figure 2. LP05 
sample belongs to sulphate-chloride-alkaline water type, while samples of LP01, 
LP02, LP03, LP04, LP06, LP07, LP08, LP09, LP10, LP11 and LP12 belong to bi-
carbonate-alkaline earth water type. However, LP01 and LP07 samples show a 
tendency to sulphate-chloride-alkaline composition. Schoeller diagram (Fig. 3) 
highlights different groups of groundwater.  

 
Fig. 2. Chebotarev plot of major anions and cations of water samples from Lepini Mts. 

LP02, LP04, LP06, LP08, LP09, LP10, LP11, LP12 samples, located in the cen-
tral-eastern part of the Lepini Mts., could be classified differently as they indicate 
low-Mg++-HCO3

--Ca++ values having the average TDS content of 270 mg/l. The 
average elevation of these springs is 480 m a.s.l; the LP09 and LP12 springs, in-
cluded in the group, locate at an average elevation 900 m a.s.l. On the contrary, 
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LP01, LP03, LP05, and LP07 samples show a mean TDS content of 730 mg/l, 
higher than that of the previous group. These samples belong to the calcium-
bicarbonate water type, except the LP05 sample that belongs to the sulphate-
chloride-alkaline water type. However, they show relevant concentrations of Cl-, 
SO4--, Na+ and K+. Probably, spring waters belonging to the first water type  inter-
acted with calcareous and calcareous-dolomitic rocks, while the chemical features 
of the springs belonging to the second water type could be connected to those of 
thermal waters rich in H2S and CO2 (Acqua Amara and Acqua Solfa group of 
springs) occurring in the area. These waters may be related to the outcrops of 
Roccamonfina volcanic system, which is quite close to the second group of 
springs.  

 
Fig. 3. Schoeller plot of major anions and cations of water samples from Lepini Mts. 
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Chemical data of the Lepini spring waters show that geochemical evolution occurs 
mainly by interaction with carbonate rocks and the results of geochemical model-
ing (Fig. 4) show that the samples LP08, LP09, LP10, LP11 and LP12 are poorly 
mineralized. These conditions only arise when the groundwater flowpath is short, 
as observed in thin perched aquifers. The geochemical modeling indicates that 
LP01, LP02, LP04, LP05, LP06, LP07, and LP12 waters are saturated in calcite 
and dolomite, which implies strong mineralization and long flowpaths. Water 
samples of LP01, LP05 and LP07 springs, located at the border with the Pontina 
Plain, have high saturation indexes in dolomite and high Ca++ and Mg++ concentra-
tions: chemical data indicate that ground waters follow the longest groundwater 
paths and have the highest residence times. Waters samples of LP03, LP08 and 
LP09 springs are saturated in calcite and undersaturated in dolomite. LP10 and 
LP11 spring waters are undersaturated in both calcite and dolomite, having the 
lowest Ca++ concentrations, which indicate poor mineralization and short flow-
paths.  

 
Fig. 4. Saturation Index (S.I.) of calcite and dolomite versus HCO3

- concentration of Lepini Mts. 
spring waters. 

The distribution of Cl-, in spring waters of Lepini Mts. (Fig. 5) shows that Cl- 

concentrations increase near the border of Pontina Plain. This fact could be related 
to the effects of seawater intrusion on Pontina Plain aquifer (Fidelibus and Tulipa-
no 1986). Saltwater movement inland can be the main reason for salinity increase; 
however, other sources may be responsible (Custodio 2002). Moreover, higher Cl- 
concentrations were observed from different stations in this region from the previ-
ous works. These results may imply the possibility that the homogeneity of the 
isotopic results along the Tyrrhenian coast may, at least partially, be affected by a 
contribution of seawater spray carried by westerly winds (Longinelli and Selmo 
2003). 
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Fig. 5. Isopleths of Cl- concentrations in mg/l. 

5 Conclusions 

Geochemical investigation techniques were applied to different groundwater sam-
ples, coming from the main springs of Lepini Mts., to understand the hydro-
geological behavior of the carbonate aquifers of Southern Latium, Italy. On the 
basis of the hydrochemical characterization of the area, 3 groups of springs were 
distinguished in Lepini Mountains. Springs located in the central-eastern area are 
recharged by perched aquifers; groundwater from these springs is poorly mineral-
ized suggesting short flowpaths. On the contrary, springs located in the southern 
area are saturated in calcite and dolomite, which implies strong mineralization and 
long flowpaths. The sampled waters from springs, located at the border with the 
Pontina Plain, are rich in Cl-, SO4--, Na+ and K+, implying a relation with the out-
crops of Roccamonfina volcanic system, which is close to the springs.  
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Abstract   The chemical and isotopic features of salt ground waters in the Salento 
coastal karstic aquifer (Apulia, Southern Italy) reveal that they are very different 
from modern seawater. Chemical data allow identifying the role of water-rock in-
teraction (Ca2+-Mg2+ exchange due to dolomitization, Na+-Ca2+ or Mg2+ base-
exchange, SO4

2- reduction, solution of evaporite salts) in the modification of the 
chemical characteristics of original seawater. 87Sr/86Sr isotope ratios and Sr 
indicate that salt waters are very ancient and, given the structural features of this 
aquifer and the paleogeography of the region, they probably date back to the 
Flandrian transgression. New findings in a thermal area overlooking the Adriatic 
Sea suggest new scenarios for the role of Ca-Cl2 brines, until now unknown.  

1 Introduction 

In coastal aquifers, groundwater salinization can originate from salt sources dif-
ferent from modern seawater (Kapelj et al. 2003; Richter and Kreitler 1993). 
Among potential salt sources, slow-moving saline fluids, some even thousands of 
years old, are frequently recognized (Darling et al. 1997; Han et al. 2011). In the 
coastal aquifers of the Mediterranean area, saline fluids can derive from seawater 
intruded into aquifers during the sea level rise occurred about 10-15 ka ago, ensu-
ing the last glacial period (Cotecchia et al. 1974; Yechieli et al. 2009); after intru-
sion, seawater underwent geochemical diagenesis due to water-rock interaction.  

Saline fluids show chemical and isotopic features different from those of mod-
ern seawater, as do the wider range of saline fluids and brines found in sedimen-
tary basins (Hanor 1983; Land and Prezbindowsky 1985). Generally, in relation to 
increasing residence time, saline fluids and brines show significant alteration of 
major and minor (Sr, Li, Br) ion concentrations (Hanor 1983). Moreover, they dif-
fer from seawater for stable (D, 18O, 13C, 11B) and radioactive (14C, 36Cl) isotope 
concentrations, and 87Sr/86Sr isotope ratio. Particularly saline fluids in carbonate 
aquifers, due to dolomitization and sulphate bacterial reduction, show decreasing 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Mg/Ca and SO4/Cl ratios as residence time increases (Ng and Jones 1995; Oetting 
et al. 1996). The characteristics of saline fluids can be inferred through the ex-
trapolation of saline end-members from the chemical composition of brackish wa-
ters (Barbecot et al. 2000). Fidelibus and Tulipano (1996) derived the characteris-
tics of a saline fluid with high Sr and Li concentrations and a very low Mg/Ca 
ratio from those of the brackish coastal spring of Apulia’s karstic coastal aquifers 
(Southern Italy). In these aquifers, samples of saline fluids were taken at the ob-
servation-wells of a net set up in the 1960s for the control of seawater intrusion 
(Cotecchia et al. 1974; Fidelibus and Tulipano 1991, 1996; Tulipano and Fidelibus 
1984). Their Mg/Ca ratios and Sr concentrations respectively range from 6 (mod-
ern seawater) to 2 and from 6.8 to 18 mg/L; Li is enriched up to 300 μg/L, with 
sulphates significantly varying around the seawater value and a very low 14C 
(pcm), giving apparent ages of 15 to 17 Ka. Later, Barbieri et al. (1999) inferred 
the existence of very old saline fluids within Apulia’s karstic aquifers through 
their observation of 87Sr/86Sr ratios and Sr concentrations.  

No further information was until recently available on this area due to lack of 
perforations that reached salt waters. New findings only came in over the last few 
years from sampling of salt waters performed in municipal and private wells, 
drilled in the Salento karstic coastal aquifer (Apulia, Southern Italy). They allow 
further views regarding the origin and digenesis of saline fluids in the Apulian 
Region. 

2 Geological and hydrogeological framework 

The Salento Peninsula (Fig. 1) is one of the three coastal karstic aquifers in the 
Apulian Region. To the NE, the structural setting features a series of reliefs and 
tectonic depressions, with faults having mainly NNW-SSE direction. To the SW, 
the fault system determines rhomboidal basins and ridges:  major and minor folds 
respectively show NNW-SSE to NW-SE, and ENE to NE trending axes; faults (of 
normal sub-vertical, strike-slip and oblique-slip types) follow directions from 
NNW-SSE to NW-SE. In some areas, the Mesozoic carbonate basement, about 
6,000 meters thick, is covered by Eocene to Quaternary transgressive sediments of 
variable thickness and sequence, depending on the structural features of the same 
basement. Throughout the Tertiary and the Quaternary, at regional scale, Salento 
was subject to the combined effects of isostatic and tectonic uplift, and of sea level 
cyclical fluctuations. The most depressed areas, varying from time to time, ac-
quired the characteristics of subsident sedimentary basins, interested by various 
and diverse depositional cycles. This gave rise to many sedimentary successions, 
whose litho-stratigraphic and sequential characteristics vary depending on the 
bathymetry and degree of evolution of each basin. The Cretaceous formation con-
stitutes the regional coastal karstic aquifer. Karst drains, mostly sub-horizontal, 
highly karstified, and connected by fissures, give a homogeneous and high degree 
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of permeability. Freshwater floats on salt water of marine origin; discharge occurs 
through brackish focused/diffuse coastal springs. The recharge is around 880 
Mm3/y. Hydraulic heads reach 4 m AMSL in the NW and SE areas, with a maxi-
mum thickness of the freshwater lens of about 120 m; the mean hydraulic gradient 
is 0.02 ‰. Groundwater exploitation, starting from the 1950s, has been causing 
progressive groundwater salinization. 

 
Fig. 1. Geological scheme of the Salento Peninsula (Apulia, Southern Italy) and location of wells 
(Italian Local Reference System, Gauss Boaga, Rome40). 1: Limestones and dolomitic lime-
stones (Cretaceous); 2: Calcarenites and marly calcarenites (Miocene); 3: Calcarenites, sands and 
clays (Pliocene-Quaternary). Trace of geological section. 

3 Methodology and results 

This study is based on chemical and isotope data related to saline/salt ground wa-
ters and modern seawater sampled in the Salento aquifer over the last 40 years. 
Historical data derive from 13 observation-wells (OW) used for the control of 
seawater intrusion (Fig. 1). New data come from 26 deep wells (DW) aimed at 
draining storm water and supplying salt water to touristic settlements and fish 
farms; other new data come from 4 wells drilled to serve the Thermal Health Spa 
of S. Cesarea (SCW). DWs and SCWs reach salt ground waters underneath the 
transition zone; before their equipment, such wells were available to carry out 
temperature and conductivity logs, and take samples of saline/salt fluids. 
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Chemical analyses of major ions, and sometime of Li and Sr, are available for 
all samples. Analyses of 14C, δD and δ18O are available for a total of 12 historical 
and new samples. The following considerations are largely based on the evalua-
tion of major and minor ions, and 87Sr/86Sr ratios related to 15 water samples from 
DWs, SCWs, and Adriatic and Ionian Seas.  

The main application of the 87Sr/86Sr ratio methodology in the context of sea-
water intrusion relates to the identification of saline end-members of mixing (Jør-
gensen and Banoeng-Yakubo 2001).  

Such method is founded on the fact that strontium enters the lattice of arago-
nite, calcite, fluorite, gypsum, anhydrite and barite: if minerals form in equilib-
rium with seawater, their 87Sr/86Sr ratio is the same as that of coeval seawater. 
Variations in the 87Sr/86Sr ratio of seawater are known to have occurred through 
the whole Phanerozoic. Sr isotopes show no detectable fractionation by any natu-
ral process involving water-rock interaction or mixing and ground waters acquire 
their 87Sr/86Sr ratio from the aquifer rock: the longer the residence time of ground 
waters, the nearest their chemical equilibrium with the rocks. In coeval ground 
waters, Sr enrichment is determined by rock mineralogy, while the 87Sr/86Sr ratio 
depends on the rock age: the 87Sr/86Sr ratio of salt waters may be influenced by 
base-exchange, re-crystallization and dolomitization of carbonate rocks.  

Chemical compositions of saline/salt ground waters sampled in the DWs and 
SCWs of the Salento aquifer show differences from modern seawater similar to 
those shown by salt ground waters from OWs (Fidelibus and Tulipano 1996). TDS 
(Total Dissolved Solids) ranges from 26 to 44 g/L, reaching 48 g/L in SCWs; av-
erage seawater TDS is 40.2 g/L. The correlation between Mg and Ca (Fig. 2A) 
shows that for all samples except one, even when TDS is lower than seawater 
TDS, Ca is enriched up to 64 meq/L (SCW) compared to the average seawater 
value (17.2 meq/L). Mg is mainly depleted (up to a minimum of 70 meq/L); how-
ever, some DWs intercept salt waters having Mg concentrations up to 210 meq/L. 
These variations result in Mg/Ca equivalent ratios different from 7 (average sea-
water). Other significant variations refer to sulphates (Fig. 2B), which show both 
enrichment and depletion with highest values of about 94 meq/L (SO4/Cl equiva-
lent ratio = 0.173) and 44 meq/L respectively, and SO4/Cl ratios as low as 0.075 
accompanying the lowest Mg/Ca ratios. Fig. 2C shows the relationship between 
Na/Cl and Ca/Cl equivalent ratios: all waters differ from modern seawater for 
higher Ca/Cl ratios. As to the Na/Cl ratio, salt waters show values either higher or 
lower than seawater. Minor constituents (Li and Sr) are mostly enriched with re-
spect to present sea water. Sr increases to about 20 mg/L in SCW salt waters (Fig. 
2D). Lithium reaches 420 μg/L in the salt water with the highest TDS (48 g/L).  

Fig. 3 shows a series of 87Sr/86Sr ratio - Sr mixing curves (Barbieri et al.1999) 
estimated according to Banner et al. (1994) on the basis of the 87Sr/86Sr ratios 
measured on freshwater (9 samples), seawater, and brackish coastal spring waters 
(19 samples) belonging to the karstic aquifers of the Apulian Region. The fresh-
water end-member is identified by the average values of fresh waters (Sr = 0.2 
mg/L and 87Sr/86Sr ratio = 0.70788). Modern seawater is the salt end-member for 
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the uppermost mixing curve (87Sr/86Sr = 0.709198  0.000020, De Paolo and In-
gram 1985; Sr = 9.2 mg/L); the intermediate mixing curves intercept the values 
measured for coastal springs (87Sr/86Sr from 0.70761 to 0.70889, Sr from 1 to 5 
mg/L).The lowest mixing curve is driven by the lowest value of 87Sr/86Sr 
(0.70760) and by Sr of about 4 mg/L (Tara spring). The hyperbola connecting the 
mixing curves at their right ends led Barbieri et al (1999) to assume the existence 
in Apulia of aged salt waters featuring, with respect to seawater, progressively 
lower strontium isotope ratios, and higher Sr concentrations. The 87Sr/86Sr ratio 
and Sr concentration of the most evolved salt end-member were respectively 
0.70760 and 50 mg/L.  

 

 

Fig. 2. Salt ground waters in the Salento aquifer: (A) Mg vs. Ca relationship; (B) Mg/Ca equiva-
lent ratio vs. SO4/Cl equivalent ratio; (C) Na/Cl equivalent ratio vs. Ca/Cl equivalent ratio; (D) 
Mg/Ca equivalent ratio vs. Sr concentration. Dashed lines mark modern seawater ra-
tios/concentrations. 
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The 87Sr/86Sr ratio of salt ground waters sampled in the DWs and SCWs ranges 
from 0.70911 to 0.70825. Data almost perfectly adjust along the assumed hyper-
bola: the matching of real measured data to those hypothesized by extrapolation 
validates the approach maintained by Barbieri et al. (1999). If salt ground waters 
were in equilibrium with rocks, their 87Sr/86Sr ratio would vary between 0.70720 
(lowest limit of Lower Cretaceous) and 0.70780 (highest limit of Upper Creta-
ceous). However, neither salt waters nor the (assumedly) most evolved salt end-
member reach such low values. In fact Tara spring, which drives the lowest mix-
ing curve, does not discharge from the Salento aquifer: its related end-member 
may be in the Murgia aquifer, in the basement sunk under the Plio-Pleistocene 
clay covers of Bradanic Trough. Yet data unequivocally indicate that salt waters 
are very ancient, as do the few historical and new data available on 14C (as low as 
2.2 pmc). 

 

Fig. 3. 87Sr/86Sr ratio vs. Sr concentration for seawater (Salento), salt waters (Salento aquifer) 
and coastal brackish springs (Murgia and Gargano aquifers). The dotted areas respectively gather 
fresh waters and salt waters (from Barbieri et al. 1999, modified). 

4 Discussion and conclusions 

Major reactions that could explain all the examined variations are: Ca2+-Mg2+ ex-
change due to dolomitization, Na+-Ca2+ or Mg2+ base-exchange, SO4

2- reduction, 
solution of evaporite salts, and mixing with high TDS Ca-Cl2 brines.  

The concurrent Ca enrichments and Mg depletions found in the salt waters of 
Apulia’s karstic coastal aquifers (Fidelibus and Tulipano 1991; Tulipano and Fide-
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libus 1984) were previously explained as due to dolomitization, dissolution and 
precipitation of carbonate rocks. The low SO4/Cl ratios, in a few cases similar to 
those found in subsurface waters of ancient basins, indicate sulfate reduction, 
which can also occur due to thermo-chemical reduction at high temperatures. This 
could explain the very low SO4/Cl ratios found in the salt thermal waters of 
SCWs. Reduction processes produce CO2 and H2S: thermal salt waters of SCWs, 
as well as some salt waters from DWs, show bicarbonate contents up to 5.3 meq/L 
(higher than seawater) and sulfides up to 14.8 mg/L in connection with tempera-
tures of about 30°C. The reduction process produces either high or lower pH: a re-
ductive environment and a pH decrease favor the dissolution of carbonate miner-
als: this way sulfate reduction can contribute to Mg/Ca ratio variations. The 
feasibility of Na+-Ca2+ or Na+-Mg2+ base exchange in coastal carbonate aquifers 
has been demonstrated by Pascual and Custodio (1990) and Nadler et al. (1980). 
In the study area, the appreciable depletion of Na (low Na/Cl ratios) in some salt 
waters could be ascribed to the presence of terra rossa or, locally, to the influence 
of clay formations lying on the basement top (Fig. 4). A Na/Cl ratio exceeding 
seawater value points to the solution of evaporite salts of marine origin. On the 
other hand, Ca/Cl ratios highly exceeding the seawater value in SCW waters point 
to the influence of very old brines deeply modified. Sr is abundant in almost all 
salt waters, and Sr/Cl ratio is higher than that of modern seawater: carbonate rock-
water interaction is the main source of Sr. Li, generally enriched in Salento salt 
waters, shows very high contents in SCW thermal waters: this occurrence con-
firms that Li is a useful pathfinder for hydrothermal systems (Brondi et al. 1973).  

Figure 4 shows a geological section, outlined between a deep well along the 
Ionian coast and S. Cesarea thermal area: it can be representative of the general 
structural features of Southern Salento. If we consider its averagely low 
topographic elevations, it is easy to imagine how the last glaciation and the 
following Flandrian transgression may have changed the position and thickness of 
fresh-, brackish- and salt-waters within the rock mass (Calò et al. 2005). To the E 
(left of section) the covers have acted as a barrier for further exchange with the 
open sea, blocking seawater entered during transgression: such setting has the 
chance to favor reductive conditions, whose effects have been recognized in some 
salt water samples. To the W (right of section) the structural reconstruction 
indicates the presence of an important fault that could be the entryway for thermal 
brines present in the bottom sediments of the Adriatic Sea.  

 
Fig. 4. Schematic geological section (trace in Fig. 1) of Southern Salento. 
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In conclusion, the chemical and isotope variations shown by salt ground waters 
can be mainly interpreted as caused by water-rock interactions acting during a 
progressive aging of original seawater. The new data on S. Cesarea thermal waters 
(Adriatic coast) reveal the presence of a new salt end-member (CaCl2 brine?), 
whose genesis is surely different from that of other end-members. This occurrence 
opens new scenarios for the interpretation of the features of salt waters located 
near the Adriatic border that can only be explored with further purposed surveys.  
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Abstract  The Campo de Dalías, in south-eastern Spain, is an area of important 
economic activity linked to agriculture and tourism, both of which have exacted 
fierce exploitation of aquifer water. The recovery of one of these aquifers in recent 
years has even triggered fresh water discharges into the sea. An oceanographic 
survey was undertaken along the coastline in order to detect possible Submarine 
Groundwater Discharge (SGD). Salinity and temperature data were collected on 
the seasurface, as well as in 51 vertical profiles. These results suggest the exis-
tence of a thermohaline anomaly in the area of the port of Aguadulce possibly due 
to submarine groundwater discharges. 

1 Introduction 

Submarine Groundwater Discharge (SGD) can be defined as the flow of water 
through continental margins from the seabed into the ocean, independent of the 
flow mechanism or chemical composition (Burnett et al. 2003; Moore 2010; Jo-
hannesson et al. 2011). In this context, SGD can derive both from fresh water 
originated from meteoric recharge to terrestrial aquifers (due to differences in hy-
draulic head), and from salt water derived from recirculation of seawater in coastal 
aquifers (due to tides, ocean swell, density and geothermal gradients (Taniguchi et 
al. 2002; Kim and Swarzenski 2010). 

The main methods for detecting SGD are infiltration counters, hydrogeological 
models, natural tracers (Ra, Rn, CH4 and salinity), numerical models and airborne 
or satellite thermal imaging (Burnett et al. 2006; Charette et al. 2001; Kim and 
Hwang 2002) and marine remote sensing techniques (Christodoulou et al 1993, 
Karageorgis et al 2011). Additionally, recent studies have demonstrated that the 
spatial distribution of SGD can also be studied using sediment resistivity profiles 
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(Viso et al. 2010; Henderson et al. 2010). Each of the above mentioned methods 
has its advantages and disadvantages. Thermal imaging, resistivity profiles and 
marine remote sensing techniques can not quantify the discharge, but they do 
identify it and provide information for its spatial distribution. 

The specific hydrological situation of the Southern Basin in Spain, with its un-
favourable water balance, makes it necessary to understand all water resources of 
the area in detail, including SGD. For this reason, since the 1970s, numerous stud-
ies have been carried out to develop techniques for locating and quantifying up-
welling of groundwater water through the seabed (Espejo et al. 1988). In 1988, the 
Confederación Hidrográfica del Sur de España, in collaboration with Empresa Na-
cional Adaro de Investigaciones Mineras, S.A., used infrared remote sensing of 
electromagnetic radiation to determine surface thermal anomalies that could be at-
tributable to SGD along the coast of the Southern Basin. Moreover, this survey 
was complemented by meteorological, oceanographic and hydrogeological data. 
This multidisciplinary survey showed the existence of a thermal and salinity 
anomaly in the marine environment of Aguadulce which is probably related to a 
SGD. 

This aquifer has been subject to fierce exploitation, with the consequent decline 
in piezometric levels. The visible springs close to Aguadulce port dried up and the 
wells in the area began to be affected by what seemed to be marine intrusion 
(Molina et al. 2002, Morell et al. 2008). Water levels in the aquifer are now recov-
ering as a result of the abandonment of some salinized wells, and the decrease in 
the groundwater abstractions in this sector due to deteriorating water quality, and 
improved regulation of these water resources. 

Although in the study area has been a previous study (Espejo et al. 1988), this 
was carried out at the regional scale and mainly using remote sensing techniques. 
This paper focuses on a particular sector of the Andalusian coast using data from 
an oceanographic survey and it aims to verify possible SGD in the Aguadulce sec-
tor, by means of a survey of temperature and conductivity of coastal waters.  

2 Hydrogeological framework 

The Campo de Dalías coastal plain is situated in the extreme south-east of Spain, 
to the west of the bay of Almería. It covers an area of about 330 km2 and traces 
the coastline for about 50 km. Its northern limit is in the foothills of the Sierra de 
Gádor, whilst the other borders are coastal (Fig. 1). The importance of intense ag-
riculture practised in this area is fundamental for the local economy. Campo de 
Dalías includes about 20,000 ha of cultivated ground. In addition, the population 
has grown from 8,000 inhabitants in 1950 to more than 120,000 at present. Tour-
ism also plays an important role in the local economy. Together, these factors 
have lead to an alarming growth in the water demand in this part of Almería. 
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Three hydrogeological units are distinguished: Balerma-Las Marinas, Balane-
gra and Aguadulce (Fig. 1). The Aguadulce aquifer unit has a complex geometry 
as a consequence of the lithological diversity and structure of the area (Pulido et 
al. 2000). The carbonate strata of the Felix nappe are highly developed and overlie 
the thicker Gádor nappe. A layer of phyllites separates the two units, making two 
distinct aquifer layers. Miocene calcarenites overlie the carbonate layers of both 
nappes and are in hydraulic connection with these; Pliocene calcarenites and other 
more recent detritic sediments can also be found, which also behave as aquifers. 

Thus, three aquifers occur in the area: an upper aquifer consisting of Pliocene 
calcarenites together with Plioquaternary detritic materials and two carbonate aq-
uifers: one corresponding to the Felix carbonate strata and the other comprising 
the Gádor carbonate rocks, which extend to depth. Overall, there is a sequence of 
formations separated by layers of low permeability. The intense fracturing favours 
hydraulic connection between the various aquifer levels, which, under a natural 
regime, would show the same piezometric level. However, overexploitation of the 
unit has given rise to a difference in levels, depending on the cross-section.  

 
Fig. 1. Hydrogeological map of the study area. 

3 Methods 

In December 2010, an oceanographic survey was undertaken by the company 
CITECAM and the Water Resources and Environmental Geology Research Group 
of the University of Almería. The survey was designed to measure physical char-
acteristics of the seawater in order to map the thermohaline structure of a zone 
from the port of Aguadulce to a point that is 5.6 Km eastward to the port (Fig. 2). 
Surface measurements were made using a SBE 45 Thermosalinograph, while con-
ductivity, temperature and pressure measurements through the water column were 
made using a SBE 25 Sealogger CTD. 
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The survey transects have a total length of 23 km, and the surface thermoaline 
data was collected at a constant depth of 20-30 cm every 10 seconds with a veloc-
ity of 4 knots. Fifty-one (51) vertical profiles of temperature and conductivity 
from the water surface to the sea bed were carried out using CTD. 

Data treatment was consisted of an initial calculation of statistical parameters in 
order to check goodness of fit and confidence intervals. Then the data were ana-
lysed using the Ocean Data View (Schlitzer 2007) and Arcgis 9.3 software. Fur-
thermore, the data was treated statistically by cluster analysis. 

Additionally, we used other derived variables, such as potential temperature 
and potential density. Potential temperature is used to compare waters taken from 
different depths or when vertical movements during the measurement procedure 
have to be taken into account, so avoiding the influence of compressibility of the 
water. Potential density allows a better estimate of the density difference between 
two water types. Using the Ocean Data View software, vertical temperature and 
salinity profiles were produced for all the sampling points, as well as T-S dia-
grams.  

 
Fig. 2. Map showing the location of sampling stations. 

4 Results and Discussion 

Surface water analysis 

The cluster analysis based on seawater temperature and salinity values showed 
that five seawater classes can be defined in the study area (Table 1). 
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Table 1. Statistics of each seawater class identified by cluster analysis of thermohaline data. 

Class Code Nº of cells Average Temperature Average Salinity Covariance 

1  11 16.04 36.11 0.00628 
2  57 15.68 37.01 -0.00045 
3  64 15.89 37.02 0.00024 
4  60 16.04 37.00 0.00010 
5  32 16.19 36.99 0.00022 

Class 1 is characterised by much lower values of salinity than the other groups, 
and correspond to the water inside the port of Aguadulce (Fig. 3). Classes 2 to 5 
differ from each other mainly on the basis of temperature; a clear and continual 
increase of temperature was observed from the port of Aguadulce to the east 
(Fig. 3). The relationship between the variables is more significant in Class 1. In 
the other classes, the two variables are statistically independent, which allow us to 
suggest that the temperature changes were not linked to salinity changes, but 
rather to the diurnal pattern of insolation. 

 
Fig. 3. Map showing the five (5) seawater classes produced by the cluster analysis on the basis of 
temperature and salinity values.  

This interpretation leads to a simplified classification scheme consisting of 
three major seawater sectors in the survey area (Fig. 3). The first sector corre-
sponds to Aguadulce port and is dominated by water belonging to class 1, whose 
salinity is lower than at the remaining sites. Class 1 salinity does not correspond to 
typical values for seawater in the Mediterranean at this time of year, and this sug-
gests that there is an input of continental water within the confines of the port. The 
second sector extends from outside the port to El Palmer and is dominated by wa-
ter classified in classes 2 and 3. The third sector is dominated by classes 4 and 5 
and corresponds to the easternmost zone of the survey area. In this sector, only 
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isolated anomalies were detected at certain points, which could be due to some 
continental inflows, possibly from urban wastewater discharges along the coast 
(Fig. 3). 

The data exhibited a thermosaline anomaly in the area of Aguadulce port. This 
accords with the presence of a SGD, since the date of the survey (December 
2010), the seawater temperature was around 15.5 ºC, which was below the 21.5 ºC 
measured in springs and boreholes in the aquifer. The salinity measurements also 
showed an anomaly. 

Water column analysis (CTD) 

The interpretation of the CTD data was done taking into account the three major 
sectors defined by the cluster analysis. CTD data showed that the stations located 
outside from the port exhibit almost similar temperature and salinity profiles. In 
these stations the seawater was significantly colder and more saline than the sta-
tions inside the port. This can be also observed in spatial distribution of salinity at 
the seasurface (Fig. 4d). 

 
Fig. 4. Graphs resulting from CTD data. a) location of sampling stations; b) temperature and 
salinity profiles c); d) surface salinity map; e) potential density cross-section. 

The potential density profile along a transect from the inner part of the port to 
the open sea clearly shows a band of lower density inside the port with the lowest 
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values at the sea surface (1m) (Fig. 4e). This band of lower density is typical of 
seawater that is receiving inflows of continental fresh water (Stewart 2009). 

The sectors 2 and 3, identified on Fig. 3, show values in-keeping with what is 
expected in the Mediterranean Sea at this time of year. There are only small 
anomalies at depth, which may be attributable to anthropogenic inputs as uncon-
trolled water waste discharges from the land, although submarine freshwater dis-
charges cannot be ruled out. 

5 Conclusions 

The oceanographic survey undertaken over the 5.6 km between Aguadulce port 
and the city of Almería deduced a thermohaline anomaly in the vicinity of 
Aguadulce port, consisting of markedly lower salinity and higher temperature than 
for seawater. The temperature and salinity values obtained are typical of coastal 
waters that receive inflows of continental water. This discharge also appears in 
1988, but during the nineties and early 2000, the entry of seawater, cooler and 
more saline waters into the aquifer were clearly detected by means of groundwater 
temperature and electrical conductivity logs. 

The thermohaline anomaly occurred the last years may have been established 
due to the recent recovery of water levels in the aquifer, following a decline in the 
quantity of pumped abstractions as a result of worsening water quality, and be-
cause a new desalination plant now covers part of the water demand for the 
Campo de Dalias. 
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Abstract The Epirus region covers an area of 9385 km2 and displays one of the 
highest surpluses in water regime of the country. The annual renewable water 
supplies of the major aquifer systems are 2880x106 m3 and the total volume of the 
available groundwater 3220x106 m3. 2390x106 m3 are in storage in the karst aqui-
fers and cover 75% of the Epirus water demand. Major elements analyses per-
formed on 2310 groundwater samples from the study area showed that they are 
mainly of good quality and can be classified into three major groups. It should be 
noted that a significant percentage of the available groundwater is degraded, due 
to high SO4

2-
 concentrations. In the coastal aquifer systems either porous or karst 

ones that are in hydraulic connection with the sea, occur active and passive sea-
water intrusion respectively. In those areas a small percentage of the groundwater 
is brackish. Elevated NO3

- concentrations ranging from 80 to 150 mg/L were ob-
served in many boreholes located in Preveza peninsula. Groundwater also from 
several springs and boreholes displays locally high nitrate content that varies from 
25 to50 mg/L. 

