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ΠΡΟΛΟΓΟΣ 

 

Το 14ο Επιστημονικό Συνέδριο της Ελληνικής Γεωλογικής Εταιρίας, ολοκλήρωσε 

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

εκδήλωση των Γεωεπιστημών, κορυφαία εκδήλωση της επιστημονικής Εταιρείας 

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

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

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

γεωλογίας. Παρουσιάστηκαν 259 νέες επιστημονικές εργασίες, με 170 

προφορικές ανακοινώσεις και 89 επιστημονικά πόστερ. 

Προσκεκλημένοι ομιλητές, πολλοί Έλληνες και ξένοι συνάδελφοι, αλλά κυρίως 

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

καλύτερο δυνατό τρόπο συμπεράσματα και αποτελέσματα στην πρωτοπορία της 

επιστημονικής έρευνας σήμερα παγκοσμίως. Παράλληλες εκδηλώσεις όπως οι 

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

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

συμπλήρωσαν τις αυστηρά επιστημονικές παρουσιάσεις, όπου συνέκλιναν σχεδόν 

όλα τα αντικείμενα του ευρύτερου κύκλου των Γεωπιστημών, βασικών και 

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

των Ελλήνων γεωεπιστημόνων. Η Οργανωτική Επιτροπή προσπάθησε και 

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

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

επιστήμης. 

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

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

στην Αθήνα το 2019. 

 

Εκ μέρους της Οργανωτικής Επιτροπής 

Ο Πρόεδρος  

Σπύρος Β. Παυλίδης 

Καθηγητής Γεωλογίας 

Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης  
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PROLOGUE 

 

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

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

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

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

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

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

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

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

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

the world today. 

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

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

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

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

level of research of Geoscientists was demonstrated. The Organizing Committee 

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

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

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

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

meeting is in Athens in 2019. 

 

On behalf of the Organizing Committee 

The President 

Spyros B. Pavlides 

Professor of Geology 

Aristotle University of Thessaloniki 
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Abstract 

Landslides can provoke lifeline’s performance malfunction, injuries or fatalities and 

may diminish accessibility to critical facilities and surrounding properties. The scope 

of this research is to describe and to identify the triggering factors for three landslides 

along the road from Drosopigi village to the top of Vitsi Mountain at Florina territory 

using all the available data. Several information were collected for this area, such as 

the annual rate of the rainfall/ snowfall, the rainfall intensity/day, the seismicity, the 

geomorphology, the geology, the lithology and the hydrologic conditions. Moreover, 

in-situ investigations of the landslides, geotechnical and laboratory tests were carried 

out in three geotechnical boreholes to indentify the soil formations nearby the 

landslides. Taking into account that the landslides are located 18km, 22km and 25km, 

away from the epicenters of two historical earthquakes with magnitudes Mw= 6.0 και 

6.5 and also that last winter heavy rainfalls/snowfalls were observed in the area with 

very low temperatures (-15OC), slope’s failure may have been triggered by an 

earthquake, by snowfalls/rainfalls or by human activities? 

Keywords: Slope failure, Drosopigi- Florina, seismicity, rainfalls, geotechnical 

investigations. 

Περίληψη 

Στην εργασία αυτή εξετάζονται τα αίτια που οδήγησαν τρία πρανή σε κατολίσθηση στον 

δρόμο που οδηγεί από το χωριό Δροσοπηγή στην κορυφή του όρους Βίτσι στην περιοχή 

της Φλώρινας. Στα πλαίσια της σχετικής διερεύνησης που πραγματοποιήθηκε μελετήθηκε 

η σεισμικότητα, η μορφολογία, η γεωλογία, η λιθολογία και η υδρογεωλογία της περιοχής, 

συλλέχθηκαν στοιχεία σχετικά με το ύψος του υετού στην περιοχή ενώ παράλληλα 

mailto:v.ambas@florina.pdm.gov.gr
mailto:alexoudi@uom.gr
mailto:tzamos@geo.auth.gr
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πραγματοποιήθηκε ένα πρόγραμμα γεωτεχνικών εργασιών μέσω 3 δειγματοληπτικών 

γεωτρήσεων, επιτόπου μετρήσεων και εργαστηριακών δοκιμών σε επιλεγμένα εδαφικά 

δοκίμια προκειμένου να προσδιοριστούν τα εδαφικά χαρακτηριστικά των σχηματισμών 

που κατολίσθησαν. Παράλληλα, συλλέχθηκαν στοιχεία πρόσφατης σεισμικότητα της 

περιοχής καθότι οι κατολισθήσεις απέχουν 18- 25km από τα επίκεντρα δύο ιστορικών 

σεισμών μεγέθους Mw= 6.0 και 6.5. Η αποτίμηση και η επεξεργασία όλων των 

συλλεχθέντων πληροφοριών, μας οδήγησαν με σχετική ασφάλεια στην γενεσιουργό αιτία 

των υφιστάμενων κατολισθήσεων και αποτέλεσαν την βάση για την μελέτη ευστάθειας 

των πρανών προκειμένου να προταθούν μέτρα αντιστήριξης τους. 

Λέξεις κλειδιά: κατολισθήσεις, Δροσοπηγή- Φλώρινα, σεισμικότητα, βροχοπτώσεις, 

γεωτεχνική έρευνα. 

1. Introduction 

Landslides pose important danger to residential areas and to infrastructures that are located very 

close to unstable slopes, as result of rockfall or debris flow. Landslides can provoke lifeline’s 

performance malfunction (e.g. road closure), injuries or fatalities and may diminish accessibility to 

critical facilities (hospitals, clinics) and surrounding properties. They can be triggered by natural 

phenomena (earthquakes, changes in watertables, rapid snowfalls or rainfalls) or by human activities 

(irrigation, lawn watering, draining of reservoirs, improper excavating or grading on slopes). The 

prediction of the exact time, location or magnitude of landslide is not feasible because of the complex 

synergy of geologic, geomorphology, tectonic, hydrologic conditions and soil formations.  

The area under consideration is between Florina and Vitsi mountain, in the South-Western part of 

Florina region, 3km from Drosopigi village. In August 2015, three landslides (L1, L2, L3) were 

observed mainly in the form of rockfalls and debris flow that destroyed part of the road that connect 

Drosopigi village to the top of Vitsi Mountain. Three geotechnical boreholes (G1, G2, G3) and 

Standard Penetration Tests (S.P.T) were performed near the landslides together with Laboratory 

Tests in representative samples (in G2 and G3). The main scope of these in-situ geotechnical 

investigations and laboratory tests were to evaluate the characteristics of the failed slopes in order 

to be used for slopes stabilization.  

2. The study area 

The study area is 20km from Florina, 3km from Drosopigi village, in the South-Western area of 

Greece. In this area, a number of slope failures, mainly in the form of rockfalls and debris flow, have 

occurred over the last few decades along the excavated slopes, as result of several natural and man-

made hazards. The mountainous terrain with the heavy snowy winters and high rain precipitation in 

spring and autumn combined with the soil formations in the study area (gneisses and schists) are the 

primary reasons for the slope failures. The combination of the structurally adverse discontinuities in 

the weathered front of gneiss, the rugged topography with steep slopes with gradient varied from 

400- 600, the under-design and the lack of maintenance of the cut slopes are responsible for the 

observed slope instability problems. 

The impact of rainfall infiltration on slope can change the suction of the soil and the pore-water 

pressure. Moreover it can alter the main ground-water table, raising the soil unit weight and reducing 

the anti-shear strength of rock and soil (Yalcin, 2011). Numerous studies have attempted to explain 

different aspects of rainfall effects (Cascini et al., 2011; Lee and Chi, 2011) such as the internal 

friction, soil cohesion and cementation reduction. The defined thresholds in a rainfall-induced 

landslide (RILS) could describe the amount of rainfall that, when reached or exceeded, triggers 

landslide movement (Sengupta et al., 2010). Intensity (I) and duration (D) of the rainfalls are the 

most common and useful type of thresholds proposed factors. Terranova et al. (2007) list some 

rainfall thresholds for landslides while Froehlich et al. (1990) found that shallow slides and slumps 

on steep slope segments occur when 24-hour rainfall reaches 130-150 mm or continuous three-day 
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rainfall totals 180-200 mm. Slumps, landslides, and debris flows at larger scales, however, were 

observed only after 24-hour rainfall exceeded 250 mm or continuous three-day rainfall reached 350 

mm (Froehlich and Starkel, 1987). On the other hand, extensive and simultaneous debris flows 

occurred after >300 mm in a 24 hour rainfall or >600 mm of continuous three-day rainfall (Froehlich 

et al., 1990; Froehlich and Starkel, 1993). Based on Kwong et al. (2004) observation, an intense 

surface erosion is expected for slopes with rainfall intensity>50 mm/day. 

The total annual value of rainfalls for the Florina region (Period 1961-2000) according to National 

Meteorological data is between 500-700mm and the rainfall intensity ranges between 51- 58 mm/ 

day (January - May), with peak hourly rainfall 83,7 mm and 102,0 mm (24h) in winter months which 

is accompanied with an intense surface erosion. The annual rainfalls in the area was 1080,4 mm 

during 2010. Heavy snowfalls have been observed in the area in the period 2013-2015 while in 2014 

the annual average rainfall in the area was 652,5 mm with a minimum temperature falling down to 

-150 C (winter 2014-2015). According to the hydrological classification of the study area, the 

hydrographic network is dense with a dendritic drainage pattern and numerous streams in the toe 

that are responsible for subsurface flows and inner erosion of the bedrock formations. 

Field observations, geophysical studies and GPS measurements in the area denote an ongoing 

tectonic activity (Drakatos et al., 2005; Mountrakis et al., 2006) as well as a rather complicated 

structural evolution of the area. The earthquakes that occurred (Figure 1) are usually of magnitudes 

Mw<5.0. However, the broader territory experienced large earthquakes with Mw>6.0 (Papazachos 

and Papazachou, 2003; The Monthly Bulletins of Earthquakes of the Geophysical Laboratory of 

Aristotle University of Thessaloniki). 

 

Figure 1 - The epicenters of all earthquakes that occurred in the broader study area during 

the time span 1500-2013 with magnitudes equal or greater than 4.0. Florina (white triangle), 

Pisoderi, Parori and Drosopigi villages (blue triangles) are also shown. The epicenters of 

large events Mw>6.0 are depicted with red star.  

Six large shallow earthquakes (Kozani, 1695, M=6.5, VII; Κastoria, 1709, M=6.0, VII; Kastoria, 

1812, M=6.5, VIIΙ; Siatista, 1894, M=6.1, VII; Albania, 1960, M=6.5, VIII+; Grevena, 1995, 

M=6.6, ΙΧ+) occurred in the broader territory in the last 300 years with the two of them (1709 and 

1812 events) close to Drosopigi village, 18 Km, 22 Km, 25km from G1, G2, G3 landslides, 

respectively. 

In August 2015, three landslides (Fig. 2) were observed in the study area (L1, L2, L3) mainly in the 

form of rockfalls and debris flow that destroyed part of the road near Drosopigi village. The 
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maximum rainfall intensity was 44.4mm/day (6-8-2015) lower than the Froehlich et al. (1990) 

rainfall thresholds for shallow slides and slumps on steep slopes, but quite similar to 50 mm/day for 

intense surface erosion. As it is generally observed, shallow earthquakes generate rockfalls and can 

also trigger landslides if their magnitude is Mw>4.0 (Esposito et al., 2000). For that reason an 

investigation of the recent seismic activity of the area was performed. There was not any remarkable 

earthquake activity in the area during 2014-2015. Moreover, no human activities to trigger landslides 

such as irrigation, lawn watering, draining of reservoirs were noticed during the in-situ 

investigations. 

3. Geological and seismotectonic setting of the area 

According to the geotectonic manifestation of the Internal Hellenides zones in Northern Greece (Fi

gure 2), the region belongs to Pelagonian (Pl) zone (Mountrakis, 1983). According to the geological 

features, the study roadline lies mainly on Carboniferous - early Triassic formations (Gneisses and 

Schists). Nearby the landslides, three geotechnical boreholes (G1, G2, G3) and Standard Penetration 

Tests (S.P.T) were performed together with Laboratory Tests. 

 

Figure 2 - a) The geotectonic manifestation of the Internal Hellenide zones in Northern 

Greece, b) Location of geotechnical boreholes (L1, L2, L3). 

The geologic formations of the area are mainly gneisses (both orthogneisses and paraneisses, with 

intercalations of schists in the form of lenses or layers) and amphibolites in smaller extend. The 

orthogneisses are characterized by granoblastic-porphyroid to augen texture and their main 

mineralogical composition is quartz, feldspars (perthitized microcline and acid poikilitic 

plagioclases) and muscovite. In smaller proportions, epidotes (pistacite, clinozoisite, allanite), 

chloritized biotite, sphene, zircon and metallic minerals also occur as secondary minerals. The 

paragneisses are equigranular rocks with abundant quartz and often with lenticular concentrations 

of acid plagioclases and muscovite. The partial or total transformation of biotite into chlorite results 

to the formation of muscovite chlorite schists by retrograde metamorphism. Tourmaline, epidote and 

metallic minerals also occur in insignificant proportions. The amphibolites are characterized by 

granoblastic-nematoblastic texture and oriented to occasionally microfolded structure. Their main 

mineralogical constituents are amphibolites (actinolite-tremolite) and epidote (clinozoisite). 

Feldspars participate in certain amphibolites. 
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4. Hydrological Conditions 

Ten automatic meteorological stations (A.M.S.) operate within the Florina territory. The A.M.S. of 

Tropeuhos is on the road from Florina to Vitsi and the closest to the three landslides. The time series 

for precipitation is 47 years, from 1969 to 2016. 

 

Figure 3 - Study area, Prefecture of Florina, Western Macedonia, Greece. 

Table 1 - Precipitation of Tropehos meteorological station. 

  

Mean 

Value 

1969-

2016 

2014 2015 

 
Figure 4 - Cumulative Precipitation of the Tropeuhos AMS. 

 

Jan 52,3 15,2 75,0 

Feb 53,1 13,0 62,0 

Mar 59,0 83,6 95,0 

Apr 63,5 125,6 44,0 

May 62,5 47,2 20,0 

Jun 38,0 58,6 51,0 

Jul 34,2 72,8 18,0 

Aug 33,3 30,2 110,0 

Sep 50,7 163,2 120,0 

Oct 75,9 102,4 122,0 

Nov 71,5 89,0 50,0 

Dec 66,9 112,0 3,0 

 SUM 661,0 912,8 770,0 
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From Table 1 we see conclude that: 

 2014 was a very rainy year (912 mm) by 138% more that the average of the time series 

(661mm). 

 The hydrological year 2014-15 was 142% more (941 mm) that the average of the time 

series (661mm). 

 The winter 2014-15 (Sept-Feb) was 163% more (699 mm) that the average of the time 

series (429 mm). 

Table 2 - Precipitation of Tropeuhos meteorological station. 

 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Noe Dec  

Average 

1969-16 
52,3 53,1 59,0 63,5 62,5 38,0 34,2 33,3 50,7 75,9 71,5 66,9 661,0 

2014 15,2 13,0 83,6 125,6 47,2 58,6 72,8 30,2 163,2 102,4 89,0 112,0 912,8 

2015 75,0 62,0 95,0 44,0 20,0 51,0 18,0 110,0 120,0 122,0 50,0 3,0 770,0 

5. In-situ investigations and laboratory tests 

Inventory is cost and time consuming process, with large uncertainties due to the poor knowledge 

of several components (e.g. structural characteristics of the rocks, the state of weathering and the 

properties of the soil-rock interface) and the complexity of interrelated terrain parameters (e.g., 

hydrological conditions). It requires several technical visits to describe existing landslides, to define 

the susceptible slopes for landslides, to recognize the type of the potential slope’s movement (e.g. 

sliding, toppling etc.) and to correlate the failure modes with the likelihood of each failure and the 

probable extent of landslides. In-situ investigations or field measurements and laboratory tests can 

provide valuable information about the geometrical (e.g., slope height and angle) and geotechnical 

characteristics (material type, cohesion, friction angle, type and properties of discontinuities etc.) of 

individual slopes. 

In our case, three landslides are observed and investigated (L1, L2 and L3), as indicated in Figure 

5. The landslide (L1) is about 10.0m long in the longitudinal direction, 1 m wide in the latitudinal 

direction and is occurred in a slope with gradient 230. It is a combination of debris slide, rock slide 

and rock topple. Landslide (L2) is a debris flow, about 5.0m long in the longitudinal direction, and 

1m wide in the latitudinal direction and is occurred in a slope with gradient 210. Landslide (L3) is 

about 6.0m long in the longitudinal direction; 0.3-0.7m wide in the latitudinal direction, is translation 

type slide but develops into debris flow. The gradient of the slope in L3 site is 450 and the area 

beside the landslide is mostly covered by vegetation and trees. The altitude of the area ranges 

between 1080 and 1260m. 

Near the existing landslides (L1, L2, L3), three sampling drills (Geotechnical Boreholes) were 

performed in G1 (40040’01.1’’N latitude, 21026’14.7’’E longitude), in G2 (40039’51.0’’ N latitude, 

21025’51.2’’ E longitude) and in G3 (40039’24.2’’ N latitude, 21025’12.3’’ E longitude) locations 

using hydraulic JOY 22 SULLIVAN LTD Drill Rigs (Figure 6 and Figure 7). Moreover, several 

tests as a Standard Penetration Test (S.P.T) (in G1, G2 and G3) and Laboratory Tests (Grain size 

distribution, Atterberg limits on the soil samples and Point load- 3 sample each) were carried out in 

representative samples (in G2 and G3). 
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Figure 5 - A general view of Vitsi landslides (L1, L2, L3). 

 

Figure 6 - Typical soil profiles in G1 and G2 location/ Photos of Test Samples (Tsirekas, 

2015). 

According to laboratory tests, three soil layers were identified. The 1st layer is the Embankment fill 

with depths ranges from 0.30m to 1.0m (G1) and 0.30m to 2.0m (G2). The 2nd layer is the 

disintergradated gneiss or silty sand (SM) with gravel (NSPT =50/15 and 50/5- in two tests) with 

LL=28.1%, PL=23.6%, PI = 4.5% and with average 16% of gravels, 62% of sand and 22% of silty-

clay. The 3rd layer is Gneiss with different degree of fragmentation with Is(50) ranges between 0,75-

2,1 MPa in 3 Point Load Tests. Groundwater level, in landslides’ area, is below 20m. 
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Permeability of gneiss is originally very low, but orogeny - related deep - seated fracture or shear 

zone in these rocks serves as good passway or reservoir of groundwater. Their yields of groundwater 

estimates to be 50-500m3/d. Permeability and yields of groundwater in schist, amphibolite and 

phyllite are remarkably lower than those of gneiss because of the intercalted clay bed within fracture 

zone and foliation (Soon-Hak Choi, 1997), while silty sands permeability is between 10-8 and 5 10-

6m/s. 

 

Figure 7 - Typical soil profile (G3 location)/ Photos of Test Samples/ Grain size analysis 

(Tsirekas, 2015). 

6. Discussion and Conclusions 

The geology, the lithology, the hydrology, the in-situ geotechnical investigations and the laboratory 

tests of the landslides area conclude that the three landslides generated in Florina territory which 

caused severe damages to the roadline from Drosopigi village to the top of Vitsi Mountain can be 

attribute mainly to natural phenomena. Taking into account that there was no remarkable seismic 

activity in the area during 2014-2015, we can conclude that the damages from landslides along the 

road Drosopigi-top of Vitsi mountain are not related to earthquakes. 

Therefore, the combination of the structurally discontinuities in the weathered gneiss formations 

existing in the area, the low winter temperatures in the area together with the heavy precipitations 

(winter 2014-2015), , together with the lack of maintenance of the cut slopes are additive factors for 

progressive slope deterioration and for slope instability problems. 
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Abstract 

The scope of this study is to investigate the failure mechanisms of the eastern coastal 

zone of Mount Athos, using the LiDar device for the 3D mapping of the structural 

features of the rock mass. Therefore emphasis was given to the study of the planes of 

discontinuities that can trigger potential failures. All slopes were scanned by LiDar 

device in order to capture their structure and especially the orientation and the 

spacing of the discontinuities. The data were processed in order to produce the 

microtectonic model of the slopes and evaluate the potential slope failures. Finally 

some remedial measures are proposed.The results and the reliability as well as the 

constrictions of the applied methodology are discussed for future applications. 

Keywords: slope stability analysis, terrestrial laser scanning, LiDar, coastal erosion. 

Περίληψη 

Αντικείμενο της παρούσας εργασίας αποτελεί η εφαρμογή της μεθοδολογίας σάρωσης 

με τη χρήση της συσκευής LiDar προσαρμοσμένης στη διερεύνηση των μηχανισμών 

αστοχίας των ανατολικών πρανών της παράκτιας ζώνης του όρους Άθως. Εξετάζεται η 

εφαρμογή της συγκεκριμένης μεθοδολογίας για την τρισδιάστατη αποτύπωση των 

δομών της βραχόμαζας και την επέκταση της υπαίθριας έρευνας σε θέσεις με δυσκολίες 

πρόσβασης. Γίνεται τέλος σύγκριση των αποτελεσμάτων της ανάλυσης ευστάθειας με 

τα αντίστοιχα αποτελέσματα που διεξήχθησαν με δεδομένα τις μετρήσεις της υπαίθριας 

έρευνας. 

Λέξεις κλειδιά: Aνάλυση ευστάθειας πρανών, σάρωση με λέιζερ εδάφους, παράκτια 

διάβρωση. 

1. Introduction 

Engineering geological investigation of certain areas presents difficulties due to geomorphological 

and geological conditions which may hinder the collection of all necessary data. This occurs in case 

of steep or high slopes in areas with sharp topography that are inaccessible or consist of loose 

sediments which render the assess both difficult and hazardous. 

The Light Detection and Ranging (LiDar) is a new technology device (Bitelli et al., 2004; Biasion 

et al., 2005; Abellan et al., 2006, Pesci et al., 2009) that offers three-dimensional information display 

in the field from a distance (Bauer et al., 2005; Rosser et al., 2005; Oppikofer et al., 2008a). The 
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technique is based on laser pulse emission of radiation (UV, visible or near-infrared) through the 

atmosphere and recording of the backscattered laser radiation. The scattered light is collected by an 

optical lens and driven in the shooting and recording system. Detecting the returning pulses, the 

equipment records the time that it takes for them to go from the laser scanner to the ground and back. 

The distance between the laser scanner and the ground is then calculated based on the speed of light 

(Slob and Hack, 2004). 

The first LiDar device was constructed in the early 1960s, shortly after the invention of the laser. It 

became widely known through the use of the mission Apollo 15, 1971, for mapping the lunar 

surface. In engineering geology it could be used in rock mass characterization, in slope/tunnel 

stability issues, in rock falls or in recording of movements with little evolution in time by considering 

geological formations as targets and recording their tectonic structures. 

A pioneering study that detects precursory patterns in wide areas using LiDar device was made by 

Rosser et al. (2007), who observed a precursory pattern of small rockfalls leading to larger failures. 

Slob et al. (2002) used a DEM formed from LiDar points to measure the local face orientation across 

an outcrop surface. Sagy et al. (2007) quantitatively studied fault surface geometry with high-

resolution LiDar data. Bellian et al. (2005) provided a concise overview of LiDar and its application 

to outcrop studies. The promise of LiDar was discussed by McCaffrey et al. (2005). 

The advantages of the device are numerous: The target can be a wide range of materials (rock, 

clouds, rain). Scanning can be performed from a distance even in inaccessible places, and exported 

results are of high-resolution. The most important is the high quantity and density of measurements 

(Monserrat and Crosetto, 2008). Finally, scanning and data processing consume less time. There are 

three types of equipment. The terrestrial which is mounted on a tripod, the mobile type on any 

vehicle or onboard and the airborne that uses an aircraft. For the present investigation a terrestrial 

LiDar scanner of Optech company was used with scanning distances specifications 3 to 1000m and 

accuracy of 14mm. Figure 1 shows the device scanning the southern slope around the monastery. 

 

Figure 1 - The LiDar device used for the scanning of the slopes of the Pantocratora's Holy 

Monastery, Agio Oros (Triger Geologists-Consultants, 2014, personal communication). 

1.1. Rock slide background 

The area of research is located in the eastern peninsula of Halkidiki, called the Athos peninsula and 

specifically in the coastal zone of Pantokratora's Holy Monastery. Many rock fall events have 

occurred in the area in the past because of the steep morphology, the discontinuities of the rocks 

which are unfavorable to the inclination of the slopes and the influence of the sea which excavates 

the slopes' foot. The largest recorded incident occurred 40 years ago, which caused a landslide that 

moved the old cemetery of the Monastery into the sea. Continuous slides shaped the current 

landscape which is still quite steep and causes failures. 
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The whole area has a strong morphology. The ground is mountainous and is often inaccessible 

because of the steep and high slopes but also due to the dense forest cover. 

1.2. Methodology 

The rock mass behaves anisotropically due to the persistence of specific systems of discontinuities. 

The application of Mohr-Coulomb criteria gives slopes of perfect stability but the reality is different 

as mentioned earlier. From in situ research it was found that all previous landslides occurred along 

surfaces of discontinuity. Consequently the study was focused to the geometry and their mechanical 

characteristics. The dip and dip direction of the slopes were obtained from the map and field 

observations, while three to five joint surfaces were measured in order to calibrate the LiDar results. 

Each slope of the area was scanned by the LiDar. This paper analyses the results of two specific 

slope directions. 

The scanning images were edited with the aid of Split-FX (Split Engineering 2010) software in order 

to detect the orientation and spacing of all detected discontinuities at each of the two locations and 

analyze their impact in respect to the structural slope stability. For this scope, tectonic diagrams and 

kinematic analysis were performed, while a slope stability assessment in its case was carried out. 

Finally, some remedial measures are proposed. 

2. Geological setting 

Geotectonically the wider area lies mainly in Serbomacedonian mass and secondarily in the 

Perirodopiki zone in a small section at the southern end. The Serbomacedonian is composed of 

metamorphic rocks and is divided into two major series of rocks: the lower series of Kerdilia and 

the upper series of Vertiskos. Between the two there is a tectonic contact. The Athos peninsula 

belongs to the Vertiskos series. 

According to Mountrakis (1985) it consists of a sequence of gneisses, mica schists and thin 

intercalations of marble, while the upper horizons and dominated by meta-gabbros, meta-diavases 

and amphibolites, derived from transformation of basic igneous rocks. Often serpentine layers 

interfere with tectonic contacts within other rocks. The rocks of Vertiskos series present an 

almandine metamorphic stage". This was reflected on the extract of the Geological map of IGME, 

sheet Athos Peninsula, 1:50.000. 

The site specific area of the Monastery is a rocky hill at the end of a forested slope. Almost vertical 

slopes are formed next to the sea front with a maximum height of 30 m. Geological mapping in the 

investigated area showed amphibolites with intercalations of pegmatite veins and mica gneiss 

(Figure 2). Cross-sections #No.2 and #No.9 reflect the geology, geometry and tectonic structure of 

the slopes (Figures 3-4). 

The geological formations are considered impermeable. Ground water percolates through fractured 

or weathered rocks but discharged quickly since sound rock is present. Hence, no significant 

hydrostatic pressures are build within the rock mass. Three faults with NW-SE, SW-NE and E-W 

direction are crossing the Monastery's foundation bedrock. 

The climate is affected by winds of NE direction and waves consist an erosive factor that undermines 

the foot of the slopes, removing load and shaping the general landscape. The climate is characterized 

by mild winters in the lower zones near the sea, while summers are dry. The rainfall in the area 

ranges from 600 to 800 mm. 
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Figure 2 - A geological map of the site specific investigated area (Based on Triger Geologists-

Consultants, 2014). 

According to the new map of seismic hazard zones of the Hellenic Seismic Regulation EAK-2000, 

the Athos peninsula belongs to zone II with seismic acceleration 0.24g with probability exceeding 

10% in the next 50 years and the rocks are classified in Class A (rocky semi-rocky formations that 

grow in great breadth and depth, with no intense weathering). 

 

Figure 3 - Cross-section at location #No.2(058°/096°) (Discontinuities are shown indicatively). 
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Figure 4 - Cross-section at location #No.9(082°/058°) (Discontinuities are shown indicatively). 

Most earthquakes are shallow, not exceeding 60 km focal depth, and of low magnitude. According 

to the Geodynamic Institute of Athens the last 50 years seismicity was primarily of ML <4 and only 

in March and February 2012 two earthquakes occurred with a magnitude of 5.2 degrees. 

3. The LiDar technique and software tools 

The slopes were scanned by the terrestrial laser scanning (LiDar). The scattered light is collected by 

an optical lens and driven in the shooting and recording system. The output of the scanning is 

referred to as "point cloud" and consists of millions of points that represent a three-dimensional form 

of the respective surface. After the scan software that can process the point cloud should be applied. 

Each manufacturer usually includes their own software. For our investigation the Split-FX software 

(Split Engineering 2010) was used (Figure 5). 

First the azimuth is defined at the point cloud depending on the angle of the laser beam during 

scanning and then the image output is purged from the "noise". Noise could be an object in front of 

the slope or an obstructing surface. As it can be seen at Figure 6 there is a scaffolding in front of the 

slope at location #No.9 that has be removed when editing at Split-Fx software. Then the mesh 

parameters are defined, that is to say the number of points in each cell. Various mesh points were 

tested and it was estimated that the best mapping output was given at 15.000 points per cell, since a 

smaller number of them showed only few structures (discontinuities), while a greater number 

showed too many points that were no longer useful and editable. 

The next step was to define all surfaces which form a specific discontinuity surface. This also 

depends on the set parameters. A minimum number of cells is required in the grid that can be grouped 

in order to create a discontinuity surface as well as a maximum angle of the side of a cell to its 

neighboring cell. For the two locations 10 cells was selected as the minimum number to create a 

discontinuity with a maximum angle of 10°. In many cases there are surfaces which are not parallel 

to the scanner so no discontinuities can be detected. In these cases, software allows for a manual 

discontinuity input. During this procedure Split-Fx indicated 179 discontinuities at location #No.2 
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and 208 discontinuities at location #No.9 which is a large number of surfaces that with fieldwork 

would be difficult to be recorded, along the 30m steep slope. 

 

Figure 5 - The point cloud of a slope of the area as seen via Split-FX software (Split 

Engineering, 2010). 

Subsequently it is essential to produce the main families of discontinuities. Discontinuities with 

similar dip/dip direction belong to the same group/family and have the same behavior at a potential 

failure. The Split-FX enables the use of a Schmidt stereographic projection. Figure 7 shows the final 

format of the point cloud after the above mentioned process at position #No.9. Finally, the spacing 

of each set was measured which helps to override discontinuities that are superficial and give 

emphasis to persistent ones which influence most the slope stability. This helps also to estimate the 

volume of the potential rock blocks, which is beyond the scope of the present paper. Finally the 

spacing measurement gives a more realistic model of the slope. 

 

Figure 6 - Location #No.9 (Triger Geologists-Consultants, 2014). 
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Figure 7 - Major planes of discontinuities as derived from Split-Fx. 

The joint sets at this stage were evaluated in Dips 6.0 software (Rocscience Inc.) for further 

elaboration. Tectonic diagrams were created and major planes were detected again depending on the 

sets of discontinuities observed. 

The friction angle of the discontinuities was estimated by the application of Barton criterion (1977) 

following field estimation of discontinuity roughness coefficient (JRC) and surface compressive 

strength (JCS) for each set of discontinuities (zero cohesion was applied to all discontinuity sets) 

(Table 1). 

Kinematic analysis was carried out for every location so as to evaluate the potential failures. 

Location #No.2 produced planar, wedge and flexural failures and direct toppling, while location 

#No.9 produced wedge failure and direct toppling. Figure 9 shows an example of kinematic analysis 

at location #No.9. 

 

Figure 8 - Schmidt diagram showing the sets of discontinuities of the location #No.9 as 

derived from Split-Fx. 
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For the slope stability investigation RocPlane 3.0, Swedge 6.0 and Roctopple 1.0 of Rocscience 

software were used. It was obvious that in location #No.2 safety factor is < 1 only with the 

contribution of water and earthquake while in location #No.9 a direct failure may occur even in dry 

and static conditions. Such failures have been recorded in the slope. 

Table 1 - Parameters of Barton's criteria (fieldwork data) (Triger Geologists-Consultants, 2014). 

 

 

 

 

 

 

Figure 9 - Potential planar failure in location #No. 2. 

4. Risk Assessment-Remedial measures 

The slopes are characterized by several possible structural instabilities due to external factors and of 

the steep topography as well as the unfavorable orientation of tectonic structures of rock mass in 

relation to the slopes. 

These external factors that trigger failures in the area are: 

• The erosion of the rock mass by the action of the sea and marine spray 

• The seismicity 

• The potential effects of the operation the Monastery such as the weight of the buildings, the sewage 

etc. 

Heavy rain may also be a triggering factor, creating instantaneously a pressure in the fissures before 

the self drainage ability of the rock mass. 

Another unfavorable factor is the existence of zones of greater weathering in the front of the slopes 

that cause undercuts which develop tensile tenses and eventually the loss of the strength and the 

failure. 

Discontinuity 

system 
J1 J2 J3 J4 J5 S 

φb (ο) 26 26 26 26 26 26 

JRC 20 14 14 0,5 1,5 1,5 

JCS 8,5 28,5 28,5 39 10,5 15 

φ (ο) 37 42 42 27 27 27 
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Based on the general morphology of the slopes, the mechanical characteristics of discontinuities of 

rock mass, the orientation of the major planes of discontinuities per position, the results of stability 

analysis, it was estimated that location #No.2 is at moderate risk of failure while position #No.9 at 

higher risk. 

In the location #No.2 it is recommended to scale down all the detached rock blocks, where possible, 

anchor the unstable blocks and protect the foot of the slope against erosion. In location #No.9 similar 

measures must be taken but a main focus must be focused on the recovery of the prior geometry by 

extending the front to the east with the help of some retaining walls or gabions in order to make its 

dip as gentle as possible. 

5. Discussion 

The results of the present study were compared with actual field data collected. The correlation of 

the tectonic analysis was good, while the number of tectonic measurements was far greater. When 

compared to the fieldwork data it also shows that the method can be accurate as well as reliable. The 

sets of discontinuities derived from both methods (fieldwork and LiDar) have similar orientation 

and form the same major planes with slight deviations due to the accuracy of the azimuth adjustment. 

Slope stability analysis based on the fieldwork data as compared to the LiDar data, show more 

conservative results in the sense that field data give lower factors of safety for dry and static 

conditions (no water/no earthquake). 

The two methods differ in the size of measurement data and processing speed. A significant 

advantage of the LiDar method is that most natural or artificial obstructions can be excluded without 

affecting the results of the analysis (physical barrier, poor visibility.). In addition LiDar technique 

gives you the ability to take measurements even if the area of interest is a high, steep and forested 

slope. Finally the measurement of the spacing of discontinuities is made easier thus helping to 

estimate the block volumes. 

LiDar and its applications to engineering geology problems can be considered as a valuable 

supplementary tool for the investigation of the microtectonic structures and their elaboration for 

potential failure mechanism analysis. The estimation of slope instabilities in similar cases should 

always be done with the help of fieldwork and site investigation and the geological judgment of the 

results. The geologist should be aware of the limitations of the method and know when, where and 

why to use this technique. It is also very important to be able to test the quality of the information 

obtained and whether or not it reflects the actual conditions estimated via fieldwork. 
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Abstract 

The geothermal field of Akropotamos produces fluids at temperatures up to 90oC. The 

waters from wells AKR-1, AKR-3, AKR-4, AKR-5 and AKR-6 at 30-86oC and TDS of 

3.1-30.7 g/l are classified as Na-Cl type. The water from well AKR-2 at 46oC with 

TDS of 2.15 g/l belongs to Na-HCO3Cl type. The cold and sub-thermal waters (16.4-

27oC) in the area are considered as fresh or low salinity waters (TDS: 0.31-4.34 g/l) 

of various mixed types. The Na-Cl geothermal waters can be divided into two 

categories due to two different hot aquifers: (a) Τhe first shallow aquifer contains 

high salinity waters (TDS: 27.4-30.7 g/l) at 30-48oC located within sands, sandstones 

and gravels. (b) Τhe second deeper reservoir composed of calcareous conglomerates 

and sandstones contains lower salinity waters (TDS: 3.1-5.08 g/l) at 83-90οC. The 

contribution of seawater to the chemical composition of the thermal waters in the 

shallow aquifer system seems to be important. With the aid of chemical 

geothermomometers applied to the geothermal water from well AKR-1, the deep 

temperature has been estimated to be >120oC. Significant quantities of CO2 are 

encountered in wells AKR-1 and AKR-3. 

Keywords: hydrochemistry, low enthalpy field, Kavala, Strymonikos Gulf. 

Περίληψη 

Το γεωθερμικό πεδίο Ακροποτάμου Καβάλας παράγει ρευστά θερμοκρασίας μέχρι 

90oC. Τα νερά των γεωτρήσεων ΑΚΡ-1, ΑΚΡ-3, ΑΚΡ-4, ΑΚΡ-5 και ΑΚΡ-6 

θερμοκρασίας 30-86oC και ΣΔΑ (TDS) 3.1-30.7 g/l κατατάσσονται στην κατηγορία των 

Na-CI νερών. Το νερό της γεώτρησης ΑΚΡ-2 θερμοκρασίας 46oC και TDS 2.15 g/l, 

είναι  Na-HCO3Cl τύπου. Τα ψυχρά και υπόθερμα νερά (16.4-27oC) είναι γλυκά έως 

χαμηλής αλατότητας νερά (TDS 0.31-4.34 g/l) διαφόρων μεικτών τύπων. Τα 

γεωθερμικά νερά, Na-CI σύστασης, μπορούν να διακριθούν σε δύο κατηγορίες εξαιτίας 

της ύπαρξης δύο διαφορετικών θερμών υδροφορέων (α) Ο πρώτος ρηχός υδροφορέας 

περιέχει νερά υψηλής αλατότητας (TDS: 27.4-30.7 g/l), θερμοκρασίας 30-48oC, μέσα 

σε άμμους, ψαμμίτες και χάλικες. (β) Ο δεύτερος βαθύτερος ταμιευτήρας 

αποτελούμενος από ασβεστολιθικά κροκαλοπαγή και ψαμμίτες φιλοξενεί νερά 

χαμηλότερης αλατότητας (TDS: 3.1-5.08 g/l) θερμοκρασίας 83-90oC. Η συμβολή του 
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θαλασσινού νερού στη χημική σύσταση των θερμών νερών φαίνεται ότι είναι 

σημαντική. Με τη βοήθεια χημικών γεωθερμομέτρων που εφαρμόστηκαν στο 

γεωθερμικό νερό της γεώτρησης ΑΚΡ-1, η βαθύτερη θερμοκρασία των ρευστών 

υπολογίστηκε σε >120oC. Στις γεωτρήσεις ΑΚΡ-1 και ΑΚΡ-3 συναντώνται σημαντικές 

ποσότητες CO2. 

Λέξεις κλειδιά: υδροχημεία, πεδίο χαμηλής ενθαλπίας, Καβάλα, Στρυμονικός Κόλπος. 

1. Introduction 

The low enthalpy geothermal field of Akropotamos is located in the eastern coastal zone of the 

Strymonikos Gulf (or Orfanos Gulf) in Macedonia (Northern Greece). It was discovered after 

systematic geothermal investigation conducted by the Institute of Geology and Mineral Exploration 

(I.G.M.E.) during 2002-2006. This project was supported financially by the 3rd Community Support 

Framework 2000-2006 (Operational Programme ‘Competitiveness’). A detailed reconnaissance 

study including evaluation of geological and tectonic setting of the wider area, geoelectrical surveys, 

water temperature measurements at the heads of the existing irrigation and water supply wells, water 

chemistry analyses and evaluation of their results resulted in the construction of 6 large-diameter 

(production) wells at depths of 180-545 m. Geothermal fluids of 38-90oC were found at 100-545 m 

depths. This paper presents the geochemical characteristics of the geothermal, sub-thermal and cold 

waters in the Akropotamos area. 

2. Geological and Tectonic Setting and Geothermal Conditions 

2.1. Geological and Tectonic Setting 

The Akropotamos area belongs to the wider area of the Strymon basin, which has been formed 

between the Serbomacedonian Massif (west) and the Rhodope Massif (east), having been filled with 

Miocene formations (basal conglomerates and breccias, alternations of clays, sandstones, marls, 

lignite layers, limestones), Pliocene sediments (layers of clays, conglomerates, travertines, marls, 

red clays, sandstones, siltstones, limestones, lignites) and Pleistocene deposits (alternations of sands, 

clays, sandstones, marls, siltstones, conglomerates and limestones) (Lalechos, 1986; P.P.C., 1988) 

of a total thickness reaching about 4 km. The Strymonikos Gulf can be considered as an offshore 

extension of the Strymon basin southeastwards separated from the continental basin by a horst 

(tectonic uplift) close to the present estuary of the Strymon River. Oil exploration borehole 

APOLLONIA (AP-1) of 3,146 m depth was drilled in the Strymonikos Gulf (Figure 1), penetrating 

Pleistocene-Holocene deposits (alternating sands, clays and sandstones with locally lignite 

intercalations), Pliocene-Miocene sediments (alternating sandstones, siltstones, clays and marls) and 

alternations of dolomites, sandstones, limestones and anhydrites near the base of the Miocene 

formations (Lalechos, 1986). 

The Akropotamos area lies close to the tectonic contact (‘Strymon line’) between Serbomacedonian 

and Rhodope Massifs (Figure 1). The geological basement is made up of gneisses, amphibolites and 

schists belonging to the Kerdylia Series of the Serbomacedonian Massif (west) and marbles 

(dominant rock type) and gneisses belonging to the Pangeon Unit of the Rhodope Massif (east). 

Tertiary granitoids have intruded into the metamorphic rocks of the basement (Eleftheriadis et al., 

2001). The oldest Miocene sediments of the Akropotamos area consist of basal conglomerates, sands, 

coarse-grained sandy marls and sandstones having a total thickness more than 500 m. Eastwards, 

Miocene thick-bedded biogenic limestones having high secondary porosity are located. The 

sedimentary series has been developed uniformly towards the Pliocene. Pliocene sediments consist 

of travertine deposits, marine sands and clays and calcarenites. Southwards, the entire series is 

covered with recent coastal and fluvial-torrential deposits and scree (Kolios et al., 2010). 

The Akropotamos area is dominated by NW-SE and NE-SW faults. The NW-SE faults have been 

activated as oblique sinistral normal faults with high dip angles. The NE-SW faults are common in 
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the area, probably associated with the Kavala-Xanthi-Komotini fault zone and have been activated 

as oblique dextral normal faults. During Lower Quaternary, the wider area was affected by NW-SE 

and NE-SW striking faults. Two main tectonic blocks are observed: the Akropotamos horst and the 

Pieria graben (east of the geothermal area). The entire area has been influenced by the presence of 

the North Anatolia Fault Zone (Kolios et al., 2010). 

 

Figure 1 - Simplified geological map of the Akropotamos area with the sites of the 

geothermal wells and offshore oil exploration borehole AP-1 (Kolios et al., 2010). 

[1: Alluvial deposits in valleys and coastal deposits, 2: Alluvial fans and older talus cones - 

Scree, 3: Pleistocene lacustrine and continental deposits (clays, loams, sands, conglomerates, 

4: Pleistocene marine deposits (marls, clays, sands, conglomerates, coastal terraces), 5: 

Pliocene marine sediments (conglomerates, sands, clays, marls, marly limestones), 6: Mio-

Pliocene lacustrine and terrestrial sediments (conglomerates, sands, marls, clayey material, 

marly limestones and clays), 7: Mio-Pliocene marine sediments (the above-mentioned 

detrital sediments), 8: Amphibolites, gneisses, schists with marble intercalations (Rhodope 

Massif), 9: Marbles or crystalline limestones (Rhodope Massif), 10: Amphibolites, gneisses, 

schists with some marble intercalations (Serbomacedonian Massif), 11: Gneisses 

(Serbomacedonian Massif), 12: Tertiary granitoids, 13: Fault, 14: Probable fault, 15: 

Strymon tectonic line, 16: Oil exploration borehole, 17: Geothermal well]. 

The compilation of this map is based on the geological map of Greece at a scale of 1:500,000 

(I.G.M.E., 1983) with some additional tectonic structures derived from the 1:500,000-scale 

seismotectonic map of Greece (I.G.M.E., 1989) and some modifications according to 

Lalechos (1983) and Pollak (1979). 
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2.2. Geothermal Conditions 

Being located about 3 km E-NE of the Akropotamos coastal area, the hot springs of Eleftheres 

(Figure 1) with water temperatures at 38.7-53oC constitute the only natural thermal manifestation in 

the wider area and their presence is related to a fault or intersecting faults. In the Akropotamos area, 

irrigation and water supply wells (30-240 m depth) produce waters at 16.2-31.3οC. 

The preliminary geothermal exploration resulted in the construction of 6 large diameter wells (AKR-

1, AKR-2, AKR-3, AKR-4, AKR-5 and AKR-6). The sites of these wells are shown on Figure 1. 

Well AKR-1 has a depth of 275 m and yields geothermal waters at 83oC with artesian flow of 150 

m3/h and large amounts of dissolved CO2. Well AKR-2, 410 m deep, produces 25 m3/h of water at 

46oC. Well AKR-3 was drilled down to 515 m and yields about 200 m3/h CO2-rich geothermal fluids 

at 90oC with artesian flow. Next to this borehole, well AKR-4 was drilled at 180 m penetrating a 

shallow aquifer with water temperatures up to 49.7oC and has a discharge of 40 m3/h of water at 

48oC. Well AKR-5, 422 m deep, was drilled close to the Strymon river’s mouth and the temperature 

of 27.8oC was measured at 280 m. The last well AKR-6 was drilled in the eastern part of the 

geothermal field reaching a depth of 545 m and the temperature of 38oC was recorded at 503 m. The 

primary geothermal interest manifests itself in the area between production wells AKR-2 and AKR-

1 along the coastal terrain. Two hot aquifers have been identified in this area: (a) a shallow aquifer 

at 100-185 m depth containing high conductivity (14,000-38,000 μS/cm) waters at 46-49.7oC and 

(b) a deeper reservoir at depths of 240-515 m containing lower conductivity (3,600-8,160 μS/cm) 

fluids at temperatures up to 90oC (Kolios et al., 2010). 

In offshore oil exploration borehole AP-1, the temperatures of 59-67 and 121-130oC were recorded at depths 

of 1,335 and 3,146 m respectively and the average geothermal gradient is estimated to be 36.5oC/km. 

3. Materials and Methods 

Eighteen cold (16.2-19.5oC) and eight sub-thermal (20.2-26.5oC) water samples were collected from 

various irrigation and water supply wells in the wider area of Akropotamos during August 2002. 

Additionally, two hot (31.3 and 49oC) waters were sampled from wells in the same period. 

Geothermal water sampling was performed from production wells AKR-1, AKR-2, AKR-3, AKR-

4, AKR-5 and AKR-6 drilled by I.G.M.E. during 2003-2006. All these sampling sites are illustrated 

in Figure 2. The collected samples were analyzed and major ions (Na+, K+, Ca2+, Mg2+, Cl-, HCO3
-, 

SO4
2-, NO3

-), trace elements (Li+, Sr2+, Mn2+, NH4
+, F-, Br-, NO2

-, PO4
3-, Fe, B, I2) and SiO2 were 

determined. Gas sampling was carried out from production well AKR-1 and the gases were analyzed 

by gas chromatography at the Laboratory of the Chemical Engineering Department at Aristotle 

University of Thessaloniki. For reasons of comparison, the chemical analysis results of a water 

sample from the Eleftheres hot springs have been taken into account. 