1 Introduction 

This paper outlines the hydrogeological and hydrochemical conditions that prevail 
in the Epirus region. It is based both on a long term study that was carried out 
from the Institute of Geology and Mineral Exploration since 1985, and the find-
ings of the project “Groundwater resources” evaluation and development funded 
by the 3rd Community Support Framework Programme: Competitiveness during 
2004-2008. 

The Epirus region is located in the NW Greece and covers 9385 km2. It in-
cludes Aoos (2140 km2), Arachtos (2160 km2), Kalamas (1270 km2), Louros (926 
km2), Acheron (762 km2) Ioannina (508 km2) watersheds as well as some other 
smaller ones. The aforementioned rivers along with Pamvotis Lake are the main 
hydrographic features of the study area. Physiographycally, the region is predomi-
nantly mountainous (74%). These mountains rise to 2500 m a.s.l. Considering the 
physiography, the geological structure, the annual precipitation which varies 
between 1000 and 1800 mm, and the hydrogeologic characteristics (55%) of the 
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rocks are essentially impermeable), it can be concluded that the Epirus region is 
among the few regions of Greece displaying groundwater surplus and therefore 
there is a need for groundwater management.  

In order to determine the quantitative and qualitative status of groundwater in 
the Epirus region, within the frame of this study, 605 groundwater samples from 
311 springs and 294 boreholes were collected from 25 aquifer systems (primary 
and secondary) and local aquifers. The samples were analyzed for major elements. 
Also, discharge and water level measurements were carried out on a monthly 
basis. Moreover, 182 contaminating sources were also noted. 

2 Geological and hydrogeological setting 

The Epirus region is composed of formations of the Ionian, Gavrovo-Tripolitsa 
and Olonos-Pindos external geotectonic zones (Karakitsios 1992). Moreover, in 
the northeast part of the region (Metsovo-Grammos) the tectonic nappe of the 
Pelagonian zone is developed.  

  
Fig. 1. a. Morphological and b. geological map of the study area. 

The study area is mainly composed of formations of the Ionian zone. The 
lithostratigraphy of the zone determines the hydrogeological setting of the region. 
The older formations consist of Triassic evaporites overlain by a thick sequence of 
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carbonate and clastic rocks of Late Triassic to Upper Eocene age which in turn are 
overlain by the clastic sequence of the Oligocene flysch (Skourtsis-Coroneou et al. 
1995). The cores of the large anticlines in the internal Ionian zone consists of 
evaporites and no outcrops can be observed, while in the central and external part 
they irrupt along reverse faults in the thrusts (Nicolaou and Paschos 1999).The 
Cretaceous limestones and the flysch are the dominant formations in the Gavrovo-
Tripolitsa zone. The Olonos-Pindos zone is composed of deep-sea sedimentary 
rocks of Triassic to Palaeocene age (Skourlis and Doutsos 2003). In the tectonic 
nape of Pelagonian age, the carbonate sequence and the ophiolithic complex are 
present. These formations are overlain by Neogene, Pleistocene and Holocene flu-
vial deposits, mainly developed in the Plains of Arta and Preveza, in Ioannina 
polje and in the Konitsa basin.  

Based on their hydrolithological behavior the geological formations can be 
grouped into the following categories: a) Porous-fractured formations of Neogene 
to Quaternary age composed of alluvial deposits, conglomerates and 
unconsolidated lacustrine or terrestrial deposits of variable composition and 
particle size. Extended aquifer systems of low to high potential are formed within 
these rocks. The aquifers formed in the porous deposits of Arta-Preveza are of 
high potential, while the aquifer formed in the sedimentary filling of the Ioannina 
polje displays low to moderate potential. b) Karstified-fissured formations of all 
geological zones, comprise the most important hydrogeological unit and display 
moderate to high potential. It is worth mentioning that limestone with 
intercalations of chert layers (Vigla), constitute a formation of variable 
permeability (impermeable-permeable) which plays an important role in the 
configuration of the aquifer’s geometrical characteristics. c) Fissured, non 
karstified formations consisting of ophiolitic rocks (basalts, serpentines, dolerites, 
gabbros etc) that form a significant discontinuous aquifer in their upper zone. d) 
Fissured or locally porous formations consisting of evaporitic breccias and 
evaporites of Triassic age control to a great degree the hydrogeologic and 
hydrochemical conditions of the study area. e) Practically impermeable 
formations, such as flysch, blue marls, shales, etc. The impermeable formations 
caver entirely 4223 km2 (45%), the fissured karst formations 3590 km2 (38.25%), 
the fissured rocks of the ophiolitic complex 869 km2 (9.26%) and the porous-
fissured formations of Neogene-Quaternary age 703 km2 (7.49%).  

Base level is an important control that affects the evolving porosity and 
permeability of carbonate rocks. Base level defines the altitude of the hydraulic 
drain from the flow systems. Four types of base-level control the hydrogeology. 
The four types are: (1) The water level of Pamvotis Lake (+469 m), in Ioannina 
city. (2) The perennial streams of Louros, Aoos, Kalamas, and Acheron, as they 
affects the water table and groundwater recharge (120-450 m), (3) The impervious 
formations at the base of the aquifer systems as (a) the large faults, from south to 
north, of Ziros, Petousi and Doliana respectively, (b) the contact along thrusts 
between limestone and flysch in Olonos-Pindos and Ionian zone, (c) the level of 
the base of the alluvial deposits of Arta-Preveza plain (4) The sea-level position as 



428 E. Nikolaou et al. 

it affects the water table or artesian pressure and groundwater discharge in the 
coastal karst systems. 

3 Aquifer systems of the Epirus region 

The hydrogeological structure of Epirus as well as the major aquifer systems is 
presented in Figure 2 a, b. From east to west the hydrolitholig setting of the region 
comprises of: (1) the extended karst systems formed in the carbonate formations 
of Gavrovo, Pindos and Pelagonian geotectonic zones at altitudes ranging from 
700 to2500 m. Lithologic and stratigraphic controls (e.g. the interbedded chert 
layers between the carbonate formations as well as the contacts between 
limestones and turbidite deposits in the major thrusts) play an important role in 
concentrating flow within specific zones. (2) The Louros, Ioannina, Tymfi, and 
Pogoni large karst systems of the central Ionian zone, which extend from the 
Greek-Albanian borders on the south to the Ziros transverse fault on the north.  

   
Fig. 2. a. Hydrolithological map, b. Map with the major aquifer systems of the study area. 

This fault brings into contact limestones and alluvial deposits of Arta’s plain. 
The lack of well defined impermeable boundaries between the limestones and 
alluvial deposits reinforces the point of view that they constitute a huge uniform 
karst system. Within this karst system two distinct aquifers are formed: the first is 
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formed in the Upper Senonian-Eocene limestones and the second in the Liassic 
limestones of Pantokrator series. They display three levels of discharge: (a) the 
uppermost one, determined by the water level of Pamvotis Lake (469 m), (b) the 
intermediate one determined by the Arachtos, Aoos, Kalamas, Louros perennial 
streams (260-460 m), and (c) the lower one at the altitudes of 10 to 40 m.  
 (3) The Filiates-Igoumenitsa and Parga large coastal karst systems developed 
within the external Ionian zone, at the coastal part of the Epirus region, extending 
from the estuaries of Kalamas River (on the north) to those of Acheron River (on 
the south), (4) The unconfined and confined alluvial aquifers formed in the Arta-
Preveza Plain (Nikolaou and Tzouli 2000). Within the Arta’s plain alluvial 
deposits which are estimated to be 250 m thick, an artesian aquifer of high 
potential is developed. This aquifer is composed of vertical alternations of 
permeable sand and gravel and impermeable clay marls. The Arta’s plain include 
the following aquifers: (a) the upper shallow unconfined aquifer which occurs in 
the top 5 to 15 m, (b) the middle confined aquifer which occurs at depths 40 to 60 
m, (c) the lower confined aquifer at depths of 60 to 90 m and (d) the lowermost 
confined aquifer at depths greater than 100 m. (5) The homonymous aquifer 
systems developed within the fissured rocks of the ophiolithic complex along 
Metsovo-Smolikas mountainous area. In many aquifer systems such as 
Amarantos, Grammos etc. the intense tectonics led to hydraulic integration among 
serpentines and limestones. Except from the major ones, many other of local inter-
est or limited in extent aquifer systems, such as the aquifer formed in the sand-
stones of the turbidite deposits of Arachtos’ watershed, etc. are also present. 

Meteorological and hydrological data for the last decades were used in order to 
estimate the hydrological budget of the study area according to Thornthwaite and 
Mather (1957) (Nikolaou, 2001). The annual precipitation ranges from 400 to 785 
mm (or 0.5x106 m3/km2/y). Out of them 46% is the mean annual infiltration and 
55% the mean annual runoff. The annual renewable groundwater supplies of 
Epirus totals 2880x106 m3. Moreover, 2880x106 m3 (about 10%) of the total 
groundwater is groundwater discharging from the fractured-karst formations. 
62x106 m3 (2.16%) of groundwater are produced from the porous formations of 
Neogene and Quaternary age. 140x106 m3 (4.86%) of groundwater are in storage 
within the fractured non-karstified or locally porous formations, such as Triassic 
breccias.  

The specific yield of the individual karst units as calculated by using natural 
Lysimeters ranges from 13.4 to 18.5 L/s/km2 for Paleocene-Eocene limestones, 
from 17.4 to23 L/s/km2 for Upper Senonian limestones, from 20 to25 L/s/km2 for 
Pantokrator limestones and from 15 to17 L/s/km2 for dolomites.  

Moreover, in order to determine the hydraulic properties of the different hydro-
geological units, several pumping tests were also carried out. The results regarding 
hydraulic conductivity, transmissivity and storativity (according to Cooper Ja-
cobs’s method) are shown in Table 1. 
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Table 1. Hydraulic properties of the hydrogeological units. 

Formation K (m/s) T (m2/s) S (%) 
Pantoktator limestones 3.2x10-4<K<4.6x10-2 3.7x10-3<T<1.5x10-2 2-3 
Up. Senonian-Eocene limestones 9.7x10-4<K<3.25x10-2 7.5x10-4<T<1.1x10-1 1.5-6.28 
Neogene-Quaternary deposits 10-4<K<10-3 10-4<T<10-3 5-10 

4 Hydrochemistry and contamination problems 

In total, 2310 groundwater samples were collected from 580 sampling sites. The 
unstable parameters (Ec, pH, Tw) were measured in situ. The samples were 
stored in 1L plastic bottles and analyzed in IGME laboratories for major and trace 
elements. 

 
Fig. 3. a. Piper diagram, b. Hydrochemical map (Nikolaou 2010). 

The classification of the samples was based on the Piper diagram of Figure 3a, 
showing the most representative ones for all groups (samples from springs with 
discharge rates exceeding 1 m3/s. They can be classified into three major groups.  

The first one includes samples from karst, fractured and porous aquifers of the 
study area. The second and the third one include the rest of the samples from the 
karst aquifer systems and particularly those of the Ionian zone. The first group is 
characterized by Ca-(Mg)-HCO3 groundwater type and low water temperature 
values. It is the most abundant groundwater type representing fresh samples (re-
charging waters) and can be divided into two subgroups. This group (Fig. 1a) dis-

b
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plays low TDS values (140-400 mg/L) and corresponds to groundwater samples 
from the karst systems and the porous aquifers of Arta-Preveza Plain. The samples 
from the Skala spring, which discharges the limestone aquifer of Senonian age 
also belongs to previous group (Fig. 3a). The samples of the second subgroup (1b) 
are enriched in Mg2+ which concentration varies between 26 and 45 mg/L. These 
are fresh groundwater with low TDS values (140-160 mg/L) corresponding to the 
aquifer systems in the ophiolitic complex and in the dolomites. Distrato spring 
(Fig 3b, 1a) is classified in this group. 

The second group representing 20% of the samples is of Ca-HCO3-SO4 
groundwater type. They display average water temperature values (Tw) of about 
15oC and are mainly from aquifers in Pantokrator limestones. They display en-
richment in SO4

2- content with values that range between 250 and 900 mg/L. The 
samples of this group are connected to the evaporites and the evaporitic breccias, 
of the lower formations of the Ionian zone. Evaporites and the evaporitic breccias 
often outcrop in extensive areas in the immediate or wider catchment area of the 
large karst springs. Some typical springs of this group are the big sulfur springs of 
Kalamas River, Ieromnimi, Rogozi, and Mana Nerou of Pogoni karst system; 
Gliki springs of Souli karst system (Fig. 3a, 1b), Anakoli spring of Filiates karst 
system, Vathy spring in Louros karst system, Santonikou spring of Mitsikeli and 
Vouvos springs in Tymfi karst system. 

The third group includes the samples that are enriched in Cl- and belong to the 
Na-Cl-(SO4) water type. They display increased salt content compared to those of 
the second and the third group and can be further divided into two subgroups. 
Chloride content for both 3a and b exceed the drinking water standards (250 
mg/L). Group 3a includes groundwater samples from the karst aquifers which are 
in hydraulic communication with the sea in the west part of the Epirus coast inthe 
Ionian Sea, and is subjected to passive saline water encroachment and groundwa-
ter samples from the overexploited S-SW coastal part of the aquifer system of 
Preveza Plain which is also subjected to active seawater intrusion. In this area, the 
seawater intrusion affected many boreholes, where the Cl- content ranges between 
300 and1600 mg/L. A number of samples indicate sea water intrusion mainly in 
the northwest part were the coastal karst system of Parga is in hydraulic commu-
nication with the sea. The brackish zone extends along the northern part of Plataria 
up to Syvota village, where Cl- values range between 415 and600 mg/L. A zone 
with brakish groundwater is also observed in the northern coastal area of Am-
vrakikos region (Vigla, Kommeno) and in the northern part of Parga in the Ach-
eron and Kalamas watersheds (Plataria-Syvota karst system). Samples of group 3b 
display elevated Tw values (up to 33oC) and are enriched in H2S. They exhibit ex-
cess in SO4

2-
 (Fig. 3b) representing deep groundwater from the Hanopoulo and 

Peranthi springs of Xerovouni, Neles spring of Tymfi karst system and Kavasila 
spring in Konitsa, and are connected to the salt domes in the cores of anticlines. 

The problems of NO3
- contamination occur mainly in the Preveza plain. The 

samples from the porous confined and unconfined aquifers display high NO3
- 

content varying between 100 and 200 mg/L. The high values of NO3
- are attributed 
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to the excessive and uncontrolled use of fertilizers. Typical cases of NO3
- 

contamination can be observed in Assos, Galatas (27 mg/L) and Kopani (34 mg/L) 
springs of the Louros karst system and Eleousa spring (36 mg/L) of the Ioannina 
karst system.  

5 Discussion-Conclusions 

The renewable supplies of the major aquifer systems were estimated to be about 
2880x106 m3. Significant groundwater resources are also in storage in the low-
permeability formations (discontinuous local aquifers). The geological setting il-
lustrates characteristic alternations of limestone anticlines and flysch synclines of 
NW-SE trend which coincide with the Ionian coastline. This setting acts as a natu-
ral barrier preventing any potential seawater intrusion. 

The total annual renewable groundwater resources of the Epirus region totals 
3220x106 m3 and exceed the annual water demands, which is approximately 
400x106 m3 (60x106 m3 serve needs for drinking water, while 330x106 m3 and 
10x106 m3 of water serve the irrigation and industrial needs respectively). The 
aquifers exploitation is low and estimated to be 25% of the total available 
groundwater. 75% of the total water use is produced from the karst aquifers. 

The overexploitation of the aquifer in the Preveza peninsula by numerous bore-
holes that serve irrigation needs originated locally seawater intrusion problems. 

The interactions between surface/groundwater are common, either through 
sinkholes or by direct infiltration along the river beds. The water table variations 
among wet and dry season depend on the pattern of annual precipitation, the 
hydraulic properties and the abstraction rate of the aquifers. The greater variations 
ranging between 14.8 and 35.1 m were recorded boreholes of the Ioannina karst 
system that serve drinking water needs. Moreover, great variations in groundwater 
level have also been observed in inadequately recharged karstic subsystems and 
hydrogeological units, such as the subsystem of Klimatia in Ioannina (54.4 m) and 
in areas where the aquifer systems are recharged through surface water, such as 
the upstream part of Louros’ watershed (50.8 m). The groundwater level varies 
slightly in the aquifer systems of Pindos Mountains, where there is a better 
distribution of precipitation (3.5-10 m) and in the porous aquifer of Arta (1.5-3.5 
m) and Preveza (0.9-9.4 m) Plains. Problems due to groundwater deficit occur 
during the peak season of water demand (August to September), primarily in 
Ioannina watershed. This watershed is characterized by the presence of intense 
human activities (dense population, industrial and agricultural activity).  

Groundwater is mostly of very good quality and display low salinity, although 
approximately 20% of the water resources display high SO4

2- concentrations, due 
to contact with the Triassic evaporites. A small percentage of groundwater is 
brackish due to seawater intrusion, either caused by the overexploitation of the po-
rous aquifers or by passive seawater intrusion into the coastal karst aquifer sys-
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tems. High NO3
-values (80-150 mg/L) attributed to intense anthropogenic 

activities were observed locally in boreholes located in Preveza peninsula. 
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Abstract   Several stochastic models, known as Box and Jenkins or SARIMA 
(Seasonal Autoregressive Integrated Moving Average) have been used in the past 
for forecasting hydrological time series in general and stream flow or spring dis-
charge time series in particular. SARIMA models became very popular because of 
their simple mathematical structure, convenient representation of data in terms of 
a relatively small number of parameters and their applicability to stationary as 
well as nonstationary process. The application of SARIMA model to the Mati 
spring’s monthly discharge time series for the period 1974-2007 at Damasi Ti-
tanos karst system yielded the following results. The stationary is obtained by 
logarithmic transformation and the suitable model (2,0,0)(0,1,1)12 is selected by 
different criteria. This type of model is suitable for the Damasi Titanos karst aqui-
fer simulation and can be utilised as a tool to forecast monthly discharge values at 
Mati spring for at least a 4 year period. SARIMA model seem to be capable of 
simulating both runoff and groundwater flow conditions on a karst system and 
also easily adapt to their natural conditions.  

1 Introduction 

Stochastic models, known as Box-Jenkins or Seasonal and nonseasonal ARIMA 
(AutoRegressive Integrated Moving Average) models were applied in scientific, 
economic and engineering applications to time series analysis and forecasting 
(Box and Jenkins, 1976). Some useful applications of these models can be found 
in the literature for the simulation of time series of flow data, groundwater head, 
water quality parameters (Box and Jenkins 1976, Hipel and McLeod 1994, Ahn 
and Salas 1997, Manakos 1999, Papamichail et al. 2000, Papamichail and Geor-
giou 2001, Manakos and Dimopoulos 2004, Manakos and Georgiou 2009, Vou-
douris et al 2010). SARIMA models became very popular because of their simple 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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mathematical structure, convenient representation of data in terms of a relatively 
small number of parameters and their applicability to stationary as well as nonsta-
tionary process. In this paper the SARIMA models were used to simulate the dis-
crete time series of monthly discharge values at Mati spring (1974-2003) for the 
Damasi Titanos karst aquifer and was investigated the suitability to forecast 
monthly discharge values for the rational management of water resources of the 
aquifer. The suitable SARIMA model was used to forecast monthly discharge val-
ues at Mati spring for a 4 year period (2004-2007).  

2 SARIMA models  

For the description of the seasonal SARIMA models (Seasonal Autoregressive In-
tegrated Moving Average) are used the notations (p, d, q) (P, D, Q)S. The 
SARIMA model has the general form: 

              DdS S S
t tφ B Φ B 1 B 1 B Z μ θ B Θ B e     (1) 

The application of the SARIMA models requires stationarity of time series data 
obtained by different transformations. The logarithmic transformation is chosen to 
stabilize the variance of the series and to transform the usually skewed distribution 
into a normal distribution. 

The construction of SARIMA models involves various stages which are the 
identification, the estimation and the diagnostic checking (Box and Jenkins 1976, 
Hipel and McLeod 1994, Mohan and Vedula 1995). The purpose of the identifica-
tion stage is to determine the differencing required to produce stationarity and to 
estimate the order of both the seasonal and nonseasonal AR and MA operators (p, 
d, q, P, D, Q) for the stationary series. The identification is examined by the cumu-
lative periodogram, the autocorrelation function (ACF) and the partial autocorrela-
tion function (PACF) (Box and Jenkins, 1976). This information is then used to 
determine the general form of the univariate model to be fit.  

The estimation stage involves the estimation of the time series model parame-
ters. This estimation is obtained by the residual sum of squares minimization using 
the Marquardt optimization algorithm for non-linear least squares. The value of 
the parameters is associated standard errors, T-values and P-values.  

Finally, the diagnostic checking involves examination of the residuals fitted 
model, and this can prove or not the model inadequacy and inform about the 
model improvement. This determination can be achieved by using the identifica-
tion stage tests and furthermore the Portmanteau test (Box and Pierce, 1970), the 
Akaike Information Criterion (AIC) (Akaike 1974), the Schwarz Bayesian Crite-
rion (SBC) (Schwarz 1978), the Hannan and Quinn Criterion (HQC) (Hannan and 
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Quinn 1979) and the residual variance (σe
2). For the log transformed series the 

AIC, SBC and HQC criterions are given, respectively, by: 

 2
e tAIC N lnσ 2n 2Νln Z    (2) 

 2
e tSBC N lnσ n ln(N) 2Nln Z    (3) 

  2
e tHQC N lnσ 2n ln ln(N) 2Nln Z    (4) 

where σe
2 is the estimated residual variance, tln Z  is the sample mean of the loga-

rithms of measured values and n is the number of parameters.  
For a SARIMA model the number of parameters n is given by: 

 n p P q Q pP qQ 1        (5) 

The selection rule in the AIC, SBC and HQC criterions is to select the model 
with the lowest AIC, SBC and HQC value. The best model chosen is used for 
forecasting. 

3 Geological-hydrogeological setting 

The Damasi Titanos karstic aquifer extends along the west border of the east 
Thessaly plain at a distance of 2 Km west of the city of Tyrnavos. Geotectonically 
belongs to the wider area of the Pelagonian zone and it develops within a continu-
ous carbonate series of Triassic-Jurassic age.  

A simplified geological map of the aquifer is shown in Figure 1. The karst sys-
tem, with an areal extent of 180 km2, represents a high productive aquifer and 
supplies water mainly for irrigation and drinking purpose. Mean multi annual re-
charge of the karst aquifer was estimated to be over 80 hm3/year predominantly 
originating from direct infiltration in the marbles of both precipitation and over-
land flow of the Titarisios river. Three karstic springs (Mati, Agia Anna and 
Amygdalia), located at the east margin, discharge the aquifer, in an altitude be-
tween 73 and 75 m a.s.l. The large spring of Mati is the main discharge point of 
the aquifer. A schematic geological profile through the Mati spring is added in 
Fig. 1. Its annual spring discharge, for the year 2007, was measured to be 
70.55 hm3, whilst the mean annual water temperature was 14.5 oC. Intensive 
pumping in the karst area reaches to groundwater table decline and leads to large 
changes in storage and discharge rate of the springs. 
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Fig. 1. Geological map of Damasi Titanos karstic aquifer. 

4 Results and discussion 

In this paper, the SARIMA models are used for the simulation of discrete time se-
ries of historical monthly discharge at Mati spring for the Damasi Titanos karst 
aquifer. The available historical monthly data cover 34 years (1/1974-12/2007) 
and is shown in Figure 2.  

Observed discharge measurements were obtained from the Land Reclamation 
Service of Larissa and Institute of Geology and Mineral Exploration. From the 
time series we used the period 1974-2003 to construct a suitable SARIMA model, 

 
Fig. 2. Monthly discharge at Mati spring. 
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while the period 2004-2007 was used as a forecasting period to check the reliabil-
ity of the model 

SARIMA models take into account both the seasonality, which was introduced 
by the length of seasons S, and the persistence of time series. The stationarity of 
time series data was obtained by logarithmic transformation. For the logarithmic 
transformed time series of monthly discharge (1974-2003) at Mati spring was 
computed the cumulative periodogram [C(fk)], the autocorrelation function (ACF) 
and the partial autocorrelation function (PACF) (Fig. 3). 
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Fig. 3. a) Autocorrelation Function (ACF) b) Partial Autocorrelation Function (PACF) c) 
Cumulative Periodogram [C(f k)] of the logarithmic transformed time series of monthly 
discharge (1974-2003) at Mati Tirnavou spring. 

Figure 3 shows that the logarithmic transformed time series of monthly dis-
charge isn’t white noise, the length of seasons S is equaled to 12 and the model 
with structure (3,0,0)(0,1,1)12 is a candidate model. To allow for possible identifi-
cation errors, a set of six models (Table 1) were considered.  

Table 1. Number of parameters (n), residual variance (σe
2) Akaike information criterion (AIC), 

Schwarz bayesian criterion (SBC), Hannan and Quinn criterion (HQC) and Portmanteau test (Qp) 
of the logarithmic transformed time series of monthly discharge (1974-2003) at Mati spring. 

Model Structure n σe
2
 AIC SBC HQC Qp 

(1,0,0)(0,1,1)12 3 0.703477 -208.8034 -197.1451 -204.1678 25.6558 

(1,0,1)(1,1,1)12 7 0.694439 -205.4585 -178.2558 -194.6422 17.1416 

(1,0,1)(0,1,1)12 5 0.693329 -210.0344 -190.6039 -202.3084 17.1950 

(2,1,1)(0,1,1)12 6 0.713248 -197.8376 -174.5209 -188.5664 16.5782 

(2,0,0)(0,1,1)12 4 0.694606 -211.3719 -195.8275 -205.1912 17.6178 

(3,0,0)(0,1,1)12 5 0.695109 -209.1113 -189.6808 -201.3854 17.6567 

The number of parameters (n), the residual variance (σe
2), the Akaike informa-

tion criterion (AIC), the Schwarz bayesian criterion (SBC), the Hannan and Quinn 
criterion (HQC) and the Portmanteau test (Qp) were applied to select the best 
model (Table 1).  

The model (2,0,0)(0,1,1)12 has the lowest AIC and HQC and was selected to 
simulate the logarithmic transformed time series of monthly discharge. The pa-
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rameters of the model (2,0,0)(0,1,1)12 were estimated using the Marquardt algo-
rithm. For the above model the parameters with their confidence limits, standard 
errors, T-values and P-values are given in Table 2. 

Table 2. Parameter estimates and their 95% confidence limits, standard errors, T-values, and P-
values for the (2,0,0)(0,1,1)12 of the logarithmic transformed time series of monthly discharge 
(1974-2003) at Mati spring. 

Parameter Estimate  95% Conf. limits Stnd. Error  T-value Ρ- value 

φ1 0.654883 (0.725028,0.584738) 0.053958 12.137 0.0000000 

φ2 0.127369 (0.197372,0.057366) 0.053848 2.3653 0.0185660 

Θ1 0.816183 (0.859633,0.772733) 0.033423 24.420 0.0000000 

The selected model (2,0,0)(0,1,1)12 has to be validated for its suitability through 
the diagnostic checking. The first check is that if the residuals are white-noise. For 
this reason were computed the cumulative periodogram [C(fk)], the autocorrelation 
function (ACF) and the partial autocorrelation function (PACF) of the residuals 
which are shown in Figure 4. It is observed that the all values are well within the 
95% confidence limits confirming the residuals are white noise. 
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Fig. 4. a) Autocorrelation Function (ACF) b) Partial Autocorrelation Function (PACF) c) 
Cumulative Periodogram [C(f k)] of the residuals for the (2,0,0)(0,1,1,)12 model. 

The second check is referred to examine the confidence limits of the parame-
ters. The hypothesis is that if the confidence limits include the value zero, then the 
corresponding parameter needs to be discarded and if they include 1, then re-
placement of the associated term by a difference operator (1-B) is necessary. From 
Table 2 it can be seen that the confidence limits of the parameters of 
(2,0,0)(0,1,1)12 model do not include the value zero or 1 confirming the suitability 
of the model. 

Therefore, the SARIMA model (2,0,0)(0,1,1)12 can be used to forecast the 
monthly discharge for one or more time steps. This was done for the monthly dis-
charge of period 2004-2007. The observed and forecasted values of discharge with 
(2,0,0)(0,1,1)12 model for the period 2004-2007 at Mati spring are shown in Fig-
ure 5. It can be seen the ability of the SARIMA model (2,0,0)(0,1,1)12 to forecast 
the monthly discharge of Mati spring with sufficient accuracy. 
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Fig. 5. Comparison between observed and forecasted values of discharge with (2,0,0)(0,1,1)12 
model for the period 2004-2007 at Mati spring. 

Some basic statistical properties of the observed and forecasted data of dis-
charge with (2,0,0)(0,1,1)12 model for the period 2004-2007 at Mati spring are 
given in Table 3. Using t-test for the means and F-test for the variances (Yurekli et 
al 2005) to determine whether there is significant difference, the mean and vari-
ance values of the observed and forecasted data were tested. 

The hypothesis that the mean and variance values of the forecasted data are not 
significantly different from those of the observed data can be accepted at 5% sig-
nificance level (Table 3). Thus, the results show that the forecasted data preserve 
the basic statistical properties of the observed data.  

Table 3. Statistical properties of observed and forecasted values of discharge with 
(2,0,0)(0,1,1)12 model for the period 2004-2007 at Mati Tirnavou spring. 

 Mean tcal<ttable Standard deviation Fcal<Ftable 

Observed 0.845 0.814 

Forecasted 0.826 
0.12<1.66 

0.710 
1.31<1.62 

From the above analysis results that the SARIMA models can be used success-
fully for short term forecasting of the discharge values at Mati spring and can also 
generate sequences of monthly synthetic time series of unlimited duration. This 
offers the possibility for decision making for integrated protection and manage-
ment of groundwater and lead to the right decisions for the programming of vari-
ous management plans.  

5 Conclusions 

Application of the seasonal stochastic model SARIMA to the Mati spring’s 
monthly discharge time series for the period 1974-2007 in Damasi Titanos karst 
system yielded the following results. Logarithms of the monthly spring discharge 
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time series can be simulated on aSARIMA model (2,0,0)(0,1,1)12. This model is 
suitable for the Damasi Titanos karst aquifer simulation and can be utilised as a 
tool to predict monthly discharge values at Mati spring for at least a 4 year period. 
Seasonal stochastic models SARIMA seem to be capable of simulating both run-
off and groundwater flow conditions on a karst system and also easily adapt to 
their natural conditions. Adapting the proper stochastic model to the karst 
groundwater flow conditions offers the possibility to obtain accurate short term 
predictions, thus contributing to rational groundwater resources exploitation and 
management planning. 
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Abstract   A simulation is presented of the operation of the Almiros brackish karst 
spring at Heraklion Crete Greece with the MODKARST deterministic mathemati-
cal model. Through this simulation, major issues regarding the operation mecha-
nisms as well as the sustainable development of the spring are addressed and ana-
lyzed. Of concern are the following aspects: (a) The fractal characteristics of the 
Almiros karst formation, (b) the sea intrusion mechanism for the Almiros spring 
and (c) the choice of a suitable method for the sustainable development of the 
Almiros spring. It was found that the seawater intrusion in the Almiros karst-
spring reservoir follows a power law, the exponent of which provides the fractal 
dimension of the system. Regarding sea intrusion, the spring becomes brackish 
due to the crossing of the tube, which carries the fresh water to the spring, with 
other tubes, carrying saltwater from the sea. MODKARST simulates the hydro-
graph along with the variation with time of the chloride concentration and corre-
lates the discharges from the fresh water and the seawater tubes. The outcome is 
the relative importance of the two potential mechanisms for seawater intrusion, 
namely the density difference between fresh water and sea water and the venturi 
effect; it is found that the density difference dominates in the Almiros case. An 
important conclusion of the analysis is that raising the Almiros-spring water outlet 
could prevent the seawater intrusion; the location of the elevated outlet and the 
fresh water loss to the sea are estimated. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
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1 Introduction 

The MODKARST model is a deterministic mathematical model that simulates the 
operation of brackish karst springs (Maramathas et al. 2003). The input to the 
model is the rainfall data; the output is the hydrograph and the variation with time 
of the chloride concentration of the spring water. The model is based on a hydro-
dynamic analogue, consisting of a number of reservoirs properly connected. Each 
of the reservoirs is discharged to the tube that abuts to the spring. The governing 
equations of the model are mass and mechanical energy macroscopic balances. 
More details are available in Maramathas et al. 2003. 

The model is used to simulate the operation of the Almiros karst spring at 
Heraklion Crete in Greece. The Almiros spring is located 10 km west of the city of 
Heraklion, at an elevation of about 4m and at a distance of 1km away from the 
sea. It is a periodically brackish karst spring, the discharge of which fluctuates be-
tween 4m3/sec in the summer and 70-80 m3/sec in the winter. During almost 90% 
of the year the spring water is brackish due to seawater entering the spring’s reser-
voir. The ground-water reservoir of the spring is structured by Mesozoic limestone 
with preferential permeability and small porosity.  

Representative results of the Almiros-spring simulation are shown in Figures 
1A and 1B; the model predictions for the hydrograph and for the water chloride 
concentration versus time are compared with measurements. 

Below are presented the three major results drawn from the simulation, with 
regard to the fractal characteristics of the Almiros karst formation, the sea intru-
sion mechanism and the sustainable development of the Almiros spring. 

2 Measurement of the fractal characteristics 
of the Almiros karst formation 

Although predictions and measurements of the Almiros-spring hydrograph appear 
to be in good agreement (cf. Fig. 1B), the corresponding comparisons of earlier 
predictions with measurements for chloride concentration revealed a discrepancy 
during the depletion periods. The discrepancy is shown in Fig. 2A; it is not shown 
in Figure 1B because the corresponding theoretical predictions are obtained with 
an improved model – see below. 

The spring exhibits an unexpected behaviour during depletion periods when 
there is no rain at all in Crete. The slope of the real spring water chloride concen-
tration curve decreases, that is, the rate of increase of the chloride concentration of 
the spring water decreases during depletion periods. Moreover, in some cases, the 
chloride concentration decreases without any prior rainfall (Fig. 2B). 
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Fig. 1. A. Comparison between the model-predicted hydrograph and field measurements (field 
data) for the Almiros spring, B. Comparison between the model-predicted water chloride concen-
tration versus time and field measurements (field data) for the Almiros spring. 
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Fig. 2. A. Comparison between predictions and measurements of water chloride concentration 
before the use of the power law. A discrepancy is observed during depletion periods. B. Rainfall 
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The key to explain the behaviour of the spring with regard to chloride concen-
tration during the depletion period is in the seawater intrusion into the karst sys-
tem. For seawater to intrude, the pressure in the freshwater tubes must be lower 
than the pressure in the tubes carrying the saltwater from the sea. This is the case 
during the depletion periods and as the water level in the karst system reservoir 
decreases, due to the absence of rainfall, the flow ceases in an increasing number 
of freshwater tubes. As a result, the saltwater flow in the tubes, which come from 
the sea and meet the freshwater tubes, ceases too. Consequently, the rate of in-
crease of the saltwater discharge to the system decreases and the rate of increase 
of the spring water chloride concentration decreases too. 

To account for these effects, we adopt the reasonable assumption that the effec-
tive seawater outflow tube cross-section (S3) depends on the saturated volume of 
the karst reservoir and consequently on the water level (Hf) in it. It comes out, 
through model fitting, that the best agreement between theoretical predictions and 
measurements is obtained with the power law b

f3 aHS  . From further fitting it 
was found that b = 0.59. This value coincides with the fractal dimension of the 
system, which has been estimated following the analysis by Maramathas and Bou-
douvis 2006. 

3 Sea intrusion mechanism 

From the hydrodynamic point of view, two are the potential mechanisms of sea-
water intrusion (Maramathas et al. 2006, Breznic 1973):  

1. The fresh water tube that abuts to the spring intersects another tube that comes 
from the sea and, as a result, the freshwater becomes brackish at the intersec-
tion, when the pressure in the freshwater tube is lower than the pressure in the 
seawater one – cf. Figure 3B. This becomes possible if the intersection is at 
large enough depth below the sea level, since the seawater density is larger than 
that of the freshwater. 

2. The pressure in the freshwater tube at the intersection is less than that in the 
seawater due to geometry variations. In other words, the freshwater tube is 
quite narrow at the intersection and the pressure decreases due to the venturi ef-
fect – cf. Figure 3A. 

Actually, even though both mechanisms are active in any case, it is important 
to find the dominant one; this is valuable in deciding which the suitable spring de-
velopment method is. 

Deciding about the prevailing seawater intrusion mechanism amounts to deter-
mining the way in which the freshwater discharge (Q1 in Figures 3B, 3A) affects 
the seawater discharge (Q2 in Figures 3B, 3A). Decreasing the water level over the 
discharge point of the spring’s reservoir decreases freshwater discharge and the 
imbalance between saltwater and freshwater pressure increases; consequently, the 
seawater discharge increases. In this case the dominant intrusion mechanism is the 
difference between freshwater and seawater density. 
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Fig. 3. A Sea intrusion mechanism of the spring based on the venturi effect. B. Sea intrusion me-
chanism of the spring based on the difference between the freshwater density and the seawater one. 

On the other hand, there is a mutual augmentation between the seawater and 
freshwater discharge when the mechanism caused by the venturi effect prevails. 
This happens due to the intensification of the venturi effect, as a result of the in-
crease of the freshwater velocity at the intersection between the seawater and the 
freshwater tube which thus provokes the increase of the freshwater discharge.  

MODKARST calculates Q1 and Q2 in every run and uses them as intermediate 
variables to calculate the spring discharge and the chloride concentration of the 
spring water. Thus, a relationship between freshwater and saltwater discharge is 
obtained, as shown in Figure 4A for the Almiros spring. As it can be observed, the 
seawater discharge decreases when the freshwater discharge increases leading to 
the conclusion that the dominant sea intrusion mechanism for the Almiros spring 
is the difference between the seawater and freshwater density.  

4 The development of the Almiros spring 

In some brackish springs it is possible for sea intrusion to be blocked by raising 
the water outlet point of the spring, through the construction of a dam in front of it 
as, in this way, the freshwater level in the spring reservoir will be raised and the 
resulting pressure increase will prevent sea intrusion (Maramathas 2004, Breznic 
1973). This is an old but not very popular method since it raises two difficulties to 
be dealt with. First, the determination of the necessary vertical movement of the 
outlet and, second, the estimation of the freshwater loss (discharge) to the sea; the 
latter is caused since the tubes, that previously brought seawater to the spring res-
ervoir, will bring fresh water to the sea after the elevation of the spring outlet 
which increased the freshwater pressure. MODKARST is a valuable tool in deal-
ing with these difficulties. 

One of the parameters of the model is the elevation of the spring’s water outlet 
point. Consequently, the model can simulate the operation of the spring at differ-
ent spring elevations. This has been applied to the Almiros spring for the years 
from 1989 to 1997 and the results are presented in Figures 4B, 4C and in Table 1. 
In Figures 4B and 4C, the model predicted chloride variation versus time for the 
10-meters and 20-meters spring elevation respectively, is compared to the real one 

A B 
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at the real elevation (4m). As it can be observed, the quality of the water improves 
as the elevation of the water outlet point increases. In Figure 5, the simulated per-
centage of the days throughout the year with fresh water versus the spring eleva-
tion for the hydrologic years 1989-90 to 1996-97 is presented. It comes out that 
the periods during which the spring offers fresh water become longer as the spring 
elevation increases. Moreover, the spring offers fresh water during the entire year 
when the elevation reaches the 22m. Finally, in Table 1, the model-calculated 
freshwater loss versus the spring elevation for the depletion period and the entire 
period, respectively, is presented. 
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Fig. 4. A. Saltwater discharge versus freshwater discharge for the Almiros spring. Saltwater dis-
charge increases when freshwater discharge decreases. B. Comparison between the observed 
chloride concentration versus time at the real spring elevation point (field measurements) and the 
simulated one at 10m C. Comparison between the observed chloride concentration versus time at 
the real spring elevation point (field measurements) and the simulated one at 20m. 
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Table 1. Spring freshwater loss (%). 

Elevation Whole period Depletion period  Elevation Whole period Depletion period 
4 0.00 0.00  14 11.50 13.91 
5 0.03 0.00  15 13.15 17.05 
6 0.81 0.00  16 14.68 20.83 
7 1.70 0.50  17 16.21 24.26 
8 2.96 1.02  18 17.68 27.75 
9 4.24 2.32  19 18.97 30.38 
10 5.55 4.06  20 19.96 33.22 
11 6.99 6.39  21 20.74 34.75 
12 8.53 8.93  22 21.23 35.33 
13 9.98 11.63     
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Days during the year (%) with fresh water versus spring elevation. 

5 Conclusions 

The simulation of the operation of brackish karst springs with the deterministic 
MODKARST model provides clear physical insights to the karst system. The Almi-
ros spring simulation has given information about the fractal nature of the karst sys-
tem, the seawater intrusion mechanism and the choice of a suitable development 
method. The dominant sea intrusion mechanism for the Almiros spring is the differ-
ence between the freshwater and seawater densities. The sea intrusion could be pre-
vented by raising the spring water outlet location, through the construction of a small 
dam; an estimated elevation of 22m appears to be the best choice. 
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Abstract The aquifer system of Zarakas is developed at central Parnon area and 
presents significant water potential having also hydraulic contact with the sea. The 
area is geologically structured limestones and dolomitic limestones of Tripolis 
Zone and of Tyros beds. The hydrogeological boundaries have been determined 
through the implementation of the following combined scientific works: geo-
physical soundings, aero-magnetic measurements, remote sensing, water - bore-
holes, hydro-chemical analyses and hydraulic measurements of the aquifers. The 
total extent of the area is approximately 385km2 and the average annual efficient 
infiltration is 92x106m3/yr of water. Based on the measurements of the hydrostatic 
level at the western part of the area where water wells have been drilled, the aver-
age hydraulic head is 0.32‰ while the groundwater flow direction is towards SE. 
According to the drilling data, the depth of karstification presents irregular devel-
opment due to the type of the carbonate formations, resulting in groundwater cir-
culation at specific zones. The seawater intrusion front under nonpumping condi-
tions covers an extent of ~230km2, in which Cl- concentrations exceed 200 ppm. 

1 Introduction 

The accurate delineation of groundwater recharge / discharge areas in coastal karst 
aquifer systems is essential for their effective long-term development and 
management. Zarakas coastal karst aquifer system (Fig. 1) has been selected as a 
study area because it constitutes a hydrogeological environment of exceptional 
interest as a) it represents an extensive carbonate massif, b) there is direct / 
significant infiltration of meteoric water, c) there is lack of inland water springs 
except for Kremasti springs while there are large number of coastal springs and d) 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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there has been water shortage for years in the settlements of Zarakas region, while 
drilling efforts proved to be unsuccessful. 

The study area is covered by the 1:50,000 topographical/geological map sheets 
of MOLAI-RIKHEA. Zarakas is a part of Parnon mountain range, which is lo-
cated in the south-eastern Peloponissos. There are (3) municipalities and 10 set-
tlements, for which there is an urgent need to cover their water supply needs. 

 
Fig. 1. The geomorphologic relief of the investigated area, as revealed by the Digital Elevation 
Model (25m resolution), showing the intensive, steep and rocky mountainous topography. The 
administrative boundaries of Zarakas region are also shown. 

The study’s objective is to apply a multi-level approach using various types of 
data and technologies, so as to identify recoverable groundwater in appropriate lo-
cations and furthermore to contribute to the region’s hydro-economy.  

2 Data and Techniques 

All known methods have been evaluated like: remote sensing techniques, geologi-
cal mapping, aero-magnetic measurements, geo-electrical soundings, conductivity 
and temperature coastal records, well drilling, pumping data and tracers. Remote 
sensing techniques have been applied in a previous hyrogeological study (Sabata-
kakis and Aggelopoulos 1999). Τhe Landsat image has been analyzed for assess-
ing surface seawater temperatures using the thermal bands of the system so as to 
map water outflows. 
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In order to define the aquifer's hydrogeological boundaries previous research 
data and studies have been evaluated such as geophysical soundings, salinization 
and groundwater flow maps and well data. In particular the groundwater flow map 
produced by Sabatakakis and Makris (1993) has been used to define the 
groundwater flow along the west margin which appeared to cover both carbonate 
formations and granular deposits. 

During the Hydrogeological Research Program of the 2nd European Union 
Support Framework (conducted in 1996), the Institute of Geology and Mineral 
Exploration (I.G.M.E.) has accomplished the geoelectrical soundings in order to 
detect the depth that Tyros beds lay beneath carbonate series. The production 
wells of previous years have been drilled in locations that are close to the western 
margin of carbonate formations. In two of those boreholes three - stages pumping 
tests have taken place while controlling the Cl- ions concentration. Many 
boreholes were drilled and pumping tests took place in previous years so as to 
analyse the impact of seawater intrusion. Two new deep wells have been drilled 
since 2008 at Eiconostasi (Moutzouri) by I.G.M.E and Niata locations with 
absolute elevation (a.s.l.) of 410m and 325m respectively, so as to analyze the 
stratigraphy of the area.  

Isotopic analyses of Oxygen - 18 (18O) and Tritium (T) have been done by the 
Isotope Hydrology Laboratory of the National Centre of Physical Sciences "De-
mokritos" at Parnon region and Molai catchment (Ghikas et al. 1983). Three 
coastal discharges have been selected from which samples have been taken. Addi-
tional sampling and isotopic analyses of δ18Ο took place in four (4) different hy-
dropoints which are affected by seawater intrusion.  

Using this integrative data approach groundwater catchments are delineated 
associated with surface water catchments contributing to spring flow. 

3 The Geomorphologic, geological and hydrogeological setting 
of the study area 

Zarakas aquifer is highly faulted having a steep, rocky mountainous topography 
with altitudes from sea level up to 1200m and is as follows:  

 Main tectonic discontinuities of Zarakas area are of NNW – SSE direction. 
Coastlines have the same NNW-SSE direction which is also consistent with 
the average strike of carbonate formations. This general direction is inter-
rupted by E-W fault lines that coincide with the coast lines. 

 There are distinctive karst geomorphological features like sinkholes, uvalas, 
dolines which are mainly located at Koupia area.  

 Eastern coasts are steep enough due to recent fault activity and it is consid-
ered that some of these faults' steps is more than 250m, for instance in the 
section of Kyparissi - Avlaki coastline. Recent tectonic activity is documented 
by the absence of Holocene deposits along the coastline. The presence of such 
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deposits at Avlaki and Kyparissi bay and at several other creeks is due to the 
activity of local streams. Also the small thickness and rough structure demon-
strate their recent geological formation.  

The geology in Zarakas region is as follows:  

 Based on I.G.M.E. geological mapping (Exindavelonis and Taktikos 1979, 
Stamatis 1979), the stratigraphical thickness of this series is more than 
1200m.  

 The Tyros volcanic - sedimentary series lay beneath the carbonate series.  

According to I.G.M.E. drilling data of 1980s in Gaganias area (north of Molai), 
Tyros series thickness is approximately estimated to 530m (Aggelopoulos and 
Constantinides 1988). This formation appears in Northwest margin of study area 
with an average dip towards ESE and 300 degrees strike. In Zarakas region, ex-
cept for the northwest margin, Tyros series are displayed at Kremasti area (Fig. 3). 
None of the wells under investigation (over 400m drilling) which have taken place 
at Labokampos, Rikhea and Koupia sites have cut Tyros series.  

The geophysical measurements available showed that the depth at which Tyros 
beds extend follow the geomorphologic relief. Moreover, Tyros formations are in 
altitude above sea level even in low altitude areas. Specifically in Aghios 
Dimitrios region upper parts of Tyros beds are located in an altitude of 60m 
(a.s.l.). In Niata region both geoelectrical soundings and research boreholes have 
shown that Tyros formations are not located at sea level, but at least deeper than 
420m (b.s.l.). 

Irrigation pumping of ground water commenced in the mid-1980s, which 
caused gradual groundwater level decline. Continued regional groundwater 
resource development may further decrease spring discharge. 

4 Data analysis and Re-interpretation of Groundwater flow 

Possible recharge mechanisms in the area include (1) direct recharge on fractured 
carbonate mountain highlands, (2) limited recharge of mountain-front runoff on 
calcified alluvial fans, (3) recharge in valley floors and (4) interbasin flow.  

The main directions of faulting are of NW-SE and E-NE directions while the 
compiled map shows water outflows of coastal springs or rivers (Fig.2). The loca-
tions of water outflows are related to the faulting system and the tectonic disconti-
nuities that prevail in the main tectonic blocks. These discontinuities probably act 
as conduits for the subsurface water flow. The surface area of the karstifed lime-
stones of Parnon system for the pilot project area is 385km2. Karst geomorpho-
logic features develop along the fault lines as they have the same NE-SW direc-
tions. Lineaments that are related to faulting can be also interpreted on the 15 
meters spatial resolution image product (Fig. 2).  
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Fig. 2. Combined map of hydrogeological information. The terrain with surface karstification 
and the outflows have been extracted from the satellite image. The dark-blue arrows indicate the 
groundwater flow direction within the karstic aquifer. The rose diagram shows the main direc-
tions of tectonics on the 1:50.000 scale geologic maps, in the pilot project area. 

The western boundary of Zarakas aquifer is bounded by the Molai - Asopos 
Neogene basin which is defined by both Carbonate and Tyros formations that are 
covered by Pliocene - Pleistocene - Holocene granular deposits. Groundwater flow 
within the carbonate formations appears to have a slight hydraulic gradient 
towards SSE, along the coastline of Palaia Monemvasia - Ormos Kremmidi. The 
hydraulic gradient determined during the nonpumping period, inside the carbonate 
series, is 0.55‰ at the Northwestern locations and 0.20‰ at the Southeastern ones 
(Sabatakakis and Aggelopoulos 1997). The hydraulic head increases towards SE 
and is consistent with the groundwater flow direction as it is confirmed by the 
salinization map (Sabatakakis and Makris 1993).  

The northern hydrogeological boundary is defined by Tyros beds which follow 
the geomorphologic relief according to geoelectrical soundings along Aghios 
Dimitrios - Kremasti line. The uplift of Tyros beds defines the aquifer's 
groundwater drainage towards North direction (Fig.3). Also, in northern locations 
far away from this hydrogeological limit, research boreholes confirm the uplift 
based on the carbonate formation's thickness.  

The aquifer’s eastern part according to aero-magnetic measurements is 
delineated by the mountains of Gaidourovouni - Tourla - Kalogerovouni - 
Koulochera while Tyros beds are found to be located considerably above the sea 
level. These data have not been taken into account when trying to define the 
aquifers' limits in previous years and hence the limits have been set at 385 km2. In 
this way the previous defined area which has regarded the aquifer as a whole till 
the eastern coastline, should be divided into two subareas, western and eastern 
towards Kremasti – Koulochera axis. 
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Fig. 3. Geological section in W – E direction showing the uplift of Tyros beds. The black arrows 
indicate the positions where geoelectrical soundings took place in order to specify the absolute 
altitude of Tyros beds. In the eastern side of Kremasti area, Tyros beds' depth has been deter-
mined based on stratigraphical, tectonic and hydrogeological data. 

The eastern subarea is drained through a number of coastal saline springs 
(>3500ppm Cl-). Some drilling efforts that have been made in the past at Aghios 
Ioannis and Rikhea areas, have yielded highly saline water (2500ppm Cl-) with 
pumping rate of 3-4m3/h. This is because the groundwater has extensive front with 
the sea so seawater intrusion is quite extensive due to weak fresh water hydraulic 
head. It should be noted that significant coastal discharges are mainly located 
within major bays which in turn, have tectonic origin as mentioned above 
(Tavitian 1981).  

Step Drawdown tests: According to pumping tests data no change of salinity 
has been observed during the step drawdown test at Koprisses borehole which 
means that the equivalent groundwater flowlines are not disrupted and maintain 
subhorizontal slope towards the shoreline (southeast). Thus, the interface lies 
deeper and intersects the impermeable basement in southeastern locations. 

Differences in hydraulic gradient from NW (Niata) to SE (Ormos Kremmidi 
and Palaia Monemvasia coastline) such as 0.55‰ - 0.31‰ - 0.22‰ - 0.20‰, 
suggest according to Darcy's law gradual groundwater flow decrease which is 
consistent with the density alteration in compared with the increasing salinity. The 
hydraulic gradient suggests small differences which mean that at macro level the 
groundwater flow can be considered laminar. 

During the step drawdown test a slight salinity increase and soon after 
stabilization has occurred while the discharge rate changes. This means that 
Zarakas aquifer has great capacity and requires long term monitoring. After a 15 
year exploitation of Smirtiza's borehole exploitation, salinity concentration has not 
differed significantly between 2007 and 2008 droughts and Cl- ions levels have 
been in the order of 78ppm (Foukria-1). In the southeast close to the coastline 
(Foukria) many boreholes that have been drilled, show that there is seawater 
intrusion (Cl- concentration exceeds 3500ppm). 

Deep research wells: The deep wells at Eiconostasi (7) and Niata (6) show that 
the static water level is at 8.2m (a.s.l.). The well's yield during the pumping test 
was up to 7m3/h with static water level at 458m below surface (Karydakis 2009). 
Niata well with static water level at 13.40m (a.s.l.) yielded 5m3/h approximately 
during the pumping test. 
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The Eiconostasi boreholes' limited yields may be attributed to one of the two 
following causes: the karstification zone does not probably exceed the depth of 
about 300m (below surface) or the fact that the two wells are not located near 
tectonic structures. This results in poor groundwater circulation. 

Table 1. Drilling data with mean values of Cl- concentration. 

Boreholes Niata Eiconostasi Gaganias Metamorphosi Monoporo 

Drilling depth 362m 510m 302m 137m 110m 

Formation Dolomitic 
limestones 

Dolomitic 
limestones 

Dolomitic 
limestones 

Dolomitic lime-
stones 

Dolomitic 
limestones 

Hydraulic Head +13.4m +8.2m +6.2m +2.8m +1.3m 
Pumping rate 5m3/h 10m3/h 50m3/h 50m3/h 50m3/h 
Cl- (pumping) 45ppm 42ppm 75ppm 420ppm 940ppm 
Cl- (non-pumping) 38ppm 42ppm 50ppm 370ppm 750ppm 

Triassic limestones dekarstification: Based on drilling data from the above 
mentioned wells it seems that Triassic limestones dekarstification is very limited 
below 340m±20m (below surface). That's why the wells at Niata and Koupia sites 
have limited yield of about 7-8m3/h. 

Isotopic analyses (environmental isotopes): The analyses of the three coastal 
discharges of the springs of Gerakas, Palaia Monemvasia and Ormos Kremmidi 
show that according to δ18Ο values, the highest recharge area of coastal discharges 
is 550, 500 and 650m respectively.  

The δ18Ο values in Gerakas discharge is -7.418 (November 2005) and -7.022 
(March 2006). Although the water quality of coastal discharge is affected by 
salinization, δ18Ο values indicate that recharge area comes from groundwater infil-
trated at elevations up to 800m approximately. On the contrary, δ18Ο values of 
Metamorfosi (3), Monoporo (2) and Foukria (1) wells indicate that infiltration ar-
eas of meteoric or surface water come from elevations which are below 500m. 

5 Conclusions – Remarks  

An integrative data approach has been adopted in this research work and the 
conclusions can be drawn as follows: 
 The groundwater flow on the western margin towards the SE coastline repre-

sents the aquifer zone recharged by meteoric water at elevations above 500m 
with significant hydraulic conductivity.  

 At higher locations the karstification of the carbonate formations does not ex-
ceed a depth of approximately 320m (below surface) and therefore this area 
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represents the groundwater drainage which is confirmed by the two deep wells 
of Niata and Eiconostasi (Moutzouri) drilled in 2008.  

 The "foot" of saline – fresh water interface has been defined between Smirtiza 
and Koprisses wells, with front direction towards NE - SW which is vertical to 
groundwater flow, as revealed by salinization and groundwater flow maps. 

Therefore, the optimal positions of exploitation wells should be along the axis 
of Smirtiza's stream (SW – NE). The current well total discharges have been esti-
mated to reach 450m3/h during the summer and have remained stable for over 15 
years. The fact that the saline – fresh water front has not moved during that period 
means that the aquifer capacity has not yet reached its limits, not to mention that 
the well yields are almost continuous during the summer.  

This study develops procedures to delineate regional groundwater catchments 
in coastal karst aquifers using various types of hydrogeological data. The approach 
is tested in the Zarakas region and the procedures may be used to understand the 
spatial extent and to quantify recharge processes in similar terrains. 

The authors would like to thank the Isotope Hydrology Laboratory of the 
National Centre of Physical Sciences "Demokritos" for the isotopic analyses of 
Oxygen -18 (18O) and Tritium (T) and also the Mayor and the board of Zarakas for 
the full support during the well drilling period. 
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the investigation of the coastal karstic springs 
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in Stoupa Bay (W. Mani Peninsula) 
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Abstract   The study of the SW Taygetos Mt. karst system, based on the imple-
mentation of tracer test and hydrochemical analyses, is aimed at the investigation 
of the geohydraulic characteristics and the water quality of the coastal and subma-
rine springs at Stoupa region (Peloponnese). The study area is formed by inten-
sively karstified carbonate rocks, flysch, Neogene sediments and Quaternary de-
posits. The high potential karstic aquifer is been discharged via coastal and 
submarine springs in Messinian Gulf. The submarine spring (Anavalos) is brack-
ish to saline (EC: 0.023-5.438 S/m and Sal: 0.14-39.12), periodically acquires 
freshwater characteristics and it is not suitable for exploitation for human con-
sumption. Among the four coastal springs, two of them having permanent flow, 
appear brackish, while the other two are of freshwater and flow periodically dur-
ing the wet period. The tracer test pronounced a SW direction of groundwater flow 
and relatively high velocities, up to 150m/h, revealing the intense karstification of 
the carbonate formations.   

1 Introduction 

The coastal karstic aquifers are an important part of water resources and some-
times the only available to be used in a region, although their exploitation tend to 
be very difficult mainly due to technical problems. The coastal karstic systems 
discharge through coastal and/or submarine springs. However, most of the subma-
rine discharges remain unexploited primarily because of their direct contact to 
seawater. This fact leads to water quality degradation. In most cases, the subma-
rine springs are characterized by high discharge rates. The karstic system of SW 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Taygetos (Fig. 1) is consisted of intensive karstified Cretaceous and Triassic-
Jurassic carbonate rocks. The aquifer presents high potentiality and is been dis-
charged through coastal springs which appear in the bay between Kardamily- 
Stoupa- Ag. Nikolaos. One of the greatest submarine discharge is the Anavalos 
spring (Stoupa-Kalogria bay), which was also the main subject of the hydro-
geological investigation. The municipality of Lefktron has to drill with the defi-
ciency of water resources as only a part of the water supply needs are covered 
through wells and boreholes. However, the intensive withdrawal from wells and 
boreholes along the coastal area induces intrusion of saline water towards coastal 
groundwater intakes, especially during the dry period. The marine investigation 
was carried out by a research group of HCMR (Hellenic Centre for Marine Re-
search) the period between June 2009 and June 2010 and was focused on the sub-
marine spring discharge function, and the monitoring of its quantitative and quali-
tative characteristics (HCMR 2010). On the other hand, the terrestrial survey was 
conducted by a research team of the Mineralogy-Geology Laboratory of the Agri-
culture University of Athens aiming the investigation of: a) the geological and hy-
drogeological conditions in the area of SW Taygetos, b) the functioning of the 
karst system and c) the estimation of the adequacy of the Anavalos discharges for 
human consumption (Stamatis 2009). The ultimate purpose of this combined re-
search was to take further decisions on the use and exploitation of the submarine 
spring (Anavalos) in order to cover the water supply needs of the region. The re-
search was funded by the municipality of Lefktron and Messinia Prefecture.  

2 Study area 

Geological setting: The study area is part of the Mani geotectonic unit, which ap-
pears as a tectonic window (Fig. 1). Above the Mani unit there is a sequence of 
thrusts with different nappes resting on top including successively from the base to 
the top the Arna unit, the Tripolis unit and the Pindos unit (northwards) respec-
tively. The Mani unit has a thick large carbonate series, with frequent siliceous 
intercalations that end up with the metaflysch. Above the Mani unit within the 
study area, the overthrust series of the Tripoli geotectonic unit is resting on the top 
with the carbonate formations of Cretaceous that end up with the (Oligocene?) 
flysch. At the east part of the Messinian gulf Neogene marine formations (Plio-
cene) are encountered consisting of marls, marly limestones and conglomerates 
while Quaternary deposits resting above are represented by Pleistocene terraces, 
old and recent fans, scree as well as by alluvial deposits. The major part of the 
study area is formed by intensively karstified carbonate rocks, in that a significant 
aquifer is developed. The wide spread of the carbonate sequences combined with 
the neotectonic  deformation of the area, have led to the formation of a complex 
and extensive surficial, but mostly underground karst (Papanikolaou and Skarpelis 
1987; Migiros et al. 2008). 
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Hydrogeology: Within the karstified carbonate rocks a series of coastal springs 
and submarine discharges in the gulf of Stoupa drainage the karstic aquifer. The 
underground water, following the trend of the major structures has initially a N-S 
direction flow, which turns to be E-W when it comes along with the transverse 
faults within the area. The discharge rates both of the coastal springs and of the 
submarine springs are characterized by strong seasonal fluctuations. Especially the 
coastal springs Sc2 and Sc3 appear only during the wet period after excessive rain 
and act as regulators of the karstic aquifer relief.  

 
Fig. 1. A simplified geological map of the study area (Katsikatsos et al. 1983); 1: Alluvial 
deposits (Holocene); 2: Scree (Holocene); 3: Old & recent fans Holocene); 4: Terraces 
(Pleistocene); 5: Marine formations (Pliocene); 6: Limestones, dolomitic limestones (Cret- 
U.Jurassic); 7: Flysch (U.Eocene-Oligocene); 8: Limestones (U.Senonian- U.Eocene); 9: 
Crystalline limestones (U.Jurassic-Cretaceous); 10: Sillicate schists (L.-M.Jurassic); 11: 
Dolomitic limestones- dolomites (M.-L. Triassic); 12: Phyllitic- quartizic series (Permian- 
L.Triassic); 13: Antcline; 14: Syncline; 15: Normal; 16: Probable; 17: Overthrust; 18: Injection 
point (Uranine dye); 19: Borehole; 20: Coastal spring; 21: Submarine spring. 

According to the HCMR measurements the estimated discharge rate of the 
Anavalos varies between 720 m3/h and 4500 m3/h (HCMR 2010), while for the 
coastal springs Sc2 and Sc3 varied between 0-80m3/h and 0-250m3/h respectively. 
The recharge area of the submarine karstic springs and of the groundwater aquifer 
in general, is located in eastern and northern area of Stoupa, between the hydro-
logical basins of Ridomo, Biros and Ag. Nikolaos. The springs appear scattered in 
the mountain of Taygetos following the tectonic structures and the fracture zones. 
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These are contact springs appearing to the contact between the U.Cretaceous-
Eocene limestones and the L.Cretaceous- M.Jurassic multimict formation (carbon-
ate- siliceous- clastic), as well as at the contact of the above quoted limestones and 
the flysch. The springs appearing at the semi-mountainous and mountainous re-
gion are related to the Plio-Pleistocene formations and show low discharge rates. 
Aquifers of limited efficiency are found within the Neogene sediments and Qua-
ternary deposits developed in lowland. Their recharge is obtained through precipi-
tation and mainly via lateral seepage by the karstic aquifer. The aquifers within the 
plain area are of intense exploitation by a large number of wells and boreholes for 
water supply and irrigation. The discharge rate of the wells is estimated at 10-
15m3/h, while on boreholes at 30-40m3/h. 