4. Results and Discussion 

4.1. Water Chemistry 

The results of chemical analyses of water samples are plotted on the Piper (1944) trilinear diagram 

(Figure 3) and according to Davis and De Wiest (1966) classification, the waters in the Akropotamos 

area are distinguished into groups, as follows: (a) The geothermal waters from wells AKR-1, AKR-

3, AKR-4, AKR-5 and AKR-6, at temperatures of 30-86oC with TDS (Total Dissolved Solids) of 

3.1-30.7 g/l, are classified as Na-Cl type. (b) The geothermal water from well AKR-2 at 46oC with 

TDS values of 2.15-2.20 g/l is of the Na-HCO3Cl type. The sample from the Eleftheres thermal 

springs (t=41oC, TDS=2.37 g/l, pH=6.20) belongs to the same water type. (c) The waters emerging 

from wells AK11 and AKΘ are hot (31.3 and 49oC) having lower TDS contents (0.42 and 1.34 g/l) 

than geothermal ones and classified as Ca,Mg,Na-HCO3 and Ca,Mg-HCO3 types respectively. They 

show pH values of 7.73 and 6.86. (d) The sub-thermal waters (AK1, AK7, AK12, AK17, AK18, 

AK23, AK25, AK26) of 20.2-26.5oC have TDS in the range of 0.68-4.34 g/l, show pH values of 
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7.31-8.88 and belong to the Ca,Mg,Na-HCO3Cl, Ca,Mg,Na-Cl, Ca,Mg,Na-HCO3SO4Cl, Na-

HCO3(SO4), Ca,Mg,Na-SO4HCO3, Na-HCO3SO4 and Na-HCO3Cl types. (e) The cold waters (16.2-

19.5oC) with TDS of 0.31-4.27 g/l and pH of 7.51-8.36, are classified into different types (‘mixed 

waters’) depending on the concentrations of main cations and anions and their contributions to the 

total cationic and anionic charges respectively. 

 

Figure 2 - Map showing the water sampling sites in the Akropotamos area. 

The geothermal waters from the production wells drilled by I.G.M.E. along the coastal terrain are 

classified as Na-Cl and Na-HCO3Cl types. The water from well AKR-2 (t=46oC, TDS=2.15 g/l, 

pH=7.28) comes from a hot aquifer at depth greater than 282 m consisting of sandstones and belongs 

to the Na-HCO3Cl type. The other geothermal waters are of the Na-Cl type and they can be divided 

into two groups: (a) Τhe first group includes the waters from wells AKR-1 and AKR-3 which have 

TDS values of 5.08 and 3.1 g/l respectively. These geothermal waters come from reservoirs located at 

depths of 240-275 m (calcareous conglomerates) and 480-515 m (sandstones) and they have 

temperatures at 83 and 90oC respectively. In these waters, the corresponding Na+ concentrations have 

been determined to be 1,700 and 1,060 mg/l and the Cl- concentrations are 2,198.5 and 1,248.2 mg/l. 

(b) The second group includes the waters from wells AKR-4, AKR-5 and AKR-6 at temperatures of 

30-48oC. These waters are characterized by high values of electrical conductivity (37,360-47,120 

μS/cm) and TDS (27.44-30.72 g/l) with pH of 6.13-7.55. They are mainly rich is Na+ (8,500-9,600 

mg/l) and Cl- (14,539-17,659 mg/l). Their Ca2+, Mg2+, K+ and SO4
2- concentrations have been 

determined to be 344-882, 946-1232, 150-300 and up to 2,590 mg/l respectively. These high ion 

concentrations can be attributed to the intense influence of seawater on their chemical composition. 

Data from wells AKR-3 and AKR-4 drilled down to different depths at a short distance (only a few 

meters) from each other provide useful information about the seawater influence. Well AKR-3, 515 m 

deep, yields fluids at 90oC from the deeper reservoir (sandstones) and well AKR-4, 180 m deep, 

extracts waters at 48oC from a shallow (114-180 m) hot aquifer (pebbles and consolidated sandstones). 

The chemical composition of geothermal waters produced from these production wells is differentiated 

because they come from different reservoirs. Additionally, water conductivity logs performed in wells 
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AKR-2, AKR-3, AKR-4 and AKR-5 have recorded a rapid and high increase at depths of 100-220 m 

and the values decrease at greater depths. The maximum value of 34,000 μS/cm was measured at 165 

m depth in well AKR-4 (Kolios et al., 2010). Taking account the chemical composition of the seawater 

in Northern Greece (Dominco and Papastamataki, 1975; Minissale et al., 1989) the influence of 

seawater on the waters of the shallow geothermal aquifer is highly probable. 

 

Figure 3 - Plotting the results of chemical analyses of cold, sub-thermal and geothermal 

waters from the Akropotamos area on the Piper (1944) trilinear diagram. 

Along the coastal terrain between the mouth of Strymon River and the Eleftheres thermal springs 

(Figures 1 and 2), the cold and sub-thermal waters from irrigation and water supply wells are 

classified into various water types depending on the percentages of anions and cations in the total 

anionic and cationic charges respectively. Some of these water samples show increased 

concentrations of Na+, K+, Ca2+, Mg2+, Cl- and SO4
2- as a result of probable influence of seawater on 

shallow aquifers. The differentiation in their chemical composition can be explained by the different 

mixing percentages between sea water and meteoric waters. Thus, waters coming from irrigation 

and water supply wells located at a considerable distance from the coast have lower Na+ and Cl- 

concentrations than the other ones mentioned above. 

Correlation diagrams between TDS and the contents of Na+, Ca2+, Cl-, SO4
2-, Mg2+ and K+ for collected 

waters from geothermal and other irrigation and water supply wells along the coastal terrain show that 
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the concentrations of Na+, Cl- and Mg2+ contribute significantly to the TDS levels. Additionally, 

correlation diagrams between the water temperature and the concentrations of various chemical species 

indicate that there is no obvious linear relationship between them and only the SiO2 contents vs. 

temperature diagram shows that that the temperature tends to increase the solubility of this chemical 

compound indicating the probable geothermal origin of the dissolved silica. In general, the chemical 

characteristics of the waters depend on the lithology and mineral composition of the geological formations 

through which the fluids have passed easily and/or where they have been stored (aquifers, reservoirs). 

The seawater appears to influence the chemical composition of waters. Samples from geothermal wells 

AKR-1, AKR-2 and AKR-3 show a Na/Cl ratio of 1.19-1.31. These values are slightly higher than that 

of seawater (Na/Cl=0.876). In contrast, geothermal waters AKR-4, AKR-5 and AKR-6 have a Na/Cl 

ratio of 0.79-0.90. Na+ vs. Cl- correlation diagram shows that samples AKR-4, AKR-5 and AKR-6 are 

plotted near the seawater mixing-line and especially close to the seawater point. 

4.2. Determination of scaling and corrosion tendencies of geothermal waters 

The scaling and corrosion tendencies of geothermal waters in the Akropotamos area have been 

estimated. Two indices have been used to evaluate the tendency of these waters for CaCO3 scaling: 

the Langelier Saturation Index (LSI or Langelier Index) and the Ryznar Stability Index (RSI). The 

LSI values have been calculated to be +0.33, -0.04 and +0.20 for samples AKR-2, AKR-4 and AKR-

6 respectively, indicating that these waters are in equilibrium with CaCO3, not tending to dissolve 

or precipitate it. For geothermal waters AKR-1, AKR-3 and AKR-5, this index takes values of +1.28, 

+1.81 and +1.65 respectively, showing that these waters have a significant tendency to deposit 

CaCO3. The values of the Ryznar Index range between 4.25 and 6.95. Specifically, values of 4.25-

4.53 (less than 7) have been calculated for samples AKR-1, AKR-3 and AKR-5 suggesting a strong 

tendency to form CaCO3 scale. On the contrary, the RSI values range from 6.21 to 6.95 for samples 

AKR-2, AKR-4 and AKR-6 determining their little scale forming (or slight corrosion) tendencies 

and therefore these waters are considered to lie within a stability zone (equilibrium or neutral zone). 

Regarding the corrosivity of geothermal waters in the Akropotamos area, the following points can 

be noted: (a) The Total Key Species (TKS) vary between 1,694.7 and 19,274.4 mg/l. (b) The Cl 

fraction in TKS ranges from 40.2% to 91.6% (for waters AKR-4, AKR-5 and AKR, the TKS are in 

the range of 17,457.2-19,274.4 ppm with Cl fraction >80%). The chloride ion favours the corrosion. 

(c)The pH values range from 6.13 to 8.15. The lower the pH, the greater the corrosive tendency of 

the water. Samples AKR-1, AKR-2, AKR-4, AKR-5 and AK-6 have pH<7.6. (d) The temperatures 

of geothermal waters range between 30 and 90oC. 

4.3. Gas Chemistry 

Significant quantities of gases are encountered in geothermal wells AKR-1 and AKR-3. A high 

dissolved CO2 content characterizes these waters, which favours the leaching of the surrounding 

rocks. Gas sample from well AKR-1 was taken and analyzed by gas chromatography. The dominant 

gas is CO2 (>99.5% v/v). The content of other gases (mainly CH4) does not exceed 0.01% v/v. 

4.4. Geothermometry 

With the aid of chemical geothermometers of SiO2 (Fournier, 1981), Na/K (Arnorrson et al., 1983), 

Na-K-Ca (Fournier and Truesdell, 1973), Na-Li (Fouillac and Michard, 1981), K-Mg (Giggenbach 

et al., 1983) and Li-Mg (Kharaka and Mariner, 1989) the deeper reservoir temperatures have been 

calculated (Table 1). 

The SiO2 geothermometer (Fournier, 1981) provides values between 65.8 and 121.5oC (the value of 

27.7oC for sample AKR-6 is not acceptable). The temperature of 121.5oC is considered to be reliable. 

The Na/K geothermometer (Arnorrson et al., 1983) suggests temperatures ranging from 63.5 to 

176.0oC and higher computed temperatures of 127.3-195.4oC are derived by the use of the Na-K-Ca 

geothermometer (Fournier and Truesdell, 1973). The Na-Li (Fouillac and Michard, 1981) and Li-

Mg (Kharaka and Mariner, 1989) empirical chemical geothermometers were applied to the sample 
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from the Eleftheres thermal springs giving values of 110.8 and 91.0oC respectively. The Li+ 

concentrations were not determined in the water samples collected from the geothermal wells of the 

area and therefore, the Na-Li and Li-Mg geothermometers can not be applied to them. 

Table 1 - Calculation of the deep reservoir temperatures by the use of various chemical 

geothermometers. 

Water 

Sample 

T(oC) at 

well-head 

T(oC) 

SiO2 

T(oC) 

Na/K 

T(oC)  

Na-K-Ca 

T(oC) 

Na/Li 

T(oC) 

K-Mg 

T(oC) 

Li-Mg 

AKR-1 83.0 121.5 176.0 195.4 

(β=1/3) 

--- 134.9 --- 

AKR-2 46.0 82.5 77.1 127.3 

(β=1/3) 

--- 63.4 --- 

AKR-3 90.0 --- 165.7 195.0 

(β=1/3) 

--- 99.1 --- 

AKR-4 48.0 93.5 108.4 169.4 

(β=1/3) 

--- 95.2 --- 

AKR-5 30.0 65.8 63.5 132.9 

(β=1/3) 

--- 74.4 --- 

AKR-6 38.0 27.7 91.3 150.5 

(β=1/3) 

--- 91.4 --- 

EL 41.0 97.8 175.9 173.0 

(β=1/3) 

110.8 101.3 91.0 

Waters from geothermal wells (AKR-1, AKR-2, AKR-3, AKR-4, AKR-5, AKR-6) and the 

Eleftheres thermal springs (EL) plotted on the Giggenbach (1988) trilinear diagram show the 

following results (Figure 4): (a) Samples AKR-2, AKR-3 and EL are plotted in the area of ‘immature 

waters’. Immature waters show that there is no water-rock equilibrium and therefore the use of the 

Na/K geothermometer is unsuitable and the estimations of the deep reservoir temperatures using 

cation geothermometers should be interpreted with caution. For not too acid waters, the K-Mg 

geothermometer may be used and its application to the above-mentioned geothermal waters gives 

temperatures of 63.4-134.9oC. (b) Samples AKR-1, AKR-4, AKR-5 and AKR-6 are plotted in the 

‘partial equilibrium’ field (Figure 4) and their positions on this diagram indicate probable deeper 

reservoir temperatures in the ranges of 80-130oC (at shallower levels, tkm) and 120-215oC (at 

considerable depth, tkn). 

Considering the temperatures calculated by various chemical geothermometers, the predicted deep 

reservoir temperatures range from 100 to 150oC or probably even higher. The increased SiO2 content 

of geothermal water AKR-1 indicates its deeper geothermal origin (the solubility of SiO2 increases 

with increasing temperature up to 340oC), probably reflects the reservoir conditions and therefore 

the calculated value of 121.5oC (Table 1) seems to be very probable and realistic. In addition, 

temperature measurements in offshore deep oil exploration boreholes in the wider area have given 

the following values: (a) 121-130oC at a depth of 3,146 m in borehole AP-1, (b) 144.4oC at 3,225 m 

depth in borehole S. KAVALA-2 and (c) 153.9oC at a depth of 3,441 m in borehole PERAMOS-1 

(Chiotis, 1988). These values fall within the range of temperatures estimated by SiO2 and K-Mg 

geothermometers and Giggenbach’s ternary diagram (1988). 

Finally, based on the composition of gas phase and using the D’Amore and Panichi’s (1980) geothermometer 

for sample EL, the deep reservoir temperature was calculated at 93oC (Minissale et al., 1989). 
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Figure 4 - Plotting the water samples AKR-1, AKR-2, AKR-3, AKR-4, AKR-5, AKR-6 and 

EL on the Giggenbach (1988) trilinear diagram. 

4.5. Isotope Geochemistry 

The isotope ratios may reflect various physicochemical processes in geothermal systems such as 

water-rock interaction, mixing or steam separation. In particular, isotopes of oxygen and hydrogen 

are suitable markers for tracing water defining mechanisms that affect fluids. 

The isotope composition, 2H and 18O, is indicated in delta notation, versus VSMOW standard as: 

δ=((Rsample-Rstandard)/Rstandard)*1000, where Rsample and Rstandard=2H/1H or 18O/16O ratios of sample and 

standard respectively. Determination of the different isotope ratios has the following precisions: 

1‰ for δ2H and ±0.2‰ for δ18O. 

 

Figure 5 - Graph of δ2H(H2O) vs. SMOW ‰ - δ18O(H2O) vs. SMOW ‰ for cold and 

geothermal waters in the Akropotamos area. 
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The isotopic composition for cold and geothermal waters ranges from -8.8‰ to -3.9‰ for δ18O and 

from -51.9‰ to -23.2‰ for δ2H. Hot waters from the Akropotamos area are shown in Figure 5. In 

the same figure, the seawater is also reported. Line A is an ideal mixing line between seawater and 

fresh water. Some of the samples have been plotted into the mixing area confirming the ratios of sea 

water participation as calculated by Cl-Na. 
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Abstract 

The area of Alexandria is located in the Thessaloniki basin that has been filled with 

more than 4 km of sediments. In 1980, oil exploration borehole AL-1, 1,705 m deep, 

was drilled north of the town of Alexandria and the temperatures of 39 and 65oC were 

recorded at depths of 700 and 1,705 m respectively. During 1996-2000, two 

geothermal exploration boreholes were drilled at depths of 532 and 620 m penetrating 

Quaternary and Pliocene sediments and the temperatures of 30.1 and 33.4oC were 

measured at 500 and 611 m respectively. The preliminary geothermal investigation 

resulted in the construction of the first production well (GN-1P). It was drilled to a 

depth of 805 m penetrating clays, sands, tuffs, marls, clayey marls, marly limestones, 

gravels, sandstones and conglomerates. The borehole was cased down to 805 m and 

screens were placed at various depths below 607 m. Temperature and electrical 

conductivity values of 35.1-37.2oC and 5,100-8,200 μS/cm respectively were recorded 

at depths of 607-800 m. This well discharges 30-40 m3/h waters at 34.1oC with 

artesian flow and provides 130 m3/h waters at 35.5oC with pumping. The produced 

geothermal water with TDS of 2.18 g/l belongs to the Na-Cl type differentiated from 

the shallow waters. The thermal capacity of well GN-1P is calculated to be 1.65 MWt. 

Keywords: sedimentary basin, hydrothermal system, production well. 

Περίληψη 

Η περιοχή της Αλεξάνδρειας βρίσκεται στη Λεκάνη Θεσσαλονίκης, η οποία έχει 

πληρωθεί με ιζήματα πάχους άνω των 4 km. To 1980, κατασκευάσθηκε βόρεια της 

πόλης της Αλεξάνδρειας η γεώτρηση έρευνας υδρογονανθράκων AL-1, βάθους 1705 m, 

στην οποία καταγράφηκαν οι θερμοκρασίες των 39 και 65oC σε βάθη 700 και 1705 m 

αντίστοιχα. Μεταξύ 1996 και 2000, ανορύχθηκαν δύο γεωθερμικές ερευνητικές 

γεωτρήσεις, βάθους 532 και 620 m, οι οποίες διέτρησαν Τεταρτογενή και Πλειοκαινικά 

ιζήματα και στις οποίες μετρήθηκαν θερμοκρασίες 30.1 και 33.4oC σε βάθη 500 και 

611 m αντίστοιχα. Η προκαταρκτική γεωθερμική έρευνα οδήγησε την κατασκευή της 

πρώτης παραγωγικής γεώτρησης (ΓΝ-1Π). Ανορύχθηκε μέχρι βάθος 805 m 

διατρύοντας αργίλους, άμμους, τόφφους, μάργες, αργιλο-μάργες, μαργαϊκούς 

ασβεστόλιθους, χάλικες, ψαμμίτες και κροκαλοπαγή. Η γεώτρηση σωληνώθηκε μέχρι 

τα 805 m και φίλτρα τοποθετήθηκαν σε διάφορα βάθη κάτω από τα 607 m. Τιμές 
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θερμοκρασίας και ηλεκτρικής αγωγιμότητας 35.1-37.2oC και 5100-8200 μS/cm 

αντίστοιχα καταγράφηκαν σε βάθη 607-800 m. Η γεώτρηση παρουσιάζει αρτεσιανή ροή 

με 30-40 m3/h νερών των 34.1oC και παρέχει με άντληση 130 m3/h νερών θερμοκρασίας 

35.5oC. Το παραγόμενο γεωθερμικό νερό με ΣΔΑ 2.18 g/l είναι του τύπου Na-Cl και 

διαφοροποιείται από τα ρηχά νερά. Η θερμική ισχύς της γεώτρησης ΓΝ-1Π 

υπολογίζεται σε 1.65 MWt. 

Λέξεις κλειδιά: ιζηματογενής λεκάνη, υδροθερμικό σύστημα, παραγωγική γεώτρηση. 

1. Introduction 

The onshore Thessaloniki basin, covering an area of about 4,200 km2 in Central Macedonia 

(Northern Greece), constitutes a large post-orogenic NNW-SSE graben. It has been created by 

faulting since Eocene and filled with Paleogene, Neogene and Quaternary sediments reaching a total 

thickness of more than 4 km. During 1961-1980, eleven (11) oil exploration boreholes were drilled 

to depths of 666.4-4,085 m. Borehole temperature measurements have shown that the mean 

geothermal gradient is around the normal value. In addition, borehole data provide useful 

information about the structure and lithostratigraphy of the basin. Fluctuations in the thickness of 

the sedimentary sequence have proven the existence of local tectonic structures. Important properties 

of these sedimentary rocks, like porosity and permeability, have also been determined at various 

depths. 

The Alexandria area constitutes part of the Thessaloniki basin located north of the homonymous 

town. Evaluating the data from oil borehole ALEXANDRIA-1 (AL-1), 1,705 m deep, detailed 

geothermal exploration was carried out by the Institute of Geology and Mineral Exploration 

(I.G.M.E.) north of the town of Alexandria in two time periods (1996-2000 and 2003). These 

exploration projects were supported financially by the 2nd and 3rd Community Support Framework. 

Two geothermal exploration boreholes were drilled during 1996-2000 and one production well was 

constructed in 2003. This paper presents the results of the geothermal exploration in the Alexandria 

area. 

2. Geological and Tectonic Setting 

Geotectonically, the post-orogenic basin of Thessaloniki belongs to the Axios Zone and is located 

between the Circum Rhodope Belt to the east and the Pelagonian Zone to the west (Figure 1A). It 

was formed during the extensional phase of Eocene. Based on drilling data and geophysical surveys, 

the basement of the basin is made up of schists, ultrabasic rocks, ophiolites and marbles. Flysch 

formations of Maastrichtian - Priabonian age have been observed (Lalechos, 1986). Paleogene, 

Neogene and Quaternary sediments have been filled the basin and their total thickness exceeds 4 

km. The Eocene - Oligocene formations, 0-1,644 m thick, are composed of reef limestones, marls, 

sandstones, conglomerates, microconglomerates, clays, siltstones and breccias. The Miocene 

sediments consist of conglomerates, sandstones, clays, sands, microconglomerates, marls, 

limestones and siltstones and their thickness ranges between 0 and 1,466 m (data from oil 

exploration boreholes). The Plio-Quaternary sediments reach thickness of approximately 1,000 m 

and consist of volcanic tuffs and stones and trachyandesitic material, clays, marls, sands, gravels, 

conglomerates, micro-conglomerates, sandstones and organic/lacustrine/marly/clastic limestones. 

Quaternary sediments also include alluvial deposits, scree, travertines and conglomerates. The 

distinction between the Plio-Pleistocene and Miocene sediments is very difficult due to their similar 

lithological and sedimentological characteristics, while the Eocene-Oligocene and Oligocene-

Miocene (unconformity) boundaries are clearer (Lalechos, 1986; Alexiadis, 1988). 
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Figure 1 - (A) Simplified Geological map of the Thessaloniki basin, based on Geological Map 

of Greece at scale of 1:500,000 (IGME, 1983), Lalechos (1986) and seismic data, showing the 

sites of oil and geothermal wells in the Alexandria area (1: Quaternary deposits, 2: 

Volcaniclastics and tuffs, 3: Neogene sediments, 4: Serbomacedonian Massif, 5: Circum 

Rhodope Belt, 6: Axios Zone, 7: Pelagonian Zone, 8: Basic and ultra basic rocks, 9: 

Ophiolites, 10: Sea, 11: Study area B-Alexandria area, 12: Thrust, 13: Visible Fault, 14: 

Probable or invisible fault, 15: Geological boundary, 16: River, 17: Geothermal production 

well, 18: Geothermal exploration borehole, 19: Oil exploration borehole, 20: Town/Village). 

(B) The 3D model of the Alexandria structure based on seismic data (1: Fault, 2: Isobaths, 3: 

Geothermal production well, 4: Geothermal exploration borehole, 5: Oil exploration 

borehole, 6: Town/Village). (C) Reference map (1: Study area A -Thessaloniki basin, 2: 

Study area B -Alexandria area, 3: Greece, 4: Other countries). 
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The present structure of the basin has resulted from many tectonic movements due to various 

compressional and extensional phases since Upper Jurassic - Lower Cretaceous. The Lower Eocene 

extensional phase led to the formation of the graben by large faults. The tectonic evolution of the 

area continued until Quaternary. Based on the results of seismic surveys, some major NW-SE and 

NW-SW faults and the tectonic structures (anticlines-horsts) of Alexandria and Loudias have been 

identified (BEICIP, 1980; Lalechos, 1986; Alexiadis, 1988). The Alexandria structure is located 

north of the homonymous town (Figure 1B). Based on seismic interpretation (BEICIP, 1980), this 

structure is an anticline with a NNW-SSE axis and its western side is bounded by a NNW-SSE 

reverse fault which acted until the beginning of the Miocene sedimentation (Alexiadis, 1988). 

3. Exploration Boreholes Drilled in the Alexandria Area 

3.1. Geothermal Evaluation of Oil Exploration Borehole ALEXANDRIA-1 

In 1980, oil exploration borehole ALEXANDRIA-1 (AL-1) was drilled on the identified tectonic 

structure, at a distance of 6.5 km north of the town of Alexandria (Figure 1A, B). The coordinates 

of the drilling site are: 40o41΄29΄΄Ν and 22o26΄09΄΄Ε (Coordinates X=367687.3 and Y=4505389.8 

in CGS-GGRS-1987/Greek Grid). The borehole has a total depth of 1,705 m. The metamorphic 

basement made up of ophiolites (peridotites, gabbros, diabasis) has been located at 1,600 m depth. 

An overlying sedimentary sequence composed of Eocene-Oligocene formations, Miocene sediments 

and Plio-Quaternary deposits has been penetrated. The Plio-Quaternary deposits (0-607 m depth) 

consist of grey-brown soft clays, fine- to coarse-grained sands, gravels and microconglomerates. 

The Miocene sediments have a thickness of 311 m (607-918 m depth) and include alternations of 

grey or grey-green soft clays with unconsolidated fine- to coarse-grained sands and sandstones. 

Layers of microconglomerates also occur. The Oligocene-Eocene formations with a total thickness 

of 682 m (918-1,600 m depth) consist of clays, siltstones, sandstones, microconglomerates and basal 

consolidated breccias/conglomerates. A light grey green clayey zone occurs from 918 to 960 m 

depth. An unconformity at depth of 1,305 m can be considered as the Eocene-Oligocene boundary 

(Alexiadis, 1988; S.P.E.G., 1982). 

In borehole AL-1, the temperatures of 39 and 65oC were measured at depths of 700 and 1,705 m 

respectively. Strata with porosity of 17-26% and very good permeability have been identified 

between 300 and 1,000 m depth. Aquifers are located in sands, sandstones, conglomerates and 

microconglomerates. Small amount of CH4 were detected below 800 m depth. Strata of geothermal 

interest have been identified within the first 1,000 m depth at the following depth intervals 300-670, 

675-685, 695-705, 757-776 and 776-960 m. These strata contain aquifers composed of sandstones 

and microconglomerates with porosity of 17-26% and very good permeability. The temperatures of 

33, 38, 39, 41 and 44oC have been recorded at depth intervals of 300-670, 675-685, 695-705, 757-

776 and 776-960 m respectively (P.P.C., 1988). 

3.2. Geothermal Exploration Boreholes 

During 1996-2000, two geothermal exploration boreholes (G-3 and G-4) were drilled north of 

Alexandria (Figure 1A, B). Exploration borehole G-3 (Coordinates X=363895 and Y=4506808 in 

CGS-GGRS-1987/Greek Grid) reached a total depth of 532 m. Quaternary deposits consisting of 

sands, cobbles, clays, fluviotorrential and volcaniclastic materials and lacustrine limestones were 

penetrated down to 210 m. Below 210 m depth, Pliocene sediments composed of lacustrine 

limestones, sandstones, conglomerates, volcaniclastic material and alternations of sands, sandstones, 

biogenic calcareous clays, calcitic sandstones and conglomerates were encountered. The hole was 

cased down to 531.5 m (5΄΄ and 2΄΄ diameter casing strings were set at depths of 0-220 and 220-

531.5 m respectively). The temperature of 30.1oC has been measured at 500 m depth (Atzemoglou 

et al., 2000; Kolios et al., 2005). 

Exploration borehole G-4 (Coordinates X=363543 and Y=4501554 in CGS-GGRS-1987/Greek 

Grid) was drilled to a total depth of 620 m. Quaternary and Pliocene sediments were penetrated at 



610 

 

depths of 0-225 and 225-620 m respectively. The Quaternary deposits include alternating clays and 

sands, water-bearing conglomerates and unconsolidated coarse-grained conglomerates. The 

Pliocene sediments consist of altered argillizated pyroclastic materials, argillizated volcano-

sedimentary materials with intercalated layers of calcarenites, sandy volcaniclastic calcarenitic 

materials and sandy clays with fragments of altered volcanics. Casing strings having 5΄΄ and 2΄΄ 

diameters were set at depths of 0-225 and 225-611 m respectively. The temperature of 33.4oC has 

been measured at 611 m depth (Atzemoglou et al., 2000; Kolios et al., 2005). 

4. Geothermal Production Well GN-1P 

Taking into account the water temperatures (20.2-23.4oC) measured at 90-160 m deep irrigation and 

water supply wells and based on the results of the above-mentioned exploration boreholes, the first 

geothermal production well (GN-1P) was drilled 4 km NNW of Alexandria during April-August 

2003 (Figure 1A, B). The coordinates of the drilling site are X=366638 and Y=4502672 (in CGS-

GGRS-1987/Greek Grid). 

This production well was drilled down to a total depth of 805 m penetrating Plio-Quaternary and 

Miocene sediments. The Plio-Quaternary sediments reach 587 m depth and their detailed 

stratigraphy is as follows (Kolios et al., 2005): topsoil (0-2 m depth), grey-green clays and fine-

grained sands (2-30 m), grey-green clays and small volcanic gravels (30-110 m), tuffs and clayey-

marly materials (110-210 m), marly limestones (locally silicified) and yellow marls (210-255 m), 

grey-green plastic fossiliferous clays (255-260 m), grey-green clays containing gravels (260-270 m), 

clayey marls containing calcareous gravels (270-290 m), yellow clays and gravels (290-302 m), 

coarse-grained quartzite sands (302-314 m), grey-green clays with intercalated sands and gravels 

(314-415 m), unconsolidated sands and gravels (415-423 m), brown clays (423-431 m) and finally 

alternating thin layers of sandstones, unconsolidated sands, biogenic marly calcarenites and 

conglomerates (431-587 m). Between 587 and 805 m depth, Miocene clastic sediments occur 

consisting of alternating layers of clays, clayey marls, sands and gravels (microconglomerates). The 

most coarse-grained sediments of this clastic series, i.e. sands and microconglomerates, have a rather 

high permeability. 

Drilling was carried out using drill bits of different diameter at different depth intervals, i.e. 20, 17½ 

and 11΄΄ drill bits were used at depths of 0-31, 31-430 and 430-805 m respectively. The hole was 

cased down to 805 m depth. Different sizes of casing strings were set. An 18΄΄ diameter surface 

casing was installed down to a depth of 31 m to prevent surface water intrusion. Casing strings with 

diameters of 12΄΄ and 65/8΄΄ were set at depths of 0-430 and 361-805 m respectively. Screens having 

a total length of 120 m were placed at various depths below 607 m (607-619, 631-637, 643-649, 

655-667, 673-679, 685-691, 697-709, 715-727, 739-769 and 775-793 m). Water-bearing zones in 

the 0-430 m depth interval were isolated using cement (0-50 and 200-430 m) and aggregates and 

clayey materials (50-200 m). Well GN-1P has an artesian flow yielding 30-40 m3/h geothermal 

waters at 34.1oC. The occurrence of gas bubbles is observed in the flowing water. 

Gamma ray, resistivity and SP (Spontaneous Potential) loggings were performed in well GN-1P 

down to a depth of 445 m. Gamma-ray log showed higher values (up to 150 CPS) in the 70-210 m 

depth interval due to the presence of grey-green clays with small volcanic gravels, tuffs and clayey-

marly materials. Below 220 m depth, gamma-ray values fluctuate between 10 and 60 CPS 

corresponding to continuous alternations of clays, sands and gravels. SP log showed values 

fluctuating between 820 and 1,140 mV in the 190-445 m depth interval due to alternating permeable 

and impermeable layers. Temperature and water conductivity logs were also carried out in well GN-

1P. The temperatures of 34.7, 34.8, 34.9, 35.0, 35.1, 36.4, 36.6 and 37.2oC have been recorded at 

depths of 100, 250, 350, 500, 600, 700, 750 and 800 m respectively. At the same depths, the electrical 

conductivity values of 5,012, 5,034, 5,045, 5,080, 5,100, 7,360, 7,380 and 8,200 μS/cm have been 

registered. Thus, the conductivity increases below 600 m depth. The uprising thermal water and the 

artesian flow cause a nearly uniform temperature distribution within the well. Taking into account 
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the temperature and electrical conductivity values, it can be considered that the most active aquifers 

are located in the 603-660 and 750-800 m depth intervals. Flow rates from water-bearing zones into 

the well through the screens were measured in the 535-799 m depth interval using a flowmeter and 

the results have proven that the largest percentage (about 53%) of the produced geothermal water 

comes from the 758-795 m depth interval. The flow of water toward the screens is turbulent in some 

depth intervals due to high pressure and probable gas expansion in the casing (Kolios et al., 2005). 

After completing, cleaning and air-lifting the production well, pumping tests were conducted in 

October 2003. Three types of pumping tests were performed including step-drawdown, constant-

rate and recovery tests. The step-drawdown test was carried out on October 6, 2013. The well was 

pumped at flow rates of 80, 110 and 144.5 m3/h and the duration of each step was 2 hours. At the 

end of this step test, the total drawdown was 33.20 m. The evaluation of the results of this test has 

shown that the critical discharge Qc exceeds 145 m3/h (Qc>150 m3/h), the linear aquifer (and well) 

loss coefficient B has a value of 527 x 10-4 bar/(kg/s) (very good value) and the value of the non-

linear well loss coefficient C is 7 x 10-4 bar/(kg/s)2 (moderate value due to friction losses inside the 

screens, flogging of the screens, turbulences at the screens and inside the well etc). The water 

temperature increased from 35 to 35.5oC during the step test (the temperature rose by 0.5oC after 5 

hours of pumping). The 72-hour constant-rate pumping test was performed on October 7-10, 2003. 

The flow rate was 130 m3/h and the drawdown reached 41.05 m at the end of the test (water level 

before pumping: 0 m). Based on the results of this test, the following hydraulic properties of the 

geothermal aquifer have been determined: transmissivity T=7.296 x 10-4 m2/s, hydraulic 

conductivity K=6.08 x 10-6 m/s, permeability k=4.482 x 10-13 m2=0.4482 darcy and permeability-

thickness product k.H=5.38 x 10-11 m3. The water temperature increased from 35 to 35.5oC. The 

temperature rose by 0.5oC after 45 min of pumping and remained almost constant at 35.5oC until the 

end of the test (minor exceptions showed temperatures of 35 and 35.2oC at 3½ and 5 hours from the 

start of pumping respectively). Recovery tests were performed at the ends of the step-drawdown and 

constant-rate pumping tests. After the termination of the step-drawdown test, water-level 

measurements in the pumping well showed a very quick recovery. The residual drawndown s΄ was 

calculated to be 0.9 m at 35 min after the pump was switched off. This fast recovery indicates the 

great potential of the penetrated geothermal aquifer. After the end of the constant-rate pumping test 

and taking into account the water-level measurements in the well, the residual drawdown s΄was 

computed to be 9.80 m after 4 hours since pumping stopped. Using these recovery data, the values 

of transmissivity, T, and hydraulic conductivity, K, were calculated as follows: T=8.50 x 10-4 m2/s 

and K= 7.08 x 10-6 m/s. These values are similar enough to those which have been computed based 

on the constant-rate pumping test data. 

5. Water and Gas Chemistry - Geothermometry 

5.1. Water Chemistry 

The geothermal water produced from well GN-1P has a temperature of 35.5oC, being classified as 

Na-Cl type (Figure 2A). The most representative sample was taken at the end of the 72-hour 

constant-rate pumping test. It shows a high electrical conductivity (3,868 μS/cm) and an alkaline 

character (pH=7.99). The TDS value is 2.18 g/l. This geothermal water is rich in Na+ (710 mg/l) and 

Cl- (1,226.2 mg/l). Na+ contributes 80.5% to the total cationic charge (in meq/l), while the dominant 

anion is Cl- constituting 92.1% of the total anionic charge. The Ca2+ and Mg2+ concentrations are 

low and they have been determined to be 79.8 and 40.7 mg/l respectively. The K+ content is 6 mg/l. 

The geothermal water is characterized by extremely low concentration of SO4
2- (1.7 mg/l). The 

HCO3
- content in the water has been found to be only 176.9 mg/l contributing 7.7% to the total 

anionic charge (in meq/l). The water analysis has shown that Li+ is absent (0.0 mg/l), the SiO2 

content is low (19.90 mg/l) and the boron concentration is elevated (4.8 mg/l). 

The above-mentioned geothermal water differs chemically from the cold waters of the Alexandria 

area. The shallow and cold waters coming from irrigation and water supply wells are of the Ca-
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HCO3, Ca,Mg-HCO3, Ca,Mg,Na-HCO3 types (Figure 2A) depending on the participation of the 

major cations in the total cationic charge. These waters have TDS in the range of 0.24-0.31 g/l (fresh 

waters) and show pH values of 7.48-8.08 (alkaline waters). Water samples with temperatures of 30.1 

and 33.4oC taken from exploration boreholes G-3 and G-4 belong to the Na-HCO3 and Na,Ca-HCO3 

types respectively (Figure 2A). They are characterized by very low salinity (TDS levels 0.68 and 

0.26 g/l) and a slightly alkaline character (pH 7.38 and 7.58). 

 

Figure 2 - (A) Piper (1944) trilinear diagram of hot (GN-1P, G-3, G-4) and cold waters from 

the Alexandria area. (B) Water sample GN-1P is plotted on the Giggenbach (1988) ternary 

diagram. 

The SiO2 content of geothermal water from well GN-1P is very low (19.9 mg/l), and even lower 

than that of colder waters (28.7-76.5 mg/l). In contrast, the relatively high concentration of boron 

(4.8 mg/l) indicates a geothermal origin. The SO4
2- contents are low (1.7 mg/l in geothermal water, 

0-21.1 mg/l in cold waters and 0.2-37.2 mg/l in samples G-3 and G-4). The Cl/SO4 ratio value in 

geothermal water is extremely high (988.3), and much higher than its values in other waters and 

seawater (0.5-100.0). Water sample GN-1P shows a [Cl-]/[HCO3
-]+[CO3

2-] ratio of 11.9, which is 

much higher than its values in colder waters (0.033-0.213), indicating the deeper origin of this water 

sample. The Br content in geothermal water is very low (0.010-0.17 mg/l). It should be noted that 

the Mg2+ concentration in water from well GN-1P is 40.7 mg/l and this value is lower than that of 

seawater. The Na/K ratio value in geothermal water has been computed to be 201.9 and this value 

is extremely high compared with that listed in seawater (i.e. 35). It is clear that the water coming 

from well GN-1P is differentiated from seawater and local shallow waters. The elevated Na+ and Cl- 

levels may be explained by entrapment of water in large lenses of clastic sediments or along faults 

and deposition of microcrystalline salt in marine sediments (Tzimourtas, 1991). It is remarkable that 

the NaCl content in the formation water ranges from 1,000 to 2,000 ppm at depths of 0-1,000 m 

(P.P.C., 1988). The value of 2,000 ppm at approximately 1,000 m depth is almost equal to the sum 

of Na+ and Cl- concentrations (710 + 1,226.2 = 1,936.2 mg/l) in geothermal water extracted from 

600-800 m depth through well GN-1P. At depths of 1,000-1,575 m, the NaCl content in the 

formation water is higher (1,500-3,000 ppm) (P.P.C., 1988). Correlation diagram between Na+ and 

TDS for all collected water samples has shown that there is a very good relationship (R2= 0.98) 

between them indicating that Na+ contributes significantly to TDS. Additionally, diagrams between 

ion contents and water temperatures for all these water samples indicate that there is no linear 

correlation and therefore their chemical characteristics have been affected by the lithology and 

mineral composition of the geological formations through which the fluids have passed and/or where 

they have been stored (aquifers). In general, geothermal water GN-1P is characterized by higher 
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concentrations of Na+, Cl-, Mg2+, Ca2+ and B compared with cold waters. Correlation plot Na+K vs. 

Ca+Mg (in meq/l) for all water samples shows that three main water groups can be distinguished 

according to the participation of these cations: group A includes geothermal water GN-1P (high 

Na+K, moderate Ca+Mg), group B contains water sample G-3 (moderate Na+K, moderate Ca+Mg) 

and group C consists of the colder waters plus sample G-4 (low Na+K, moderate, moderate Ca+Mg). 

All water samples are saturated with respect to quartz (0.366<SI<1.143), undersaturated with regard 

to gypsum (-4.636<SI<-2.278) and oversaturated with respect to talc (0.298<SI<4.288). The 

geothermal water is saturated with regard to calcite (SI=0.604), aragonite (SI=0.468) and dolomite 

(SI=1.378) indicating its tendency to precipitate these carbonate minerals. The remaining cold and 

sub-thermal waters are in equilibrium or weakly saturated with respect to these minerals showing 

lower SI (Saturation Index) values. The scaling and corrosion tendencies of geothermal water from 

well GN-1P have also been determined. The Langelier Saturation Index (LSI) value has been 

calculated to be +0.63 indicating that this water has a slight tendency to deposit CaCO3. The 

computed value of the Ryznar Stability Index (RSI) is 6.73, suggests a very slight tendency to form 

scale and lies practically within an equilibrium zone (stability or neutral zone). Regarding the 

corrosivity of geothermal water GN-1P, it should be noted that the Total Key Species (TKS) have 

been calculated to be 1,405 mg/l, the Cl fraction in TKS is 87.3% (the Cl ion favours the corrosion) 

and the pH value is 7.99 (the lower the pH, the greater the corrosive tendency of the water). 

5.2. Gas Chemistry 

Due to observed gas bubbles in the flowing water from artesian production well GN-1P, gas sample 

was taken and analyzed by gas chromatography. The dominant gas is N2 with a content of 99.4% 

v/v. Other gases include CO2 (0.4% v/v) and O2 (0.2% v/v). 

5.3. Geothermometry 

The chemical geothermometers of SiO2 (Fournier, 1981), Na/K (Arnorrson et al., 1983), Na-K-Ca 

(Fournier and Truesdell, 1973) and K-Mg (Giggenbach et al., 1983) has been applied to the 

geothermal water from well GN-1P to estimate the deeper reservoir temperatures. Due to the absence 

of lithium (0.0 mg/l), the application of lithium-based geothermometers was impossible. The SiO2 

geothermometer (Fournier, 1981) provides value 63.3oC. As already mentioned, there is no any 

correlation between SiO2 content and temperature, the silica solubility in geothermal water is much 

less than in cold waters and the dissolved SiO2 comes from the dissolution of silicate minerals in 

shallow geological formations. This means that the SiO2 content does not reflect the deeper reservoir 

conditions and the temperature of 63.3oC proposed by the SiO2 geothermometer cannot be 

considered to be reliable, despite it seems to be a realistic value. The Na-K geothermometer 

(Arnorrson et al., 1983) gives a reservoir temperature of 31.1oC, which is lower than the measured 

outlet water temperature. The Na-K-Ca geothermometer (Fournier and Truesdell, 1973) provides 

better results than the previous one and the estimated temperature is 73.1oC. This value appears to 

be reasonable but it is not considered to be true. The Na-K-Ca geothermometer is based on the 

temperature-dependent solubility of feldspars and the ion-exchange reactions between feldspars. 

The Na-K-Ca temperature is affected by changes in concentrations due to dilution. When Na+, K+ 

and Ca2+ come from geochemical processes which are not controlled by the feldspar ion-exchange 

reactions, the Na-K-Ca geothermometer gives false temperature values. Thus, Na+ and K+ ions may 

come from clays as a result of water-sediment interaction and subsequent ion-exchange. In the 

Alexandria area, the geothermal water GN-1P comes from aquifer consisting of clays, clayey marls, 

sands and gravels. High Mg2+ concentrations in waters may also result in erroneous results. 

Geothermal water GN-1P has been plotted on the Giggenbach (1988) ternary diagram and its 

position has been marked on the boundary line between ‘partial equilibrium’ and ‘immature’ waters. 

This position shows that the probable temperature of the deeper reservoir is 80-100oC (Figure 2B). 

The K-Mg geothermometer (Giggenbach et al., 1983) applied on the same water gives a temperature 

of 41.8oC. Taking into account the estimated temperatures using the above-mentioned chemical 

geothermometers, the probable temperature of the deep reservoir ranges from 70 to 90oC indicating 
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a low enthalpy geothermal resource. Temperature measurements in deep oil exploration borehole 

AL-1 have shown values of 44oC and 65oC at depths of 960 and 1,705 m respectively (P.P.C., 1988). 

In addition, temperatures of 74, 83 and 89oC have been recorded at depths of 1,520, 2,614 and 3,090 

m respectively in neighbouring oil exploration borehole LOU-1 (LOUDIAS-1) in the Thessaloniki 

basin (Figure 1). These values fall within the range of temperatures estimated using the chemical 

geothermometers and Giggenbach trilinear diagram (1988). 

6. Utilization of Geothermal Energy from Production Well GN-1P 

Geothermal well GN-1P produces waters at 35.5oC with pumping. These waters can be used for 

some geothermal applications. Considering that (a) the pumping rate is Q=130 m3/h, (b) the water 

density at 35.5oC is ρ=994.1 kg/m3, (c) the specific heat capacity of water at 35.5oC is cp=4.177 

kJ/kg.K, (d) the difference between inlet and outlet temperatures is Δt=35.5-24.5=11oC and (e) 4.184 

J=1 cal, then the thermal energy of water produced from well GN-1P is estimated to be Εt=1,419,185 

kcal/h. This thermal energy corresponds to thermal installed capacity of 1.65 MWt. In addition, the 

thermal energy Εt=1,419,185 kcal/h is approximately equivalent to 0.142 TOE/h (TOE: Tonne of 

Oil Equivalent). 

The Alexandria area constitutes a rural area. Therefore, the geothermal energy can be used for 

agricultural purposes depending on local conditions and needs. Specifically, the geothermal water 

from production well GN-1P can be used for (a) soil heating for off-season asparagus cultivation, 

(b) greenhouse heating, (c) swimming pool heating and (d) air-conditioning of buildings utilizing 

the discharge water temperature (24.5oC) by means of geothermal heat pump systems. The off-

season asparagus cultivation may be carried out by subsoil heating in connection with low tunnel 

technology. The soil can be warmed by the direct flow of the geothermal water through buried PP 

pipes. The total annual heating demands of the asparagus cultivation have been estimated to be 

1,584,000 kWt. In the Alexandria area, a 0.8-ha greenhouse exists and the water from well GN-1P 

can be used for its heating. The total annual heating demands of this greenhouse have been computed 

to be 1,171,600 kWt. The heating of a swimming pool constitutes another possible geothermal 

application. An outdoor swimming pool of 1,000 m2 with water temperature at 26oC requires annual 

thermal energy of about 848,100 kWt for heating season from April to October taking into account 

the thermal benefits from solar radiation. 

7. Conclusions 

A low enthalpy geothermal field has been discovered north of the town of Alexandria (Northern 

Greece). The existence of this field is associated with an anticline with a NNW-SSE axis. 

Temperature measurements in geothermal exploration boreholes G-3 and G-4 have shown values of 

30.1 and 33.4oC at depths of 500 and 611 m respectively. Based on the results of a preliminary 

geothermal investigation, geothermal production well GN-1P was drilled reaching a depth of 805 m. 

A geothermal aquifer is located at depths of 600-800 m and composed of sands and gravels 

(microconglomerates) alternating with layers of clays and clayey marls. This aquifer contains water 

at temperature of 35.1-37.2oC and electrical conductivity of 5,100-8,200 μS/cm. Geothermal well 

GN-1P can produce 130 m3/h water at 35.5oC. The geothermal water is classified as Na-Cl type 

showing electrical conductivity of 3,868 μS/cm, alkaline character (pH=7.99) and TDS value of 2.18 

g/l. Chemical geothermometers applied to this water indicate probable reservoir temperatures of 70-

90oC. These estimates coincide with the measured temperatures of 65 and 89oC at depths of 1,705 

and 3,090 m in neighbouring oil exploration boreholes AL-1 and LOU-1. The thermal energy from 

water produced well GN-1P is calculated to be 1,419,185 kcal/h and can be used in various 

applications that require low temperatures. 
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Abstract 

The current study presents the preliminary results of the mineralogical and 

geochemical characterization of the Sagiada mud (Prefecture of Thesprotia), which 

is considered as one of the most representative therapeutic mud occurrences in 

Greece. This work is part of a bigger project, conducted by IGME (Athens, Greece), 

for the characterization of the Greek therapeutic mud deposits. The mineralogical 

composition was determined using X-Ray Diffraction (XRD), Differential Thermal 

Analysis (DTA), optical microscopy and Scanning Electron Microscopy (SEM). The 

main mineral phases of the Sagiada mud are quartz, feldspars, clay minerals such as 

illite, kaolinite, chlorite and vermiculite, and calcite accompanied by minor phases 

such as halite and pyrite. Traces of muscovite and gypsum were also identified. 

Geochemical analyses were performed using X-Ray Fluorescence (XRF) and 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for the determination of 

major and trace element content, respectively. Compared to Spanish peloids and 

European floodplain sediments, the Sagiada mud reveals an analogue chemical 

composition. 

Keywords: mud-therapy, clay minerals, mineralogy, geochemistry. 