3 Groundwater quality 

Between September 2009 and October 2010 several samplings of local boreholes 
(B1, B2, B3, B4), the submarine spring (Sud) and of coastal springs (Sc1, Sc2, Sc3, 
Sc4) have been held. The sampling aimed to the investigation of the qualitative 
composition of groundwater in the region, especially of the Anavalos spring. 
Measured in situ with portable instruments: discharge rate of springs Q L/s (Flow 
Probe FP101/Global Water), temperature T (oC), electrical conductivity EC 
(mS/cm) (WTW/LF-330) and pH (WTW/330i). At the laboratory were identified 
by using titration methods, spectrophotometry (HACH, DR/3000), flame pho-
tometry (Flamephotometer INTECH/420) and atomic absorption (GBC/908AAS) 
the following parameters: Hardness, Ca2+, Mg2+, Na+, K+, HCO3

-, Cl-, SO4
2-, NO3

-, 
NO2

-, NH4
+, PO4

3-, Br-, SiO2, and the heavy metals, Fetot, Mn, Cu, Cd και Zn. The 
hydrochemical analyses took place on the Mineralogy- Geology Laboratory of the 
Agriculture University of Athens (Table 1). Boreholes B2 and B3 provide very 
good water quality, with seasonal fluctuations (EC: 510-810μS/cm, TDS: 429-773 
mg/L, Na+: 12.9-110.3 mg/L, Cl-: 17.7-248.2 mg/L and SO4

2-: 5.9-19.2 mg/L). 
However, boreholes B1 and B4 reveal intense seawater intrusion (EC: 1465-3360 
μS/cm, TDS: 415-2254 mg/L, Na+: 15.6-436 mg/L, Cl-: 17.7-1170.2 mg/L and 
SO4

2-:5.9-106.2 mg/L). The intrusion dominates mostly during the dry period 
when water demands are increased. Seasonal springs Sc2 and Sc3, show variable 
values of electrical conductivity (782-953μS/cm), and TDS (591-659 mg/L). Ac-
cording to the concentration of Na+ (Sc2: 124.1mg/L and Sc3: 96.1 mg/L) and of 
Cl- (Sc2: 216.3 mg/L and Sc3:190.1mg/L), it is obvious that both springs are 
slightly affected by the seawater. Sc1 spring shows continuous flow, and is char-
acterized by low temperature between 12.2 and 13.8 �C and by seasonal fluctua-
tion as far the electrical conductivity is concerned (EC:585- 2980 μS/cm), while 
during the tracer test period it was 1.145 μS/cm. The permanent flow spring Sc4 
shows high intrusion during the whole year (EC: 5800-6970 μS/cm, TDS: 3302-
3873 mg/L, Na+: 949-1.095mg/L, Cl-: 1800-2180mg/L and SO4

2-: 98-280mg/L).  
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All samples collected by the submarine Anavalos spring, show very high intru-
sion (EC: 19020-45900μS/cm, TDS: 10949-28222mg/L, Na+: 3198-8620mg/L, Cl-

: 6596-17376mg/L and SO4
2- :110-140mg/L) revealing the mixture of karstic water 

with seawater. It is difficult to conclude whether the mixture takes place into the 
karstic aquifer or in the discharge point, mostly due to technical reasons. 

The specialized team of HCMR placed advanced equipment, as closest as pos-
sible to the Anavalos discharge point and recorded several series of measurements 
during the investigation. The results showed that the lowest chemical values ap-
pear during the wet period, after long term precipitations, while the highest values 
during the dry period (T: 12.1-26.1 oC, EC: 0.023-5.438S/m and Sal: 0.14-39.12 
(HCMR 2010). According to this evidence we concluded that the submarine 
spring water quality is inappropriate for human consumption, so its utilization is 
not indicated. Generally, the overexploitation of the coastal aquifers, especially 
during the dry period causes locally salinity effects, which are limited during the 
wet period. 

4 Tracer test  

On 15.01.2010 a tracer test took place on the SW slopes of Taygetos Mt. in order 
to investigate the direction and the velocity of groundwater flow and the hydraulic 
connection between the surface water of SW Taygetos Mt. and the karstic 
groundwater. The injection point was sited near Kastanea village, within the 
Megalo Lagadi stream. The tracer test began in 23:00pm during excessive rainfall, 
which had already begun an hour before. As trace element was used 10 kg 
Uranine dye (Uranine, Na-Fluorescein C20H10O5Na2). The dye was dissolved in 
approximately 50 L plastic bottles of water. The monitoring points selected were 
two of the water supplying boreholes of the municipality B1 and B2, four coastal 
karst springs Sc1, Sc2, Sc3 and Sc4 and the Anavalos spring (Sud). The sampling 
began on 16.01.2010, at 06:00 and finished on 23.01.2010, at 16:00. Samples were 
taken every two to three hours from the monitoring points.  

In all 325 water samples was taken. The water samples were collected into 
100ml polythene plastic vials, and maintained in darkness until their analysis. The 
Uranine was detected in all samples. The detection of the Uranine dye took place 
in the Laboratory of Mineralogy- Geology of Agriculture University of Athens, 
with the use of PERKIN/ELMER LS3 Spectrofluorometer. Figure 2 demonstrates 
the breakthrough curve for Uranine in Sc1 spring as well as the curve of recovered 
Uranine. The initial arrival of the dye was 8 hours after the injection, while the 
maximum concentration revealed 34 hours later. The appearance of other charac-
teristic peaks with high dye concentration, after the gap, has to do with the exces-
sive rainfall during the next days, which has probably flushed the dye from the 
karstic conduits in the karst system. The representative times after injection and 
the perspective flow velocities were recorded in all monitoring points.  
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Fig. 2. Breakthrough curve for Uranine, Sc1 spring (Printzipas) and the respective cast line. 

In Table 2 representative results are presented. The maximal flow velocity 
(Vmax), which is taken as the velocity that corresponds to the first appearance of 
the tracer, has a mean value of 497.6m/h.  

Table 2. Time appearance of the Uranine and groundwater flow velocities. 

Monitoring points  Sc1 Sc3 Sc4 Mean Value 

Total distance from injection point (m) 5200 5250 5800 54175 
t1 (h) 8 8 31 15.6 

Initial arrival of Uranine dye 
Vmax (m/h) 650 656 187 497.6 
t2 (h) 34 34 58 42 

Maximal concentration 
Vdom (m/h) 153 155 100 136 
t4 (h) 72 96 88 85.3 

Last appearance 
Vmin (m/h) 72 55 66 64.3 

Recovered Uranine Conc. (gr) 38 3095 68 Τ=3201 (32%) 

The dominant velocity (Vdom), which is defined as the time that corresponds to 
passage time of the maximal concentration, has a mean value of 136 m/h. Finally, 
minimum velocity (Vmin) corresponding to the last appearance of the Uranine dye 
has a mean value of 64.3 m/h. The recovered amount at the sampling springs was 
3.201 gr that represents 32% of the total injected amount of Uranine, which was 
10kg. Apparently, a great amount of the Uranine injected, was been discharged by 
the submarine spring within Stoupa-Kalogria bay, which was impossible to meas-
ure. Another explanation could be that an amount of the dye was trapped in the 
fissures of the karst system. Generally the flow velocities of the karst aquifer are 
very high due to the intensive karstification. The values of the flow velocities of 
SW Taygetos karst system are comparable with the values of the flow velocitites 
derived from tracer tests in other karst systems (Morfis and Zojer 1986; Stamatis 
and Zagana 2004; Stamatis 2010).  
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Conclusions 

Within the karstified carbonate formations, an aquifer of high exploitation poten-
tial has been developed. Numerous hydrochemical analyses of the coastal springs 
and the submarine (Anavalos) spring water, took place generating the following 
conclusions: a) the submarine spring is brackish, while periodically obtains char-
acteristics of freshwater, but it is still inappropriate for human consumption, b) 
among the four coastal springs, two of them having permanent flow, appear brack-
ish while the other two are of freshwater and flow  periodically during wet peri-
ods. Thus, they cannot contribute to the solution of the water supply deficiency of 
the area. According to the results of the tracer test, we came up with the following 
conclusions: i) there is a direct hydraulic connection between the injection point of 
the Uranine dye, the coastal springs and the submarine Anavalos spring, ii) the 
groundwater flow has a SW general direction, in accordance with the slope direc-
tion of the geological layers and the fault structures and iii) the mean velocity of 
the groundwater flow is estimated at about 150m/h, revealing the intense karstifi-
cation of the carbonate rocks and obviously the cavernous regime that dominates 
in the area.  
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Abstract Submarine groundwater discharges (SGD) in the SW Peloponnesus are 
ubiquitous, but the Kalogria Bay underwater spring is surprisingly permanent, and 
strong, according to previous information. During 2006, preliminary investiga-
tions revealed the presence of SGDs characterized by high discharges of freshwa-
ter (salinity <2). The possibility of potential use of the SGD water for drinking 
purposes motivated a multi-disciplinary study of the spring from July 2009 to July 
2010. The spring discharges at ~26 m depth, at the section of two faults, which 
expose the limestone bedrock to the surface of the seafloor. Monitoring of flow 
velocity, temperature, and salinity every 30 minutes was achieved by the deploy-
ment of a lander, equipped with various sensors, designed and modified accord-
ingly for the purposes of this study. The results have shown high flow velocities 
(>125 cm s-1), which correspond to a discharge estimate of 4500 m3 h-1. Salinity 
variations were high, but minimum values ~1-2 were constantly recorded since 
mid-October 2009, and until the beginning of May 2010, where abruptly salinity 
increased to values higher than 12. The complex morphology of the seabed at the 
SGD point, which was covered by a big rock, is probably creating a rather fast 
mixing of freshwater and ambient high salinity water. Under these conditions, the 
potential exploitation of the spring water was not justified.  

1 Introduction 

The general scarcity of drinking water worldwide has attracted the attention of 
scientists to study in more detail submarine groundwater discharges (SGD), which 
could provide water for irrigation and in some cases for drinking purposes (Tani-
guchi et al. 2002). SGDs are known since the Roman geographer, Strabo, who 
lived from 63 B.C. to 21 A.D., mentioned a submarine spring (fresh groundwater) 
four kilometers from Latakia, Syria. Water from this spring was collected from a 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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boat, utilizing a lead funnel and leather tube, and transported to the city as a 
source of fresh water (Taniguchi et al., 2002; UNESCO, 2004). Another particu-
larly spectacular example of such use involved the construction of dams in the sea 
near the southeastern coast of Greece. The resulting “fence” allowed the formation 
of a fresh water lake in the sea that was then used for irrigation on the adjacent 
coastal lands (Zektser 1996; Burnett et al. 2003). So far, this is the only SGD ex-
ploited continuously since the 1970’s for irrigation in Greece. 

The main goal of this study is to present, for the first time, one-year high reso-
lution monitoring of hydrological data for the Kalogria Bay SGD, near Stoupa 
town, in SW Peloponnissos (Figs. 1a). Bathymetric and geophysical surveys were 
also carried out in order to unravel the complexity of the underwater features of 
the area. 

   
Fig. 1. Study area location (a) and geophysics tracks and SGD location (b). 

2 Materials and methods 

Bathymetry 

The bathymetric measurements were conducted along 50-m distance tracks, and 
near the SGD 20-m distance, and orientation W-E, utilizing the ELAC 
SEABEAM 1180, in combination with the Inertial Positioning and Altitude sys-
tem CODA and the Sound Velocity Probe CTD 048 M. The R/V ‘Orion’ position 
was controlled by DGPS systems Trimble R8 L1/L2, Trimble 5800 L1/L2, and 
GNSS radio for HEPOS RTK and DGPS corrections. The same instrumentation 
was used for the topographic measurement of the coastline. 

(a) 
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Geophysics 

Sub-bottom profiling tracks (Fig. 1b) were conducted with BOOMER of Geoac-
oustics Ltd., which is suitable for penetrating coarse sediments at frequencies 1-3 
kHz.  

The surficial morphology of the seabed was recorded with side scan sonar by 
Geoacoustics Ltd., operating at 500 kHz. 

Time series 

Sensordata 6000 current meters specially modified (curved blades) for measuring 
vertical water flow were used to monitor the velocity of the underwater spring’s 
freshwater/brackish flow. Conductivity and temperature were recorded with SBE-
37 by Sea-Bird Electronics Inc. Sampling was set to 30 min. An autonomous un-
derwater γ-ray spectrometer (KATERINA) was deployed simultaneously with the 
other sensors to measure, among other radionucleides, 222Rn activity; details on 
the sensor principles and preliminary results are given by Tsabaris et al. (2010). 
All sensors were assembled on a lander designed and constructed for the specific 
needs of the SGD measurements. The lander was modified during the survey ac-
cording to different requirements; e.g. due to failure of the sensors, mainly by sand 
and pebble blocking, it was decided to use pairs of sensors, instead of a single one. 
Placement of the lander the nearest possible to the spring outflow was performed 
by experienced divers. 

3 Bottom morphology and SGD features 

The morphology of the seabed is characterized by depths 20-40 m with smooth 
slopes in the NW sector. At the central sector, a crest with orientation NE-SW and 
relatively sharp slopes dominates; it extends ~500 m to the NE and then fades at 
shallow depths (10-11 m). The SGD depression appears to the SE sector of the 
area in a short distance (~150 m) from the coast (Fig. 1b). According to the geo-
physical recordings, the bedrock (most probably limestone) ascends to the surface 
of the seabed at the area where two fault lines converge (Fig. 2). The fault surfaces 
are vertical and covered by rich flora. The underwater feature is oriented W-E and 
its approximate length is 50-60 m, where as the N-S width is about 20 m (Fig. 3). 
During autumn and winter four single point springs of varying intensity were ob-
served by the divers, which however did not operate throughout the survey period.  
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Fig. 2. 3-D representation of the SGD depression. Dashed lines: faults. 

 
Fig. 3. Sketch of the SGD depression. 

The only permanent and most impressive was SGD-1, emanating at 25-26 m 
depth (Fig. 3). The SGD-1 was covered by a limestone rock (dimensions ~5x4x1 
m), thus direct placement of the lander exactly on the main outflow was impossi-
ble. Except for the apparent morphological obstacles, another problem was the 
safety of divers, as the water jet was flowing vertically towards the surface with 



Submarine groundwater discharges in Kalogria Bay, Messinia-Greece 473 

high velocity. At times of high discharge, the divers could hardly reach the SGD 
without the danger of abrupt ascending, which is extremely dangerous. On the 
other hand, they described blasts of smaller water jets from all around the rock, 
thus hampering their underwater activities (lander placement and water sampling). 
It should be noted that the seabed around the main SGD was covered by rock de-
bris, coarse sand, and after every visit (9 in total) the underwater landscape was 
slightly different, indicating strong flows and continuous movement of small and 
larger rock fragments. At the surface, the outflowing water creates a gyre with va-
riable diameter, from 25 to 60 m, visible from long distance. 

4 Hydrological parameters 

Flow velocity 

During the first deployments in summer 2009, and until the first days of October 
2009, the flow of the main SGD was stable ~20 cm s-1 (Fig. 4). A major peak ex-
ceeding 120 cm s-1 was recorded in late October 2009, and another one in mid-
January 2010, when the lander was positioned to the south side of the limestone 
rock and therefore not at the core of the SGD jet. The divers were not able to reach 
the site due to extreme outflow of freshwater. Relatively high flow velocities were 
recorded during the entire spring season (~60-80 cm s-1) and until June-July 2010, 
when they decreased gradually from 40 to 20 cm s-1. 

An important outcome from time series study is the phenomenon of sharp gaps 
between successive deployments. This shows that the environment is exceptionally 
dynamic and variable, thus even a few 10s of centimeters of difference in the lander 
location resulted in great variability of the hydrological measurements. The pres-
ence of the limestone rock probably plays an important role in the geometry of the 
SGD, as it disrupts the normal upward and vertical flow, it generates increased tur-
bulence. In addition, it may favor in-situ rapid mixing of groundwater and seawater. 

Another issue that deserves particular attention is the difficulty in the estima-
tion of the area of the spring which actively emanates water (in m2). Therefore, the 
calculation of discharge can be only based on the divers’ observations. It seems 
likely that an area of at least 1 m2 was actively discharging groundwater, but this 
is probably a conservative estimation. According to this value, the discharge of the 
main SGD ranged from 720 to 4500 m3 h-1 during the survey period. Such high 
fluxes are commonly expected in karstic and fractured formations (Gallardo and 
Marui 2006). According to Taniguchi et al. (2002) the areal extent of offshore 
SGDs and the groundwater flux are largely unknown. In the present study, the on-
ly way to estimate accurately the flux would be to remove all rocks blocking the 
access to the SGD and to measure the discharge area of the SGD. However, this 
operation would be rather costly. 
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Finally, it is noteworthy that during the survey the current meters suffered twice 
blocking of the rotor by falling pebbles, and one time the entire blade part was 
lost. Therefore the use of twin sensors proved to be the best solution to ensure data 
recovery from the hostile (for the instruments) environment of the SGD. 

 
Fig. 4. Time series of flow velocity during the survey period. Red lines indicate deployment 
dates. From the 14th of November 2009 to January 20th 2010 the lander was positioned a few 
meters away from the main discharge point due to extremely intense freshwater outflow making 
access impossible. 

Salinity and temperature 

Considering the main scope of the survey, i.e. to verify if freshwater would be 
constantly outflowing from the SGD, salinity was probably the most critical pa-
rameter to monitor, together with groundwater volume. From the first deployment 
during July 2009, it became obvious that brackish waters were prevailing until Oc-
tober 2009, when salinity decreased to low values (Fig. 5). It is remarkable that 
during the deployment on the 9th of September 2009, the salinity increases from 
~20 to values greater than 30. Similarly, during other recoveries and re-
deployments salinity pattern exhibits substantial differences. This can be ex-
plained only by the specific conditions that prevail in the SGD area, and particu-
larly to high turbulence. The synergy of explicitly complex underwater topogra-
phy, the presence of the limestone rock on top of the main spring discharge point 
result in high variability of all measured parameters even during the same de-
ployment period (e.g. 20/1-3/3 2010). In general, low salinity values representa-
tive of freshwater inputs were recorded from October 2009 to May 2010, indicat-
ing that the SGD emanated freshwater, which was rapidly mixed with ambient 
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seawater of high salinity (~39). This period coincide with rainfall and snow melt-
ing, which supply the aquifers with freshwater. 

Nevertheless, during the deployment 23/3-12/5 2010 it appears that without 
moving the lander to another position, there is a sudden increase in salinity, main-
tained until the end of the measurements. This is probably a critical point where 
freshwater discharges decrease (see also Fig. 4) to a threshold that causes saliniza-
tion of the submarine groundwater (recharge) and triggers the recirculation and 
discharge of brackish waters (Taniguchi 2002). This phenomenon may be intensi-
fied by human intervention, since May is usually the month of the year when irri-
gation commences, and the operation of numerous private drill holes apparently 
pumps significant amounts of water from the aquifers feeding the SGD system.  

 
Fig. 5. Time series of salinity during the survey period. Red lines indicate deployment dates. 

Temperature records may be separated in two periods: (i) May to October, with 
temperature mostly regulated by the ambient seawater temperature (18-26 °C); and 
(ii) November to April, when freshwater spring discharges have a clear signal 
~12.2 °C, often recorded by the sensors. In general, temperature and salinity ex-
hibit similar trends and represent the influence of submarine groundwater inputs in 
the area. 

5 Conclusions 

The Kalogria SGD in Messinia, Greece, is a unique site that currently concentrates 
a wealth of information, far more than any other Greek SGDs. The initial target of 
the study was to ascertain that potable water could be available for the local com-
munity. Our survey proved that the SGD is largely unsuitable for exploitation. 
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During the autumn and winter freshwater emanates from the spring, however 
strong turbulence causes fast mixing with seawater of high salinity. At the same 
time, the flow velocity is generally high, and water discharge was more than 4500 
m3 h-1. On the contrary, during spring and summer the spring’s water was brack-
ish, and accompanied by relatively low discharge (~720 m3 h-1). 

The high variability of salinity, velocity (and temperature) measurements show 
clearly that the SGD is a highly dynamic environment. The presence of a lime-
stone rock, which covers the primary SGD, makes it difficult to obtain more accu-
rate measurements and also to estimate actual dimensions (area) of the spring. 
Additional work in needed to identify the exact mechanism that enhances rapid 
mixing, and possibly the hydraulic conditions, which favor the salinization of the 
aquifer during spring and summer. 
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Abstract   Ag. Taxiarches is one of the several springs that discharge Eryman-
thos mountain chain underground water in South Achaia (Peloponnese). The 
prevailing geotectonical unit is Olonos-Pindos, constituted mainly of deep-sea 
sediments consisted of carbonate, siliceous and clastic rocks. In order to realize 
the type and the expansion of the karstification into Upper Cretaceous-
Paleocenic carbonate rocks, we carried out an experiment based on the imple-
mentation of tracer tests. The tracer we used was Uranine, and the whole pro-
cedure was completed in a day time. During this procedure, the velocity of the 
dissolved Uranine on the surface stream was also calculated. Furthermore, the 
mean underground water flow was determined, concerning to the karstic net-
work system. In order to test the hydraulic conductivity, water samples were 
collected both from the physical exit of the spring and the interior of the adja-
cent underground river. The calculated mean velocity for both surficial and 
ground water flow velocity is about 160m/h, revealing the expected expansion 
of karstification. Thus, it is obvious that the Ag. Taxiarches discharging water 
is highly vulnerable in any water dissolved pollutant.  

1 Introduction – Purpose 

The area belongs to Regional Unit of Achaia, in Northern Peloponnese, 30 km SW 
of Kalavryta city. Ano and Kato Vlassia are the closest villages, 3 and 4 km re-
spectively to the north. The surrounding area is located on the NE parts of Ery-
manthos Mountain chain in the Selinous river hydrological basin, where altitudes 
range from 750 m up to 2169 m a.s.l.; the second highest summit after Olonos 
(Fig. 1). Thus, Ag. Taxiarches is one of the several springs which discharge sig-
nificant water volumes, flowing northeastwards to the Corinth Gulf, and forming 
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the southernmost catchment area of Selinous river. Nearby to spring, there is an 
extensive underground karst system, developed in multiple levels.  

The main objective of this study is to test hypothesis of direct infiltration of 
surficial stream water into the Upper Cretaceous-Paleocenic carbonate rocks, to 
define the hydraulic connection of the penetrated water into subsurface karstic 
river and finally the adjacent Ag. Taxiarches spring.  

 
Fig. 1. Topographical map of the wider region, showing the tracing test area (based on HMGS). 

2 Geological setting 

Geotectonic units from both the Internal and External Hellenides are present in 
Peloponnese (Jacobshagen 1979, Papanikolaou 1997). The Internal Hellenides 
crop out only the Argolis area of eastern Peloponnese, whereas the rest of it is 
mostly composed by the geotectonic units of External Hellenides. The tectono-
stratigraphically subjacent unit is the Ionian, in the northwestern part of Pelopon-
nese, as well as the metamorphosed equivalent of Mani – Crete (Plattenkalk) to 
the southeast. Upwards, there is the Phyllite - Quartzite unit in central to south-
eastern. Above is the Tripolis unit with the largest coverage. Lastly, the Olonos – 
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Pindos geotectonic unit is thrust on Tripolis and has widespread exposure too, in 
northern, central and southwestern Peloponnese; moreover, it constitutes the rocks 
of the study area. Significant areas mainly in western and north Peloponnese are 
covered by post alpine sediments very thick in some cases.  

 
Fig. 2. Geological map of the tracing test area (based on Tsoukalas 2006). 

The Alpine formations of Olonos – Pindos represent one of the most character-
istic tectonic nappes in Hellenides. The NE Erymanthos Mountain is formed by 
the whole sedimentary succession (Tsoukalas 2006) (Fig. 2). The upper Triassic 
clastic sediments compose the basal lithological unit of the stratigraphic sequence, 
containing alternations of sandstones and pelites with minor carbonate intercala-
tions. The following formation is the Triassic “Drymos limestones”. The maxi-
mum thickness of this lithology is around 60 m, sporadically including interbed-
ded chert. This is overlain by an at least 100 m thick radiolaritic sequence. Besides 
the siliceous part, there are also intercalations of pelites and limestones, mostly in 
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the base and top of the succession. Moving upwards, the relatively thick Upper 
Cretaceous carbonate successions are ubiquitous, outcropping significant part of 
the area and mostly the peaks of the Erymanthos horst. This outstanding lithologi-
cal unit has a total thickness of 200 – 250 m, where platy limestone is predomi-
nant. The next unit contains the 120 m transitional sediments to flysch. The car-
bonate proportion is decreasing with simultaneous increase of marls, black cherts 
and pelites. Flysch is the stratigraphically uppermost part of the succession with a 
sandstone-pelitic composition.  

Due to the thin-bedded character and differential lithofacies of each individual 
formation, the entire column shows extraordinary ductile and brittle deformation. 
The whole sequence is tectonically placed in imbrication structure, caused by the 
Alpine tectonic deformation. The general construction of the studied area follows 
this type of deformation and as a result, is the appearance of successive up-
thrusting formations and strong folded beds. Due to this structure we have the re-
pentance of the lithological units. 

3 Hydrogeology - Karstology 

According to Nikas (2004), the part of hydrogeological basin in the study area, 
receives significant amount of precipitation, varying from 1,200 mm to the lowest 
altitudes, up to 2,000 mm to the highest per annum. Furthermore, the calculation 
of the karst springs discharging rates in Ano Vouraikos basin -a few kilometers to 
the east- in the same Upper Cretaceous limestones, yielded an infiltration coeffi-
cient of 47% (Giannatos 1999). This number indicates high permeability of the 
carbonate rocks.  

By the aforementioned formations, “Drymos” limestones, Upper Cretaceous 
limestones and the superjacent transitional sediments to flysch are permeable and 
consequently important for the overall hydrological conditions. On the contrary, 
the rest three lithologies comprise the impermeable rocks. In our case, radiolarites 
constitute the major impervious rock, whereas in agreement with the stratigraphi-
cally above Upper Cretaceous limestones, the latter are able to accommodate and 
release via springs, remarkable groundwater volumes (Fig 3a). Furthermore, it is 
considered that the underground water flowing follows not only the expanded tec-
tonic discontinuities and faults, but also the stratigraphy which arise by the sili-
ceous rock intercalations. 
 Consequently, the obvious reason of water infiltration and underground water 
flow, remains the karstification of carbonate rocks (Fig 3b). In the surrounding 
area of few tens of square kilometers, the Olonos – Pindos geotectonic unit con-
tains remarkable surface karst landforms such as karrens, shallow dolines, gorges 
and dry karst valleys are developed. Moreover, subsurface karstification is present 
with caves, potholes, underground river with karstic conduits, classifying it to the 
Transitional type of karst (Tsoukalas and Papadopoulou 2004). 
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Fig. 3. a: The Ag. Taxiarches spring (in the front); the natural exit of the subsurface karstic river 
with emerging water (in the back) and b: the interior of the karstic river. 

It is consisted of several levels of karstification, in an overall height of 100 m, 
creating corresponding caves. The most significant of them is an inflow cave with 
a total length of 215 m. The general direction is from south to north, following of-
ten the strike direction (NNE-SSW) of the Upper Cretaceous limestones as well as 
faults and fractures of similar or perpendicular direction. This underground river is 
active during the whole year. In wet seasons, water comes out from the natural 
exit, whereas when the flowing volume decreases, the water is completely cached 
by at least two karstic conduits and gradually remains one, 158 m deeply in the 
rock mass.  The above spring is situated ten meters southwards from the exit of the 
cave, at 900 m a.s.l., in a steep slope. Regarding to the operational mechanism the 
spring is classified as overflow spring (Soulios 2010). The annual mean discharge 
volume of the spring is about10 L/s, according to field measurements of first au-
thor, during 2002.  

4 Tracing procedure and experiment  

The unraveling of the underground karst drainage system, its geometric parame-
ters and water provenance, the relationship with the surface runoff, and the sig-
nificance of karst water in total, excites the interest of the geoscientists to accom-
plish ground-water tracing study. Thus, a few decades ago Morfis and Zojer 
(1986) carried out pioneering tracing projects in eastern Peloponnese, extracting 
important hydrogeological and karstological implications by qualitative and quan-
titative point of view. 

In our research, the tracing test deviated from the typical procedure where the 
dye is injected in a point of absolute infiltration. The test modified in order to ex-
plore the ability of the thin-bedded carbonate rocks to absorb gradually and spa-
tially the surficial water from the riverbed. In this way, on the 4th of December 
2004 at 11:10 a.m., Uranine tracer was dissolved and diffused in the stream at 960 

a b 
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m of altitude, following the flow direction of the current northwestwards ap-
proaching the main stream which is Selinous River. 

The sampling positions were two. The one was the Ag. Taxiarches spring, 
north-westwards from the tracing point. The latter was also in the same direction 
inside the underground river, right before the position of the active karstic con-
duit. The distance (path) from the tracing point to the spring is about 700 m, and 
550 m respectively from the underground river sampling point. The first samples 
were received in 20 min from the cave sampling point and in 50 min from the 
spring. Sampling was continued with time intervals of 30 min to 1 h for the first 
hours, whereas the entire procedure lasted for almost 23 hours. Uranine dye was 
slightly able to be seen macroscopically flushing from the spring after 4 h and 20 
min; in agreement with the maximum concentration indicated from the break-
through curve (Fig. 4a, b). The maximum concentration in the subsurface river 
appears almost an hour before. Furthermore, the first arriving of the dissolved 
substance in the spring is after 3 h and 50 min, whereas in the cave in almost 3 h 
respectively.  

The curve of Uranine concentration illustrates that 6 h 30 min after the begin-
ning and 5 h 50 min respectively in the spring and the cave, most of the material 
has been washed out.  

 

 
Fig. 4. a: Uranine breakthrough curve from the sampling point of the subsurface karstic river, b: 
Uranine breakthrough curve from the sampling point of the Ag. Taxiarches spring. 
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5 Conclusions – Results 

The tracing experiment took place in Ag. Taxiarches karst spring, followed a rela-
tively different procedure, where the Uranine tracer was dissolved and diffused in 
the stream. The sampling positions were two; the Ag. Taxiarches spring, north-
westwards from the tracing point and the underground river in the same direction. 
The ultimate goal was the exploration of the ability of the thin-bedded carbonate 
rocks to absorb gradually and spatially the surficial water from the riverbed.  

Taking into consideration the relative distance from the throwing point to those 
of collecting, the dominant flow speed according to the maximum concentration of 
the Uranine was calculated for both, spring and cave, as 162 m/h and 165 m/h re-
spectively. Additionally, the calculated current speed, based on the surficial tracer 
propagation in the river stream is about 340m/h, as it was measured in the field. It 
is obvious that, analyzing the breakthrough concentration curves, the rapid culmi-
nation and the following exponential decrement reveals a karstic aquifer with con-
siderable karstification (Koutsi and Stournaras 2005; Stamatis 2010). 
Acknowledgments   We would like to thank Ass. Prof. Papadopoulou – Vrynioti K. for the ini-
tial idea of the experiment. We would also like to acknowledge Dr. Ioannou P. for the lab assis-
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Abstract   The objective of this work is to determine the coefficient of effective 
infiltration in Kourtaliotis karstic basin (S. Crete). Initially, the geological struc-
ture of the catchment basin that drains through Kourtaliotis springs was investi-
gated and its boundaries were defined. Following, the coefficient of effective infil-
tration was determined by hydrologic balance calculations. The estimated value 
can be used for the determination of hydrologic balance of other basins in Crete 
with similar geology, physiographic and climatic conditions, contributing in the 
rational exploitation of the aquifers.  

1 Introduction 

Kourtaliotis hydrogeologic basin is in the southern part of Rethymno Prefecture 
and is formed of carbonates rocks (Tripolis and Pindos zones).  

The basin discharges through a series of springs located in various altitudes and 
sites. Kourtaliotis spring comprise the main discharge outlet with mean annual 
yield 38.8×106 m3. 

The hydrogeologic basin of Kourtaliotis was evaluated as exemplary for the as-
sessment of the effective infiltration in carbonate formations (Tripolis zone). The 
calculations were based on the groundwater balance of the karst spring.  

2 Geology - Hydrogeology boundaries of Kourtaliotis 
spring catchment 

In the southern part of Rethymno Prefecture, the catchment of Kourtaliotis spring 
is formed of limestone and dolomite formations (Tripolis zone) that are widely 
thrust onto Phyllites-Quartzites series.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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The surface geological formations in the area are displayed in Figure 1 
(Karakitsios 1982, Bonneau 1982) and the geological section AA’ (Fig. 2) pre-
sents the geological structure in depth. 
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Fig. 1. Geological map of the study area. 
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Fig. 2. Cross geological section of the Kourtaliotis basin along line AA’ (Fig. 1). 1: Alluvium 
deposits / Neogene formations, 2: Flysch of Tripolis zone, 3: Carbonates of Tripolis zone, 4: 
Phyllite-Quartzite series. 

Kourtaliotis basin is a calcareous karstic, hydrogeological system with well-
defined permeability boundaries and forms a separate hydrogeological entity. 
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To the south-southwest, the permeability boundary is marked by a tectonic con-
tact between the calcareous units of the aquifer and the phyllite - quartzite series 
which act as a barrier to the coastal area. 

The northern boundaries are clearly marked by a syncline structure filled with 
formations of low permeability (flysh, flyschoide and other formations of similar 
composition). 

This carbonate confining unit which is developed in a direction WNW-ESE, 
along the mountains range of Kryoneritis, Kouroupa and Asideroto (Fig. 1), con-
stitutes the hydrogeological basin that feeds exclusively the Kourtaliotis spring. 