Περίληψη 

Η παρούσα εργασία αποτελεί μία πρώτη προσπάθεια χαρακτηρισμού των 

ορυκτολογικών και γεωχημικών χαρακτηριστικών του πηλού της Σαγιάδας (Νομός 

Θεσπρωτίας), όπου εντοπίζεται μία από τις πιο αντιπροσωπευτικές εμφανίσεις 

ιαματικού πηλού στην Ελλάδα. Η μελέτη αυτή αποτελεί τμήμα ενός ευρύτερου 

ερευνητικού προγράμματος που υλοποιείται από το Ι.Γ.Μ.Ε. για το χαρακτηρισμό των 

ελληνικών ιαματικών πηλών. Όπως προέκυψε από τα αποτελέσματα της 

περιθλασιμετρίας ακτίνων–X (XRD), διαφορικής θερμικής ανάλυσης (DTA), οπτικής 

μικροσκοπίας και ηλεκτρονικής μικροσκοπίας σάρωσης (SEM), ο πηλός της Σαγιάδας 

συνίσταται από χαλαζία, αστρίους, αργιλικά ορυκτά, όπως ιλλίτης, καολινίτης, 

χλωρίτης και βερμικουλίτης, και ασβεστίτη, καθώς και από δευτερεύοντα ορυκτά, όπως 

αλίτης και σιδηροπυρίτης. Επίσης εντοπίστηκαν ίχνη από μοσχοβίτη και γύψο. Οι 

χημικές αναλύσεις πραγματοποιήθηκαν με τη χρήση φασματομετρίας ακτίνων–X (XRF) 

και φασματομετρίας μάζας επαγωγικά συζευγμένου πλάσματος (ICP-MS), για τον 

προσδιορισμό των συγκεντρώσεων των πηλών σε κύρια στοιχεία και ιχνοστοιχεία, 

αντίστοιχα. Σε σύγκριση με πηλοειδή από την Ισπανία και το εύρος τιμών των 

mailto:athanc@igme.gr
mailto:szaimis@gmail.com
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πλημμυρικών ιζημάτων από την Ευρώπη, ο φυσικός πηλός της Σαγιάδας παρουσιάζει 

ανάλογη σύσταση. 

Λέξεις κλειδιά: πηλοθεραπεία, αργιλικά ορυκτά, ορυκτολογία, γεωχημεία. 

1. Introduction 

The empirical use of clays and muds for therapeutic purposes is known since antiquity, with the 

most common uses to be the ingestion and skin application in the form of patches, cataplasms or 

mud-baths (Gomes and Silva, 2007). In ancient Greece, mud materials, known as medical earths 

(Terrae), were often named after their origins. They were used as antiseptic cataplasms to cure skin 

afflictions or as a cure for snake-bites (Carretero, 2002). Example of medical earths is the Terra 

Lemnia, from Lemnos Island in North Aegean Sea, which was known as a pharmaceutical product 

from antiquity until the 19th century. 

Nowadays, clay minerals, such as smectites, palygorskite, kaolinite and talc, are used in 

pharmaceutical formulations as well as in spa-centers and aesthetic medicine for therapeutic 

purposes (Carretero, 2002). According to Veniale et al. (2007), pelotherapy, which is the use of 

thermal muds for muscle-bone-skin pathologies treatment, is also applied for wellness and relaxation. 

Though, since the natural reserves of thermal muds are limited, many spa-centers produce the 

thermal mud by “maturation” (Veniale et al., 2007). Maturation is a process of mixing natural 

sediments potentially interesting for therapeutic or cosmetic purposes, with mineral water or 

seawater, or particularly with medicinal mineral water (Gomes et al., 2013). According to Gomes et 

al. (2013), mud is also applied in the natural environment, where it occurs, in the form of mud-packs, 

mud-baths or facial masks, sometimes in an empirical way, for healing or cosmetic purposes, in a 

practice so-called “mud-therapy”. In Greece, mud-therapy is widely known and applied, especially 

during the summer period. 

The current study is part of a project for the characterization of Greek mud deposits, used for 

therapeutic purposes. The project is funded by the European Union (NSRF 2007-2013, code 350913). 

In the framework of this project, mineralogical, geochemical and physicochemical analyses were 

carried out at the Institute of Geology and Mineral Exploration (IGME), Athens, Greece, in order to 

assess the suitability of Greek muds for therapeutic use. The studied areas include the Sagiada mud 

occurrences (Thesprotia, Epirus), the mud sediments of the Aetolikon - Messolonghi lagoon, local 

occurrences at Western Greece (such as Kyllini, Kaiafas Lake, Mytikas Xiromero and places of 

interest in Ambracian Gulf), as well as Argos (Eastern Peloponnese), Aedipsos (Evia Island) and 

the Aegean Islands Milos, Kos and Lemnos. An integrated database was designed and developed, 

in order to present general information, as well as the physicochemical, mineralogical and chemical 

properties of the studied mud occurrences. This study enhances the importance of these natural 

resources for local communities, on the base of potential exploitation through the development of 

medical tourism, entrepreneurship, and the use of natural reserves as raw material for spa-centers. 

In addition to the above, some other locations for mud-therapy in Greece are Krinides (Kavala 

Prefecture), Pikrolimni Lake (Kilkis Prefecture), Kavasila (Ioannina Prefecture), Vromolimni Lake 

of Methana (Attica Prefecture), Santorini Island, Amynteo (Florina Prefecture), Samos Island, 

Astros (Arkadia Prefecture) and the Anargiroi basin (Florina Prefecture) (Aggelidis, 1990). 

Herein the case study of the Sagiada mud is presented, as it is considered one of the most 

representative natural therapeutic muds in Greece and is traditionally used for mud-therapy, both in-

situ and in a local Mud-Therapy Center, after a beneficiation process. According to a previous study 

of the Sagiada mud, it is designated safe for use due to the restricted mobility of trace elements in 

water solution (Mitrakas, 2009). The present work examines in detail the mineralogical composition 

of the natural mud, the clay mineral content and the chemical composition. 
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2. Geological Setting 

The study area is located in the Sagiada Bay of Thesprotia, NW Greece (Figure 1), a region that 

geotectonically belongs to the Ionian Zone. 

Specifically, the area consists of sediments of Neogene to Quaternary age, including marls and 

recent alluvial deposits, mainly originate from the Thyamis (Kalamas) River. The lagoon 

environment that is formed extends in a SSW direction from the Sagiada settlement to the most 

recent deltaic deposits of Thyamis River, which is approximately 5 km far. 

The Alpine basement outcropping in the area consists of a sedimentary sequence, which overlies the 

formation of Permo-Triassic evaporites. The base of this sequence consists of neritic limestones and 

dolomites, while the upper parts of Jurassic to Eocene age, consist of semi-pelagic to pelagic 

formations such as limestones, schists with Posidonia and cherts. Flysch sediments were deposited 

from Late Eocene to Early Miocene (Aquitanian); consist of sandstones, siltstones and marls (Perrier 

and Koukouzas, 1969; Mountrakis, 2010). 

 

Figure 1 - Geological map of Sagiada (modified after Perrier and Koukouzas, 1969). 

3. Materials and Methods 

Six core sediment samples, approximately 2 kg each and up to 70 cm depth, were collected for 

mineralogical and geochemical analysis. The sampling locations are presented in Figure 1. The 

samples were dried, homogenized and pulverized using an agate mill at -200 mesh. The 

mineralogical composition was determined by four analytical techniques, such as X-Ray Diffraction 

(XRD), Differential Thermal Analysis (DTA), transmitted-light optical microscopy and Scanning 

Electron Microscopy (SEM), carried out at the Laboratories of Mineralogy and Petrology of the 

Institute of Geology and Mineral Exploration (IGME). X-Ray Diffraction analyses were performed 

using a Panalytical X’ Pert PRO diffractometer with CuKα radiation and the scanning area covered 
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the interval 2θ 3-70°, with a scanning step of 0.03° and a step time of 3 s. Clay minerals were 

identified on the bulk samples (2θ=3-60°), as well as on the samples after treatment with 

ethylenoglycole (2θ=3-30°) and after heating at 490 °C for 2 h (2θ=3-30°), with a scanning step of 

0.03° and a time step of 3 s (Gee and Bauder, 1986; Moore and Reynolds, 1997). The mineral phases 

were identified with the use of EVA® software and semi-quantitative determination was performed 

using the X-Pert High Score software provided by Bruker. The DTA analyses were carried out with 

a DTG-60AH, in temperature range 30-1100 °C and step time 10 °C /min, using N gas with 50 

ml/min flow. The optical microscopy was performed using a Zeiss AXIOSKOP 40 polarized-light 

microscope and the Scanning Electron Microscopy using a JEOL-JSM 5600, with associated Energy 

Dispersive Spectroscopy analyzer (EDS). Major element composition was determined by X-Ray 

Fluorescence (XRF) at the Laboratories of Mineralogy and Petrology of IGME, using a S4 Pioneer 

Bruker AXS (for SiO2, TiO2, Al2O3, MnO, MgO, CaO, Na2O, K2O, P2O5, Fe2O3 and SO3). Trace 

element concentrations were determined in solutions, which were prepared after open vessel 

digestion with Aqua Regia, applying Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) 

at the Analytical Laboratories of IGME (for As, Ba, Be, Cd, Co, Cr, Cs, Cu, Mo, Ni, Pb, Sb, Se, U, 

V and Zn). The Loss on Ignition was measured after heating the samples at 1000 °C for 3 h, at the 

Analytical Laboratories of IGME. 

4. Discussion and Results 

The studied material, a natural mud from the Sagiada lagoon, represents sediments used for 

therapeutic purposes both in the natural environment and in a local Mud-Therapy Centre, close to 

the Sagiada settlement. The studied samples originate mainly from the local Mud-Therapy Centre, 

as well as from distal places to the SSW (Figure 1). 

4.1. Mineralogical Composition 

The semi-quantitative determination of the mineral matter of the Sagiada natural mud reveals that 

quartz (28-33 wt.%), feldspars (6-14 wt.%), clay minerals such as illite (10-17 wt.%), kaolinite, (3-

7 wt.%), chlorite (4-6 wt.%) and vermiculite (4-11 wt.%), and calcite (17-26 wt.%) are the main 

mineral phases (Table 1). Halite (2-3 wt.%) and pyrite (1-3 wt.%) constitute minor phases (Table 1). 

Clay mineral identification was carried out especially using X-Ray Diffraction (XRD) in the clay 

fraction of the samples (Figure 2), as well as using Differential Thermal Analysis in the bulk samples 

(DTA) (Figure 3). Carbonate components occur in the form of cryptocrystalline aggregates (Figure 

4a); whereas pyrite is often found in the form of framboids (Figure 4b). Traces of muscovite and 

gypsum were observed by transmitted-light microscopy. 

In the study area, quartz, clay minerals (illite, chlorite) and feldspars have a clastic origin (Drees et 

al., 1989; Huang, 1989), deriving from the weathering and erosion of the surrounding Neogene and 

Quaternary rocks. Vermiculite and kaolinite are formed from the weathering of mica and chlorite 

and rarely by feldspars alteration (Paquet and Clauer, 1997). Calcite has clastic or authigenic origin 

(Doner and Lynn, 1989; Paquet and Clauer, 1997) from Ca-rich waters originated from limestone 

and evaporite dissolution. Halite may have clastic and/or authigenic origin or derive from the sea 

spray (Doner and Lynn, 1989; Paquet and Clauer, 1997). Pyrite in coastal mires is usually found in 

the form of framboids. Their formation is due to the reduction of the seawater sulphates and the 

reaction of the H2S with Fe-ions, which derive from detrital material entering the mire during flood 

episodes (Dellwig et al., 2001). 

4.2. Chemical Composition 

The major and trace element composition is presented in Table 2 along with the compositional range 

of Spanish peloids (Carretero et al., 2010; Carretero et al., 2014), and floodplain sediments 

according to the Geochemical Atlas of Europe (FOREGS, 2005). The major element concentrations 

display a significant resemblance, as shown in Figure 5, except from CaO, which ranges between 

10.46 and 17.39 wt.% and SO3, which ranges between 0.93 and 2.16 wt.%. Compared to the  
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Spanish peloids, the Sagiada mud has a typical composition. Regarding trace element content, Ba, 

Ni, Cr, Zn and V were the most abundant elements (above 100 mg/kg), whereas Cu, Co, Pb, As, Mo, 

U, Be, Cd and Sb occur in lesser amounts. Compared to the Spanish peloids, the Sagiada mud is 

enriched in Ni and Cr and slightly in V and Co, but their concentrations seem reasonable compared 

to the compositional range of the floodplain sediments from Europe (FOREGS, 2005). Compared 

to floodplain sediments from Europe (FOREGS, 2005), the Sagiada mud occurs slightly enriched in 

SO3. Although, background element concentration is essential in order to assess their origin. 

Table 1 - Mineralogical composition of the Sagiada natural mud, as identified using X-Ray 

Diffraction analysis (in wt.%) (tr: traces, below 3 wt.%). 

 SAG2 SAG10a SAG10b SAG11a SAG12a SAG12b 

Quartz 28 30 33 33 31 32 

Feldspars 10 11 12 6 14 13 

Illite 11 15 17 13 10 16 

Kaolinite 6 6 7 7 5 3 

Chlorite 4 6 6 4 4 4 

Vermiculite 11 9 4 7 11 9 

Calcite 25 18 18 26 22 17 

Halite 3 tr tr 3 tr 3 

Pyrite tr 3 tr tr tr 3 

 

Figure 2 - Clay mineral identification using X-Ray Diffraction (XRD) in the clay fraction of 

the sample SAG2 (V: Vermiculite, Chl: Chlorite, ill: illite, K: Kaolinite). 
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Figure 3 - Differential Thermal Analysis (DTA) of a sample from the Sagiada mud (SAG11). 

Figure 4 - a) Aggregates of carbonate components and clay minerals from the Sagiada mud, 

transmitted-light microscopy image, + N, b) SEM image of framboidal pyrite found in the 

Sagiada mud. 
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Table 2 - Chemical composition of the Sagiada mud. 

 SAG2 SAG10A SAG10B SAG11 SAG12A SAG12B Mean 
Spanish 

peloids 

Floodplain 

sediments 

SiO2 35.18 43.77 44.61 41.59 40.33 39.67 40.86 18.41 - 51.12 7.90 – 100 

TiO2 0.41 0.55 0.53 0.46 0.47 0.47 0.48 0.22 - 0.55 0.05 – 2.15 

Al2O3 8.56 10.87 10.64 9.79 9.99 9.73 9.93 3.58 - 12.24 0.10 – 32.6 

MnO 0.10 0.13 0.11 0.09 0.10 0.12 0.11 0.02 - 0.61 <0.01 – 6.61 

MgO 3.89 5.01 4.64 3.85 3.96 4.20 4.26 0.98 - 22.35 <0.1 – 17.2 

CaO 17.39 10.51 10.46 13.42 13.44 14.03 13.21 2.27 - 26.48 <0.05 – 54.4 

Na2O 1.80 1.75 1.78 1.53 1.55 1.59 1.67 0.3 - 4.34 <0.2 – 3.70 

K2O 1.77 2.30 2.21 2.01 2.06 2.02 2.06 0.57 - 2.57 0.11 – 5.10 

P2O5 0.11 0.12 0.11 0.12 0.11 0.10 0.11 nr <0.01 – 2.61 

Fe2O3
Τ 

4.43 6.12 5.65 4.85 4.98 5.06 5.18 1.7 - 5.24 0.25 – 35.8 

SO3
Τ 1.83 0.93 2.16 1.57 1.81 2.16 1.74 0.06 - 2.37 <0.01 – 1.36 

LOI 24.52 17.94 17.1 20.71 21.19 20.86 20.39 13.95 - 53.84 nr 

As 10 11 11 11 11 19 12 4.4 - 29.6 <5.0 – 410 

Ba 160 239 212 182 184 237 202 147.7 - 799 7.00 - 2210 

Be 1 2 2 2 3 2 2 nr <0.02 – 47.5 

Cd <1 1 1 1 1 1 1 <10 <0.02 – 23.6 

Co 21 26 27 22 24 24 24 4 - 16.8 <1.0 – 55.0 

Cr 125 184 195 146 148 163 160 14.6 - 68.2 3.00 - 1600 

Cs <10 <10 <10 <10 <10 <10 <10 <6 - 28.5 <4 – 40.0 

Cu 53 50 47 58 54 46 51 11.5 - 52.3 1.00 – 421 

Mo 5 2 3 3 3 5 4 <1 - 4.4 <0.05 – 191 

Ni 164 194 202 154 157 166 173 3.4 - 50.8 2.00 – 942 

Pb 21 22 18 22 21 19 21 10.9 - 37.5 <3.0 – 5200 

Sb 0.9 0.9 0.8 1.15 0.9 1.3 1 <2.37 - 4.3 <0.02 – 99.4 

Se <1 <1 <1 <1 <1 <1 <1 <1 - 1.6 nr 

U 3 2 3 3 3 3 3 <1.20 - 18.4 <1.0 – 89.0 

V 93 117 115 118 118 109 112 31.6 - 90.9 3.00 - 140 

Zn 207 124 105 122 116 129 134 
33.1 - 

160.4 

7.00 - 

2830 

Major elements in wt.% and trace elements in mg/kg. Fe2O3 and SO3 refer to total iron and sulphur, 

respectively. The major element composition is normalized so that the addition of LOI results 100. 

The compositional range of Spanish peloids is after Carretero et al. (2010) and Carretero et al. (2014), 

and the compositional range of European floodplain sediments is after FOREGS (2005). nr: not 

referred. 
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Figure 5 - Major element composition of the Sagiada mud. 

5. Concluding Remarks 

The Sagiada natural mud occurrences display a significant resemblance in terms of mineralogical 

and chemical composition. The main mineral phases are quartz, feldspars, illite, kaolinite, chlorite, 

vermiculite and calcite and minor phases are halite and pyrite. Traces of muscovite and gypsum 

were also identified. Compared to peloids used in Spanish spas, the Sagiada mud is enriched in Ni, 

Cr and slightly V and Co, but those concentrations are within the compositional range of floodplain 

sediments from Europe. The Sagiada mud, compared to the floodplain sediments from Europe has 

slightly elevated SO3 concentrations, which are reasonable for therapeutic muds, as indicated by the 

comparison with Spanish peloids. 
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Abstract 

The current study investigates the catastrophic phenomena affecting Choremi village, 

at the west boundaries of the Megalopolis’ mines. For this purpose, field survey was 

carried out, failures in the houses were recorded, the level of aquifer was measured 

and soil samples were collected for the conduction of laboratory tests and mineralogy 

analysis. The conclusions of the investigation were verified by slope stability analysis. 

By evaluating all available data, it is clear that the displacements damaging the 

village occur due to slope failure and swelling of the clay formations of the narrow 

study area. 

Keywords: slope failures, swelling, swelling potential. 

Περίληψη 

Η παρούσα εργασία αφορά στη διερεύνηση των γεωτεχνικών φαινομένων στον οικισμό 

του Χωρεμίου, στις δυτικές παρυφές του λιγνιτωρυχείου Μεγαλόπολης. Στο πλαίσιο 

αυτό, πραγματοποιήθηκε λεπτομερής αποτύπωση των εδαφικών διαρρήξεων, 

καταγράφηκαν οι βλάβες σε κατοικίες, μετρήθηκε η στάθμη του υπόγειου υδροφόρου 

και συλλέχθηκαν εδαφικά δείγματα για τη διεξαγωγή εργαστηριακών δοκιμών 

εδαφομηχανικής και ορυκτολογικών αναλύσεων. Τα συμπεράσματα της έρευνας 

θεμελιώθηκαν με αναλύσεις ευστάθειας πρανών. Από το σύνολο των δεδομένων 

προκύπτει ότι οι εδαφικές διαρρήξεις οφείλονται σε αστοχίες πρανών και σε διογκώσεις 

των αργιλικών σχηματισμών της περιοχής. 

Λέξεις κλειδιά: αστοχίες πρανών, διόγκωση, δυναμικό διόγκωσης. 

1. Introduction 

Landslides occurrence depends on multiple interrelated factors, such as the geological environment, 

the geomorphological characteristics, the seismicity, the geotechnical characteristics of the 

geological formations and the effects of anthropogenic interventions over the landscape. 

The current study investigates the catastrophic phenomena affecting the Choremi village, located at 

the western boundaries of Megalopolis coal mines. Those phenomena, recorded as subsidence - 

vertical deformations, affect the area since 1998 and causing numerous damages to the constructions. 

The study was conducted by evaluating field survey data, ground water level measurements, 
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laboratory tests and mineralogy analysis. Moreover, the laboratory tests on numerous samples 

permitted the investigation of the relation between the swelling capacity of clays and their physical-

mechanical properties. 

2. The Study Area 

The municipal district of Choremi belongs to the municipality of Megalopolis, central Peloponnese. 

The village is located about 5km SW of Megalopolis, 200 m west of the new riverbed diversion 

Alpheus and 700m west of the mine Megalopolis (Figure 1). 

Choremi is developed in a hilly area surrounded by smooth (5-10°), to local moderately smooth 

slopes. The absolute elevation of the area ranges from 370 to 390 meters. 

The geological formations constituting the wider area are of Pleistocene age and belong to the 

homonymous Choremi Formations. They are 200m in thickness including the Marathousa and the 

Megalopolis formation. The settlement is founded over the Marathousa formations, constituted by 

alternations of marls, clays, humus clays and lignite layers, with interference of sands and loose 

conglomerates. The groundwater level underneath the village is located at an average depth of 8m. 

The narrow study area is intersected by numerous fractures located both on the slopes surrounding 

the settlement and the flat hilltop hosting the village. During the autopsy there were recorded failures 

in both buildings and in lightweight constructions like stockyards, warehouses etc. (Figure 2-B). 

Along the slopes, the fractures and the displacements were attributed to rotational and planar slides, 

as well as to creep movements of the shallow weathering mantle of formations. Failures documented 

at a distance from the slopes cannot be attributed to landslide phenomena. 

 

Figure 1 - Satellite image (Google Earth) presenting the location of Choremi village, the new 

diverted riverbed of Alfios river and the boundaries of the Megalopolis coal mine. 
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Figure 2 - Α) The distribution of the failures. Slope failures are marked red, while failures in 

structures are marked yellow. Β) Damaged buildings across the village. 

3. Geotechnical Properties of the Foundation Formations 

The physical-mechanical properties of the formation formations of the village were determined by 

conducting laboratory tests in soil samples collected during the present investigation (Δ1, Δ2 and Δ3). 

Data from studies in the region, that had been carried out in the past, by Nikolaou et al. (2010) and 

Kynigalaki et al. (2010), were also available. The sampling locations of all samples evaluated, are 

presented in Figure 3, while the main mechanical parameters are presented in Table 1. 

 

Figure 3 - Sampling locations. 

A 

B 
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Table 1 - Physical and Mechanical properties of the soil materials. 
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ΧΡ-1 
1,80-

2,10 
75 25 0 0 69,5 23,9 45,6 24,2 CH 0,35 50-100 0,65 

ΧΡ-1 
5,60-

5,85 
52 35 5 8 46,0 16,9 29,1 24,6 CL 0,53 50-100 0,62 

ΧΡ-1 
11,20-

11,70 
43 52 2 3 40,2 15,9 24,3 16,7 CL 0,42 25-50 0,64 

ΧΡ-1 
17,00-

17,50 
61 36 3 0 32,7 18,8 13,9 16,6 CL 0,51 50-100 0,25 

Φ-1 2,00 76 21 3 0 70,5 32,4 38,1 32,7 CH 0,46 50-100 0,54 

Φ-2 0,70 24 58 18 0 35,5 17,3 18,2 15,0 CL 0,42 50-100 0,96 

Φ-5 1,50 50 49 1 0 71,3 31,6 39,7 36,1 CH 0,51 50-100 0,88 

Φ-6 1,00 75 23 2 0 74,3 37,9 36,4 32,1 CH 0,43 200-400 0,52 

Δ-1 SS* 25 37 38 0 37,0 20,3 16,8 21,6 CL 0,58 25-50 0,84 

Δ-2 SS* 27 28 43 2 38,0 22,0 16,0 22,7 CL 0,60 25-50 0,73 

Δ-3 SS* 33 37 30 0 45,0 27,2 17,8 23,1 ML 0,51 25-50 0,64 

* Surface Sampling 

Table 2 - Estimated swelling potential values. Number of samples per swelling potential cate gory. 

Εstimation Of 

Swelling 

Potential 

Seed 

et al, 

1962 

Van der Merwe 

modified by 

Grabowska 

Olszewska, 1998 

Chen, 1988 Casagrande 

modified by 

Grabowska-

Olszewska, 1998 

Swelling 

Test 

Low 0 1 1 1 4 

Medium 4 5 7 6 6 

High 4 1 6 1 1 

Very high 3 4 4 3  
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Figure 4 - Determination of the swelling potential of the soil formations according to A) Seed 

et al., 1962 B) Casagrande diagram modified by Grabowska - Olszewska, 1998, C) Chen, 

1988 and D) Van der Merwe, 1964 modified by Grabowska - Olszewska, 1998. 

Due to the fact that many of the failures affecting the flat hilltop are located at a distance from the 

slopes and in places that no loads by constructions are applied, it was considered appropriate to 

investigate the swelling potential of the foundation formations.  

Determination of the swelling potential of soils was carried out according to a) Seed et al., 1962 

(Figure 4-A) b) Casagrande diagram modified by Grabowska - Olszewska, 1998 (Figure 4-B) c) 

Chen, 1988 (Figure 4-C) d) Van der Merwe, 1964 modified by Grabowska - Olszewska, 1998 

(Figure 4-d). The results are summarized in Tables 2. 

Based on the estimations (Table 2) and the laboratory tests regarding the swelling potential values 

the majority of the samples present medium to high values, justifying the occurrence of failures even 

in locations subjected in very low surface loading. 

4. Slope Stability Analysis 

For the estimation of the slopes’ stability, repeated analyses were conducted using the Larix-5 

software. For that purpose the geological formations were grouped in three horizons based on their 

geotechnical characteristics (Figure 5). The surface horizon consists of yellowish brown, high 

plasticity clay of 2m thickness, extending along the hilltop. The underlying horizon consists of 

brown medium plasticity clay, extending down to the depth of 13m, occupying the main part of the 

slope. The lower horizon consists of black clay. 

The stability analyzes were conducted considering that the ground water level is located at depths 

varying from 2 to 6m. During the analyses, external loads applied by buildings were also taken into 

account. Seismic loading of the slopes were also applied, taking into consideration that according to 

A B 

C D 
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the Greek Seismic Code (2000), the region is classified to the second seismic hazard zone with the 

maximum ground acceleration being a=0.24g. 

The stability analyses were conducted by using the Krey and the Janbu’s limit equilibrium methods. 

The results of the simulations indicated that several sections of the slopes surrounding the settlement 

are in limit equilibrium conditions (Figure 5). 

 

Figure 5 - Indicative slope stability analysis at the location A. 

5. Conclusions 

Summarizing the geotechnical investigation proved that the raptures and the movements recorded 

at the narrow Choremi village region, are due to rotational slides and creep movements affecting the 

slopes. Furthermore, failures occurring at the flat hilltop can be safely attributed to swelling 

phenomena. This fact is supported by the fact that the formations present high swelling potential. 
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Abstract 

Albania despite its small territorial area is rich in mineral deposits whether they are us

able or not. One of these deposits which is the source of copper ore ocurs in Kçira. The

 Kçira copper mine is located about 12 km to the west of the town of Puka, in Albania. 

Due to the rapid technological change it is easier to process data and create a 3D m

odel of the mineral body, also increasing the accuracy of calculating the amount of 

mineral containment of the mineral source. This article treats the 3D modeling of the

 copper ore using the softwares ArcMap 10.3 and Mircomine. 

This model serves in reduce the time and cost for research and exploitation by facilitati

ng the work of geologists, institutions and companies for their respective functions. 

Geological modeling is a recent sub-discipline of geology which integrates structura

l geology, sedimentology, paleoclimatology and diagenesis. 

The model that we obtain for this source is important because it allows us to calculat

e the amount of copper reserves, the amount of reserves used and the remainingamo

unt in the source. 

Keywords: Reserves, Puka, Micromine. 

1. Introduction 

To judge the mineral potential of a region selected from the mining company to search for minerals 

it is necessary to implement a research project. This project consists of several successive phases 

and the implementation of each phase depends on the positive results obtained. Mineral deposits 

research aims in finding a mineral source and the process consists of several stages. Before we 

conduct the search for a mineral we must know very well the geological aspect of the region under 

study based on the data we have for it. Obtaining these data (mainly by drilling) of a perspective 

area, a deep knowledge of several factors are required because this process has monetary costs and 

lasts much time. 

In recent years in response to growing demand for minerals and the difficulties of finding new 

deposits, innovative technologies have been developed to help geologists for exploration in regions 

where minerals do not appear on the surface. 

These large investments engage geologists to make predictions for unknown mineral deposits 

beneath the surface of the Earth. Exploration and search of mineral deposits is probably one of the 

most dangerous financial enterprises based on the complexity of nature and the fact that the 

concentrations of metals in the form of a source are quite rare on Earth. 
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Despite the fact that a region can have the geological premises for mineral potential, its value cannot 

be determined until the evidence is obtained through a process called "drilling" that enables the 

evaluation of the mineral content in 3 dimensions. The presentis contribution analyzes and processes 

the geological data for the Kcira ore mineralization by creating a 3 dimensional model using the 

ArcMAp and Micromine programs. 

Geological modeling or geomodeling is the science of creating a computer representation of a 

portion the Earth’s crust based on geophysical and geological observations made on and below the 

surface of the Earth. 

2. Description of the study area 

The studied area is located about 12 km to the west of the town of Puka, in Albania. The origin of 

Kcirës included in scale measurement and topographic surveying 1-25 000 with the nomenclature 

K-34-064-D-c (Figure 1). 

 

Figure 1 - Topographic map. 

The mining area has hilly morphological characteristics with, an average height at about 620m, 

ranging between 390m and 704.2m, at Peak Lepurthit. 

The hydrographic network is represented by a main stream, the Shise river, which crosses the area 

from Northeast-Southwest. 
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The region is characterized by a mountain continental climate with cool summers and harsh winters. 

Minimal temperature is -15° C and maximal is 32° C. 

The region of Kcira has a complicated geological construction conditioned by the diversity of rocks and 

the development of powerful secessionist tectonics. The Kcira ore mineralization is concentrated in the 

gabbro of Kcira, consisting primarily of altered normal leukokrate. This massif has a length of 40 km. 

2.1. Main rock types 

• Gabbro is the most widespread rock type in the region represented by leukokrate. These 

kinds of gabbro are encountered throughout the cross section of the massif.  

• Gabbro diabases -which are constantly encountered in the area, are a structural variety of 

normal gabbro mentioned above. They are characterized by the gabbro ophiolite 

construction. 

• Gabbronorites -are found in loose form on the surface in the northern and southern part of 

the area. These are known for restraint, alongside plagioclases and of pyroxene. 

• Olivine gabbros are distinguished by the presence of olivine in addition to basic 

plagioclases and pyroxenes. 

2.2. Mineral composition of ore types 

Concernig the mineral composition we distinguish these types of ore mineralization: 

 The copper chlorine-sulphide type is found at the northern area and is represented by ore 

veins in 10-140ml stretch. From the microscopic study of this type the following metallic 

mineral composition results: 

(1) chalcopyrite 15.2% 

(2) pyrite 0.11%, 

(3) iron hydroxides up to 0.04% 

 The quartz sulphurtype is located at the southern part of the northern area. From the 

macroscopic description of the drilling samples the main metallic minerals are chalcopyrite, 

azurite, iron hydroxides. 

 The simple type of copper sulphide is represented by veins that fill the cracks of almost 

fresh gabbro. It has a mineral composition of chalcopyrite, pyrite and iron hydroxides. 

2.3. Tectonics of study area 

The minig area characterized by local and regional tectonic faults. The Kcira region is part of the 

tectonic area of Mirdita. 

2.4. Hydrological conditions 

Based on hydrogeological studies the Kcira ore district according to the longitudinal direction can 

be divided into two parts, where the eastern side is liquefied, while in the western part water has 

negligible values or is absent. 

The existence of numerous cracks cause the groundwater to be present uniformly throughout the 

eastern side with a thickness of 50-60 m from the ground surface. 

The groundwater originates only from atmospheric precipitation directly from the soil surface 

through cracks. 

Taking into account the hypsometric position of the source, as well as the geological construct with 

small cracks that close at depth and feed only from atmospheric precipitation, it is concluded that 

the mining area has simple hydrological conditions. 
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3. Methodology 

The methodology used is the combination of two programs, ArcMap and Micromine, using data 

from the drills done in the area and all the graphic material for this area. 

These programs were used for the different characteristics that they are provided during for 

geological mapping. The attributes of the ArcMap program were used for the digitalization the 

geological map scale 1: 2000 for the source of Kcira with all its layers such as topography, 

hydrography, drilling, etc. These layers were then used in the Micromine program to reconcile the 

quota done in the tables generated by the geological drilling columns to the location of these drillings 

in the digitized map, referring to mapping of geological contours. In a way ArcMap helped to control 

data input in Micromine and their correction in case of any possible error to increase the accuracy 

of product output in our case 3D model of the copper ore body. 

                                                      

Figure 2 - Geological map, scale 1:2000. 
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Micromine software was used to generate the 3D model by building the 4 base tables with which it 

works. (Collar, Survey, Litology). The data cast in these tables were taken from the data of the 88 

drillings carried out in the area. The above mentioned tables are as follows: 

Table 1 - COLLAR with its 5 fields. 

 

Dhole 

 

Y 

 

X 

 

Z 

Actual depth (ml) 

1 4653310.850 4402031.430 
619.48 105.2 

4 
4653221.150 

4402121.500 627.62 
103.6 

6 
4652950.360 4402311.760 620.24 100.3 

Dhole are number of drilling, y, x, z coordinates and drilling depth in ml. 

Construction of the tables we see that Exel drilling quotes ranging from 600-650m. 

Table 2 - Analysis with all its fields. 

Dhole Sample From To Rp(m) Cu(%) Co(%) S(%) Zn(%) 

1 2592 81.4 88.2 0.80 0.11 0.02   ˍ 

1 2598 38.5 39 0.50 0.22 0.006   ˍ 

1 2525 12.1 13.1 1.00 1.61 0.0025 104 ˍ 

The following table presents data analysis of the results of the analysis, considered the number 

of drilling, the depth, elements such as Cu, S, Co, Zn, etc. 

Table 3 - Lithology with all the fields. 

Dhole From To Code Tdepth Clorite Calcopirite Sulphur 

1 0 1 DEV 1    

1 1 11 GAB 10   S 

1 11 14 ZON 3.4 K   

Here Presented data coordinates, X, Y, Z and depth of drilling. 

Table 4 - Survey with all the fields. 

Dhole East North Rl Tdepth Azimute(°) 

Zenith 

angle(°) 

1 4653310.850 4402031.430 619.48 105.2 35 -80 

4 4653221.150 4402121.500 627.62 103.6 35 -80 

6 4652950.360 4402311.760 620.24 100.3 35 -80 

Here Including coordinates, quotes, Azimuth. 

Drilling are performed by moving the surface angles of 70-90° (Most are performed with angle 80°). 

Deep drilling have described all of the mineralized zone. The average depth of drilling has been 100-

140ml. 
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After building the tables and importing the shape files built in ArcMap, the 3D model was generated 

in Micromine. 

4. Results 

Figure 3 shows the 3D landscape together with drillings of the Kcira region, giving a clear idea of 

the number of drillings, their quota and spread. 

 

Figure 3 - The landscape of the area together with drilling. 

Figure 4 shows the 3D model of the copper ore body seen from underneath along with the earth’s 

surface. It also shows the drillings, reflecting the angle of the drill and their depth, which as is shown 

are different. 

 

Figure 4 - The mineral model seen from underneath. 

Figure 5 presents the model of the first area from above, undressed from the cover of the earth, along 

with the drills and the preliminary number of the drills that enables us to also controll for the 

accuracy of the generated model by referring to the number of the drill. 
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Figure 5 - The model of the mineral area seen from above. 

Figure 6 shows the copper ore body through various blocks with different copper content in order 

to enable a clearer presentation of the spread of the body and its characteristics. 

 
 

Figure 6 – Presentation of the ore body with blocks. 

Figure 7 is the appearance of a longitudinal cut, as through micromine the mineral body can be cut 

anywhere on the basis of the needs of user, to create clear ideas on the shape, spread, % of ore found, 

etc. 

4.1. Conclusions 

The source is concentrated on the gabbro massif of Kcira, which is bordered on the east by the 

ultrabasic rocks and cliffs in the west of volcanogenic-sedimentary. 

The gabbro massif of Kcira has a prolonged irregular shape and tectonic borders with the side rocks. 

The petrographic composition of this gabbro massif is mainly made of leukokrates, gabbro and to a 

lesser extent gabbro diabases, gabbronorites etc. 
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Figure 7 - Longitudinal cut (in green is the mineral area generated by the data base) blocks 

with different contents of cu. 

The copper sulphide mineralization is always located in the gabbro rocks. 

The study of the geological model shows that copper content of 0.7-1% prevails. 

Model also creates and a clear reflection of the content of copper inside and outside balance knowing 

its conditions. 

Kcira region shows interest for further research of mineralization, as in gabbro rocks, ultrabasic, and 

in volcanogenic sedimentary rocks of T1-2(Middle Triassic). 

Exploration for copper mineralization should continue mainly in areas where gabbro rocks are 

dispersed. Searching for new sulphur mineralization should focus on debilitating areas, tectonic 

cracks with a near longitudinal main direction along gabbro rocks themselves, peridotite gabbro 

contacts and especially in areas of development of sulphide mineralization, quartz-sulphide and 

quartz. 
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Abstract 

The Albanian plain area is densely populated. The population doubled during the last 

two decades and most of it uses the groundwaters of these aquifers. Aquifers in 

lowland areas are vulnerable to pollution. This article assesses the vulnerability of 

groundwater Velipoj-Zadrimè aquifer. This aquifer has a surface of 237 km2 and an 

average height of 10m above sea level. Groundwater recourses are connected with 

alluvial deposits formed by Drini and Buna rivers. The vulnerability Map is an 

important tool for the management of the territory. It guides the selection of areas for 

development projects, in order to avoid negative consequences on the quality of 

groundwater. Geographic Information Systems are very valuable programme for 

processing. The DRASTIC method has been used to map the natural aquifer 

vulnerability of the Velipoja-Zadrima study area. This method, applied to assess the 

vulnerability of the aquifer, was developed by the "Environmental Protection Agency 

(US EPA)" and "The National Association of Water Wells (NWWA)". It is a technique 

to assess the potential contamination of groundwater and is based on seven (7) 

parameters: Depth (D), Recharge (R), Aquifer media (A), Soil media (S), Topography 

(T), Impact of vadose zone (I), and Conductivity of the aquifer (C). The DRASTIC 

index is determined by the sum of the products of the Weight and site ratings of all the 

parameters. High values of vulnerability cover large areas of the aquifer. The results 

provide important information for local authorities in the management of resources 

and territory. 

Keywords: Map, groundwater, management. 

1. Introduction 

In the past two decades there has been a great population influx in the lowland and coastal areas, 

increasing need to use good quality water and agricultural products. This has especially led to 

increased exploitation rates of groundwater. Groundwater in coastal and lowland aquifers in Albania 

is under anthropogenic pressure (Beshku, 2012b). The most efficient method to combat groundwater 

pollution remains initial prevention. Initial concepts for the vulnerability of aquifers from external 

pollutants are provided by Margat in 1968, followed by many other authors (Aller et al., 1987; Civita, 

1994; Vrba and Zaporozec, 1994; Sener et al., 2009; Voudouris et al., 2010). 

This article addresses the natural vulnerability of groundwater in the porous aquifer of Velipoje-

Zadrime located in northwestern Albania. The data is based on hydrogeological surveys and studies 

that include data on aquifer lithology, food and its hydraulic properties (Gjata et al., 1964; Babameto, 
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1968; Tyli, 1988; Gelaj, et al., 2001; Beshku, 2012). The vulnerability Map that is presented is based 

on the DRASTIC method in GIS context. 

2. Description of the study area 

The Velipoja-Zadrima aquifer lies in the northwest part of Albania, bordered on the north and west 

respectively by Drini and Buna rivers and covers an area of 237 km2 (Figure 1). 

 

Figure 1 - Hydrogeological schematic map and the area under study. 

The most important economic activities in the area are tourism and agriculture.  The region is 

characterized by hot dry summers and mild rainy winters. Annual mean air temperature ranges is 

15º C (Inst. Of Hydrometeorology, 1975).Annual mean precipitations vary from 1,800 mm in the 

north part of the aquifer to 1650mm in the southeast part (Pano, 2008). 

From a geological view, Quaternary Deposits are common in the area. They are characterized by 

Pleistocene-Holocene alluvial-prolluvial mixed deposits and Holocene alluvial, marsh - lake - 

lagoon sediments. These alluvial sediments are composed of sands, gravels, and siltstones which are 

found along the stream flows and their mouths. Alluvial deposits extend into the plain areas. They 

are at the surface from Drini River in the northeast to Gjymti Mountain in southwest and in the 

Zadrima plain as well (Xhomo et. al., 2002; Hoxha et al., 2009). 

The nature and geometry of the aquifer is related to the river Fan, and littoral and marine 

environment development. In addition, the pre Quaternary paleo relief and in particular the Renci 

structure extension played an important role in its development (Durmishi et al., 2005). 

The groundwater resources are concentrated in gravel and sand sediments. For the most part, silt 

and sand overlap the water bearing gravels (Figure 2). 

In general, the thickness of the cover in the southwestern direction. The variation of the cover 

thickness over the area ranges from 4 to 10 m nearby Drini River. In the central part of the Velipoja 

plain, its thickness goes up to 20-30 m.  From a hydrogeological point of view, the Velipoja-Zadrima 

plain may be characterized as a sub artesian aquifer the Trushi Poshtem sector is artesian in nature; 

and the Drini River margin displays a free surface. 
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Figure 2 - Hydrogeological schematic cross section by A.G.S. (Albanian Geological Service) 

with modification. 

3. Assessing the vulnerability of groundwater with the DRASTIC method 

The concept of groundwater vulnerability is based on the assumption that the physical environment 

performs to some extent the protection of groundwater. Natural vulnerability is a very important 

feature of the aquifer (Vrba and Zaporozec, 1994). 

In this study natural vulnerability is calculated using the DRASTIC method. It is a method used to 

identify areas where groundwater is more or less susceptible to impact from pollution. 

The DRASTIC model consists of seven hydrogeological parameters that have weighted averages 

assigned. The seven parameters evaluated in the model are:  Depth, Recharge, Aquifer media, Soil 

media, Topography, Impact of vadose zone media and hydraulic Conductivity of the aquifer. 

For determining the DRASTIC index (DI) every parameter is evaluated by a value, which ranges 

from 1 (lowest potential pollutants) to 10 (highest potential pollutants), depending on the conditions 

of the area. Each parameter is also assessed according to the relative weight of each factor with a 

range from 1 to 5 (Table 1). 

Table 1 - Relative weights given to the DRASTIC parameters (Aller et al., 1987). 

Parameters 
DRASTIC Weight 

(typical) 

D Depth 5 

R Recharge 4 

A Aquifer media 3 

S Soil media 2 

T Topography 1 

I Impact of vadose zone media 5 

C Hydraulic Conductivity of the aquifer 3 
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The DRASTIC method makes four assumptions: 

1. Contamination is introduced at the ground surface 

2. Contamination is flushed into the groundwater by precipitation 

3. Contamination has the mobility of water 

4. Area being evaluated is 100-acres or larger 

The values of the parameters used for the implementation of this method are based on monitoring 

data, field work, data for measuring levels, pumping test data and soil analysis. The mapping of the 

DRASTIC index is made in the vector mode using the interpolation techniques IDW ARC MAP 

10.3. This creates a database in which all data recorded in a common coordinate system, resulting 

in the production of thematic maps of the vulnerability in the study area after processing. 

4. Results 

4.1 Model Parameters 

4.1.1 Depth to groundwater (D) 

The determination of the variable D (Depth to water table) values is made from the piezometric map 

(Beshku et al., 2014). The depth of groundwater varies from 2 m to over 31 m (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Depth to groundwater rating map. 

4.1.2 Net Recharge (R) 

Aquifer feeding represents the total amount of water that infiltrates from the surface to the aquifer 

in a year. It plays an important role in the transport of pollutants from rainfall that infiltrate the 

vadose zone. 

The variable R is calculated from precipitation data (Pano, 2008) and infiltration coefficients of 

geological formations. Depending on the type of soil and lithology, the amount of water that 

infiltrates into the aquifer, generally ranges from 10% to 20% of the annual precipitation. On this 

Depth 

to 

water 

(m) 

Rating Shading 

<4.5 9   

4.5-9 7   

9-15 5   

15-23 3   

23-31 2   

>31 1   
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basis, net feed in the study area varies from 160 mm to 480 mm. The net annual food thematic map 

of the aquifer is shown in Figure 4. 

4.1.3 Aquifer media (A) 

The environmental aquifer assessment is done based on the hydrogeological map and drilling carried 

out (Gjata et al., 1965; Keta et al., 1988). Based on this information the aquifer environment is 

composed only of gravel. Figure 3 presents the environmental thematic aquifer map. 

             

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - Net annual recharge rating map. 

4.1.4 Soil media (S) 

The role of the land environment factor plays a major role in the net feeding of the aquifer. The 

presence of fine grained environment reduces infiltration, therefore reducing the potential pollutants 

and vice versa. Figure 5 presents the soil types that predominate in the study area: 

 Medium textured 

 Fine textured 

 Very fine textured 

4.1.5 Topography (T) 

Variable T (Topography) is determined by the construction of digital terrain model. This parameter 

is important, as it relates to the possibility that pollutants are either carried by surface flow or 

infiltrate the aquifer. 

The topography of the Velipoja-Zadrima aquifer is flat and the slope is under 2%. The thematic map 

of the terrain slope is shown in Figure 5. 

4.1.6 Impact of the vadose zone (I) 

The unsaturated zone includes the area under the ground environment that reaches up to the level of 

groundwater. It plays an important role in the filtering of rainfall and surface flow. The 

characteristics of this area are associated the concentrations of pollutants associated with 

improvement of the structure, mineral composition and the organic material contained. 

Net recharge 

(mm/year) Rating Shading 

>400 10   

250-400 9   

150-250 8   
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The variable rating is based on data taken from the reports of hydrogeological drilling (Gjata et al., 

1965; Keta et al., 1988). The vadose zone in the study area is comprised of non-cemented gravel, 

clay mixture, sands of gravel and clay. Figure 5 shows the impact thematic map of the vadose area. 

 

Figure 5 - Soil media rating map. 

  

Figure 6 - Vadose zone media rating map. 

4.1.7 Hydraulic Conductivity of the aquifer (C) 

Hydraulic conductivity values are associated with the properties of aquifers that determine the flow 

of groundwater in the area of saturation. Hydraulic conductivity data are assessed during test 

pumping. In the study area they range from 12 m / day to more than 81 m/day. The distribution of 

variable C values are presented in Figure 7. 

Soil media Rating Shading 

Medium textured 8   

Fine textured 6   

Very fine textured 4   

Material of the 

vadose zone 
Rating Shading 

 Gravel 8   

Clay-Sand-Gravel 4   

Clay-Sand 3   

Clay 2   
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Figure 7 - Hydraulic Conductivity rating map. 

Table 2 - Values of the seven calculated parameters. 

 

 

4.2 DRASTIC vulnerability index 

The values of the DRASTIC vulnerability indicator in the study area range from 109 to 180. These 

values have been classified into two classes: The class with high vulnerability (140-180) and the 

class with average vulnerability (100-140). The map of the porous vulnerability of the Velipoja-

Zadrima aquifers is shown in figure 8. About 169 km2 or 71% of the surface of the aquifer is included 

in the class with a high vulnerability; the rest of the aquifer (29% of it) is included in the class with 

average vulnerability. 

  

3. Aquifer media 4. Soil media 

Rangers Ratings Index Rangers Ratings Index Aquifer Ratings Index Rangers Ratings Index

(m) (Dr) (D) (mm/year) (Dr) (D) (Dr) (D) (Dr) (D)

<4.5 9 45 >400 10 40 Gravel 8 24 Medium textured 8 16

4.5-9 7 35 250-400 9 36 Fine textured 6 12

9--15 5 25 150-250 8 32 Very fine textured 4 8

15-23 3 15

23-31 2 10

>31 1 5

Weight: 5 Weight: 4 Weight: 3 Weight: 2

1. Depth to water 2. Net  Recharge  

7. Hydraulic Conductivity 

Rangers Ratings Index Rangers Ratings Index Rangers Ratings Index

(%) (Dr) (D) (Dr) (D) m/day (Dr) (D)

< 2 9 9 Gravel 8 40 >82 10 30

Clay-Sand-Gravel 4 20 41-82 8 24

Clay-Sand 3 15 29-41 6 18

Clay 2 10 12--29 4 12

Weight: 1 Weight:5 Weight: 3

5. Topography 6. Impact of the vadose zone 

Hydraulic 

conductivity 

(m/day) 

Rating Shading 

>82 10   

41-82 8   

29-41 6   

12-29 4   
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Figure 8 - Vulnerability map of the Velipoja-Zadrima aquifer. 