3 Essential components of Kourtaliotis spring catchment 

The water balance of the hydrogeological "isolated" Kourtaliotis basin it is rela-
tively easy to be estimated given that the main inflows to the system are the re-
charge from rainfall (direct infiltration) and the leakage from the streams/ torrents 
which are flowing across the basin from north to south (secondary recharge). 
These streams flow across the carbonate formations and loses flow to the aquifer, 
contributing locally to water recharge (losses), while in locations where karstic 
springs emerge along their beds, streams gain yield.  

The main streams that flow across the hydrogeologic basin (Fig. 1) are (a) 
Kourtaliotis, (b) Spilianos (Myxorouma) and (c) Plakiotis (Kotsifos).  

The unknown coefficient of infiltration (percentage of primary precipitation 
that is absorbed by the ground and leads to the underground reservoir), can be es-
timated from the total amount of the springs yield, decreased by the quantity of 
water that precipitates through the stream beds. This quantity of water is supplied 
by hinterland basins, beyond the boundaries of Kourtaliotis basin.  

Next, comparing the estimated infiltration with the volume of rainfall that falls 
in the hydrogeologic basin, the effective infiltration in Kourtaliotis karstic basin 
will be estimated. 

In following, the calculation of the essential parameters and the estimation of 
the effective infiltration are presented in detail. 

3.1 Discharge of the springs  

The estimation of the mean annual yield of the springs (Table 1), was based on 
available records over a relatively long and continuous time spam (20 years) (YEB 
2006), individual measurements, estimations and information gathered in the field 
during research time. 

It should be noted that measurements of the rainfall and the spring discharge 
were non concurrent, during the investigation period. However, it was realized that 
the mean value of rainfall during the time period when discharge measurements are 
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available, is identified with the corresponding value of the mean annual value of 
rainfall. Therefore, it is expected that the available measurements of spring’s outlet 
reflect satisfactorily the mean annual spring discharge for the same period. 

Table 1. Mean annual yield of the springs. 

Springs Kourtaliotis Plakiotis Ligres Total Amount 

Mean annual disharge (×106 m3) 38.8 3.5 2.4 44.7 

Furthermore, because the resolution that was realized, refers to measurements 
taken in a time interval of 20 years (1967-1987), it was judged essential to com-
plete the time series data in the stations where they are missing, so that to exist a 
common reference time period for all the stations. 

3.2 Secondary recharge - Streambed infiltration  

Catchment of Kourtaliotis springs, apart from the direct infiltration, it is also re-
charged, from the streambed infiltration (Table 2). Analytically, the attendance of 
each one of the streams in the basin recharge is as follow: 

Table 2. Water balance of streams catchment in the study area. 

Catchment(Stream/Torrent) Area Precipitation Runoff Secondary 
 km2 ×106 m3/y ×106 m3/y ×106 m3/y  
Kourtaliotis 55.75 60.95 15.5 3.10 

Spilianos 42.45 55.85 14.7 4.59 

Plakiotis 10.25 12.16 1.22 0.40  

 Total secondary recharge 8.09 

Kourtaliotis: The stream drains a basin of 55.75 km2. It flows across Kour-
taliotis basin and loses flow to the aquifer, through permeable carbonate outcrops. 

Upstream of the Kourtaliotis spring, the stream was observed to lose a part of 
its flow to the aquifer, while during summer the entire stream flow is completely 
lost to the aquifer. 

Flow in the stream is gauged at a location, upstream of the spring (Fig. 1), after 
the stream has flowed a length of 1 km across the basin, along the homonym 
gorge. The mean annual flow rate estimated 15.5×106 m3. By observations (since 
no data are available to assess the magnitude of this flow at different sites), it was 
realized that the surface flow is decreased in the interval between the entry of the 
stream in the gorge and the point of measurement of flow, upstream of the springs. 
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Hence, from upstream side and for about 1 km, it behaves as influent stream, 
while downstream the spring (that outlets with discharge rate 0.8 to 3 m3/sec), it 
behaves as effluent stream.  

The recharge to the aquifer from the streambed infiltration was estimated to be 
3.1×106 m3/y (20% of the measured flow rate). This quantity contributes to the 
springs yield and it should be subtracted from the observed yield of the Kour-
taliotis spring, since it concerns an allogenic recharge; this quantity of water ema-
nates from basins beyond the study catchment.  

Spilianos: It is an alloctonous stream that drains a catchment basin of 42.45 m2. 
It flows across Kourtaliotis basin and loses flow to this aquifer, through permeable 
outcrops. 

The average runoff, measured at a site after the exit of the stream from the 
Kourtaliotis basin, was estimated 14.7×106 m3/y. 

According to sporadic measurements of the stream flow, comparative data, and 
assuming similar conditions between Spilianos and Kourtaliotis streambeds, the 
infiltration was estimated to be equal to 25% the gauged flow. 

This percentage was assumed higher than the adjust Kourtaliotis stream, be-
cause the flow length of Spilianos stream through the carbonate outcrops is more 
extended, and mainly because it entertains aestival yields higher than Kourtaliotis.  

Based on the above mentioned estimation, (e.g. 25% of the surface runoff con-
tributes to the yield of Kourtaliotis aquifer and the homonym spring), the secon-
dary recharge to the underground basin from Spilianos stream is calculated in 
4.59×106 m3/y.  

Plakiotis: It is a torrent that drains a catchment of 10.25 km2. Runoff, after the 
exit of the torrent from the Kourtaliotis basin, was determined in 1.22×106 m3/y. 
Taking into consideration that the streambed infiltration is 30% of the runoff, the 
water that Kourtaliotis basin receives from the Plakiotis torrent, is calculated in 
0.4×106 m3/y.  

By summing all the above mentioned streambeds infiltration, the recharge to 
the Kourtaliotis aquifer, it is estimated to be 8.1×106 m3/y. 

3.3 Rainfall recharge 

The annual rainfall volume in the study area was calculated from the time series of 
monthly rainfall values measured in the stations located in the area. Rainfall data 
from six precipitation stations which are found under comparable climatic condi-
tions (stations of Agia Galini, Leykogeia, Vyzari, Spili, Melampes and Gerakari) 
were used.  

A 20-year time series (1967-1987) of precipitation data were initially checked 
for continuity and consistency by the double-mass curve technique. The deduced 
figures / curves indicate that the time series of the stations have no inconsistencies.  
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However, the time series (20 years long) have shown gaps in short periods, re-
sulting from the absence of concurrent data. Hence, it was judged essential to 
complete (extent) the observations in the stations where the existing measurements 
were insufficient and non concurrent. The gap was filled using the double-mass 
curve technique. Missing data were estimated using data of neighboring stations. 

Afterwards the check of the observations and the completion of missing values, 
the mean annual precipitation during the specified 20 years of records, was calcu-
lated. Then, the average rainfall value of the stations was estimated and was corre-
lated to their altitude.  

A straight-line relationship established, giving a general relationship: 

 H=1.14h+582.6 (2)  

where H the rainfall in mm and h the altitude of station in m. 
The precipitation map of the study area (Fig. 3) was constructed based on the 

above mentioned equation. 
Based on the relation of rainfall - altitude (equation 1), the topographic map of 

the region (GYS 1972) and the use of Surfer software (2003), isohyets were drawn 
(Fig. 3) and the volume of precipitation falling per year to the basin (Table 1) was 
estimated. The annual rainfall volume in the study area was calculated in 
71.32×106 m3/y. 

 

Fig. 3. Isohyets in Kourtaliotis basin (Interval: 100 mm of rainfall). 

4 Coefficient of effective infiltration  

In Table 3 the components of groundwater recharge to the basin are presented. 
They concern the yield of the springs, the mean annual precipitation and the 
streambed infiltration that accepts the hydrogeologic basin. According to the re-
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sults, the annual yield of springs that outlet in the hydrogeologic basin is calcu-
lated in 44.7×106 m3/y, the secondary recharge is estimated in 8.1×106 m3/y, and 
the "estimated" direct precipitation (as it results from the difference between the 
springs yield and secondary recharge) it amounts in 36.6×106 m3/y.  

Table 3. Annual groundwater balance of Kourtaliotis basin. 

Annual spring discharge 44.7×106 m3 

Leakage from the streams and torrents (secondary recharge) 8.1×106 m3 
Estimated direct infiltration (Annual spring discharge – secondary recharge) 36.6×106 m3 
Precipitation 71.32×106 m3 
Coefficient of effective infiltration 51.3 % 

This quantity compared to the volume of rainfalls (71.32×106 m3/y) that ac-
cepts annually the Kourtaliotis hydrogeologic basin, leads to the conclusion that 
the factor of infiltration in the carbonate rocks of the basin is 51.3%.  

Similar values have been determined in other areas of Greece with same lithol-
ogy and intense of karstification. More concretely, the values that were estimated 
in the Parnassos, Giona and various other regions in Central and Northern Greece 
using the method of discharge via springs, it varies between 45.6 and 60% (Aronis 
et al 1963; Mastoris 1968; Monopolis 1971; Soulios 1984). 

5 Conclusions  

Based on the geological structure of the region and the hydrogeological survey in 
the field, it is concluded that Kourtaliotis spring catchment constitutes an "exem-
plary" karstic basin and its hydrogeologic parameters can be applied in other ba-
sins with similar geology, physiographic and climatic conditions, and insufficient 
data, to calculate their balance.  

The Kourtaliotis basin extents for 54.45 km2, receives rainfall 71.32×106 m3/y, 
while the direct infiltration in the carbonate formations of the area was calculated 
in 36.6×106 m3/y.  

As a result, the coefficient of effective infiltration in the carbonate formations 
of the basin was estimated to 51.3%. This value is similar to infiltration coefficient 
determined in other basins in the Para- Mediterranean region.  

The value was achieved for first time in karstic limestones of Crete and it is of 
paramount importance to the groundwater balance estimation, and the manage-
ment of both surface and groundwater resources in the island. 
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Abstract   Louros watershed hosts several karst springs with discharge rates that 
vary between 0.08-3.14 m3/s. In order to study the groundwater regime of the 
study area, the hydrographs of the springs were simulated with MODKARST 
model for a five-year period. Moreover, the classified discharge curves and the re-
cession coefficient values were also processed. Based on the results three different 
systems can be distinguished. The first consists of Viros spring outflowing at alti-
tudes of 300 m a.s.l. The second consists of Agios Georgios, Omorfada, Vathy and 
Kerasovo springs in the central part of the watershed at altitudes of 150 m a.s.l. 
And a third one that is formed at lower altitudes (30-50 m a.s.l.) and consists of 
Skala and Chanopoulo springs. 

1 Introduction 

The objective of this work is the study of Louros karst watershed, which geo-
graphically lies in the province of Epirus in North-West Greece (Fig. 1). Numer-
ous studies have been carried out in karst, aiming at the investigation of ground-
water regime. The term of karst aquifer system has occasionally different 
expressions, due to the complexity of karst conduits network that create diversity 
at all levels of observation (Margat 1971; Mangin 1975; Kallergis 2001). In the 
present study, the definition adopted considers a karst aquifer system as an area 
limited by well defined boundaries, that prevent the spread of any water quantity 
out of the system while inside, any part of the system is in relation with the others 
(Margat 1971). According to this definition, any action, e.g. recharge, discharge, 
within any part of the system affects the whole and never the outer part of the 
system.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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The spring hydrographs of the karst aquifer system can reflect the groundwater 
regime and consequently, the study could be based on them (Mangin 1984). Ex-
cept hydrographs, other analyses based on statistical methods have also been pro-
posed (Padilla et al. 1994; Padilla and Pulido-Bosch 1995; Lambrakis et al. 2000; 
Panagopoulos and Lambrakis 2006). 

In order to investigate the water regime of the different karst units of Louros’ 
karst watershed, the hydrographs of nine major springs were simulated with the 
MODKARST model and the conclusions of this simulation were examined in 
combination with conclusions from the springs’ classified discharge curves ob-
tained by field measurements and Maillet recession coefficient values. 

2 Geology and hydrogeology of Louros watershed 

Geologically, the study area belongs to the formations of the Ionian geotectonic 
zone (Katsikatsos 1992). The older formations consist of evaporitic layers of Early 
to Middle Triassic age, which outcrop at the western and southern part of Ziros 
Lake (Karakitsios and Pomoni-Papaioannou 1998) (Fig. 1), overlain by a thick se-
quence of carbonate and clastic rocks reflecting a continuous sedimentation from 
Late Triassic to Upper Eocene (Skourtis- Coroneou and Solakius 1999). Carbon-
ate formations are the major units constituting the highlands of the study area. 
These units include dolomites, the Pantokrator limestone, the Vigla limestone, 
Late Senonian limestone, Paleocene-Eocene limestone, and Posidonian chert 
(Skourtis-Coroneou et.al. 1995; Skourtis- Coroneou and Manacos 1995, Rigakis 
and Karakitsos 1998). Oligocene turbidite deposits outcrop at the margins of Lou-
ros’ watershed, whereas at the lower part of it these formations overlain by Neo-
gene and Pleistocene sediments as well as Holocene fluvial deposits (Macleod and 
Vita-Finzi 1982).  

Within the Ionian Zone several major thrusts have been described as well as 
other important tectonic features like E-W trending strike-slip fault systems 
(IGRS-IFP 1966). Most of the thrusts show a normal westward dip (Louros, Pa-
ramithia, Margariti and Parga thrusts) and similarly, most of the folds are asym-
metric with east-dipping axial planes. Nevertheless important tectonic structures 
with an opposite dip also exist (Xerovouni and Tomaros back-thrusts).  

Since all the alpidic edifice of the Hellenides was created by west-dipping 
thrusting, the east-dipping thrusts are referred as back-thrusts. Moreover, the large 
E-W fault zones, like the Souli strike-slip fault system, also known as Petoussi 
fault, play an important role in the Alpine tectonic evolution of the area. Indeed, 
on the two sides of these faults the amount of displacement and the style of the 
NNW-SSE trending shortening structures often differ (IGRS-IFP 1966). The cross 
sections of Figure 1.b present the complex geological setting of the study area. 



The use of hydrographs in the study of the water regime  495 

 
Fig. 1. a, b. Location of Louros watershed (red line) c. Stratigraphical column, d. Geological 
map. e. Cross sections of the study area (simplified map of the study area scale 1:50.000, IGME). 

The formations present different hydrogeological properties. The geological 
conditions, the lithostratigraphical diversity, and the complicated tectonics in 
combination with the geomorphological conditions have resulted to the formation 
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of independent or semi-independent hydrogeological units. The geological setting 
of Epirus illustrates characteristic alternation of limestone anticlines and turbidite 
deposits syncline structures following a NW-SE general axis direction. Groundwa-
ter circulates following the same directions resulting in the formation of extensive 
hydrolithological units hosted in the karstified carbonate anticlines separated by 
synclines of the impermeable turbidite deposits (Leontiadis and Smyrniotis 1986). 
The most important aquifers in the study area have been developed in carbonate 
rocks (mainly Pantokrator and Upper Senonian limestone). These formations pre-
sent high permeability due to their intense karstification and fracture porosity and 
their occurrence is extended especially in the upper parts of Louros watershed.  

Along the left bank of Louros river, at different altitudes and distances from it 
(Table 1), the clastic senonian limestone are discharging through the Viros and 
Mousiotitsa springs. The Pantokrator limestones are being discharged through Ke-
rasovo, Agios Georgios and Priala springs on the left bank of the river, while on 
the opposite bank through Vathy and Omorfada springs. It is likely that the Vigla 
limestone also contribute to the structure of karstic units. At a lower level and 
even in a more prominent geological environment, Chanopoulo and Skala springs 
discharge the Senonian limestone. 

3 Methodology and results 

3.1 MODKARST model simulations 

As mentioned above MODKARST model was used in order to simulate the hy-
drographs of the study area karst springs. MODKARST is a deterministic mathe-
matical model which simulates the hydrograph (discharge versus time) of a karst 
spring (Maramathas et al. 2003). This model also, simulates the chloride concen-
tration curve (chloride concentration of the spring water versus time), in case of 
the spring is brackish or periodically brackish (Maramathas and Boudouvis 2006). 
It is based on a hydrodynamic analogue of a karst spring that consists of a number 
of reservoirs properly connected with conduits. Each of these reservoirs is dis-
charged to the conduit that abuts to the spring. Consequently, the spring discharge 
is given by the sum of these discharges. The macroscopic mass balance equation 
and the macroscopic mechanical energy balance equation in a control volume and 
in the respective control surface have been used in each reservoir to calculate the 
corresponding discharge (Maramathas et al. 2003).  

Input information of the model is the rainfall of the recharge area while output 
information is the hydrograph (discharge versus time). With MODKARST model 
the hydrographs of nine springs that discharge discrete units of the Louros water-
shed have been simulated. In Figure 2 the model predicted hydrograph in com-
parison with discharge field measurements for the Skala spring and the Omorfada 
spring is presented. 
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Fig. 2. Comparison between the model-predicted hydrograph and field measurements for a. Ska-
la, b. Omorfada spring. 

One could confirm in this Figure (Fig. 2) the satisfactory coincidence between 
the model calculated discharge values and the real ones. From model fitting the 
values of parameters that characterize the karst system of the spring, e.g. recharge 
area and coefficient of storage, was determined (Table 1).  

Table 1. Natural features and results of the MODKARST and MAILLET simulation. 
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Ag. Georgios 151.0 100 3.4x10-4, 2.5x10-6 22/2-30/10/86 3.14 1.8x10-3 0.93 

Kerasovo 22.0 140 1.4x10-4 30/5- 20/11/84 0.48 7.6x10-3 0.98 

Mousiotitsa 18.0 300 5.0x10-2 14/7-30/11/85 0.47 5.1x10-3 0.98 

Omorfada 31.5 120 2.0x10-3 04/3-15/10/83 0.67 1.1x10-3 0.86 

Priala 26.0  2.0x10-3 15/6-18/8/82 0.08 4.6x10-3 1 

Skala 152.0  5.9x10-3, 4.2x10-7 20/5-15/9/84 2.00 6.0x10-3 0.99 

Vathy 79.0 138 6.0x10-3 15/3-28/8/84 1.89 3.3x10-3 0.98 

Viros 28.2 300 4.0x10-2 18/4- 15/10/84 0.92 8.1x10-3 0.96 

Chanopoulo 179.0  4.8x10-3, 2.5x10-7 20/4-20/8/85 3.00 8.5x10-3 0.98 

Moreover, the simulation demonstrated that some of the springs, namely Agios 
Georgios, Skala and Chanopoulo drain karst reservoirs, where channels are pre-
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sent. In the springs’ discharge an additional dense net of fractures is contributing 
and therefore this model gives two different storage coefficients (see Table 1). In 
other words, the karst reservoirs of the above-mentioned springs’ present dual po-
rosity. 

Viros spring seems to discharge an isolated karst system. A two months time 
lag was obtained between rainfall occurrence and spring’s discharge response, af-
ter a long dry season. Similar results were obtained for Mousiotitsa spring which 
also presents hysteresis in relation to rainfall. These springs are at an altitude of 
300 m a.s.l and present similar storage coefficients values (4x10-2, 5x10-2 respec-
tively). At a lower altitude (110-150 m a.s.l.) the Kerasovo, Vathy, Omorfada and 
Agios Georgios springs are laid. Vathy and Omorfada present similar storage co-
efficient values (6x10-3, 2x10-3 respectively). The rest of the springs are character-
ized by storage coefficients values of an order of magnitude lower.  

At an even lower altitude of 30-50 m a.s.l, Skala and Chanopoulo springs pre-
sent similar mean discharge and average storage coefficient values.  

3.2 Recession curves and Maillet’s recession coefficient values 

The recession coefficient values (s) were calculated from the application of the 
Maillet’s equation to the spring’s discharge data. They have physical meaning and 
therefore can be used for the study of the springs. As it is known, the recession co-
efficient is proportional to the hydraulic conductivity and inversely proportional to 
storativity and the karst aquifer extent. It shows the rate of the decrease of the 
karst unit’s discharge during recession. Thus, high coefficient values correspond 
to rapid recession and low values to slow recession. 

According to the study of hydrographs, two of which are shown in Figure 2, it 
can be concluded that the separation of the absolute recession period is not easy 
due to the continuous rainfall throughout the year in Louros watershed. Neverthe-
less, the recession coefficients were calculated taking into account the part of the 
curves that correspond to the longer time period without rainfall. 

3.3 Curves of the classified discharges 

The curves of the classified discharges are used to investigate anomalies in re-
charge or discharge of a karst aquifer system (Mangin 1971; Soulios 1985). In or-
der to construct these curves, discharge values on a daily basis for a five years pe-
riod are used in a probabilistic sheet (Fig.3). An isolated karst system presents a 
normal distribution. In the opposite case any perturbation in the system deforms 
the curves. The classified discharge distributions were plotted for the nine springs 
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(Fig. 3a-i). Viros spring (Fig. 3h) displays a relatively normal distribution, typical 
of a relatively isolated karst unit which does not seem to be discharged from other 
springs. Mousiotitsa spring (Fig. 3c) shows similar behavior. Nevertheless, in this 
case obviously, there is a supplementary recharge contribution to the karst system 
for discharge values that exceed 0.45 m3/s and 0.8 m3/s respectively, which dis-
plays relatively low probability of emergence (cumulative probability below 
95%). 

 
Fig. 3. Classified discharge curves for a. Agios Georgios, b. Kerasovo, c. Mousiotitsa, d. Omor-
fada, e. Priala, f. Skala, g. Vathy, h. Viros, i. Chanopoulo springs. 

Kerasovo, Omorfada, Vathy, Agios Georgios and Priala springs correspond to 
complex karst systems. Kerasovo (Fig. 3b) spring shows a supplementary recharge 
component contribution of relatively low discharge values ranging between 1-2 
m3/s, while during increased rainfall intensities additional conduits are recharging 
the system with larger amounts of water and the discharge of the spring reaches 
higher values (2.5-3.5 m3/s). The rest springs of this group present similar behav-
ior with lower mean discharge values. 

4 Discussion and Conclusions 

The carbonate formations of Louros hydrogeological basin include very important 
karst springs that correspond to semi autonomous, complex karst aquifers that in 
many cases are in hydraulic contact.  

The curves of classified discharge (Fig. 3) clearly show that except Viros, all 
other springs have a supplementary recharge component. The most significant 
springs, in terms of mean daily discharge values, namely Vathy, Agios Georgios, 
Skala and Chanopoulo show certain regularity in the distribution of daily dis-
charge that could be explained by considering a very large catchment area that 
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acts as regulator in the quantities of inflows and outflows of the karst systems. 
However, the storage coefficients vary depending on geological formation. Thus, 
Agios Georgios spring which drains the Pantokrator limestone presents storage 
coefficient values of an order of magnitude lower than the other three springs that 
drain Pantokrator and Senonian limestone (Table 1). The complexity of karst sys-
tems is more evident in springs of lower discharge such as Priala, Kerasovo and 
Omorfada. The base level of the karst seems to vary among the studied springs 
and therefore is considered to play a key role. 

The recession coefficient values do not show considerable variation among dif-
ferent springs and particularly different geological formations. Springs of higher 
altitudes such as Viros and Mousiotitsa that discharge different formations (Seno-
nian and Pantokrator limestone respectively) display higher storage coefficient 
values compared with those of lower altitudes.  

Thus, for the springs of higher altitudes, Viros and Mousiotitsa and for those 
hosted in the center of the basin the base level of the karst system is driven a few 
meters below the level of Louros dam. The aquifer hosted in the unconsolidated 
and carbonate formations, brings the Pantokrator and the Senonian limestone in 
hydraulic connection. The karst system of Agios Georgios, Omorfada, Vathy and 
Kerasovo springs interacts and thus justifies the high overall discharge in total cat-
chment area of relatively limited extent. Another base level of the karst is formed 
at lower altitudes and hosts Skala and Chanopoulo springs.  
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Abstract   In this paper are analyzed the hydrogeological conditions of the coastal 
area of the hydrological basin Almyros which belongs in the Prefecrure of Magne-
sia, Greece. At first, the geological, tectonic and stratigraphic conditions of the 
coastal area are described. Then, the genesis mechanism of Kefalosi spring that 
emerges at the southern margin of the region and has an important role in shaping 
the quality and quantity characteristics of the regional groundwater resources re-
gime is analyzed. A reference is made to the particular conditions that characterise 
the recharge conditions of the regional aquifers. Based on the results produced by 
the conducted geophysical survey, the lithostratighraphic setup that controls the 
documented seawater intrusion is presented. An overall strong correlation of the 
geological, lithostratigraphic and tectonic characteristics of the regional aquifers to 
their hydrogeological properties is noted. 

1 Introduction 

Almyros basin is located in Magnesia, Thessaly Greece, south of the city of Volos. 
The study area covers a total area of 134.32 km2 and encompasses the coastal part 
of Almyros basin. To the north is bounded by the fault zone of Nea Anchialos, to 
the south reaches the southern part of the village Sourpi while it is confined to the 
west in the coastal basin (Fig. 1). It belongs to the Almyros Municipality (NSSG 
2001).  

Almyros basin is characterized by the existence of Kefalosi karstic spring, at 
south, which has an important role in shaping the quality and quantity characteris-
tics of the regional groundwater resources. 

The present study aims to investigate the hydrogeological conditions of the 
coastal area of the hydrological basin Almyros using analyzing the geological, tec-
tonic, stratigraphic, geophysical, and hydrological data.  

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Fig. 1. Area of interest. 

2 Geomorphological, geological and tectonic setting 

The Almyros basin is part of Almyros-Pagasitikos uniform graben. The 2/3 of the 
graben are covered by eastern Pagasitikos Gulf, while 1/3 to the west is the hilly 
area and the low-relief land area, with altitudes up to 200m, which is the study 
area. The basin geomorphologically is distinguished in the Sourpi and Efxenou-
poli sub-basins (Galanakis 1997). 

According to Galanakis (1997), the relief of the Almyros basin is mainly due to 
tectonic activity of active faults that are active in the Pliocene until today, with re-
activation of many of them during the Quaternary, and secondarily to climate con-
ditions and differential erosion of rocks. The main feature of Almyros basin is the 
relative sinking of the eastern part of the basin compared to the west. 

Alpine sediments present in the Almyros basin area belong to Pelagonian and 
Sub-Pelagonian zone (Fig. 2). Summarily, in the broader area of research forma-
tions of Pelagonian zone encountered are the pre-alpine background, slates, schists 
and ultrabasic rocks. Sub-Pelagonian formations found in the area are Paleozoic 
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rocks of Permian, Triassic crystalline limestone, Jurassic, the formation of shales 
and ophiolites, the transgressive limestones and flysch. 

 
Fig. 2. Geological Map of Almyros Basin from IGME and modified by Myriounis (2008). 

Regarding the post alpine stratigraphic structure, there can be found Neogene 
deposits with lignite deposits (loam) which are of lacustrine origin and of Lower 
Pliocene age. During the Upper Pliocene takes place deposition of yellowish clay 
marls, interrupted by short periods of semi-arid and continental facies. Finally, 
during Pleistocene clastic sedimentation is dominant, mainly fluvial and continen-
tal origin (Galanakis 1997). 

3 Hydrogeological setting in the coastal area 

The hydrogeological properties of geologic formations are controlled by the litho-
logical composition and tectonic activity. Thus, the distinguished karst system of 
Northeastern Othris, containing the spring of brackish water Kefalosi, is formed, 
which is responsible for the hydrogeological conditions in the southern part of the 
study area. The above karst system shows great capacity. In the area of the same 
name exists Sourpi karst system of dolomitic and limestone composition. In this 
karst system, groundwater resources have better quality characteristics than those 
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of Othris. In the northern region (N. Ankhialos) is found the Mavrorahi karst sys-
tem. This system consists of limestones of large capacity. A feature of this system 
is the intense effects of seawater intrusions, due to the hydraulic communication 
between the carbonate blocks and the sea. 

The systems of the Neogene sediments consist of alterations of coarse and fine-
grained material that create free and pressurized aquifers. Moving westward aqui-
fers of Neogene sediments have reduced capacity because of the lithological com-
position and their refreshing conditions. Quaternary sediments in the area cover 
most of the region and are generally impermeable formations. 

The Kefalosi spring is located within the karst rocks of Othris, in the southern 
part of Efxenoupoli sub-basin. The spring occurs at an altitude of 26.5 m above 
sea level and 3250 m away from the coast. According to Dimopoulos (1983, 1984) 
it presents brackish water that comes from mixing of seawater and freshwater. 
Both discharge of the spring and the content of the water in Cl ions presents sharp 
fluctuations. This is attributed to the highly complex mechanism of operation of 
the spring (Fig. 3a.b.).  

 
Fig. 3. Mechanism of operation of Kefalosi spring after Dimopoulos (1983, 1984) (1., 2. karstic 
aquifer, G1., G2., groundwater level, Q. Kefalosi spring, O. point of communication) 

According to Dimopoulos (1983, 1984) and Myriounis (2008), special geologi-
cal, tectonic and stratigraphic conditions prevailing in the region have brought to-
gether two independent karstic aquifers (1) and (2) who in particular times and 
hydrological conditions, communicate.  

At the end of winder hydrological period (Fig 3.a) a rising of the groundwater 
level (G1) on the aquifer (1) is occurred, due to refreshing phenomena, while in 
aquifer (2) the groundwater level is in position (G2’), lower than (G1), due to long 
distance between the karstic aquifer (2) and the spring Kefalosi. At this stage the 
aquifers don’t communicate. When water from aquifer (2) refreshes the ground-
water resources of the area (Fig 3.b), groundwater in aquifer (1) is lower than be-
fore (reduce of refreshing), and the two aquifers are communicating (point O, 
Fig. 3.b).  



Hydrogeological conditions of the coastal area 507 

0 45 90 135 180 225 270 315 360 405 450 495 540 585 630 675 720 765 810 855 900

Distance  (m)

-160
-140
-120
-100
-80
-60
-40
-20

0

D
ep

th
 (

m
)

WL

0 45 90 135 180 225 270 315 360 405 450 495 540 585 630 675 720 765 810 855 900

Distance  (m)

-160
-140
-120
-100
-80
-60
-40
-20

0

D
e

p
th

 (
m

)

WL

NE                                                                                                                                                 SW

NW                                                                                                                                             SE

SECTION 1

Inversion Results
WN-SL , a=45m, Itr=7, RMS=3.8%

SECTION 2
Inversion Results

WN-SL , a=45m, Itr=6, RMS=3.2% Section 1

Section 2

0 45 90 135 180 225 270 315 360 405 450 495 540 585 630 675 720 765 810 855 900

Distance  (m)

-160
-140
-120
-100

-80
-60
-40
-20

0

D
e

p
th

 (
m

)

WL

NE                                                                                                                                                 SW

BF

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

10                                            100 Ohm-m

log(Ohm-m)
Resistivity

Vadoze Zone Saline aquifer Impermeable Formation (marl)

S2
S1

  

 
Fig. 4. Positions of geoelectric sections in Almyros basin, after Myriounis et al. (2006) 

Through this communication, water from aquifer (2) leaves the spring, drag-
ging brackish water from aquifer (1). As a result, the spring presents brackish 
character in an altitude of 26.5 m above sea level. 

In order to investigate hydrogeological conditions in the area east of the Kefa-
losi spring, two geophysical surveys (Fig. 4) were made. The aim of these geo-
physical surveys was to determine the stratigraphy of the area and the location of 
the salty wedge (Aracil et. al. 2004, Goldman and Karfi 2004, Myriounis and 
Theocharis 2010). The method used was the Wenner - Schlumberger. The average 
distance of the geophysical surveys was 900 m. The distance between the elec-
trodes was 45 m, while each section contained 21 electrodes. 

Using the geophysical surveys, initially was determined the thickness of the 
unsaturated zone, which in the area consists of loose formations and with a thick-
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ness between 5 and 30 m. Also, the depth and thickness of salty wedge shown in 
the area was determined, on the basis of physicochemical parameters of ground-
water in the area. The salt wedge is found as a band of very low resistance 
(2-10 Ohm-m) presented at a depth up to 80m. The thickness of this zone in-
creases moving south, and reaches the absolute elevation of-120m. 

Finally, a third layer occurs in the region, characterized by high resistance 
(> 80 Ohm-m). This layer reaches depths greater than 160m below the sea surface 
moving towards the south. This layer essentially regulates the transmission of sal-
ty wedge to the inside of the interior land (Myriounis et. al. 2006). 

In the coastal part of the study area artesian phenomena and submarine out-
flows have also been identified (Fig. 5). They occur in the central part of the Efx-
enoupoli sub-basin and also in the north, east of Aidino. 

 

Fig. 5. Submarine outflows (red color) and artesian phenomena (green color) for Almyros basin 
area, and piezometric map for September 2005 after Myriounis (2008). 