4.3 Conclusions 

The DRASTIC index has been used for the natural vulnerability assessment of groundwater 

pollution in the porous aquifer of Velipoja-Zadrime. Average values of vulnerability represent a 

small area and lie in the northwestern and southeastern parts of the study area. In the larger area of 

the aquifer, about 71%, high vulnerability values are present. 

The results shown in the map of vulnerability contain important data for groundwater management 

bodies (local and central authorities). This map is needed for the integrated management of 

groundwater resources of the territory. The vulnerability map is also necessary for mapping the areas 

of groundwater protection. 

In the future, the investigation of the natural vulnerability of groundwater in the Velipoja-Zadrima 

aquifer should be improved through the application of geophysical measurements, computational 

modelling of the simulation of groundwater flow, net food and improved monitoring methods. 

4.3.1 Discussion 

The study of pollution vulnerability with the DRASTIC method helped to establish two classes of 

vulnerability respectively, average and high. 

This method is used to create a more accurate idea of the sensitive areas in this region in order to 

take necessary protective measures. 

The model parameters, such as land and water depth, are based on relatively limited data. In future 

studies, the accuracy of the data in the local area is very important for the assessment, more detailed 

and robust data will yield better results. Also, sensitivity analysis of the parameters is necessary in 

assessment vulnerability. 

In the future it is better to compare the DRASTIC methods again to the methods used in the valuation 

of assessing the vulnerabilitety of groundwater water. 

Vulnerability Degrees 

H M 

 

DRASTIC 

Values 

        160-180 

        140-160 

        120-140 

        100-120 

     

 H=High M=Medium 
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Abstract 

The current study examines the possibility of simulating a quay wall foundation on a 

gravel pile improved seabed by using the finite element method. For this purpose data 

from the construction of the New Port of Patras were used. The behavior of the 

construction was simulated by conducting a series of parametric analyses altering the 

length and the density of the gravel piles as well as the gradient and the volume of the 

preloading embankment. Important conclusions regarding the safety factor and the 

deformations rate of the construction were finally extracted. The simulations were 

conducted by using PLAXIS 2D. 

Keywords: quay wall, gravel piles, preloading embankments, finite elements 

simulation. 

Περίληψη 

Αντικείμενο της παρούσας εργασίας είναι η προσομοίωση της συμπεριφοράς 

κρηπιδότοιχου θεμελιωμένου σε βελτιωμένο, με χαλικοπασσάλους, εδαφικό πυθμένα με 

τη χρήση μεθόδων πεπερασμένων στοιχείων. Τα δεδομένα που αξιοποιήθηκαν 

προέρχονται από το έργο του Νέου Λιμένα Πατρών. Η διερεύνηση της συμπεριφοράς 

του έργου πραγματοποιήθηκε με την εκτέλεση παραμετρικών αναλύσεων και 

διαφοροποιώντας το μήκος και την πυκνότητα των χαλικοπασσάλων καθώς επίσης και 

την κλίση του επιχώματος προφόρτισης. Εξήχθησαν ενδιαφέροντα  συμπεράσματα για 

τον συντελεστή ασφαλείας και τις παραμορφώσεις του έργου. Για την προσομοίωση 

χρησιμοποιήθηκε το πρόγραμμα πεπερασμένων στοιχείων PLAXIS 2D. 

Λέξεις Κλειδιά: κρηπιδότοιχος, χαλικοπάσσαλοι, προφορτίσεις, προσομοίωση με 

πεπερασμένα στοιχεία. 

1. Introduction 

The project of the New Port of Patras is a very significant infrastructure project. The aim of this 

project is to connect Greece with the rest of Europe and to satisfy key strategic objectives of the 

country for alternative international connections. Due to the importance of the project and the well 

founded study it was considered important to take the chance and conduct a series of parametric 

simulations in order to see the efficiency of the structure when changing crucial parameters of its 

geometry. For the simulation of the construction the PLAXIS finite element program was used. At 

this point it should be noted that all FEM simulation presented have no relation to the original study 
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of the project. The original project reports were used only for their geotechnical data as well as for 

extracting some general guidelines regarding the geometry of the construction. 

2.  The study area – geological and geotechnical setting 

The foundation formations of the quay wall are recent seafloor sentiments, mainly fine grained. The 

stratigraphy of the sediments was examined in detail by geotechnical drilling. As presented in figure 

1 the top layer, 5 to 8 m thick, consists of loose watery clay. Underneath a thin sand layer extending 

for 1.5 to 3 m is located, presenting poor mechanical properties. The deeper strata consist of clays 

with gradually improving mechanical properties. Clays with sufficient stiffness were located 

approximately 23 m below seafloor. 

 

Figure 1 - Layering of the area of the New Port of Patras. 

The project’s site is intersected by two faults, which are classified as active (Koukis, 2005; Ori, 

1989). Considering the seismotectonic regime of the site the existence of the faults is a main factor 

to be considered in regards to the seismic design of the project. These two faults are (Figure 2): 

 The fault of "Glaucos", which borders the construction area of the project and 

 The fault of "Agia Triada", which cuts across the project site. 

Another characteristic phenomenon linked to the seismic activity along the fault zones is the 

existence of craters, called "pock-holes". Their creation is probably due to the sudden expansion of 
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gases which are trapped under pressure in deeper horizons, created by the protracted decay of 

organic substances, frequent in lacustrine or lagoonal environments. Their diameter ranges from a 

few centimeters to about 200 m and their depth reaches 15 m (Marinaro et al., 2006). 

 

Figure 2 - The location of the "Agias Triada" and "Glaucos" faults in relation to the New 

Port of Patras. 

Summarizing, the geotechnical conditions in the project area are particularly adverse because of the 

very soft surface layer, the increased seismic activity of the region and the presence of the active 

vertical seismic faults and finally the presence of a significant number of craters "pock-holes". 

3. Project design 

Due to unfavorable geotechnical conditions and the seismicity of the region, it was decided by the 

project planning team that the safest option for the construction of the port is the solution of a light 

quay, with caissons (Figure 3) and a light weight backfill, in preloaded ground reinforced with gravel 

piles (Figure 4). 

The project design combines (TRITON et al., 2007, 2012a, 2012b): 

 The improvement and reinforcement of the upper very soft clay-alluvium layer with 

compacted gravel piles, in a 2.75 x 2.75 m grid, constructed by the method of bottom feed 

(Figure 3-A). 

 The preloading of the area of the foundation with gradually constructed embankment (Figure 

3-B).  

 The construction of the platform with prefabricated floating cellular boxes of reinforced 

concrete (caissons) (Figure 3-C). They offer the advantages of a low weight, adjustable quay, 

avoiding the construction of deep foundation. 

Project area 
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However, the use of caissons does not provide acceptable safety factors; therefore in order to 

decrease the horizontal loads to the quay as well as to the foundation, a backfill from pumice, with 

zero bulk density was installed. 

 

Figure 3 - A. The vibrating head used in the construction of the gravel piles. B. The 

construction of the preloading embankment. C. The caisson. 

4. Simulation procedure – parametric analyses 

The simulation of the construction was divided in 8 calculation phases. During the first phase the 

foundation formations including the piles were activated and loaded using the ``Gravity Loading`` 

procedure. During the four next phases the preloading embankment was gradually constructed and 

the loading was applied. These phases were simulated by applying consolidation analysis. At the 

following phases the upper part of the preloading embankment was removed and then the caissons 

as well as the backfill prisms were installed. Phi/c reduction calculation steps were also included for 

the estimation of the safety factor. 

The cross section and the mechanical properties of the model are clearly presented in Figure 4 and 

Table 1, respectively. This simulation was also conducted for various pile lengths. 
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Figure 4 - The cross section of the quay wall as introduced at the simulation program. 

Table 1 - Mechanical properties of the materials, as reported at the original geotechnical 

study (TRITON et al., 2007, 2012a, 2012b). 

 γsat 

(kN/m3) 

c΄ (kPa) Φ΄ (o) Εs (kPa) kx = ky 

(m/day) 

v Material 

model 

Embankment 

material 

19 0 33 10000 600 0.3 M-C* 

Gravels 20 0 35 10000 2500 0.3 M-C* 

Very soft 

clay I 

18.5 30 18 5700 0.00864 0.35 M-C* 

Silty Clay 19.5 10 28 19000 0.0864 0.3 M-C* 

Soft Clay II 18.5 37 18 7500 0.00864 0.35 M-C* 

Stiff Clay 20 200 20 20000 0.000864 0.3 M-C* 

Silty Sand 20 35 30 14500 8.64 0.3 M-C* 

*M-C: Mohr - Coulomb model 

Applying the aforementioned simulation procedure the following three series of parametric 

simulations were conducted (Figure 6): 

1) Simulations examining the effect of the gravel piles length. Three different pile lengths of 8, 

15, 23 m were selected. 

2) Simulations examining the effect of the gravel piles density. Three different settings 

considering that 55, 22 and 13% of the area was replaced by gravel piles were simulated. 

This simulations was conducted for various pile lengths also. 

3) Simulations examining the effect of the embankment’s slope dip angle. Keeping the pile 23m 

in length, the dip angle of the slopes was changed from 50% to 43% and finally to 40%. 

The estimation and the comparison of the safety factors and the displacement values were the main 

aspects of these simulations. 

Gravel 

piles 

Caisson 

Preloading 

embankment 

(phase 1) 

Preloading 

embankment 

(phase 2) 
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Figure 5 - A. Screen snapshot of the simulation displaying the deformed mesh after the first 

construction stage of the preloading embankment B. Screen snapshot of the simulation 

displaying the deformed mesh after the preloading phase is completed, for the 15 m  gravel 

piles C. Screen snapshot of the simulation displaying the deformed mesh after the preloading 

phase is completed, for the 23 m gravel piles D. Screen snapshot of the simulation displaying 

the deformed mesh at the last phase of the simulation, after the installation of the caisson 

and the completion of the embankment. 

5. Simulation results - discussion 

Summarizing, the conclusions resulting from the parametric simulations are the following.  

 As expected, increasing the length of the gravel piles, smaller total displacements get 

calculated at all calculation phases. The same conclusion arises also when increasing the 

density of the piles. This result occurs due to the fact that in both cases the percent of the 

replaced – improved material increases. 

 Increasing the length of the gravel piles from 15 to 23 m causes a notable decrease in total 

displacements, in relation to the decrease noticed when increasing the length from 8 to 15 m. 

This is because when increasing the length of the gravel piles down to the depth of 23 m the 

improvement extends covering the entire length of the soft clay layer. 

 The flattening of the preloading embankment slopes causes significant reduction at the total 

displacements of the preloading embankment and a proportional increase of the safety factor. 

This benefits only the construction period as at the final construction the geometry is defined 

by the caissons. 

 As in all parametric simulations the safety factor was adequate, the final design of the project 

should be decided considering economotechnical parameters. 
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Abstract 

This paper aims to quantitatively assess water losses of Badovc Lake - Kosovo based 

on both water balance of the lake and water isotopic composition of H-2 and O-18. 

According to lake water balance, a water loss of 3,738,905 m³ for the hydrologic year 

2014, was evaluated. These consistent data favour the opinion that a continuous 

groundwater outflow from the lake is present and it is conditioned by the intensively 

developed fracture system in the lake basement formations. This was also supported 

by the isotopic analysis (H-2 and O-18) of the sampled waters. Most of water samples 

taken from hydrologic components of Lake Badovc fall on a linear plot of δ2H versus 

δ18O showing an isotopic variation typical for waters evaporated from a lake and fits 

very well with Global Meteoric Water Line (GMWL), while two rain water samples 

are isotopically lighter (more negative δ values). Water samples taken from water 

leakages on the right side of the dam, the piezometer, two wells drilled in the valley 

downstream of dam, Hajvalia mine gallery and the water flow downstream of the dam, 

have isotopic composition similar with that of the lake water. Water of Hajvalia mine 

well shows isotopic composition that falls between that of rain water and lake water. 

Considering δ values of rain water (δ2H= -129.6‰, δ18O= -16.56‰) and lake water 

(δ2H= -67.2‰, δ18O= -9.20‰) and mine water (mixture) (δ2H= -73.3‰, δ18O= -

10.15‰) was found that the fraction of rain water in mine water ranges from 6% 

(according H-2) to 10% (according O-18), while the fraction of lake water in mine 

water varies from 94% (according H-2) to 90% (according O-18). 

Keywords: isotopic composition, isotopic mass balance, rainfall, lake water balance, 

water loss. 

1. Introduction 

Badovc Lake, that is built in 1965 along the course flow of Graçanca river, represents the main sou

rce for drinking water supply of Prishtina city. Its watershed consists of limestone, terrigenous for

mations (ophiolitic melange, sandstone, siltstone, mudstone), magmatic (gabbro-diabase, andesite, 

peridotite) and metamorphic (quartz-mica schist, chlorite schist, sericite schist, phyllite, gneiss, ma

rble) rocks (Elezaj and Kodra, 2008). The geological formation where the dam is located is mostly 

composed of altered and fissured serpentinites. Water inflow in the lake for 2014 was 22,334,517 

m3 (table. 1) and it comprises (i) river flow to the Lake (VS), (ii) volume of runoff from the catchm

ent (VR), (iii) volume of direct precipitation on the lake (VP) and groundwater inflow (VGI). A wate

r volume of  700,000 m3 was transferred from another lake to Badovc lake in April 2014 because o

f the water lack in this later and this quantity of water was considered as an additional inflow comp

onent in the lake water balance Water outflow from the lake comprises (i) evaporation from the lak

mailto:s_bublaku@yahoo.com
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e surface (VE), water abstraction (VA) and infiltration of water from the lake bottom (VGO). The tot

al volume of water outflow from the lake over the hydrologic year 2014 was 11,295,420 m³ (table. 

1). A difference of  3,738,905 m³ water in the lake water balance for the year 2014, between inflow

s and outflows, was attributed to water losses from the Lake (Bublaku and Beqiraj, 2014, 2015). M

ost of loosed water from the lake was drained to Hajvalia mine voids as confirmed by the data of is

otopic (H-2 and O-18) composition of water sampled. In fact, water of Hajvalia mine well shows is

otopic composition that falls between that of rain water and lake water on the linear plot of δ2H ver

sus δ18O. In this case, the isotopic composition of the mixture (mine water) of various proportions 

of the two waters (rain and lake) will lie on the straight line connecting the δ values of the two wat

ers and is determined by isotope mass balane (Cook and Herczeg, 2000): 

                  ........(.... 321332211 nnnnnn f    

where δ1 is the δ value of component 1, n1 equals the amount of substance in component 1, and δf i

s the δ value of the product. Rain water has δ2H= -129.6‰ and δ18O= -16.56‰ while lake water ha

s δ2H= -67.2‰ and δ18O= -9.20‰. Water of mine (mixture) has δ2H= -73.3‰ and δ18O= -10.15‰.

 By knowing the isotopic composition of two waters that are mixed, was found that the fraction of 

rain water in mine water ranges from 6% (according H-2) to 10% (according O-18), while the fract

ion of lake water in mine water varies from 94% (according H-2) to 90% (according O-18). 

2. Materials and methods 

A digital Hydrograhic Echo Sunder-HydroBox2010 device, with measuring frequency every 5 sec, 

was used for generating bathymetric data which were then interpolated by the Arc-GIS for the cons

truction of the Lake bathymetry. In 2013 four manual rain gauge with diameter 250mm have been i

nstalled for a daily monitoring of the rainfall in the basin. A continuous geodesic survey was applie

d for the monitoring of water level variations in the lake. The evaluation of the rivers flow was ma

de across hydrometric regular profiles, where the water speed was measured with Flowatch-JDC in

strument. The daily abstraction of water from the lake was provided by water supplier of Prishtina. 

Measurement of evaporation is made with a standard evaporation pan located close to lake. Calcula

tion of the annual water budget components is made through direct measurements and calculations. 

The precipitation on the lake (Vp) is calculated from measurements rain gauge located near the lak

e. Amount of water surface runoff from the catchment (VR) is calculated based on the determinatio

n runoff coefficient by measurements stream flow to the lake. Stream flow to the lake (Vs) is calcu

lated by flows measurements in three independent perennial tributary rivers that flew into the lake. 

Abstraction of water from the lake (VA) is calculated by daily amount abstraction water provided b

y water supplier of Prishtina. Water evaporated from the lake surface (VE) was calculated using Pe

nnman equation (Penman, 1948) and the results were compared with values obtained using Meyer 

equation (Show, 2005). Changes in the water volume of Lake (ΔV) are calculated based on the fluc

tuations of water level in the Lake which, in turn, are a function of the balance between precipitatio

n on the lake, runoff to the lake, evaporation, abstraction and groundwater outflow from the lake. 

25 water samples were taken for isotopic analysis of H-2 and O-18 (Fig. 2). Water was filled in 50 

ml, double capped, polyethylene bottle directly from the water source, without any sample filtratio

n or preservation. Isotopic analysis of H-2 and O-18 are made at the Chemical-physical Laboratory

 of Institute of Geoscinces and Georesources, Pisa, Italy. Deuterium was directly measured in the v

apour phase of the water molecule, the instrument use was Liquid Water Isotope Analyzer (LWIA)

 produced by Los Gatos Research (LGR) which is based on technic of cavity ringdown spectroscop

y (CRDS). Standard di riferimento: SMOW (Standard Mean Ocean Water) (Craig, 1961). 

Oxygen-18 was determined through isotopic equilibration of water with CO2 at 25°C and isotopic 

analysis of CO2 by mass spectrometer type MAT 252 produced by Finningan. Standard di riferime

nto: SMOW (Standard Mean Ocean Water) (Craig, 1961). 
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3. Geological overview  

Badovc basin belongs to Vardar zone which represents the boundary between Drino-Ivanica (as 

peripherical part of Dinaride zone) and Serbia-Macedonian massif (Elezaj and Kodra, 2008). It 

consists of limestone, terrigenous formations (ophiolitic melange, sandstone, siltstone, mudstone), 

magmatic (gabbro-diabase, andesite, peridotite) and metamorphic (quartz-mica schist, chlorite 

schist, sericite schist, phyllite, gneiss, marble) rocks (fig.1). Serpentinites, which are the most spread 

formations at the dam zone, occurs as irregular lenses with dimensions that range from several 

meters to some kilometers. Serpentinites have schist and/or netting structure and are intensively 

fractured where cracks and cleavages are filled with calcedone, opal, carbonate and argyle. The 

presence of an almost vertical tectonic zone (Institute for Hydro-economy “Jarosllav Çerni”, 1982) 

in the dam profile complicates the situation of water drainage from Lake toward underground waters. 

Serpentinite formations are separated in several big blocks due to tectonic faults and gabbro 

intrusions. The tectonization of serpentinites was probably caused by orogenic movements and 

Miocene vulcanization in this region (Hyseni, 2000). Tectonic faults are mainly overthrust type but 

there are also some strike slips. The complex geological construction of catchment area determined 

formation of several aquifer types (KPMM, 2006). 

  

Figure 1 - Geological map of Badovc basin, scale 1:100.000 (KPMM-2006). 

Low-permeable fissured aquifer - It is related with metamorphic schists, serpentinites, gabbros, 

diabases and is mainly charged by rainfalls and discharges through springs with yield under 1.0 l/s, 

which emerge through weak tectonic zones. Accumulation of underground water in these rocks is 

controlled by the development of fissure system which has conditioned a high variation of spring 

yields that ranges from 0.01 l/s to 1.0 l/s. 

Karst aquifer - it is related with limestone which present an important aquifer. Springs that emerge 

from these rocks have yields over 1.0 l/s. 
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Porous aquifer - it is related with alluvial formations which present the most important aquifer of 

the basin. Its thickness ranges from 3 to 7m. This aquifer is mainly developed through river valleys. 

Water yields of wells opened in these formations ranges from 2 to 10 l/s. 

4. Lake water balance 

The water balance equations are based on the premise that the difference between water inflow and 

water outflow over a given time period for the hydrologic system of a lake must equal to the change 

in water storage in that system (Gebreslase, Hagos and Samuel, 2012; Radwan, 2009). All of lake ̓s 

water gains and losses and the corresponding changes in the measured lake level over the same 

period are taken into account in order to compute the lake water budget, as it appears in the following 

equation (Gebreslase et al., 2012): 

ΔV=(VP+VR+VS+VGI)-(VA+VE+VGO) 

where:  

ΔV=change in lake volume (m³) 

VP=precipitation on the lake  (m³) 

VR=surface runoff from the catchment (m³) 

VS=stream flow to the lake (m³) 

VGI=groundwater inflow to the lake (m³) 

VA= abstraction from the lake (m³) 

VE= water evaporation from the lake (m³) 

VGO=groundwater outflow from the lake (m³) 

Table 1 - Monthy and annual water balance for the Badovc Lake, year 2014. 

Month 

Level 

(m.a.s

.l) 

Inflow 

(m³) 

Outflow 

(m³) 

Volum change 

in the lake (m³) 

Inflow-O

utflow 

(m³) 

Ground

water 

outflow 

(losses) (

m³) 

0 1 2 4 5=(1)-(2) (4)-(5) 

January 636.65 392,622 754,602 -412,000 -361,980 -50,020 

February 636.10 345,455 715,546 -422,000 -370,091 -51,909 

March 635.83 791,971 771,313 -213,000 20,658 -233,658 

April 641.50 7,071,817 778,195 5,834,000 6,293,622 -459,622 

May 645.45 6,691,739 961,415 5,087,000 5,730,324 -643,324 

June 645.26 1,308,136 1,069,970 -360,000 238,166 -598,166 

July 644.77 788,884 1,119,282 -567,000 -330,398 -236,602 

August 644.00 421,489 1,101,856 -1,084,000 -680,367 -403,633 

September 643.50 724,771 1,031,265 -650,000 -306,494 -343,506 

October 643.25 758,906 1,019,451 -678,000 -260,545 -417,455 

November 643.27 1,587,383 973,002 487,000 614,381 -127,381 

December 643.60 1,451,344 999,523 319,000 451,821 -132,821 

Annual   22,334,517 11,295,420 7,341,000 

11,039,09

7 

-3,698,09

7 

Data collection of the water balance components of the lake was carried out for 365 days. The results 

of Badovc lake water balance in 2014 showed that inflow volume into the Lake was 22,334,517 m³, 

while outflow volume from the lake was 11,295,420 m³. As it can be seen in (table. 1), where level 

and volume variations during 2014 are shown, the volume change during 2014 was 7,341,000 m³ 
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which is 3,698,097 m³ less than the difference (11,039,097 m3) between inflow and outflow water 

volumes (Table 1). 

Water inflow in the lake for 2014 was 22,334,517 m3 (table. 1) and it comprises (i) river flow to the 

Lake (VS), (ii) volume of runoff from the catchment (VR), (iii) volume of direct precipitation on the 

lake (VP) and groundwater inflow (VGI). A water volume of 700,000  m3 was transferred from 

another lake to Badovc lake in April 2014 because of the water lack in this later and this quantity of 

water was considered as an additional inflow component in the lake water balance .The water 

outflow from the lake comprises (i) evaporation from the lake surface (VE), water abstraction (VA) 

and infiltration of water from the lake bottom (VGO). The total volume of water outflow from the 

lake over the hydrologic year 2014 was 11,295,420 m³ (Table 1). 

5. Water looses 

The results of Badovc lake water balance in 2014 have shown a difference in water volume of 

3,698,097 m³ between inflow and outflow into the Lake. This amount represents about 17% of 

annual inflow into the Lake for 2014, and is considered as water loss from Lake and can be attributed 

to groundwater outflow due to water infiltration through cracks and tectonic zones that involved 

geological formations of the lake bottom and beneath the dam. Near the Lake there are three mines, 

but Hajvalia mine is the nearest one and a possible hydraulic communication between lake and this 

mine can be assumed. In fact, a raise of 114 m of water level in abandoned Hajvalia mine was 

registered by the measurements performed from 2004 to 2014 (Hajvalia Mine, 2014). Assuming that 

the whole infiltrated rainfall water drained downward as groundwater prior to mine operation, we 

can consider that the above mine watering was related with groundwater outflow from the Lake. 

This can also be supported by the fact that no consolidation measures of the formations beneath the 

dam were undertaken during the closure of the lake. In order to confirm this opinion, the data of 

isotopic analysis from several hydrological water components of the Badovc watershed were 

confronted (Table 2). 