Artesian phenomena are attributed to faults with north-south direction, which 
have humbled the eastern parts of the aquifers in relation to the west, resulting in 
free-aquifers of the western regions to transitioning to pressurized, showing in 
places artesian phenomena moving eastward. This phenomenon occurs mainly 
during the winter months when the supply of the aquifer is greater. 

Regarding submarine outflows, they are located in the northern coastline of the 
study area in Demetriada and south of the beach area of Almyros (Fig. 5). Gener-
ally the positions of vent are closely associated with the positions of faults with E-
W direction present in the margins of the study area. Through these cracks 
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groundwater find favorable corridors to discharge into the sea. In the Dimitriada 
the vents do not appear anymore, as the subsidence of the aquifer has led to their 
disappearance. In contrast, in Almyros beach vents are located even within 850 m 
from coast. 

For the investigation of groundwater level in the coastal part of Almyros basin, 
groundwater level measurements took place during 2005, in May (147 wells) and 
September (93 wells), in a uniform aligned network of hydro-points (Myriounis 
2008). All field data were collected in a database system (MS Access) and where 
analyzed using Geographical Information Systems (ArcInfo). 

From the piezometric map of the region (Fig. 5) for September 2005, it is found 
that in the Efxenoupoli sub-basin are presented two axes of groundwater drainage 
which are identical to those in areas where there are submarine outflows. For the 
Sourpi sub-basin, in the area between the settlements Sourpi and Agia Triada, a 
local high of the piezmetric charge is present, attributed to local geological, strati-
graphic and tectonic conditions in the area. More specifically, the presence of 
cross-faults with NNW-SSE and EW direction in the region has resulted in the 
supply of sediment aquifers from the underlying karst aquifer. 

Finally, it should be emphasized that due to the existence of these faults, there 
is a diversity of the chemical characteristics of groundwater in the area of Sourpi 
sub-basin, and in the southern part of the site groundwater does not appear so ag-
gravated by the phenomenon of seawater intrusion compared with waters of the 
north. This happens because the karst rocks of the southern part are hydraulically 
isolated compared with those of the north. 

4 Results 

From the hydrogeological investigation of the coastal part of the Almyros basin, it 
is found that the karst rocks of the region show strong seawater intrusion effects. 
This is attributed to hydraulic communication with the sea. The supply of alluvial 
aquifers in the area of karstic rocks leads to the qualitative degradation in the mar-
gins of Efxenoupoli sub-basin and in the coastal part of the Sourpi sub-basin. 

The Kefalosi spring, which feeds the alluvium aquifers in the southern Efx-
enoupoli sub-basin presents brackish water that comes from mixing of seawater 
and freshwater. The salinity of the spring and her manifestation in this altitude is 
associated with local geological and tectonic conditions in the region. 

The piezometric conditions in the region create conditions for submarine out-
flows and artesian phenomena. These phenomena are identified in both the south-
ern and northern region. The presence of these phenomena depends on supply 
conditions of the aquifers and its geological and tectonic conditions in the region. 

From the geophysical surveys in the area west of Kefalosi, is determined the 
depth and thickness of salty wedge shown in the area, determined also on the basis 
of physicochemical parameters of groundwater in the area. Also is specified the 
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depth of an impervious formation, which essentially regulates the transmission of 
the salty wedge to the inside of the interior land, acting protectively and limiting 
the spread of the seawater intrusion front in the central part of the region, a fact 
confirmed also by the physicochemical parameters of groundwater waters of the 
region. 

Because of the favorable refreshing of the alluvial aquifers, which has resulted 
in artesian phenomena and submarine outflows, as well as the specific lithostrati-
graphic conditions of the area, no seawater intrusion occurs in the central part of 
the Efxenoupoli sub-basin, despite the over-exploitation of groundwater. 

In Sourpi sub-basin, recharge of the alluvial aquifers from the strained karst 
rocks in the area, combined with overexploitation of groundwater in the region has 
resulted in the intrusion of sea water in groundwater aquifers. At the same time the 
local geological and tectonic conditions in the region have resulted in modulation 
of chemical characteristics of groundwater, mainly in the southern part. 
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Abstract   The biggest part of Eastern Korinthia contains mesozoic carbonate 
rocks, which in the southern mountainous zone construct the northern section of 
Arachneon, while in the northern hilly zone, appear as tectonic horns inside the 
neogene sediments. The carbonate mass communicates hydraulically with the Sa-
ronikos gulf sea in the east for many kilometers. This fact, in combination with the 
plunge of base level of the karstic process tens of meters below the today sea 
level, as a result of the increase of the water level has led to the natural saliniza-
tion of karstic water tables. This salinization is more enhanced in conditions of 
overexploitation.The average recharge of the karst systems because of the rainfall 
infiltration is around 90x106m3. Almost all karstic aquifers discharge through 
coastal and submarine springs in the Saronikos coast, from the Kechres gulf to 
Selonda gulf (Orea Eleni, Almiri, Korfos and Selonda springs). The exploitation 
of karstic aquifers with boreholes is very difficult and it is proven ineffective, be-
cause as exploitation continues the result is salinization of karstic aquifers. In the 
Koutalas - Spathovouni zone, in a 15km distance from Saronikos coast, there are 
20 boreholes for about 20 years. The result of overexploitation of karstic aquifers 
was the increase of Cl- concentration that is now 280 - 1246mg/L, when it was less 
than 100mg/L in the early 1990s. In a borehole in the Sofiko area (mountainous 
zone), in a 7km distance from Saronikos coast, Cl- concentration is more than 
1200mg/L (October 2007), when it was 240mg/L in 2003. 

1 Geological conditions 

The area of the eastern part of Corinth is included in Eastern Greece geotectonic 
unit, the formations of which are overthrusted on the flysch formation of “Tripo-
lis”, in the southwestern margin of research area (Dervenakia). The southern re-
gion is constructed by the extensive and continuous occurrence of carbonate rocks 
(northern sector Arachnaio) from the region of Dervenakia in the west to the 
shores of the Saronicos Gulf in the east (Barnert 1981, Gaitanaki et al. 1985). 
These formations are thick limestones and dolomites, of Triassic to Upper Jurassic 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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age, that have been affected by the rift tectonics that formed the Corinthian Gulf in 
its present form and tectonic trenches and horns of the research area. E-W faults 
and fault zones are dominant in the area, along which grow strongly karstification 
phenomena, thereby regulating the flow direction of groundwater. St. Basil - 
Klenias and Athikia-Rito large fault zones are covered by lateral scree. These fault 
zones delimit the mountainous carbonate mass of Arachnaion the Neogene basin 
of Corinth, in the north (Papanikolaou et al. 1990). Along these fault zones there 
are small occurrences of schist-chert sediment formations with ophiolitic bodies. 
The same sediments occur along the EW overthrust in the region of Angelokastro 
(Tataris and Kallergis 1965; Tataris et al.1970). In the northern part of the re-
search area, the continuation of the Neogene basin is interrupted by multiple oc-
currence of alpine background (Mapsos, Mavri Ora, Acrocorinthos, Onia). Plio-
Plistocene post-alpine sediments consist of marls, sandstones and conglomerates. 
The conglomerates in the margins of the basins overlay on the carbonate forma-
tions of the background. 

2 Karst hydrogeological units 

In the limestones of the mountainous and hilly area of East Corinth, a total area of 
300km2, a karstic aquifer is developed. It is in direct contact and hydraulic com-
munication with the sea water of the Saronicos Gulf. The supply of karst aquifers 
realised from direct infiltration of the limestone mass (45-50%) and indirect from 
conglomerates and lateral scree are also involved. These formations overlay di-
rectly on the limestones. The correlation of average annual rainfall values (1978-
79 to 2009-10), seven (7) rainfall stations in the area, with the altitude, indicates 
the relation between the two sizes (P=0.3731xH+446.67). By applying this rela-
tion to the average altitude of altitudinal zones of 200m and the use of infiltration 
rates (45% limestone, conglomerates and lateral scree 15%), it was determined 
that the average annual recharge volume of karst groundwater supply, is around 
90x106m3. Almost all of these water quantities are discharged through coastal and 
submarine brackish karst springs into the Saronicos Gulf. 

Hydrogeological units of limestones of the hilly zone. This area includes the 
limestone masses that emerge from the Neogene sediments in the form of tectonic 
horns. Fault making tectonics, expressed by east-west direction faults, have caused 
similar direction of these appearances and also similar main direction of move-
ment of underground karst aquifer. The karstic aquifer of Onia mountains is dis-
charged through the springs of Orea Eleni, while the Mavri Ora aquifer partici-
pates in the recharge of Almiri springs. As for the karstic aquifer of Mapsos 
limestone appearances, it has not been yet completely clarified, if there is direct 
contact with the Onia aquifer or the Mavri Ora aquifer.  
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It’s certain, however, that it is in hydraulic communication with the sea water, 
as there has been salinization. The movement of karst waters towards Mavri Ora is 
more probable, as it is proven (with geophysical methods) that there are imperme-
able Neogene sediments of substantial thickness between Mapsos and Onia, be-
neath the sea level (Mastoris et al. 1970). Between Mapsos and Mavri Ora, the 
thickness of the Neogene formation is smaller, because their continuity is inter-
rupted by successive small-scale limetsone formations in the surface. Exploitation 
of the karst aquifer in this area is only possible in the western sector of Mapsos 
limestone appearances, where 20 of these boreholes operate, with a yield between 
40 and 70m3/h. The pumping points are placed tens of meters beneath the sea level. 
The current status of overexploitation has caused salinization of the karst aquifer to 
varying degrees in different positions (Cl concentrations of 280-1,246mg/L), while 
during the start-up time of the first borehole in the area (early 1990s), chloride con-
centrations did not exceed 100mg/L. From the data obtained during exploratory 
drilling (EG5) in the area, it is found that the main karstification zone and aquifer is 
located beneath the sea level. After the piping, the water level reached a depth of 
188.70m (+4.30 m). From the data of the test pumping that lasted 48 hours, it was 
determined that transmissivity is T=2.38x10-3m2/sec and critical yield is 
Q=23m3/h. It is obvious that the above critical supply must be corrected down-
wards, and must not exceed 15m3/h, due to the negative elevation of the pumping 
level (-1.30 m) and due to the salinization. The total water level fall during the 
pumping with a steady yield of Q = 33m3/h, was 15.6m (-11.3 m absolute altitude).  

During pumping the electrical conductivity and Cl- concentrations showed little 
variation (EC 1,910-1,935mS/cm, Cl 378-388mg/L). These measurements, com-
bined with the profile of electrical conductivity (Fig. 2a) show that because of 
overexploitation, there has been complete mixing between the fresh and brackish 
water zones. During the winter period of 2009-2010, the water level was increased 
by 10.2m, due to the rainfalls. Further east, in the zone between Mapsou and 
Mavris Oras, in two research wells monitored by IGME, the zone of intense kar-
stification is also found below the sea level. In G4/68 (Chiliomodi) after a 24h 
pumping with a yield of 18m3/h, we measured a drop in the water level of 25m 
and increase of the Cl concentration from 74 to 308 mg/L, while in G3/68 
(Athikia) after a 6 hour pumping with the same yield rate, we measured a drop in 
the water level of 21m, while the concentration of Cl increased from 35 to 
650mg/L (Mastoris et al. 1971). According to measurements made in the period 
2007-2011 in G3/68, the absolute water level ranges from +5.5 to +7.1 m, while 
the variation between the wet and dry season did not exceeding 0.6 m. 

The profile of electrical conductivity (Fig. 2b) shows that throughout the inves-
tigated region (up to -6m absolute altitude), the electrical conductivity values 
ranged from 660 to 670μS/cm. These values indicate that under conditions of rest, 
the zone of freshwater (subzone D by Milanovic, Kallergis 2001), floats on the 
subzone E of saline water. Under conditions of pumping, we observe induced mix-
ing of the two zones (fresh and saline water), as a result of the reduction of hy-
draulic load, the amount of which depends directly from the pumping supply. 



Contribution on hydrogeological investigation of karstic systems in eastern Korinthia 515 

Spathovouni - ΕG-5 (a) 

-70

-65

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

1880 1900 1920 1940
 E.C. (μS/cm) 

a
lt

it
u

d
 (

m
)

  

Athkia - G3/68 (b)

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

550 560 570 580 590

E.C.(μS/cm)

a
lt

it
u

d
 (

m
)

 
Onia - EG-3 (c)

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

0 5000 10000 15000 20000

E.C (μS/cm)

a
lti

tu
d

 (
m

)

   

Sofiko - S-2 (d) 

907

311

997

-35

-30

-25

-20

-15

-10

-5

0

5

10

200 400 600 800 1000 120

E.C. (μS/cm)

a
lt

it
u

d
 (

m
)

 
Fig. 2. Electrical conductivity profiles in the boreholes of the study area (hydrostatic conditions). 

On the western edges of Onia mountains, as measured in the research well 
EG3, there was found little variation in the water table level, just above the sea 
level (+3 to +4.1m), for the period from 2009 to 2011. The profile of Ec (Fig. 2c) 
shows the complete salinization of the karstic aquifer of Oneion Mountains, which 
hinders the further development of proposals that have been made so far (Kou-
mantakis 2005), in order to halt the phenomena of salinization. The values of elec-
trical conductivity equal (16.8 mS/cm) the corresponding values of saline springs 
of Orea Eleni (20.0mS/cm), which is the point of discharge of karstic aquifers of 
Onia Mountains. Direct infiltration in limestone masses, owing to the intense kar-
stification process, discharged quickly at the springs of Orea Eleni, and infiltrates 
the aquifer-transfusions of impeding conglomerates are slowly and is not likely to 
improve the quality of water in karst aquifers. 
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Fig. 3. Electrical conductivity fluctuations and Cl concentration in S-1 and S-2 Sofiko boreholes.  

Hydrogeological unit of limestone masses of the mountainous area. This 
unit is part of the massive appearance of the limestones masses of the northern 
part of the mountain complex of Arachnaion stretching out from the flysch over-
thrust of the Tripoli zone, west of the area of Agiou Basileiou to the shores of the 
Saronicos Gulf. All along the coastline, from the bay of Almiri to the bay of 
Sofiko, limestone masses are found to exhibit hydraulic communication with the 
sea. From the north, the limestone masses are delineated by the long fault zone of 
Ag. Vasilios - Klenia - Rito - Katakalio. The southern boundary of the fault zone 
is difficult to be identified to its full length. Eastern of the village Lakes, the fault 
zone follows the overthurst of limestone formations upon the schist - chert forma-
tion, which having a direction East - West is visible almost to the bay of Selonda. 
The numerous and long faults, with directions East - West, which cross the lime-
stone mass, have developed karstic structures with similar direction, through 
which the groundwater discharges to the sea of the Saronicos Gulf. The discharge 
of this karst aquifer is through coastal brackish karstic springs of very low abso-
lute altitude (<1m) and many submarine ones. The springs of Almiri, which have 
higher yields, discharge directly from the limestone formations, through the tan-
gential alluvial coastal zone, and through at least four distinct major submarine 
vents, located in the eastern areas at depths of 4-11m. Also the coastal springs of 
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Korfos in the area of Nisi Bloutsi, have large yields rate. Beyond these springs, 
substantial quantities of karstic water discharged along the steep shores of the Sa-
ronicos Gulf in the form of scattered discharge points (Fig. 1). The exploitation of 
the karstic aquifer through a well network is extremely limited due to intense lift-
ing of the morphological terrain near the coastal zone. In many areas of the moun-
tainous zone (Stefani, Agionori, Ag. Ioannis, Klenia, etc) several wells have been 
drilled at depths up to 350-450m without encountering the aquifer zone, as they 
didn't approached the sea level, near which the developed karstic aquifer is found. 

In the area of Sofiko, the karstic aquifer is distributed in the karstified zone lo-
cated approximately 30m below the sea level (exploratory drilling EG-1). It is 
about a "sunken karst ', formed as such, from the combination of tectonic action, 
and the rising of the sea level. Under conditions of rest the water table of the kar-
stic aquifer, is formed in absolute altitude from +8 to +12m. During the test pump-
ing in EG1 (July 2009), operated for 24h with a supply of 15m3/h, the total draw-
down was 1m, without substantial change in the concentration of chloride (81-
85mg/L). By increasing the supply, the drawdown is higher and progressively in-
creasing the concentration of chloride. The operation of two water wells (S1, S2) 
for more than 10 years, with 30 and 25m3/h, supply rate respectively, has caused a 
significant increase in salination. In S1, the concentration of chloride has exceeded 
1200mg/L, from 240 mg/L in 2003 (Fig. 3), while in S-2 exceeds 200 mg/L, with 
electrical conductivity greater than 1400mS/cm. From the profile of electrical 
conductivity in S-2 (Fig. 2d) it is founded that the electrical conductivity of the 
310mS/cm at the first 30cm of water column, increases gradually to reach 
1000mS/cm around the bottom of the well (-32m). From these values combined 
with the results of test pumping in EG1, that by reducing the supply rate, it is pos-
sible to keep the concentration of chloride within tolerable levels. 

3 Quality characteristics of subsaline karstic springs 

All coastal and submarine karstic discharges in the coast line of the Saronicos 
Gulf are subsaline, with little change in chloride concentration during the hydro-
logical year. The water springs of Orea Eleni exhibit a smaller degree of salination 
(31% seawater), as the masses of the limestone of Onia mountains, communicates 
hydraulically with the sea in a small area, width of 120m. The concentration of 
chloride (analysis 31 samples period 2004-08), ranges from 6,290-6,900mg/L, 
with a mean value of 6,520mg/L. In Almiri springs (discharges from limestone 
masses) the concentration of chlorides (analyzes 33 samples, period 2004-08) 
ranges from 11,380-13,600mg/L, with a mean value of 12,524mg/L (58% sea-
water), while at the discharges from the alluvium that cover the coastal zone, the 
chlorides range from 9,900-11,400mg/L, with a mean value of 10,235mg/L. Re-
garding the springs in the bay of Korfos and the seasonal discharge of karstic wa-
ters in the area of Loutsa Tsigou, the concentration of chloride range about 
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8,000mg/L, while in the area of Nisi Bloutsi where high supply karstic waters are 
measured the concentration is of about 15,000mg/L. Finally the water springs of 
the bay of Seloda, where karstic water discharges are mixed with waste water 
from nearby fish farms, the concentration of chloride range about 4,000mg/L. 

4 Conclusions  

The karstic limestone aquifer of the eastern Corinthia is an important water re-
source for the region, despite the intense salination of discharges that propagated 
the shores of the Saronic Gulf. The average annual recharge of the karstic aquifers 
is about 90x106m3 and potential exploitation of these aquifers, would supply the 
region with a new water resource particularly important for economic and social 
development. Such a perspective is particularly difficult, as it will require major 
research projects to finalize the form of recovery works needed, the construction 
of which will require significant financial cost. Until now the use of the karstic 
aquifer via a well network, both in the area of Sofiko, and in the zone between 
Koutalas - Spathovouni in the hilly area, is made irrational, leading to the salina-
tion of the karstic aquifers. The yield rate of the wells, far exceed the critical yield, 
beyond which upsets the delicate balance between the band of fresh and saline wa-
ter. In both cases it is vital to reduce the supply rate at the level of 15m3/h and the 
installation of pumping stations to a smaller depth. 
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Abstract   Hydrogeological research in western Crete, has led to the revision of 
the geological map of the area and the creation of a new lithological map in scale 
of 1:25.000. According to the investigation results, Trypali Unit forms a separate 
hydrogeological entity in the region that is extended widely. Folding and faulting 
of this unit combined with the widespread fault systems determine the ground wa-
ter flow in the region. 

1 Introduction 

The Alpidic basement of Crete is composed of a number of fault bounded tectonic 
units with different lithologies, paleogeographical origins and metamorphic grade. 
Among others, a group of metamorphic rocks, or a part of it, composed mainly of 
phyllite and quartzite, has been described through time with variable names 
(Manutsoglu et al., 1995). This Group lies between Tripolitza nappe and “Crete-
Mani Unit”/Plattenkalk Group or/and the Trypali Unit, and its maximum surface 
extension is located at Western Crete. The thickness of “Phyllite/Quartzite Series” 
(PQS) at Western Crete, which has been estimated at about 2150 – 2800 m 
(Cayeux 1902, Krahl et al. 1983), its stratigraphic position (normal or overturned), 
as well as the extension of the Trypali Unit and the emplacement of the large 
meta-evaporitic body in the region, still remains a matter of debate (Pomoni-
Papaioannou and Karakitsios 2002, Krahl and Kauffman 2004).  

In order to answer these main questions, which are of great importance consid-
ering the hydrogeological framework of the region, an area in the western Crete 
(belonging to Paleochora sheet, Manakos et al. 2002) was surveyed. The relation 
between the crystalline carbonate formations (Trypali Unit) and the overlying 
metaclastic formations (Phyllite/Quartzite Series) was investigated and a new 
lithological map was created in scale of 1:25.000. This map can be used to clarify 
the hydrogeological regime in the study area and to evaluate the groundwater re-
sources. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 



520 E. Manutsoglu, E. Steiakakis 

2 Geological setting 

The study area is located at the western side of the “White Ori” mountains range. 
The “Complex” of metamorphic rocks in the area has been described by Creutz-
burg and Seidel (1975) as “Phyllite/Quartzite Series”. It is dominated by phyllites 
of variable composition, quartzites of different thickness (meta) conglomerates, 
black platy dolomitic limestones, gypsum, rauhwake and basalts. This “Complex” 
corresponds to the “terrains metamorphique” Cayeux (1902), as well as to the 
formation of “Gypsum and Rauhwake” and to the “Phyllite-Quartzite-Shale Se-
ries” of Wurm (1950). Creutzburg and Seidel (1975) introduced also and defined 
the term “Trypali Unit” mainly to describe carbonaceous rocks (dolomites, dolo-
mitic limestones, rarely pure limestones, carbonaceous breccia, rauhwake), as well 
as white, glace textured marbles.  The mass of the aforementioned rocks has been 
subjected to different grade of recrystallization. The lithological evolution of this 
unit along with fossils (algae, corals, gastropods) led the researchers to accept that 
it was deposited rocks in a shallow water depositional environment. Gypsum and 
rauhwake occurrences in the western part of “White Ori” mountains range (be-
tween Stomio and Sougia settlement) were also included in Trypali Unit (Wurm 
1950).  

Regarding the transitional correlation between the carbonaceous formations of 
the Trypali Unit and the metaclastic formations of Phyllite/Quartzite Series, 
Creutzburg and Seidel (1975) came up with a surprising conclusion. Although in 
several positions (Kallikratis, south of Leukogia, east of Chosti, north and east of 
Kandanos, south of the Arkadi monastery) they notice that Trypali Unit seems to 
pass gradually to Phyllite/Quartzite Series, they question the Upper Triassic 
(Rhaetian) to Lower Jurassic (“Liassic”) age found for these rocks and claim that 
the contact with the underlying Plattenkalk is clearly tectonic. Considering the 
above they place Trypali Unit as underlying of the Phyllite/Quartzite Series, re-
garding it as a different structural unit. Further more, Krahl et al. (1982), studied 
biostratigraphical evidences in this unit and found that gypsum, dolomites and 
rauhwake, which until then were considered to consist the stratigraphically older 
horizons of the Trypali Unit, and they are in fact the youngest ones. Consequently 
they claimed that the Phyllite/Quartzite Series are in reverse position. However, 
this perspective was not adopted by all researchers (Κopp and Wernado 1983). In 
1983 Krahl et al. provided new biostratigraphical data for the “Phyllite Group” of 
Western Crete. They dated the period between late Carboniferous to late Triassic, 
but they didn’t manage to cover the Middle Triassic period using fossils. Coming 
up with even more biostratigraphical data, they accepted that rocks of the Phyl-
lite/Quartzite Series are isoclinal folded in a large scale. Also, they presented a se-
ries of geological sections, stratigraphical columns, a synthetic stratigraphical col-
umn and also the synthetic model for the structure of Phyllite/Quartzite Series as 
well as of Trypali Unit at western Crete. In this model meta-evaporites, that strati-
graphically consist the youngest formations, are observed in the lowest tectonic 
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position. For these rocks researchers accept that either consist a part of the Upper 
Triassic/Liassic meta-carboniferous formations of the “Phyllite Group” (and con-
stitute the overturned part of the massive isoclinal fold) or they are a facial differ-
entiation of the rocks of the Plattenkalk Group. The above claims were also sup-
ported by a paleogeographical evolution model of the External Hellenides during 
the Permian-Triassic period (Dornsiepen et al. 2001). 

3 Methodology 

A new geological map in scale 1:25.000 was created, using bibliographic data, 
data of the existing geological map, and data of the spatial distribution of rela-
tively easy-mapped lithological units (such as quartzitic layers, black/graphitic 
schists - quartzite that enclose gypsum relicts), the new finding related to occur-
rences of marbles within phyllites and transitional formations (from phyllites to 
marbles and meta-evaporites).  

The new lithological map covers an area of about 150 km2. The geological in-
formation used to construct the new map, includes a simplification of the mapped 
units. Using the current geological map (Palaiochora sheet, Manakos et al. 2002) 
the large scale structures were checked and lithological sequences were grouped in 
order to construct three geological sections with E-W direction (Fig.1). The aspect 
that meta-evaporites are part of the Plattenkalk Group (Manakos et al. 2002) was 
not adopted, because none of the characteristic lithofacies elements of this Group 
was identified in the field. In order to proceed with the geological mapping, the 
limits for the upper non metamorphic units (Tripolitza and Pindos) and the limits 
of the Neogene and Quaternary formations were accepted as reliable. Moreover, 
according to the widely accepted model of the region, “Phyllite Group”, was con-
sidered to be in a reverse position. Finally, the observation of characteristic forma-
tions such as black/graphitic schist-quartzite that enclose gypsum relics, it was the 
guide to reach in conclusions for the study area. 

4 Results of the geological mapping 

The tectonic structure of the region has been resulted by the combined action of 
thin-skinned deformation and fault tectonics. The structure of the study area has 
been defined by the existence of a large scale fault, striking NNW-SSE, which 
passes through Sfinari village. The geological survey led to the creation of a new 
lithological map of the study area (Fig.1). This map was based on lithological and 
interpreted biostratigraphical data from cited literature.  
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Fig. 1. New lithological map of the Sfinari area in Western Crete, Sheet Paleochora (after Mana-
kos et al. (2002), modified). 

The current work comes up for discussing the geological model of the area and 
they are presented in following: 

– The meta-evaporitic body and meta-carbonate rocks of Upper Triassic (in-
cluded in Ionian Zone according to Manakos et al. 2002), was regarded to 
be (together with the limestones of “Mana” formation) in Trypali Unit. 

– Calci-phyllites and quartzites of “Mana” formation, the main part of “Sfi-
nari” formation and “Poikilos” formation that consist of schists, re-
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crystallized limestones and quartzites, (have been considered to be in Io-
nian Zone according to the existing geological map, Manakos et al. 2002), 
constitute a single formqation under the name of “Calci-phyllites”. In this 
formation the existence of black graphitic schist-quartzite with gypsum in-
tercalations is characteristic and outcrops in the whole study region. Ac-
cording to the current geological survey the “Calci-phyllites Unit” occurs 
stratigraphically between the clastic formations of Phyllite-Quartzite Series 
s.s and the carbonate formation of Trypali Unit. In the village Livadia, was 
observed intense karstification inside the aforementioned transitional lay-
ers.  

– Taking into account the spatial distribution of the geological formations, 
the topography and the biostratigraphic data derived from bibliographic 
sources, the rest formations of Phyllities/Quartzite Series s.s. (schists, 
phyllites, quartzites) can be grouped into two stratigraphical successive 
formations: “Phyllites” and “Quartzites” formations. 

– “Phyllites” formation is topographically lower, with extensive surface out-
crop on both blocks of the fault. It is stated that “Varied Formation”, 
“Stauros-Seli” schists and “Koutrouli” schists make up the “Phyllites” 
formation.  

– The second one is topographically higher. The quartzites “Agios Dikaios” 
and the largest part of quartzites “Koutrouli” consists the “Quartzites” 
formation.  

– The main fault is lifted the eastern part of the study area, preserving the 
NNE-SSW dip direction and the NNW and SSE direction of fold axes as 
well. The aforementioned directions were not preserved in the depressed 
western part. Instead, the general direction of the intensively folded rocks 
was changed after rotation to NNW-SSE. This rotation is evidenced by the 
presence of two additional tectonic clues. The first one is the existence of a 
large part of upper nappes (Tripolitza and Pindos) west of Sfinari and the 
second is the outcrop of tectonically reversed and stratigraphically younger 
meta-carbonate formations with anhydrite/gypsum in the proximity of 
Stomio area. Large scale anticline and syncline are observed in the eastern 
and western part, respectively. Apart from this large fault, several smaller 
faults run through the area with general direction NNW-SSE and NNE-
SSW, as shown on the map.  

5 Discussion and Conclusions 

The authors have revised the lithostratigraphy in the area, and certain views are set 
out concerning: 
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– A large scale meta-evaporites body, with a meta-carbonate core, which (in 
contrast with the existing geological map which classifies it within the 
Plattenkalk Group), is assigned to the meta-carbonates formations of Try-
pali Unit. A large fault with NNW/SSE direction passes from Sfinari vil-
lage and follows the general direction of the fold axes of the meta-
carbonate rocks, with subduction either to NNW or to SSE.  

– As it is shown in the three geological sections (Fig.1), there are three main 
large scale structures are formed over the metamorphic rocks of the Plat-
tenkalk series:  

1. Trypali Unit which evolves into Calci-phyllites, Phyllites and Quartzites 
formations of the Phyllitic Nappe Group are overthrust on the preceding 
formations and stratigrapically are in a reversed position.  
2. The transition of Trypali Unit towards Phyllites/Quatzite Series s.s. 
(Phyllites and Quatzites Formations) is made gradually with transition beds 
of Calci-Phyllites. Based on the spatial distribution of Calci-Phyllites, it is 
concluded that apart from the anticlinic structure that exists in the eastern 
part of the area, an open synclinal structure is created to the west part that 
affects and is affected by the large fault striking the area. The general direc-
tions of the fold axes are N/NNW, while on the east block an N/NE direc-
tion is prevalent.  

– The existence of the main fault, combined with the anticlinal and synclinal 
structures and synthetic faults that fracture the heterogeneous rocks in the 
area, determine the underground water flow.  

– Small occasional aquifers and springs of low yield are developed in Phyl-
lite/Quarzite Series s.s., that covers most of the surface of the study area 
and they are exploited for irrigation and water supplying needs.  

– The overlaying carbonate rocks of Tripolitza Nappe are of great hydro-
geological interest; however their extent is limited. They feed the spring of 
Agia Paraskevi - Sfinari at the N/NW of the study area, with average an-
nual flow which reaches 1.9×106 m3/year.  

– It is a contact spring (Lionis and Perleros 2001), without ruling out the ex-
istence of a small scale reservoir in negative altitudes. The quality of the 
water is good despite the fact that the spring discharges in the coastal zone 
(altitude +2.42 m). This is probably due to the narrow discharge front. We 
believe that the extent of the Tripolitza limestones (≈ 2 km2) and the esti-
mated infiltration in the area, explain the average flow of the spring, indi-
cating that its catcment is formed in the Tripolitza limestones (SW of the 
spring).  

 Considering the macrotectonics of the area (formation of an open syncline 
with NNW/SSE axis), it is concluded that Trypali Unit is partially hydrau-
lically isolated and it forms a hydrolithological entity of high interest. It is a 
hydrolithological entity extended widely and it forms a significantly long 
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synclinorium, with longitudinal axis in NNW/SSE direction. However, it 
should be noted that in the southern part of the study area the carbonate se-
ries include anhydrite-gypsum in variable sizes and consequently a high 
water concentration in sulfate ions should be expected. 

It is suggested that an exporation program should be carried out in the area, by 
drilling the Phyllite/Quarzite Series s.s. Calci-Phyllites (with thickness up to 300 
m) in order to reach the underlying Trypali Unit (0 to +100m asl) that is expected 
to contain a karstic aquifer. The final depth of the boreholes shall depend on the 
elevation of exploration site and it is estimated at about 500-600 m. It must be 
mentioned that due to lack of detailed mapping and hydrogeological-
hydrochemical data, there is an increased uncertainty regarding the type and depth 
of the aquifer, as well as the depth where lithologies and groups might change. 
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Abstract The Triassic-Jurassic limestones, which cover a large area in the region 
of Prespa, appear to be intensively karstic and create underground independent 
water reservoirs. It is estimated that the renewable water reserves of all the karstic 
aquifers that are located west of the basic watershed exceed 250*106 m3/yr. These 
water reserves are formed from the direct inflow of atmospheric precipitation 
without including the infiltration of water from the Lakes of Prespa. The lakes of 
Great Prespa and Small Prespa are surficially and hydraulically connected via an 
underground karstic water table; the water is discharged, northwest, to lake Ohrid 
either riparian or in the sub-surface via shallow holes in the limestones that exist 
between the two lakes Great and Small Prespa and between the lakes Great Prespa 
and Ohrid in FYROM and Albania. The sub-surface inflows of lake Great Prespa 
amount to 130*106 m3/yr and it is believed that there are more sub-surface inflows 
that have not been located. 

1 Introduction 

The lakes of Great Prespa and Small Prespa have been characterized as landscapes 
of particular natural beauty with the latter protected by the Ramsar Convention. 
They are wetlands of international importance with rare flora and fauna. Hydro-
logic and hydrogeologic studies were done in both lakes using modern methods of 
isotopic analyses, dye tracing as well as other methods, aiming to the full knowl-
edge and understanding of the lakes’ ecosystem characteristics and functionality, 
which would then become the basis for their protection, improvement, rational 
management and sustainable development without negative repercussions in the 
environment. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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2 Geological Formations - Hydrolithology 

The area of Prespa lakes geotectonically belongs in the Sub-Pelagonian zone and 
the geological formations that compose the area from newer to older, are summa-
rised below: 

Quaternary formations: Include all formations of Quaternary age, such as al-
luvial and fluvial deposits of sand and clay, conglomerates, talus cone etc. They 
can be mainly found in the plain of Korçë in Albania, in the plain of Resen in 
FYROM and in areas of lower altitude in the Greek territory. They are generally 
characterized as permeable but also as semi-permeable to impermeable formations. 

Neogene formations: Consist of marls, clays, sandstones, conglomerates, 
marly limestones, occasionally with intercalations of sand and grit, with great 
thickness. They are characterized as non-permeable to locally semi-permeable 
formations. Generally they do not present active porosity and consequently they 
do not develop underground waters. 

Molasse formations: These are very thick impermeable formations that are 
mainly occur between Korçë and Pogradec in Albania. They consist of sandstones, 
conglomerates and marls in alternations. Flysch and other related rocks such as 
conglomerates and sandstones, which have the same hydrologic behaviour, were 
included in this category. They are characterized as impermeable formations. 
Generally they do not present porosity and consequently they do not develop un-
derground waters. 

Trirassic-Jurassic limestones and marbles: They are widely distrubuted in 
the area, with thickness that reaches almost 1000 m. They consist of light grey, 
white and black limestones with various degrees of recrystallization, thick-bedded 
or low-bedded, white marbles, and dolomitic limestones. They are widely spread 
in the mountain range of Mali i Thate and Galicica in Albania and FYROM, be-
tween the lakes of Great Prespa and Ohrid, as well as in mount Triklari in the 
Greek side. They appear intensely tectonized and karstic with a decisive role in the 
hydrogeology of the region as it is described further down. 

Granites: They are of considerable abundance and thickness in the Greek terri-
tory, while hydrologically they behave as impermeable formations. 

Metamorphic rocks: They observed in the Greek side as well as in FYROM. 
They consist of phyllites, slates and gneiss, with hydrologically impermeable be-
haviour. 

Ophiolites: They occupy a small area in the wider region and hydrologically 
are characterized as impermeable formations.  

The factors of hydrologic coefficient for the aforementioned rocks are ap-
proximated in Table 1. The parameters in the table are the result of continuous 
measurements done for many years by the West Macedonia Department of the In-
stitute of Geology and Mineral Exploration (IGME) in a natural lysimeter in the 
region of Kastoria, in the limestones and marbles of the Pelagonian zone as well 
as in other categories of rocks in other regions 
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Table 1. Hydrologic coefficients. 

Geological Formations Precipitation 
(P) 

Surface flow
(R) 

Evapotranspiration 
(EVAP/TRANSPIR) 

Infiltration 
(I) 

Sedimentary rock 
formations 100% 24% 63% 13% 

Metamporhic rocks 100% 34% 60% 6% 
Limestones 100% 5% 35% 60% 

3 Hydrogeological conditions of the Prespa 
hydrogeological basin 

The Triassic-Jurassic limestones are those that mainly determine the hydro-
geological regime in the area. Hydrogeologically they are significant because they 
develop in their mass a large secondary porosity. When they appear without ad-
mixtures of clay and other materials, the effect of the karst and dissolution is in-
tense. The karst (dissolution) of the limestones is a complicated and multifunc-
tional chemical activity.  Rain water, enriched with CO2 from the atmosphere or 
the CO2-enriched ground air from decomposition of organic substances and root 
systems, forms the carbonic acid CO2+ Η2→Η2CΟ3 which acts on limestone and 
produces the bicarbonated calcium CaCΟ3 + Η2CΟ3→Ca(ΗCΟ3)2 which is soluble 
and is removed by water. The final result of this activity is dissolution of the inte-
rior of the limestones and the creation of all kinds of karstic holes. 

Because of this process, all the karstic features (shallow holes, sinkholes, doli-
nes, polges and caves) are observed on the surface as well as inside their mass. 
The inter-karst features were located during the water drills performed in the re-
gion by IGME. It is noted that in some water drills that penetrated the limestones 
in the Greek side, karstic sinkholes were found filled with Quaternary and Neo-
gene sediments from fluvial deposits with rounded small diameter pebbles.  

The corroded materials that were transferred by the streams in the region were 
selectively channelled in these karsts and mainly in the caverns because of their 
large opening. These limestones are anisotropic and non-homogeneous with re-
gards to their permeability, which results in the underground water moving via 
channels. These karsts and the empty spaces are occupied by water and function as 
reservoirs of underground water. The percolation of atmospheric precipitation in 
the limestones amounts to roughly 60%.  

The creation of karst is not enough to store underground waters. Essential is the 
existence of an underlying impermeable formation, which will regulate the flow 
and the storage of the underground water. 

In our case, the underlying impermeable formation primarily consists of crys-
talline schist massif rocks and secondarily of the limestone itself, which at greater 
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depths is not karstified. The karsts reach to a depth of greater than 500 m, as is 
shown by geophysical research done by IGME. 

The axes of berm of this impermeable basement rock constitute the under-
ground watersheds; the underground waters are stored on either sides of the un-
derground watersheds and are led to springs and lakes, or overflow and feed other 
underground aquifers. Consequently, although the limestones are extensive in the 
three countries, they do not create one unified water table (Fig. 1). 

 

Fig. 1. Section A-A’: Development of karstic aquifers and groundwater movement in the three 
neighbouring states (Stamos 2003). Section C-C’: Sinkholes of Great Prespa Lake and karstic 
aquifers, which overflow undergrounds in succession the one in the other from east to west 
(Stamos 2010). 

A number of underground watersheds that separate various independent aqui-
fers were located using geological, hydrolithological, geophysical, drilling, dye 
tracing and isotopic analyses 18O and many others that were done as part of the 
transnational research programmes for the region. The main underground water-
shed located in the  eastern bank of Small Prespa (direction NE - SW) on the 
Greek side, divides the limestones’ karstic waters in two main directions; to the 
east (Greece) and to the west (Albania and FYROM).  

On the Greek side the underground karstic water moves southeast and is dis-
charged in the big karstic springs of Gavro, Koromilia and Lefki in the area of 
Kastoria. On the west side the movement of karstic water is mainly northwestern, 
and creates independent aquifers. Thus, the karstic aquifer that is formed between 
the basic watershed and Small Prespa directs waters to Small Prespa. Thus a semi-
independent aquifer is created in the limestones that separate the lakes Small 
Prespa and Great Prespa, with flow directed as much towards Great Prespa as to 
the main underlying limestones (active karst) to the northwest. In wet periods this 
aquifer has a higher water level - in altitude - than the level of Great Prespa 
(measurements of water level in drillings in the Greek territory) and then a portion 
of this water flows into the lake. 

At the same time, a section of limestones located in the south develops a differ-
ent independent aquifer that discharges its water to the springs of Proger and 
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Mancurisht in Albania. In these springs, water from Small Prespa is also dis-
charged which flows into the shallow holes found at the lakeside as shown in Fig-
ure 2. This figure also shows the impermeable layer of schist with ophiolites in the 
limestones separating the underground karstic waters into independent aquifers 
(shown as yellow line in Fig. 3). This layer of schists in the limestones is only lo-
cated in the south, and in some cases it creates a low hydrodynamic aquifer 
(Episkopi of Albania). In Figure 2, the schematic section B-D is shown in minia-
ture with the point B’ moved slightly to the northwest (point D), and in which the 
sub-surface watershed is shown with the layer of schist which separates the sub-
surface waters in different directions. All the remaining limestones northwest 
Great Prespa create the biggest limestone aquifer between Great Prespa and Lake 
Ohrid. This aquifer is enriched with the infiltration of big quantities of water from 
Great Prespa. There is likely to be lateral infiltration into the Quaternary deposits 
of the Korçë plain in Albania. 

 

Fig. 2. Cross section showing the water infiltration of Small Prespa lake in to the karstic aquifer 
and the underground watershed with the impermeable layer of schists and ophiolites into the 
limestones (Stamos 2010). 

As is shown in the hydrogeological map (Fig 3), water discharge of the aquifer 
happens via a large amount of water from the karstic springs at Tushemisht in the 
region of Pogradec in Albania and from St. Naum of Lake Ohrid in FYROM. 
These are more likely large fronts of overflow springs. The estimate of annual re-
newable water reservoirs of the aquifer amounts to over 190*106 m3. The estimate 
of annual renewable reserves of water from all of the above-mentioned karstic aq-
uifer westwards of the main watershed is over 250*106 m3 (Stamos 2010). 

The aforementioned reserves of water consist of quantities of water from the 
direct percolation of atmospheric precipitation in the karstic formations, without 
including the infiltration of waters from the Prespa lakes. Those were calculated 
based on specific output of karst (yield per km2) measured in a natural lysimeter 
(Kefalari, Kastoria). Note that it was not possible to use the hydrologic and other 
measurements of three neighboring states, which were judged unreliable. On the 
map (Fig. 3) are also delimited the remaining water-bearing strata, as well as the 
movements of all their underground waters and discharge. 
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The determination of hydraulic parameters of karstic aquifers becomes very 
difficult because the aquifers are anisotropic and non-homogeneous. The hydraulic 
parameters which determined after a lot of pumping tests in boreholes that realized 
by IGME in the same limestones to the east and in Greek territory and were taken 
the mean, it is believed that they represent entire the karstic system of Prespa 
Lake. Only as for the Storage coefficient (S) exists reserve as in general for the all 
karstic aquifers. These parameters have as follows:  
Transmission coefficient:  

 (T) = 5.2*10-2 m2/sec 

Hydraulic conductivity coefficient: 

 (K) = 2.6*10-4 m/sec 

Storage coefficient: 

 (S) = 2% generally 0.1-10%. 

4 The lake of Great Prespa and groundwater flow 
in the karstic aquifer 

The catchment basin of the Prespa lakes is a closed basin with no surface drainage 
system, only underground. The sizes of the hydrological and hydrogeological ba-
sins of Prespa lakes are 1380 km2 and 1630 km2 respectively. The level of water in 
the lakes has been declining since 1987 and has dropped by approximately seven 
meters with a simultaneous reduction of its volume by 46% or 1750*106 m3.  

The Great Prespa lake is fed surficially by the overflowing waters of Small 
Prespa (via the channel Koula) and overland flow of the catchment, while in the 
subsurface is fed by karstic waters from the limestones that separate the two lakes. 
Mapping of the water balance of the lake and its subsurface outflow requires a lot 
of hydrologic and other data. These could result from a joint study done by the 
three countries to which the hydrogeologic and hydrologic basin belong.  

Due to practical difficulties the volume of water outflows from the lakes cannot 
be directly calculated. Hence, an indirect method of calculation was followed us-
ing isotopic analyses. The technique takes advantage of natural tracers in the water 
resulting from changes in its isotopic composition throughout the hydrologic cy-
cle, allowing monitoring of the movement of water mass. One of the isotopes 
found in water is the isotope 18Ο, and the isotopic composition of water with re-
gard to the heavy isotopes of oxygen and hydrogen can thus be considered as natu-
ral tracer for the investigation of the recharge areas of subsurface water, the study 
of the hydrologic balance and the dynamics of the lakes. 
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Fig. 3. Hydrogeological map of Prespa Lakes (Stamos and Stefouli 2010). 

The method of calculation was as follows: first the relationship was established 
between the factor δ18Ο of the underground water and the weighted average alti-
tude of the recharge area (taking into consideration the surface and the level of 
rainfall). Secondly a sample of water was taken from the spring discharge system 
located in the area of Tushemisht in the region of Pogradec in Albania, St Naum 
of Ohrid in FYROM and in the lake of Great Prespa. 

Table 2. Underground inflow of water of Great Prespa. 

Springs Average discharge (m3/sec) Participation of water from Great Prespa 

  (%) (m3/yr) 

St. Naum 8.15 37.3 96.047.776 
Tushemisht 1.885 54.4 32.338.275 
  Total 128.386.051 

The results of the isotopic analyses (which were done in collaboration with 
NCSR “Demokritos”) determined the contribution of water from lake Great 
Prespa to the water from the excess discharge of springs of the karstic aquifer of 
Triassic-Jurassic limestones found in the mountain range of Galicica-Mali i Thate 
in FYROM and Albania (Table 2). Dye tracing with coloured substances was per-
formed in the shallow holes of Great Prespa and Small Prespa, which confirmed 
the existence of water from Great Prespa in the springs located on the lakeside of 
Ohrid, the St. Naum and Tushemisht springs (FYROM and Albania) (Fig. 1 - sec-
tion C-C’) and from Small Prespa in the springs of Proger and Mancurisht in Al-
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bania (Amataj et al. 2003; IAEA 2003). The measurements of average yield of 
springs in Table 2 came from the two neighbouring states where the springs be-
long.  

5 Conclusions - Discussion 

After a hydrogeological and hydrological study which was realized using modern 
methods (isotopic analysis, dye tracing etc) in the two lakes and in the extent of 
hydrologic catchment (1,137 km2), it has been concluded that: 

Great Prespa Lake maintains its good qualitative situation; however it does 
show a dangerously declining trend in its quantitative situation. Small Prespa has 
similar characteristics but more intense qualitative problems. 

In Triassic-Jurassic limestones of the wider region are independent karstic aq-
uifers, which discharge mainly via a large reservoir of karstic springs which are 
located in the regions of Tushemisht (Albania) and St. Naum (FYROM). These 
are overflow springs and discharge from large riparian and lakeside areas of Lake 
Ohrid. They have secondary discharge in the two lakes of Prespa, which commu-
nicate mainly via surface flow as well as underground via the karstic aquifer of 
Mount Galicica-Mali i Thate between Great Prespa and Lake Ohrid. These aqui-
fers are shown as yellow line on the hydrogeologic map. 

The subsurface water outflows of Great Prespa are located along streams on the 
western side of the lake in Albanian territory, and amount to 130*106 m3/yr. Hy-
pothetically there are also other outflows of groundwater in the lakebed, although 
they have not yet been located. It is imperative to complete an extensive and sys-
tematic study of the ecosystem of Prespa lakes and of the wider hydrologic and 
hydrogeologic basin of the two Prespa lakes and Lake Ohrid, by scientists from 
Greece, Albania and FYROM, taking into account the geomorphologic, hydro-
logic, hydrogeologic, geophysical, qualitative, quantitative, environmental and 
other parameters and characteristics of the system. 
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Abstract When dealing with any hydrogeological issue, or the management of 
water environment, the water quality in agricultural constructions or even in hy-
drology, the first priority is to measure the water discharge. A suitable hydraulic 
structure, even in inclined watersheds within almost any runoff basin, is the con-
struction of a weir and the experimental measurement of the corresponding water 
flow characteristics. Until now, the geometrical characteristics of such flows were 
limited in horizontal watersheds or channels, while in the present investigation an 
effort is made to extend the knowledge of such geometrical characteristics to weirs 
within inclined flows. 
This experimental study concerns some interesting hydraulic characteristics of the 
flow around a thin weir within an inclined (angle φ) rectangular open channel. The 
length between the weir and the downstream contracted flow cross section is sys-
tematically investigated. The upstream to downstream depths´ ratio is also exam-
ined, while some interest has the ratio of the weir height to upstream hydraulic 
head - as a function of a reference Froude number. All results are accompanied by 
pertinent diagrams and empirical equations. The authors believe that the results 
are practical and may help to understand the thin weir overflows within inclined 
open channels or watersheds. 

1 Introduction 

The weirs are hydraulic structures mainly used to calculate relatively small flow 
discharges after measuring a convenient upstream water head (reference head) 
within an open channel. They usually consist of a thin and robust plate with the 
same width as the channel width (B), above which the water discharge q (per unit 
channel width) can be determined by the use of an appropriate equation produced 
through one-dimensional analysis. 

Apart from q the thin weir overflow has some very interesting hydraulic char-
acteristics such as the length L from weir to downstream flow reference cross sec-
tion, the upstream to downstream depths’ ratio, etc. 

A large number of papers have been published in the past, mainly concerning 
the discharge coefficient of the vertical thin weir in horizontal open channel free 
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flow. In the present paper the measurements of the main flow characteristics have 
been extended to flow in inclined open channels (angle φ, slope Jo=sinφ) and per-
pendicular (to channel bottom) thin weir. 

 
Fig. 1. Flow characteristics. 

Figure 1 schematically shows the main free flow characteristics with the cre-
ated air bubble-in touch with the weir's body - produced by itself. The weir height 
is w, the upstream head is h while the water depth at weir's crest is h  . The flow 
just upstream the weir is subcritical and gradually varied (almost horizontal free 
surface), above the weir is strongly curved-followed by a local descending flow. 
The control volume is included between cross sections 1 and 2, where correspond-
ing water depths are d1 and d2. For d1 measurements the same rule as in horizontal 
channels is followed, since d1 is measured at distances h4x1  , where h=d1-w. 
Thus, at cross section 1 the local pressures may consider as hydrostatic since they 
are unobstructed by any separation vortex effect.  Since the free flow is ending 
here at a channel drop, cross section 2 is selected at a distance L where d2 is the 
smallest depth, while local pressures at this cross section are also considered as 
hydrostatic. 

Further, along the flow direction (x) the main flow parameters are the Froude 
numbers, 2/3

1
2/1

1 dg/qFr   and 2/3
2

2/1
2 dg/qFr  , with 

   2/3
1221 d/dFrFr   (1) 

To the best knowledge of the author there are no older experimental investiga-
tions concerning the flow length L and d1/d2 ratio within weir flows in inclined 
channels. Demetriou (2011) is presenting some first results of an experimental 
study concerning the dimensionless length and depths’ ratio for the above flow 
geometry. 
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2 The Experiments 

All experimental measurements were performed in the JD Research Hydrolab. A 
small tilting perspex flume was used with inclination angles φ=0o-3o-6o-9o-11o-
14.5o and w/B=0.5-0.75-1.0-1.25. The discharges were volumetrically measured, 
and various depths were determined with a meter gauge. A number of 24 runs 
were organized and a large number of depths were recorded. Fr2 varied between 
2.6 and 20.2, Fr1 between 0.09 and 0.54, Reynolds numbers Re2 varied between 
6,250 and 31,200, while w/h varied between 1 and 10. 

At any angle φ and height w, q, d1, d2, h and L were recorded, while the rest of 
quantities were calculated after the end of measurements. 

3 Results, Analysis and Discussion 

Figure 2 (a-f) presents L/d1´ vs Fr2 for the main angles φ=0o-3o-6o-9o -11o -14.5o, 
where it is clear that all experimental curves through the experimental points of 
measurements are descending when Fr2 are increasing. If d1/d2 ratio is known 
then, from equation (1), Fr1 may be used instead of Fr2 when this is more conven-
ient. 

 
Fig. 2. a. L/d1´ vs Fr2 for φ=0o, b. L/d1´ vs Fr2 for φ=3o, c. L/d1´ vs Fr2 for φ=6o, d. L/d1´ vs Fr2 
for φ=9o, e. L/d1´ vs Fr2 for φ=11ο, f. L/d1´ vs Fr2 for φ=14.5o. 

Figure 3 shows a comparison among all L/d1´ vs Fr2 curves (solid lines) for an-
gles φ, 0o<φ<14.5o. From this figure it is clear that all curves are systematic and 
for Fr2=const. L/d1´ are increasing when angle φ is increasing, while for 
L/d1´=const. this experimental value corresponds to larger Fr2 values. 
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Fig. 3. L/d1´ vs Fr2 for 0o<φ<14.5o. 

In order to give an approximate and quantitative relationship between L/d1´and 
Fr2 for any angle φ, a number of mathematical equations - based on  the previous 
experimental results - are produced with the following form: 

 1
21 Frba´d/L   (2) 

where a and b are arithmetic coefficients calculated from Fig. 2 (a-f). Table 1 pre-
sents all pertinent a and b coefficients for corresponding angles φ. 

Table 1. Various arithmetic coefficients. 

φ a b a1 b1 c1 

0ο -0.086 3.861 -0.187 0.901 0.306 
3ο -0.041 4.989 -0.746 2.357 0.510 
6ο -0.289 7.856 0.841 -1.597 0.515 
9ο -0.152 9.828 1.077 -2.117 0.537 
11ο -0.047 12.268 1.260 -2.363 0.559 
14.5ο 0.10 15.854 -0.116 0.046 0.788 

Equation (2) and Table 1 give a number of equations and pertinent curves - 
which are traced (dashed lines) in Figure 3, - while as one can see there is a very 
good agreement among experimental curves and curves representing equation (2) 
for Fr2>2 and-even-Fr2≤16. 

A very approximate and more general equation could also be deduced for L/d1´ 
if each one of a and b from Table 1 is correlated to corresponding angle φ. This 
was done in two separate diagrams (not shown here) with the results, where φ in 
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degrees. Thus the set of equations (2) and (3) may be used in practice to give ap-
proximate values of L/d1´ vs angles φ and Fr2. 





0.840·φ+3.021 = b
0.009·φ+φ 0.030-0.057- = a 21.5

 )3(  

Although the above ratio L/ 1d   is rather small - since its minimum values re-
main between 0.6 and 1.4 while its maximum values are changing in the range 1.8 
to 2.7 - in some cases it is necessary to know L as a function of 1d   and angle φ. 

Figure 4 shows the relationship between d1/d2, angle φ and h/w ratio, for 
.5.140 oo   As one can see from this figure all experimental points are creating 

a cloud - without any systematic dependence on angle φ. Α (solid) curve is statis-
tically traced among all the experimental points and it is clear that - independently 
of angle φ - d1/d2 is reducing when h/w ratios are rising up. 

 
Fig. 4. d1/d2 vs h/w and angles φ. 

A very good approximation of d1/d2 ratio vs h/w may be given by the empirical 
equation 

   1
21 w/h871.2353.1d/ds   (4) 

showing that for h/w  0 21 d/d , for w/h  d1/d2  tends to an asymp-
totic value around 1.35, while the characteristic value d1/d2=4.224 corresponds to 
h/w=1. The curve representing the above eq. (4) is also traced (dashed line) in 
Figure 4, and as one can see there is a good agreement with the experimental 
curve. In general when w/h is increasing d1/d2 is increasing rather fast, i.e. for 
d1=const. d2 is reducing and this may due to a lot of parameters such as the in-
crease of the slope or the size of the air bubble. 
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The above ratio d1/d2 may also be connected to Fr1 (or Fr2-eq. 1) since w/h may 
be expressed as a function of angle φ and Fr1. Figure 10 shows two typical ex-
perimental diagrams of w/h vs Fr1 for φ=0o and φ=9o, while Figure 11 presents all 
pertinent curves of the present study for 0o<φ<14.5o. 

 
Fig. 5. a. w/h vs Fr1 for φ=0o and φ=9o, b. w/h vs Fr1 for 0o<φ<14.5ο. 

Further, an approximate empirical equation, may describe all experimental 
lines of Fig. 5b, where a1, b1 and c1 are particular arithmetic coefficients taken 
from all present measurements and shown in Table 1 - for each angle φ. 

 1
11111 FrcFrbah/w   (5) 

All a1, b1 and c1 coefficients were also elaborated as functions of angle φ in 
separate diagrams (not shown here) with the following results, where φ in degrees. 
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 (6) 

The set of equations. (5) - (6) are represented by lines which are very close to 
the experimental (solid) lines of Fig. 5b. 

Equations (1), (4) and (5), (6), also show that when Fr1 is increasing, Fr2 is de-
creasing. On the other hand if hd2  , where λ=suitable arithmetic coefficient 
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then h/dd/ds 121   or sh/d1  , or   sh/wh  , 

   1w/h871.2353.11sh/w 1   , or where h/w may be taken from 

  

  1w/h871.2353.1

1h/w




  (7) 

Equations (5) and (6). Moreover, since in thin weir flows 
    2/32/1

d hg23/2cq   where the discharge coefficient cd=function of (angle φ 

and w/h),     2/3
2d2 d/hc3/22Fr   and since hd2  , 

  2/3
d2 c3/22Fr  . Demetriou (2011) has given a number of equations for 

cd in thin weir flows within inclined channels, while λ may be taken from eq. (7).  
Further, from eq. (1),    2/31

21 w/h871.2353.1FrFr
 , i.e. both Fr1 and Fr2 

are functions of cd and w/h. 

4 Conclusions 

This experimental study concerns some interesting hydraulic characteristics of the 
flow in the region around thin weir (w) within an inclined (angle φ) rectangular 
open channel, such as the dimensionless length between weir and a reference 
downstream cross section, or the upstream to downstream depth's ratio. Figure 1 
presents the flow characteristics, Figure 2 (a-f) gives the above dimensionless 
lengths for φ=0o-3o-6o-9o-11o-14.5o and equations (2), (3) give mathematical ex-
pression for those lengths. The upstream to downstream depths ratio is given by 
Figure 4 and equation (4), while Figures 5a, b and equations (5) and (6) present 
the ratio w to upstream flow head h, as a function of Froude number and angle φ.  
The results are considered as practical and may help to understand the thin weir 
overflows in inclined open channels. 
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Abstract   Ksiromero is a karst region in the northeast section of the Prefecture of 
Aitoloakarnania, in western Greece. It has a total areal extent of 104.91 km2 and is 
primarily developed on beds of Triassic carbonate breccia conglomerates and gyp-
sum, and Upper Triassic to Early Jurassic limestones and dolomites. The region is 
normally dry, but streams flow after strong rains. A geographical digital geodata-
base model was created to delineate its dense network of karst landforms, which 
include dolines, uvalas, poljes and stream sinks, and evaluate their impact on land 
use. Groundwater is poorly accessible to wells. Water for agriculture is mostly 
imported from adjacent regions and stored in earthen reservoirs, which include do-
lines and excavated depressions in terra rossa. Existing agricultural practices and 
the absence of sanitary landfills in this karst terrain may be resulting in groundwa-
ter pollution. 

1 Introduction 

Ksiromero is a karst region in the northeast section of the Prefecture of Aito-
loakarnania in western Greece (Fig. 1). It is geographically bounded by the moun-
tainous area of Akarnanika Ori to the west (Psili Koryfi, the highest peak is 1,157 
m above sea level), the basin of Lake Ambrakia to the east, Amvrakikos Gulf to 
the north, and the southern watersheds whose rivers flow to the Ionian Sea through 
the Department of Akarnania. This paper describes the digital geographic mapping 
of the region and its application to land use and groundwater protection. 
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Fig. 1. Location of Ksiromero area (Akarnania, western Greece) with panorama of Stinadia polje. 

2 Material and Methods 

In this paper we present a practical application for digital geomorphological map-
ping. The study was conducted in five phases: literature search, field research, 
landform reconnaissance, laboratory analysis of water and rock samples, and field 
mapping and use of geographic information systems software ESRI ArcGIS® ver-
sion 9.3.1. We stored, analyzed and displayed a detailed geodatabase of topog-
raphic, morphologic, hydrologic characteristics and establish a detailed geodata-
base of karst landforms for the region to produce maps and reports. The digital 
database allows combination of the geodatabase’s five different layers: topogra-
phy, geology, hydrology, LandSat imagery, and karst features. For detailed visu-
alization and analysis we digitalized 21 1:5,000 topographic sheets of the region at 
4-m contour intervals and interpolated at 2 m. Digital geomorphological mapping 
combined the topographic data with landforms mapped with LandSat TM satellite 
images, acquired on 9 September 1992 at 09:25 UTC, and through the use of Prin-
cipal Component Analysis and Tasseled Cap Transformation. We organized the 
karst landform database into sub-groups in different layers and calculated the sur-
face area and volume each individual surface karst feature. The geological data-
base was created by digitizing different layers of geological and topographical in-
formation on the 1:50,000 scale maps by the Institute of Geology and Mineral 
Exploration (1986, 1987). 
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3 Geology 

Ksiromero is located in the Ionian geotectonic zone, part of the large External Hel-
lenides Platform that extends west from mainland Greece and appears on the 
western edge of Peloponnesus and in some of the Dodecanese Islands. Primary 
tectonic features are long thrust faults that trend east-west and northeast-
southwest, and long reversed and normal faults that trend northwest-southeast. 
Ksiromero is a tectonic basin that developed within this fault zone. Figure 2 illus-
trates the geologic units and karst geomorphic and hydrologic features. Lithologic 
units of interest are over 150 m of Triassic evaporites (2%) overlain by the 10-200 
m thick Triassic Tryphos Formation carbonate breccia conglomerates (64%), fol-
lowed by up to 200 m of dolomite (4%) and as much as 300 m of the Pantocrator 
Limestone (20%) into the Early Jurassic. 

 
Fig. 2. Geological and geomorphological map of the Ksiromero region. 

During Permo-Triassic time, the Ionian Zone was a shallow, restricted, marine 
basin which accumulated over 150 m of evaporites (Karakitsios 1992), of which 
gypsum is now most notably exposed. Their episodic deposition may have al-
lowed the development of a paleointrastratal karst, as described in other regions 
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by Bosák et al. (1989), although no direct evidence has been found. At that time, 
the shallow Thethos Sea covered a continental platform which extended through-
out most of western Greece. During the Triassic epigenetic carbonate breccia con-
glomerates formed from major tectonic activity, diapiric deformation, and dissolu-
tion of underling evaporites. These conditions continued with small modifications 
to the end of the Jurassic. From the Pliocene to the Quaternary, more recent gyp-
sum deformation occurred at the surface due to underlying diapiric movement 
along prominent faults (Underhill 1988). 

4 Karst Geomorphology and GIS 

Comparing the results of the karst geodatabase in combination with the fieldwork 
allowed us to identify Ksiromero as one big karst basin which includes 15 water-
sheds, 13 belonging to poljes and two to groups of dolines. Also, 16 residual hills 
occur in the poljes; they are comprised mostly of limestone intercalated with gyp-
sum and are likely the result of lesser solubility than tectonic factors. We found 
267 dolines with funnel, shallow, and a few collapse morphologies, and 23 uvalas 
(Fig. 2). Finally, we created a digital model of stream sinks and identified 229 
sinks: 66 are in poljes, 30 in uvalas, 89 in dolines and 44 not within other karst 
features. Our database included different layers for each type of karst features, and 
using the DEM, we applied Spatial Analyst and 3D Analyst to calculate surface 
areas some results are summarized in Table 1. 

Table 1. Morphometric and watershed characteristics of a) a major doline and  
b) a polje in Ksiromero. 

a) Doline 
Elevation   
(m a.m.s.l ) 

Depth (m) 3-D surface area 
(m2) Type of doline (Čar 2001) 

Stadopigado135.4 – 240 104.6 481,400 
funnel-like, near-fault,  
point recharge 

 

b) Polje 
Elevation  
(m a.m.s.l) 

Watershed 3-D 
surface area (m2) 

Polje 3-D surface 
area (m2) Type of polje Hum 

Fraksias 178.8 - 200 20,518,200 1,397,900 tectonic, evolved from 
dolines and uvalas 1 

5 Regional Karst Hydrogeology 

“Ksiromero” is the Greek word for “dry place.” Hydrogeologically, Ksiromero is 
a system of closed karst watersheds whose recharge characteristics are poorly de-
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fined. In the study area rainfall is typically 962-1,040 mm/year (NDBHMI 2010) 
and annual evaporation reaches 650 mm so the remaining 312-390 mm is avail-
able for runoff and groundwater recharge. The largest percentage infiltrates the 
carbonate breccia conglomerate which has the greatest karstic development. A 
smaller percentage infiltrates the Pantocrator Limestone due to its smaller surface 
area and steeper topography. Surface water flows in Ksiromero only after rainfall. 

Domestically used water is supplied to Ksiromero mostly from a neighboring 
region. Water for agriculture is stored in 387 reservoirs, some natural dolines but 
most excavated in terra rossa soils of poljes and large dolines. Shallow groundwa-
ter occurs in some of the dolines and earthen reservoirs, as well as seasonally cap-
tured storm water, but much is pumped in from the other region or adjacent wells. 
Sea level at the Amvrakikos Gulf is the ultimate base level and the water of Lake 
Amvrakia suggests it is a major inland base level at 25 m above mean sea level. 
The permeability of the terra rossa soils seems generally low. The sparse well data 
suggest that groundwater occurs in two aquifers. A shallow, possibly perched aq-
uifer is in terra rossa 4-15 m below the surface. The deeper aquifer is in the epi-
karstic zone, approximate 5-25 m deeper at an elevation of 216.65 m in well YΓ-3 
(Fig. 2, Τable 2); the elevation is 230 m at well ΠΓ-2 in the carbonate breccia 
conglomerate (Fig. 2). Groundwater is also found along the contact zone of the 
carbonate breccia conglomerate with the underlying gypsum (Stournaras et al. 
1989). This contact ranges from 60-260 m in elevation with an approximate gradi-
ent of 4.5-5.5% near the villages Tryphos and Kompoti (Κalumenos 2002). 

The quality of Ksiromero’s water supplies is vulnerable to contamination. The 
shallow groundwater in the terra rossa is vulnerable to agricultural pollution, nota-
bly fertilizers and pesticides but also manure from livestock. The elevated nitrate 
in the well YΓ-3 (above U.S. drinking water standards) may result from the well’s 
location near some large cultivated fields. 

Table 2. Water chemistry of a well in the Spilja polje and a well near the village Aetos. 

Parameter Cave Doline 
Well YΓ-3 Well  Parameter Cave Doline 

Well YΓ-3 Well 

Ca++ (ppm) 39 125.3  SO4= (ppm) -- 3.36 
Mg++ (ppm) 2 2.92  NO3- (ppm) <1.6 13.02 
Na+ (ppm) 3.8 5.96  pH 7.59 7.5 
K+ (ppm) -- 0.39  TDS (ppm) -- 585.8 
HCO3

- (ppm) 2.03 395  Ec (μS cm-1) 227 760 
Cl- (ppm) -- 102.83  Total hardness 105 39.2 

Groundwater near homes, especially in the villages, is vulnerable to human ef-
fluent in septic systems. The absence of sanitary landfills and other agricultural 
contaminants potentially threaten groundwater quality, but the impacts are not 
presently quantifiable due to insufficient aquifer characterization. Areas of greater 
and lesser vulnerability are currently undefined but related to changes in the terra 
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rossa’s heterogeneity and isotropic nature, and the presence and absence of under-
lying conduits. Ksiromero’s limestone margins are steep with little agriculture or 
human presence, and while inherently vulnerable due to its high permeability, few 
contaminants are present. Garbage dumps are an exception. Ksiromero does not 
contain any sanitary landfills, and dumps are scattered in the region, putting un-
derlying and adjacent water at risk (Fig. 3). The potential impacts of all of these 
activities are currently only theoretical due to insufficient aquifer and surface wa-
ter characterization. 

 
Fig. 3. a) Garbage dump on hillside near the village Kompoti, overlooking farms in a polje; 
b) Hillside and bottom of a ponded doline in the Spilja polje near the village of Pappadatos. 

6 Land Use  

Most land use in Ksiromero is farming, pasture and light agriculture. We supple-
mented the geodatabase with data using the program Corine Land Cover (2000) 
(version 13) and Table 3 and Figure 4 illustrate the results of this analysis. Slightly 
over 60% of the study area is used agriculturally and generally corresponds to lev-
el or hilly areas overlying the carbonate breccias conglomerate. Nearly all of the 
remaining area is covered by dense natural vegetation that closely correlates to 
steep, mountainous areas of limestone and dolomite. A small percentage (1.39%) 
corresponds to artificial surfaces such as roads and buildings. 

Table 3. Summary distribution of land uses in the study area. 

No. Description Surface area (km2) Percentage (%) 

1 Urban  1.455 1.39
2 Natural vegetation 63.350 60.32 

3 Agriculture and pasture 40.105 38.29 

4 Ksiromero watershed 104.910 100.00 
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The smaller percentage of urban cover reflects the low population of 5,493 
(Hellenic Statistic Authority 2010). The fact that a large part of the study area is 
used for agriculture leads to the conclusion that environmental degradation due to 
the use of pesticides and fertilizers is possible and likely for water stored in doli-
nes and excavated reservoirs next to pastures and cultivated fields. 

 

Fig. 4. Map of land uses in Ksiromero (keyed to Table 3). 

7 Conclusions 

Using Arc GIS 9.3.1 we made different geospatial layers with geodatabases of in-
dividual and grouped land features that can be easily updated and adapted to cre-
ate specialized maps and analyses. For the Ksiromero region, we created a basic 
geographical digital geodatabase model as a matrix for the future exploration of 
relationships between the organization and origin of karst landforms, their influ-
ence on human activities, and the impact of those activities on karst. This paper 
provides an initial assessment of those karst features and their impacts.  

Ksiromero is a region of topographically high carbonate karst surrounding low-
er elevations of richly developed fields of dramatic karst features, such as dolines, 
uvalas, polje’s and rolling hills on a carbonate-evaporite breccia conglomerate and 
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terra rossa, underlain by gypsum. Groundwater is poorly accessible to wells, al-
though some groundwater is available through earthen reservoirs and some doli-
nes. This water supply system is adequate for the area’s modest demands, but in-
sufficient for population or agricultural growth, and the locally-derived 
groundwater lacks adequate protection from contamination. Following are rec-
ommendations to increase water yield and to better protect the region’s water sup-
plies from pollution.  

1. Most buildings are covered with ceramic tiles, which for relatively low cost can 
be modified to harvest clean runoff that needs minimal treatment relatively for 
domestic or agriculture use.  

2. Clean-up all trash dumps and create a sanitary landfill for the region.  
3. Regulate agricultural practices that may harm water quality in wells and surface 

reservoirs. 
4. Controlled excavation of water reservoirs.   
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Abstract In karst hydrosystems, the heterogeneity and the complexity of the trans-
fer processes within the different compartments (soil, epikarst, unsaturated zone, 
saturated zone) control the recharge-discharge relationship. The MEDYCYSS ob-
servatory (Multi scalE observatory of flooD dYnamiCs and hYdrodynamicS in 
karSt) has been set up to better understand these transfers in a Mediterranean con-
text. This observatory consists in a large karst hydrosystem located between the 
Hérault River, the Vidourle River and the Mediterranean Sea (Southern France, 
north and west from Montpellier). It comprises two main hydrogeological sites 
and three main hydrological sites where karst/river interactions occur. The chal-
lenges of the MEDYCYSS observatory are i) to better characterize the karst/river 
interactions for the risk assessment of floods and water resource contamination; ii) 
to discriminate and quantify flow distribution (rapid and slow transfers) between 
the recharge catchment and the outlets of the hydrosystem; iii) to understand the 
role of the unsaturated zone on the long term storage of the aquifer and quantify 
the water storage variation with time; iv) to characterize groundwater hydrody-
namics in karst watersheds under climatic and anthropogenic forcing at nested ob-
servation scales; and v) to quantify the recharge, which is a key variable for the 
assessment and management of groundwater resources in karsts. Accordingly, a 
continuous monitoring of the hydrochemistry and hydrodynamics (wells, karst 
network, permanent and temporary springs), as well as of the river and spring dis-
charges has been constructed to characterize transfer processes and parameterize 
local and regional scale models. Meteorological variables are also monitored at 
various points where measurements of soil humidity and evapotranspiration re-
cently started. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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1 Introduction 

The number of damages related to flood has been increasing during the last years 
in the Mediterranean regions (Gaume et al. 2009). In these regions, most flood-
prone streams and rivers flow on karstic rocks which are typical of the carbonates 
terrains of the Mediterranean circumference. Besides flood hazard, extreme rain-
fall events are also associated with the risk of groundwater resource contamina-
tion. Groundwater contamination can be related either to surface flow or ground-
water flow because of the significant karst-river interactions. In all cases, a better 
assessment of these dynamics is a major stake for preserving the groundwater 
supply safety within the hydrosystem as groundwater management of these karsts 
is strongly dependent on the knowledge of their hydrodynamics. Moreover, be-
cause of the increased demand for water, the importance and awareness of karst 
aquifers in Mediterranean regions has grown.  

For a better assessment of karst water resource, conceptual models are gener-
ally proposed to characterize the relationships between the recharge and the dis-
charge at the outlets of the systems, based on hydrodynamics, hydrochemistry or 
isotopic studies (Bicalho et al. 2011 a,b,c; Fleury 2010; Mazzilli 2011; Borrell et 
al. 2008; Kong A Siou et al. 2011 c; Coustau et al. 2011; Bailly-Comte et al. 
2011). The quantification (on the basis of long term time series) of these recharge-
discharge relationships is a key parameter to estimate the sustainable yield of aqui-
fers and assess the impacts of climatic and anthropogenic changes on the long 
term groundwater resources. However, an important limit of these approaches is 
related to the fact that it does not take into account the heterogeneity and the com-
plexity of the transfers within each compartment (soil, epikarst/perched aquifer, 
unsaturated zone, saturated zone) of the karst aquifer. It is thus crucial to charac-
terize and then consider these transfers in distributed models that account for each 
compartment.  

Therefore, various experimental sites (Fig. 1) have been constructed to better 
understand these transfer processes. On these pilot sites, the challenges are i) to 
better characterize the karst/river interactions for the risk assessment of floods and 
water resource contamination; ii) to discriminate and quantify the distribution of 
the hydric fluxes (rapid and slow transfers) between the surface and the spring; iii) 
to quantify the water storage variation with time and understand the role of the un-
saturated zone on the long term storage of the aquifer; and iv) to quantify the re-
charge as a function of field and climatic parameters, as it is a key variable for the 
assessment and management of groundwater resources. 
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2 Experimental sites of the MEDYCYSS Observatory 

The MEDYCYSS observatory (Fig. 1) comprises three main watersheds where 
karst/river interactions occur: the Lez, the Mosson and the Coulazou river catch-
ments. The major objectives of MEDYCYSS are: 

 The observation and characterisation at local and regional scale of groundwater 
hydrodynamics in karst watersheds, under climatic and anthropogenic forcing; 

 The observation and characterisation of the rapid hydrological processes during 
extreme flood events in Mediterranean watersheds, where interactions occurs 
between the river network and the karst aquifer; 

 The observation and characterisation of groundwater resource contamination 
hazard, based on the coupled hydrochemistry /hydrodynamic monitoring;  

 The assessment of the links between karst evolution over time (geology and 
geomorphology) and its current hydrodynamic behaviour.  

 The characterisation and coupled modelling of the groundwater and surface 
water hydrodynamics in karst watersheds; 

 The characterisation and modelling of the global change impact on the re-
charge/discharge relationships over long time period. 

Long term time series (more than 40 years) of rain, water table level and dis-
charge exist on the three experimental sites, which is a major asset for long term 
modelling and the characterization of global change impact on the long term 
groundwater resource. 

2.1 Karst watersheds of the Coulazou and Mosson rivers  

Since 2004, the experimental site of the Coulazou River allowed to study the mo-
dality of surface floods genesis (Jourde et al. 2007) and transfer (Bailly-Comte et 
al. 2008, Bailly-Comte et al. 2009) in karst terrains, at the scale of a well moni-
tored small catchment. This site comprises a karst catchment, the Causse 
d’Aumelas, which is a Jurassic calcareous plateau crossed by the intermittent Cou-
lazou River. This area is a binary karst system developed within the calcareous Ju-
rassic plateau, in contact with an Oligocene impermeable basin in the North and a 
Miocene impermeable basin in the South. 

In order to better understand the groundwater contribution to flash floods in the 
Coulazou river the water table in the karst aquifer is monitored in various loca-
tions (wells, karstic network, permanent and temporary springs), as well as the 
Coulazou river discharge at the entry and the exit of the karst system. 

More than 15 karstic events, which can function alternately as sinkholes or 
springs, have been observed in this hydrosystem. In order to understand the inter-
actions between surface water and groundwater, hydrodynamic monitoring is en-
riched with various chemical tracers monitoring (Major and trace elements, TOC: 
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Total Organic Carbon, stable isotopes of water and Carbon) on springs, boreholes, 
swallow holes, and on the Coulazou river. This “multiparameters” approach al-
lows identifying the various types of water that contribute to flow, but also flow 
inversions between the karst system and the river. The understanding of these spe-
cific links between surface water and groundwater are fundamental to estimate the 
vulnerability of the aquifer and to protect water resources in this Mediterranean 
context (Batiot et al. 2005; Selles et al. 2011). Moreover, a regular monitoring 
(twice a month during two hydrological cycles) of CO2 and 222Rn allowed explain-
ing the temporal variability of these elements (Batiot et al. 2007). 

One of the major interest of this site is that, from upstream to downstream, the 
watershed evolution is characteristic of many Mediterranean rivers like Cèze, 
Hérault, Vidourle or Gardon in southern France, i.e: i) an upstream impervious 
watershed; ii) an intermediate watershed where karst/river interactions occur, with 
consequences on floods but also on groundwater contamination; iii) a downstream 
watershed in a alluvial plain, where flood hazard is generally more important. 

This system thus constitutes a local scale experimental site to study karst/river 
interactions before focusing on larger systems where flood hazards have larger 
human and economic consequences. 

On this site, some important experimental results characteristics of most Medi-
terranean karst watersheds and concerning hydrodynamics, groundwater/surface 
water interactions and transport have been highlighted:  

 A hydrodynamic analysis coupled with a hydrological modelling showed that 
groundwater contribution from the karst to surface flood can reach one third of 
the total flood volume, and increase the flood peak discharge by a factor of two 
(Jourde et al. 2007).  

 Times series analysis in time (correlation) and frequency (power spectral den-
sity) domains coupled with recession curves analysis showed that: 

 karst groundwater flows may either attenuate or amplify the rapid surface flow 
transfers depending on the initial state (groundwater level) of the system (Bail-
ly-Comte et al. 2008a, b). 

 the initial groundwater level may be used to forecast the type of hydraulic con-
nection between the river and the saturated zone during flood. This level is 
found to be also controlled by the limited discharge capacity of karst conduits. 
A conceptual model of karst/river interactions during flood has been proposed 
(Bailly-Comte et al. 2009). 

 water exchange between matrix and conduits control the spring hydrograph 
(Bailly-Comte et al. 2010) 

 A dye tracing experiment conducted in a small but highly transient tracing sys-
tem interacting with the Coulazou River has shown that plurimodal tracer 
breakthrough curves only result from surface water/groundwater interactions, 
each flood pulse of the sinking stream inducing a tracer pulse at the outlet with 
low dilution and dispersion (Selles et al. 2011).  
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2.2 Karst watershed of the Lez river 

The hydrological and hydrogeological catchments of the Lez River (North-West 
of the city of Montpellier) are remarkable as regards both their vulnerability to 
pollutions or flood hazards, and the active management of the groundwater re-
source. The objectives of the hydrodynamics monitoring are: (i) a better under-
standing of flash floods and contaminant transfers during extreme rain events, (ii) 
the characterization of the recharge and the transfer processes within each com-
partment of the karst system. To improve the understanding of the groundwater 
origins and its circulation dynamics within this karst system, regular sampling for 
hydrochemical and isotopical analysis is also carried out on the main springs and 
wells of the karst system. The application of a multi-tracer approach based on ma-
jor ions, trace elements, isotopes and emerging tracers, helped determining water 
origins, water mixing proportions and levels of anthropogenic contaminations. 
Those results also allowed proposing a conceptual model of groundwater circula-
tion for this aquifer (Batiot et al. 2008; Bicalho et al. 2009; Bicalho et al. 2010; 
Bicalho et al. submitted).  High flow rate pumping (up to 6000 m3/h) performed at 
the Lez spring for Montpellier water supply allows investigating the hydrody-
namic properties of the karst aquifer at a regional scale. Besides, a small experi-
mental site (Terrieu site) with 18 boreholes and 3 wells on a 500 m2 area allows 
the characterisation of the hydrodynamic properties of the karst aquifer at a local 
scale (pumping up to 60 m3/h). This configuration allows identifying the hydrody-
namic behaviour of the karst system at nested observation scale and thus charac-
terizing the scale effects in the assessment of hydrodynamic properties from 
pumping test analysis at local and regional scales (Jazayeri et al. 2011). Recent 
works focused on the karst drainage network development as a function of the hy-
drological, geodynamical and structural changes over time (Leonardi et al. 2011). 

Recent studies also allowed proposing new results regarding hydrological mod-
elling in karst watershed. For example, a distributed parsimonious event-based 
rainfall-runoff model was developed and applied on the Lez watershed upstream 
Montpellier (Coustau et al. 2011). On one hand, the model produces very satisfac-
tory flash flood simulations, and on the other hand, its initialization is relatively 
easy thanks to a powerful relationship between the initial condition of the model 
and either the Hu2 index from the Meteo-France SIM model (soil humidity), or 
the piezometric levels. The interpretation of the model suggests that groundwater 
does not affect the first peaks of the flood, but can strongly impact subsequent 
peaks in the case of a multi-storm event. Because this kind of model is based on a 
limited amount of readily available data, it could be a crucial tool for flash floods 
real-time forecasting.  

An original methodology based on neural networks was also developed to bet-
ter understand the hydrodynamical behaviour of karst (Kong A Siou et al. 2011 
a,b,c). A dedicated architecture allows describing the recharge of the system ac-
cording to its geological heterogeneity. This model allows refining knowledge on 
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the behaviour and the delimitation of its alimentation basin (Kong A Siou et al. 
2011 c). Global modelling based on reservoir model that takes into account flow 
through both the saturated zone and the unsaturated infiltration zone was devel-
oped to characterize the functioning of this aquifer under active water manage-
ment (Fleury et al. 2009; Mazzilli et al. 2011) 

The Lez hydrosystem was also studied to assess the role of karst in flood dy-
namics, with a specific focus on the consequences of the active management of the 
groundwater resource, which offers some new insights in the integrated water re-
source/flood management on these hydrosystems with a high karstic component 
(Jourde et al. 2011 

3 Conclusion and perspectives in terms of modelling 
and observation strategies  

Flow modelling in karst hydrosystems implies various approaches to capture the 
spatio-temporal complexity of the studied site. Indeed groundwater hydrodynam-
ics differs from surface water hydrodynamics, which involve referring to different 
conceptual models. Furthermore, depending on the considered temporal scale, the 
dominant processes within the hydrosystem will not be the same. For example, at 
the temporal scale of a flash flood, the processes will notably differ from the proc-
esses at the scale of one or more hydrological cycles. 

The distributed measurement of humidity and evapotranspiration, together with 
piezometric monitoring in different compartments of the hydrosystems will en-
hance both hydrological modelling for flash floods forecasting and recharge esti-
mation for hydrogeological modeling and water resource evolution with time. 

Developing a multi-tracer approach based on major and trace elements and 
emerging tracers (isotopes, Rare Earth Elements, fluorescence of Dissolved Or-
ganic Matter), a better characterisation of the water origins, water mixing and of 
potential anthropogenic contaminations has been achieved (Batiot et al. 2008; Bi-
calho et al. 2009, Bicalho et al. 2010; Bicalho et al. submitted). The hydrochemi-
cal monitoring already shows that the chemical signatures vary all along the hy-
drological cycle but also during a flood event. This change will enhance a better 
understanding of the various processes occurring in different compartments of the 
karst system. 

It will be useful to distinguish different types of pedological and landscape 
units, where infiltration and evapotranspiration will be determined. Defining a 
mean soil permeability and evapotranspiration for each units and characterizing 
the variability of these parameters within one unit will be possible. Based on these 
results, a GIS analysis taking into account landscape use, pedology and geology, 
will facilitate the drawing of a map with these distributed parameters. 

The different perspectives in terms of modelling and observation strategies can 
be listed as follows: 
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 Couple distinct models for the integrated and distributed simulation of the 
hydrological, hydrogeological and hydraulic processes in karst hydrosystems at 
different time scales (flood event, hydrological cycle). 

 Analyse the sensitivity and assess the uncertainty of the hydrological and 
hydrogeological models with regards to the main parameters (e.g. contrast 
between the hydrodynamic parameters of the different compartments, initial 
state of the system, soil humidity, recharge), 

 Discriminate and quantify the distribution of the hydric fluxes (rapid and slow 
transfers) in each compartment of the hydrosystem. 

 Characterize the transfer within each subsystem and develop distributed models 
taking into account the transfer within each compartment of the hydrosystem. 

 Quantify the water storage variation with time and understand the role of the 
unsaturated zone on the long term storage of the aquifer.  

 Quantify the recharge, which is a key variable for the assessment and 
management of groundwater resources in karsts 

 Quantify the recharge-discharge relationships to estimate the sustainable yield 
of aquifers and determine the impacts of climatic change on the long term 
groundwater resources. 

 Quantify the impact of anthropogenic forcing (pumping, active management) 
on the global water balance and hydrodynamic behaviour of the karst system. 
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Abstract Trypali unit overlies the para-autochonous system of Plattenkalk in the 
NW Crete, and forms a separate hydrogeological entity. The objective of this work 
is to investigate the extent of Trypali unit in the region north and north-east of the 
Omalos plateau, and to evaluate the availability of groundwater to serve the water 
demands in the region. In the frame of this research, hydraulic properties of the 
aquifer were estimated by using pumping tests in Myloniana well-field. The 
transmissivity of the carbonate unit ranges between 0.1 to 1 m2/sec which is 
equivalent to permeability between 10-3 and 10-2 m/sec.  

1 Introduction 

Geology of Crete can be summarized as tectonic units thrust into a pile of nappes. 
The Plattenkalk Series is the lowest tectonic unit and it is considered to be in a 
para-autochthonous position. Trypali unit overlies the system of Plattenkalk in the 
NW Crete, and forms a separate geological entity. The upper nappes consist of the 
Tripolis zone, the Pindos zone and the ophiolitic complex. Carbonate formations 
of these zones constitute the most extensive and productive water-bearing forma-
tions in the island. 

The study area (north and north-west of the Omalos plateau) consists of lime-
stones and dolomites (Trypali unit). At some places they look like the formations 
of Plattenkalk Series, but without cherts. The dark coloured parts of the unit are 
bituminous, and they have often a cellular texture, especially the dolomites, with 
dolomitic flour in their cells (Tataris and Christodoulou 1969). 

Trypali unit forms a separate hydrogeological entity in the area with intensive 
karstification. It represents a productive aquifer and the Plattenkalk Series forms 
the accompanying basic layer. 

Five major groups of springs near Agyia’s village (Fig. 1) and more than ten 
pumping wells south of these springs comprise the main discharge outlets for the 
karstic aquifer. 

N. Lambrakis et al. (Eds.), Advances in the Research of Aquatic Environment, Vol. 1 
DOI 10.1007/978-3-642-19902-8, © Springer-Verlag Berlin Heidelberg 2011 
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Fig. 1. Geological map of the study area. 

The present work offers the possibility to evaluate the available groundwater 
potential in the area and to make suggestions for the exploration and exploitation 
of the groundwater resources. 

2 Geology 

The surface geological formations in the area north and north-east of the Omalos 
plateau are displayed in Figure 1. It was constructed with base the published geo-
logical maps (Tataris and Christodoulou 1969; Manakos et al. 1995) and the geo-
logical survey realized during the current research. 

This map delineates the carbonate formations of Trypali unit in the region north 
and north-east of the Omalos plateau, as far as the Agyia’s springs outlet. 

Two different dominant opinions exist concerning the structural evolution of 
the study area. 
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 Initially, Tataris and Christodoulou (1964) based on the data obtained from the 
geological mapping of the Leuca Mountains area (Western Crete), suggest that 
the carbonate formation of Trypali forms a separate entity that was called tem-
porarily as «Triassic trangressive system of Western Crete». It overlays tran-
gressively the immediately preceding formations of Plattenkalk Series. In con-
formity with this view, Phyllitic nappe (made up of phyllites, rauwackes, 
gypsum, limestones etc) is overthrust on the preceding Trypali formation. 
Stratigraphically, the Plattenkalk unit, the carbonate formations of Trypali and 
the Phyllites-Quartzites series are regarded to be in a normal position. 

 On the contrary, Krahl (1983) and Manakos et al. (1995) suggest that Trypali 
unit and Phyllitic nappe group form a separate tectonostratigraphic entity that is 
overthrust on the preceding Plattenkalk Series. Stratigraphically it is in a re-
versed position. The geological map of Figure 1 was drawn in conformity with 
this latter view.  

Apart from the main structure lines, (derived from the published geologic map-
ping), it presents tectonic features identified in the field during the current re-
search.  
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Fig. 2. Schematic geological sections. Their locations are defined in Figure 1. 

Adopting the aspect that Trypali unit is overthrust onto the Plattenkalk Series, 
the large scale structures were checked in the field and four geological sections 
were constructed (Fig. 2). These sections are defined in Figure 1 and they present 
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the geological structure in the region north and northeast of Omalos plateau, as far 
as the site where Agyia’s springs discharge. 

Based on the geological survey in the area, folds of various amplitude (tens to 
hundreds meters) were identified in the Trypali carbonate formations (Fig. 2). 

Two groups of folds are mostly abundant: one group of NE-SW striking folds, 
and another one that strikes NW-SE. Both of them, verge slightly to N-NE and lo-
cally to south-southwestwards. 

The overthrust tectonics (intense folding and dislodged slices) differentiates lo-
cally the thickness of the geological formations. In addition, further differentiation 
arises locally from the fault tectonics. 

3 Hydrogeology 

Widespread joint systems and localized fissures, induced by compressive forces 
and faults, have a pronounced effect on the solution patterns and the movement of 
water in Trypali carbonate formations. 

Grooves of large scale, channels and gorges have been carved into the rock 
through flowing water and they are aligned mainly along the fault zones. 

The surface water tends to concentrate into in the above mentioned features and 
following it infiltrates, recharging the groundwater. 

It is worth noting that surface run off is very limited and surface drainage oc-
curs only after strong rainfalls (for example Theriso’s gorge). Pertinent studies 
show that 55% of the area precipitation infiltrates, recharging the groundwater 
(Lionis and Perleros 2001), while the runoff is negligible (about 5%). 

Plattenkalk Series consists of several thousand meters of crystalline limestone 
and dolomite, interbedded with watertight horizons of chert and schists. These ho-
rizons restrict the downward movement of the water and influence strongly its 
movement and concentration in the overlying carbonate aquifer. This aspect is 
verified in many sites between Omalos, Laki and Meskla. 

Five major groups of springs and more than ten pumping wells comprise the 
main discharge outlets for the karstic aquifer that is developed in Trypali unit (Fig. 
1). The mean annual discharge of Agyia’s springs is 76×106 m3. Moreover, 
12×106 m3 of water are pumped during April to October, from Myloniana and 
Agyia well fields (located south of the springs) for public water supply and irriga-
tion. It is appreciated that the ground water level ranges between 0 and +200 m 
a.s.l or even higher, depending on the local geological structure. Therefore, topog-
raphy discourages (for financial and technical reasons) wells to be drilled for the 
exploitation of the water-bearing strata in high altitudes.  

However, taking into account the geological structure of the area, the topogra-
phy and the aspect that none important underground hydraulic conductivity exists 
between Trypali unit and the underlying Plattehkalk Series, it is possible to iden-
tify locally, even in high altitudes, optimal sites for water supply wells. 
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4 Transmissivity and permeability 

Pumping test data were used to calculate transmissivity and permeability (hydrau-
lic conductivity) of the aquifer. 

The data derived from pumping tests in the wells YG1 and YG2 (Fig. 1). They 
have a depth up to 90 m and they are partially penetrating the karstic aquifer. 

The test in well YG1 consisted of three phases at constant abstraction rates of 
745, 764 and 972 m3/h respectively. During pumping the levels in two nearby 
boreholes (P1 and P2), located in a distance of 7.3 and 27.1 m respectively from 
the abstraction well, were observed. The total drawdown of the water level after 
pumping was less than 1 m (0.91 m). 

The test in YG2, consisted of two phases of pumping at a constant abstraction 
rate of 750 m3/h. During the test the water levels in the well and in another bore-
hole (P3) located in a distance of 14.25 m from YGM2, were measured. 

Transmissivity and permeability were determined using Cooper and Jacob for-
mula on drawdown data (Jacob method) and on recovery data (Recovery method).  

Transmissivity (m2/h) was estimated using the following non equilibrium equa-
tion: 

 
c

0.18
T

Q
  (1) 

where Q the pumping rate (m3/h), and c the difference in drawdown over one log 
cycle (m). 
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Fig. 3. a. Drawdown curve for YGM1, using observation well P1, plotted against pumping time 
(Jacob method), b. Residual drawdown for YGM1, using observation well P2, plotted against the 
ratio t/t’ (Recovery method). 

From the pumping test data, the drawdown s and the time t since pumping be-
gun were plotted on semi logarithmic paper (Jacob method), as shown in Figure 
3a. A straight line is fitted through the points and c = 0.14 m is read.  

The water level recovery data were plotted on semi log diagram, with the residual 
drawdowns indicated on the vertical arithmetic scale, and the ratio t/t’ on the hori-
zontal logarithmic scale, where t the time since pumping begun and t’ the time after 

a b 
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pumping stops (Fig. 3b). A straight line was fitted through the points and 
c= 0.20 m was determined. The hydraulic conductivity was then calculated from 
the equation 2:  

 
H

T
 k   (2) 

where H  the drilled saturated thickness of the water-bearing formation. 
For the abstraction and recovery measurements, the slopes of the curves indi-

cate that the transmissivity ranges between 0.1 to 1 m2/sec, which is equivalent to 
permeability between 10-3 and 10-2 m/sec. The variation in transmissivity can be 
attributed to the presence of extensive joints, fractures and karstification of Trypali 
formations. 

It is worth noting that for the estimation of hydraulic conductivity (equation 2), 
the thickness of saturated water-bearing stratum (defined in the wells) was used, 
instead of the real but unknown thickness of the water-bearing formation (Todd 
1980; Driscoll 1986). Consequently, the calculated values of permeability and 
transmissivity should be considered indicative. 

Table 1. Analysis of pumping tests using the Jacob and Recovery method. 

Pumping 
well 

Pumping 
period 

Duration of 
pumping t (h)

Pumping rate 
Q (m3/h) 

Analysis 
method 

Observation 
well Τ (m2/sec) k (m/sec) 

Jacob P1 3.30×10-1 5.49×10-3 
12/11/83 8 745 

Recovery P1 2.69×10-1 4.49×10-3 
Jacob P1 6.22×10-1 1.04×10-2 

13/11/83 12 764 
Recovery P1 6.97×10-1 1.16×10-2 

P1 3.43×10-1 5.72×10-3 
Jacob 

P2 2.71×10-1 4.52×10-3 
P1 1.70×10-1 2.83×10-3 

YGM1 

26/11/83 to 
01/12/83 121 972 

Recovery 
P2 2.52×10-1 4.20×10-3 

Jacob P3 3.52×10-1 8.81×10-3 

YGM2 7.39×10-1 1.85×10-2 17/11/83 8 750 
Recovery 

P3 1.84×10-0 4.60×10-2 
Jacob P3 1.03×10-1 2.57×10-3 

YGM2 2.54×10-1 6.34×10-3 

YGM2 

18/11/83 to 
23/11/83 120 750 

Recovery 
P3 8.04×10-1 2.01×10-2 

The results of the test analysis are summarized in Table 1. Similar values have 
been reported by Soulios (1985) for the same aquifer. Also, the results are in good 
agreement with those estimated for other similar karstic aquifers in Greece (Mo-
nopolis et al. 1999). However, it should be noted that the permeability estimated at 
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a well scale and it may not be applicable at the aquifer scale, because permeability 
in karstic aquifers is often scale dependent (Rovey 1994). 

5 Conclusions 

Based on pumping tests in Myloniana well field, the transmissibility of Trypali 
carbonate formations ranges between 0.1 to 1 m2/sec which is equivalent to per-
meability between 10-3 and 10-2 m/sec.  

The ground water level in the area ranges between 0 and +200 m a.s.l or even 
higher, depending on the local geological structure.  

Investigating the geological structure of the area, and taking into account the 
topography, it is possible to identify optimal sites for water supply wells of small 
relatively depth, in sites with high elevation. 

However, there is an increased uncertainty regarding the drilling results, be-
cause of the heterogeneity of the water-bearing stratum and the hydraulic system 
that runs through.  
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