6. Assessment of water losses from the lake by using isotopic composition of 

H-2 and O-18 in water 

Stable isotopes have been among the most used techniques for solving problems of age, origin 

especially of pathways of the water movement in a watershed (Michener and Lajtha, 2007). Stable 

isotopes of water (hydrogen (2H or D for Deuterium) and oxygen (18O) have been used since the 

pioneering work of (Craig, 1961). Unlike applied tracers, stable isotopes are added naturally at the 

watershed scale by rain and snowmelt events. These environmental isotopes can be used to trace and 

identify different air and water masses contributing precipitation to a watershed since the stable 

isotope composition of water changes only through mixing and well-known fractionation processes 

that occur during evaporation and condensation (Michener and Lajtha, 2007). Once in the 

subsurface, and away from evaporative effects, the stable isotopes of water are conservative in their 

mixing relationships. This means that isotopic composition of the mixture of two water sources will 

fall on a straight line and is position is dependent only on the proportions of the two sources 

(Michener and Lajtha, 2007). 2H and 18O, the elemental basis for H2O molecules, are ideal tracers 

because they behave exactly as water would as it undergoes transport through a watershed. Oxygen 

- 18 and deuterium occurs in water at abundances of 0.204% pf all oxygen atoms and 0.015% of all 

hydrogen atoms, respectively (Clark and Fritz, 1997). These relative abundances change slightly as 

a result of thermodynamic reactions that fractionate or partition atoms of different mass (isotopes). 

Isotopic fractionation is strongly temperature dipendent such that it is greater at low temperature 

(Majoube, 1971). Under equilibrium conditions, the heavy isotopes are always enriched in the more 

condensed phases because they have lower rates of evaporation, i.e. lower rates of diffusion across 

the water-atmosphere layer (Gat, 1996; Kendall and Caldwell, 1998; Mook, 2000). 
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Figure 2 - Topographic map of the Badovc basin where sampling points are shown. 

Most of water samples taken from hydrologic components of Lake Badovc (fig 2) show an isotopic 

variation typical for waters evaporated from a lake and fits very well with Global Meteoric Water 

Line (GMWL) (Craig, 1961) (Table 2; Fig. 3). Two rain water samples are isotopically lighter (more 

negative δ values) and fall below the GMWL being compatible with a high quota lake or with 

evaporated clouds. 

Lake water shows uniform isotopic composition. Water samples fallen within blue circle have 

isotopic composition similar with that of the lake water that means these waters are derived from 

the lake (Fig. 4). Water of Hajvalia mine well shows isotopic composition that falls between that of 

rain water and lake water. 

The isotopic composition of substances formed by combining two or more components with 

different isotopic compositions is additive, and is determined by isotope mass balane (Cook and 

Herczeg, 2000) (equation 1) 

      )1.......((.... 321332211 nnnnnn f    

where δ1 is the δ value of component 1, n1 equals the amount of substance in component 1, and δf is 

the δ value of the product. In our case, rain water and lake water represent two end members, while 

the final component is represented by Hajvalia mine water. Because all the samples fall on a linear 

plot of δ2H versus δ18O, the isotopic composition of the mixture of various proportions of the two 

waters will lie on the straight line connecting the δ values of the two waters. Rain water has δ2H= -

129.6‰ and δ18O= -16.56‰ while lake water has δ2H= -67.2‰ and δ18O= -9.20‰. Water of mine 

(mixture) has δ2H= -73.3‰ and δ18O= -10.15‰. By knowing the isotopic composition of two waters 

that are mixed, one can determine the fraction derived from each component. Fractions of rain water 

and lake water in this mixture are determined by equation 2: 

)2........(minmin nnn
akelakelrainrain   

))(3.73()56.16()6.129( lakerainakelrain nnnn   for deuterium 

and 

))(15.10()20.9()56.16( lakerainakelrain nnnn   for oxygen 18 

Because we have only two end members, it is true the equation: 3 

)3........(1min  nnn
akelrain
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Table 2 - Isotopic composition of Oxygem-18 and Deuterium of Badovc water. 

No. Sample Location Oxygen-18 Deuterium 

 (V-SMOW) (V-SMOW) 

B-1 River Mramor -9.73 -68.1 

B-2 River Slivovë -10.15 -71.9 

B-3 River Androvinë -9.83 -68.6 

B-4 Lake -9.37 -67.9 

B-5 Lake -9.2 -67.2 

B-6 Lake  -9.3 -67.3 

B-7 Lake -9.35 -67.6 

B-8 Lake  -9.23 -66.9 

B-9 Upper leakage -8.85 -65.4 

B-10 Lower leakage -9.07 -66.5 

B-11 Stream -8.47 -63.3 

B-12 Well no. 1 -8.7 -63.8 

B-13 Gallery of  Hajvali -8.85 -64 

B-14 Well no. 2 -8.78 -63.5 

B-15 Pellg nën dige -8.17 -60.2 

B-16 Hajvalia well -10.15 -73.3 

B-17 Rain water -16.56 -129.6 

B-18 Rain water -16.12 -129.1 

B-19 Piezometer -8.65 -63.6 

B-20 Mine Kishnice -9.97 -71.5 

B-21 Lower leakage -9.02 -65.4 

B-22 Piezometer -8.9 -65.7 

B-23 Spring -8.66 -64.6 

B-24 Spring -8.7 -65.1 

B-25 

Water flow downstream of 

the dam -8.7 -64.2 

By solving the above equations was found that the fraction of rain water in mine water ranges from 

6% (according H-2) to 10% (according O-18), while the fraction of lake water in mine water varies 

from 94% (according H-2) to 90% (according O-18). The deviation between two estimates (H-2 and 

O-18) is only 4% which is lower than the range of acceptable values (5-10%) (Cook and Herczeg, 

2000). 
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Figure 3 - Isotopic composition of sampled waters confronted with Global Meteoric Waters. 

 

Figure 4 - Variation of δ2D versus δ18O for sampled waters. 

7. Conclusions 

A difference in water volume of 3,698,097m³ between inflow and outflow into the Badovc Lake 

resulted by its water balance for the year 2014. This water volume vis considered as water loss from 

Lake and can be attributed to groundwater outflow due to water infiltration through cracks and 

tectonic zones that involved geological formations of the lake bottom and beneath the dam. Hajvalia 

mine is the nearest one and a possible hydraulic communication between lake and this mine was 

assumed and this was confirmed by isotopic data of oxygen 18 and deuterium.Water of Hajvalia 

mine has isotopic composition that falls between that of rain water and lake water, showing that its 

water represents a mixture of rain water and lake water.The fraction of rain water and lake water in 

the water of Hakvalia mine ranges from 6% (according H-2) to 10% (according O-18), and from 

94% (according H-2) to 90% (according O-18), respectively. 
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Abstract 

The Fushë Kuqe costal aquifer is a typical confined alluvial aquifer. The aquifer 

medium consists of alternating and discontinuous layers of gravel and sand-gravel 

with and silt-clay impermeable layers which have conditioned its multilayer char-

acter. The aquifer recharge occurs mainly through water infiltration from the Mat 

river in the North, and from Droja river in the South, while its natural discharge 

proceeds to the Adriatic sea. As from the variation of chloride and TDS content in 

groundwater, an advancement of sea water intrusion into aquifer fresh water was 

evidenced. The direction of sea water wedge from coastal southwestern sectors to-

wards the Gorre and Fushe Kuqe where pumping station are located, favors the 

opinion that it was caused by a decrease of groundwater pressure due to the 

groundwater pumping. The increase of chloride content in groundwater through time 

confirms that sea water intrusion towards the fresh aquifer water is still ad-vancing 

and is caused by both intensification of groundwater pumping for public water supply 

and by the drilling of artesian private wells. 

Keywords: Sea water intrusion, chloride, aquifer. 

1. Introduction  

Seawater intrusion, which is a natural process that occurs in virtually all coastal aquifers, consists 

of salty water inflow from the sea towards freshwater aquifers and flowing inland. The first and 

oldest physical formulations of saltwater intrusion were made by Baydon-Ghyben (1888, 1889) and 

Herzberg (1901) and referred as the Ghyben-Herzberg formulation. Under natural, undisturbed 

conditions, a seaward hydraulic gradient exists in the aquifer with freshwater discharging into the 

sea. The heavier saltwater flows in from the sea and a wedge-shaped body of saltwater develop 

beneath the lighter freshwater, with the freshwater thickness decreasing from the wedge towards the 

sea. 

The Fushë Kuqe costal aquifer is a typical confined alluvial aquifer. It is composed of alternating 

and discontinuous layers of gravel-sand-gravel and silt-clay. The water-saturated gravel-sand 

sediments range in thickness from 5–10 m in the East to 180-200 m in the West, whereas the 

thickness of silt-clay cover reaches up to 30-40m in the west (Eftimi et al, 1999). 

The permeable gravel-sand layers of the alluvial deposits form a multi-layered aquifer which is 

mainly recharged through water infiltration from the Mat river in the North (Tartari et al., 2001). 

The direction of groundwater is from NE to SW and the groundwater discharges to the Adriatic sea. 

The piezometric head varies from about 0 m a.s.l. at the outlet of the river into the plain to about 3 

m a.s.l. in the littoral, where the aquifer is confined (Tartari et al., 2001). Near the recharge area it 
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appears as an individual semi-confined aquifer which changes towards the discharge zone to a 

multilayer confined one. 

The good hydraulic connection between the aquifer and the sea, has prompted the intrusion of 

seawater toward freshwater of the aquifer. The intrusion phenomenon of seawater toward fresh water 

is well known in coastal aquifers. It is a natural phenomenon that has to do with the interaction of 

salt water and fresh water. Sea water intrusion affects primarily the deepest levels of aquifers, 

because salt water is heavier than fresh water. In natural conditions the border of fresh water - salt 

water represents a relative dispersion area which it can advance or withdraw conditioned by tidal 

effect, some year regime of rainfall, etc. 

The phenomenon of sea water intrusion in Fushe Kuqe aquifer is especially stimulated by pumping 

of groundwater from the aquifer which reduce groundwater pressure and help sea water movement 

toward the aquifer. Using the Cl content of the groundwater, the seawater contribution in the aquifer 

ranges from 0% in the recharge zone to 5.5% in the coastal sectors of the aquifer. 

2. Geological and hydrogeological setting 

The Fushe Kuqe area is bordered to west by the Adriatic sea, and to NE by the Skanderbeu hills. 

The southern part of the Fushe Kuqe area extends up to Ishmit river, while its northern border is 

closed by the meanders of the Mat river (Fig. 1). 

The study area represents a syncline of Neogenic sediments, composed of claystone and sandstone 

of the Tortonian and filled by Quaternary deposits. The Quaternary, mainly alluvial deposits usually 

fill the river valleys and some Periadriatic lowland plain synclines (Eftimi et al., 1999). The 

Quaternary sediments range in thickness from 5–10 m in the East to 180-200 m in the West and are 

composed of alternating and discontinuous layers of gravel-sand-gravel and silt-clay. Gravel crops 

out only along the course of the Mat river over a side area of some kilometers wide. 

Regarding hydrogeology, the permeable gravel-sand layers of the alluvial deposits form a multi-

layered aquifer saturated with freshwater and covered by clay and silt, the thickness of which 

increases up to 30-40 m. Therefore, the aquifer system is confined in the most of the studied area. 

The aquifer recharge likely occurs mainly through water infiltration from the Mat river bed in the 

North, by direct infiltration of rainfall in the gravel areas from the Droja river bed in the South, and, 

to a lesser extent, by groundwater seepage from lateral outcrops of permeable rocks bordering the 

area (limestone in the North). The natural discharge of the system proceeds to the Adriatic sea. In 

the Fushe Kuqe area, the aquifer is multifold because the presence of clay at different depth levels 

and in the alluvial delta of Mat River, the maximum thickness of the alluvial deposits is about 270 

m and there are up to four gravelly aquifer layers (Eftimi 2003). In the Fushe Kuqe area, the direction 

of groundwater is from NE to SW, i.e. from the outlet of the Mat river into the plain, indicating that 

the main recharge is provided by the river itself, meandering through the gravel area. The 

piezometric head varies from about 0 m a.s.l. at the outlet of the river into the plain to about 3 m 

a.s.l. in the littoral, where the aquifer is confined (Tartari et al., 2001). 

3. Results and discussion 

Wet chemical analyses were performed on water samples. The surface of Fushe Kuqe gravelly 

aquifers affected by sea water intrusion constitutes about 15% (for the upper aquifer layer, however, 

the affected volume/resources ratio is much lower (Eftimi, 2003). 
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Figure 1 - Geological map of Fushe Kuqe region. 

In general, the most affected areas by sea water intrusion are the peripheral ones having lower 

permeability and smaller water resources (Eftimi, 2003). 

Groundwater salinity sharply increases in the area from about 2 km south of the Fushe Kuqe well 

field to the Droja river in the Adriatic sector, where it reaches as high as 1,500 mg/l in the first 

aquifer and 3,500 mg/l in the second. The cause of deterioration of the water quality has not yet 

being understood, probably it may be accounted for by a very low groundwater velocity in the area 

where the northern and southern parts of the plain join. 

In figure 2 is shown the variation of chloride and TDS content in groundwater from well 503 through 

wells 341 and 340 up to well 193, that is, from southwest to northeast of the aquifer. Both chloride 

and TDS values increase southwestward, i.e. from recharge to discharge zone. In addition, from the 

map of TDS values (Fig. 3) and the map of hydrochemical water types (Fig. 4) it can be seen that 

sea water wedge that starts from southwest sectors (Adriatic) is oriented towards wells 196, 200, 

193 where the groundwater production wells of the main pumping station are located. In fact, 

groundwater chemistry evolves from i) chemically immature groundwater, through ii) chemically 

more evolved groundwater to iii) highly evolved groundwater (Piper diagram, not shown), that is, 

from Ca-Mg-HCO3 type (in northeastern sectors) through Mg-Ca-HCO3 and Na-HCO3 (Gorre-

Fushe Kuqe) up to Na-Cl type (Adriatic) (Fig. 4). Based on chloride and sodium contents in the 

groundwater, the percentage of sea water in mixture was evaluated. It ranges from 0.0% in the 

groundwater from the well no. 193 through 2% in the groundwater from the well no. 340 up to about 

5.5% in the groundwater from wells no. 341 and 503. 

The above evaluation (SW-NE) of the groundwater hydro-chemical parameters determines the 

orientation of salt water intrusion into the aquifer. This advancement of sea water intrusion into 

aquifer fresh water was probably conditioned by the following factors: 



668 

 

Table 1 - Selected chemical analysis of Fushe Kuqe groundwater. 

Well no. T pH HCO3 SO4 Cl Ca Mg Na K NO3 PO4 NH4 Mp Fp

341 16.4 7.8 144 118 1038 104 95.9 476 5.47 0 0.6 0.038 2331 66.3

503 16.4 7.56 283.5 24.75 1048.12 118.65 163.07 351.97 5.96 0.71 1.24 0.23 2452.4 96.9

340 15.2 8.09 202.55 73.96 416.86 31.33 28.87 289.77 2.08 0 0.97 0 1182.2 19.7

193 15.2 8.2 182.16 58.56 12.92 32.74 24.56 17.75 1.8 1.43 1.44 0.01 252.4 18.2  

 

Figure 2 - SE-NW variation of Cl and TDS contents in groundwater. 

- Low permeability properties of aquifer in the Adriatic sector, i.e. low pressure of fresh water, 

stimulated the relative advancement of sea water intrusion toward the Fushe Kuqe sectors. 

- The intensification of pumping rates for public water supply and the increasing number of artesian 

private wells caused a gradual lowering of groundwater head, from about 8.0m to 1.5m above earth 

surface (Tartari et al., 2001) in the Fushe Kuqe sector which favored the sea water intrusion towards 

this area of the aquifer. 

 

Figure 3 - Map of groundwater Total Dissolved Solids values. 
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Figure 4 - Map of groundwater hydrochemical types. 

In the table 2 and figure 5 is shown the variation of chloride content (mg/L) in wells 341 and 503 

from the year 1984 through year 1999 up to year 2001). The chloride content of groundwater 

sampled from well no. 503 is gradually increased through time, while its content in the groundwater 

sampled from well no. 341, that is higher in the year 1984, is firstly lowered (year 199) and then 

increased (year 2001). Such a variation of chloride in the groundwater from the well no. 341 may 

be explained with depth of water sampling immediately after the well drilling. Because it is a 

typically artesian well, in 1999 and 2001, the groundwater was sampled from the mouth of the well. 

Table 2 - The variation of chloride content (mg/L) in wells 341 and 503 through time (years 

1984, 1999, 2001). 

Content of chloride (Cl-) 1984 1999 2001 

Well 341 1136 1008 1037 

Well 503 961 1070 1048 

 

Figure 5 - The variation of chloride content (mg/L) in wells 341 and 503 through time (years 

1984, 1999, 2001). 

Further intensification of pumping in Gorre- Fushe Kuqe sector may further promote the 

advancement of salt water especially in the deeper levels of the aquifer. 

Time 

341
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3. Conclusions 

The aquifer of Fushe Kuqe is a typically confined aquifer composed of permeable gravel-sand layers 

of the alluvial deposits intercalated with impermeable clays characterizing it as a multi-layered 

aquifer. 

Water infiltration from the Mat river bed towards aquifer represents the main recharge source, while 

the natural discharge of grounders under the Adriatic Sea bottom 

Based on groundwater chemistry and, in particular, in its chloride content, sea water intrusion into 

fresh water of Fushe Kuqe aquifer was evidenced and the direction of its movement is from 

southwestern sectors towards the area of groundwater production wells of the main pumping station 

of Fushe Kuqe. 

Sea water intrusion was probably caused by the decrease of groundwater pressure due to increasing 

groundwater pumping rates in the public production wells and increasing number of self-flowing 

water private wells.  

Sea water intrusion is still advancing towards the aquifer fresh water as confirmed by the increase 

of chloride content in groundwater through time. 
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Abstract 

Slope stability of an open pit lignite mine was studied using numerical methods (FEM 

and FDM), by means of three different software packages whose performance was 

compared and similarities - differences were identified. Plane strain analyses were 

performed using the shear strength reduction technique under drained conditions and 

Mohr-Coulomb constitutive models. Based on the results, all three programs 

demonstrated qualitatively a good agreement in the determination of safety factors 

and the kinetics of the collapse mechanisms. Small differences were observed in terms 

of shear strains localizations. Important differences were evident in the development 

of plastic (shear) and tensile failure indicators. Nevertheless, the problem under 

examination may be addressed satisfactorily by all three programs. 

Keywords: geotechnical engineering, shear strength, finite elements, finite difference, 

limit equilibrium. 

Περίληψη 

Στην παρούσα εργασία μελετάται η ευστάθεια των πρανών ενός επιφανειακού 

λιγνιτωρυχείου με τη χρήση αριθμητικών μεθόδων (πεπερασμένων στοιχείων και 

πεπερασμένων διαφορών), υπό το πρίσμα τριών διαφορετικών γεωτεχνικών 

προγραμμάτων, προκειμένου να διερευνηθούν οι βασικές ομοιότητες και διαφορές τους. 

Οι αναλύσεις πραγματοποιούνται με την τεχνική της απομείωσης διατμητικής αντοχής, 

σε στραγγισμένες συνθήκες, με παραδοχή επίπεδης ανηγμένης παραμόρφωσης και με 

χρήση καταστατικών μοντέλων Mohr-Coulomb. Σύμφωνα με τα αποτελέσματα, τα τρία 

προγράμματα επέδειξαν ποιοτικά μια καλή συμφωνία στον προσδιορισμό του 

συντελεστή ασφαλείας και στην αναπαράσταση της κινητικής του μηχανισμού 

κατάρρευσης, ενώ μικρές διαφορές παρατηρήθηκαν στον εντοπισμό των ζωνών 

διάτμησης. Σημαντικές διαφορές εμφανίσθηκαν ως προς το εύρος των περιοχών που 

πληρείται το κριτήριο αστοχίας (ζώνες πλαστικότητας), καθώς και ως προς το εύρος 

περιοχών σε εφελκυσμό. Σε κάθε περίπτωση, το συγκεκριμένο πρόβλημα που 

μελετήθηκε δύναται να αντιμετωπισθεί ικανοποιητικά και από τα τρία προγράμματα. 

Λέξεις κλειδιά: γεωτεχνική μηχανική, διατμητική αντοχή, πεπερασμένα στοιχεία, 

πεπερασμένες διαφορές, οριακή ισορροπία. 
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1. Introduction 

Slope design of open pit mine is a trade-off between stability and economics (Steffen et al., 2008). 

The steeper the slope the less expensive it is to construct, as steeper slopes result in the reduction of 

the stripping ratio, i.e. the ratio of waste to ore. However, on the other hand, the flatter the slope the 

more stable it is. Therefore, the aim of any open pit mine design is to provide an optimal excavation 

configuration in the context of safety, ore recovery and financial return (Read and Stacey, 2009). 

Based on the above, geotechnical engineering comprises an important part of any credible open pit 

mine design. Due to the potentially hazardous nature of open pit mines, the application of sound 

geotechnical practice to their design is required, in order to allow for safe and economic mining of 

any commodity within ground. 

Limit equilibrium methods have served geotechnical engineering, and particularly slope stability 

problems for many decades. Through force and/or moment equilibrium, these methods calculate a 

safety factor (SF), which is defined, with respect to the shear strength of the soil, as the ratio of the 

available shear strength to the shear stress at equilibrium (Duncan and Wright, 2005). Their basic 

characteristic is the simplicity and their proven, through decades of use, validity for relatively simple 

geometries and conditions. However, stability problems in large-scale open pit mines often involve 

complexities that are not easily addressed by limit equilibrium methods. In this case, using (the more 

sophisticated and powerful) numerical methods, such as the finite element method (FEM) and the 

finite difference method (FDM), provides the engineer with the opportunity to conduct more 

comprehensive and sound slope stability analyses. The main advantage of numerical methods is that 

no assumption needs to be made about the shape, direction and location of slip surfaces: failure 

occurs “naturally” through zones on which soil's shear strength is unable to sustain the applied shear 

stresses (Duncan, 1996; Griffiths and Lane, 1999). Additionally, numerical models are able to 

generate stress - strain distributions (deformational response), which may be of crucial importance 

for a robust interpretation of slope behavior, and also to address and analyze precisely complicated 

geometries, simulate pit excavation stages and their effect on the stress state, address possible 

groundwater seepage, etc. On the other hand, it is important that engineers understand not only slope 

stability principles, but also the limitations of the methods, before using sophisticated computer 

programs (provoked by their recent, extremely high, user-friendliness) and especially before 

interpreting and apply the results through design (Kliche, 2011). Particularly in the context of large-

scale mining slopes, obtaining realistic input information and interpreting the results are the most 

difficult aspects of numerical modelling (Hustrulid et al., 2001). 

The objective of the present work is to investigate the comparative performance of three different 

software packages, in the context of slope stability of an open pit lignite mine. More specifically, 

the widely used geotechnical software FLAC 2D of Itasca Consulting Group Inc., PLAXIS 2D of 

Plaxis bv and Phase2 of Rocscience Inc. are used by applying the so-called shear strength reduction 

technique. The scope of the work is to compare the solutions obtained for the exact same problem 

from the three software packages and to discuss the comparative similarities and differences among 

them. The paper starts with the problem statement and the definitions and assumptions of the 

baseline model. It continues with the presentation of the results, in terms of slip surfaces, kinetics of 

collapse mechanisms, and failure extents. These issues are addressed by means of discussion on 

shear strain localization, displacement vectors distributions and plastic regions, respectively. The 

paper ends with the conclusions that were drawn from the work and some recommendations for 

future research. 

2. Problem Statement and Numerical Model 

According to Euracoal (2013), Greece is constantly placed among the three leading lignite producers 

in the EU-28. In fact, domestic lignite - with a share of about 60% in power generation and 

accounting about 30% of primary energy consumption - is the most important indigenous fuel of 

Greece (Koukouzas and Koukouzas, 2000). In 2012, 62.2 Mt of lignite were mined in Greece and 
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257.2 Mm3 of overburden and interburden material were excavated (Euracoal, 2013). This huge 

earth-moving process has been a constant challenge from a geotechnical point of view (Leonardos 

and Terezopoulos, 2003; Agioutantis et al., 2006; Steiakakis and Agioutantis, 2010; Kavvadas et al., 

2013; Zevgolis et al., 2015). 

In the present work, a typical cross section of a private open pit lignite mine in northern Greece, 

excavated with non-continuous extracting methods (excavators with trucks), has been used as the 

baseline case study. Boundaries, geometric conditions and lithologic features (geologic materials 

with their respective geotechnical properties) of the examined problem are all shown in Figure 1 and 

have been used as such in the following numerical analyses. As shown in the figure, the major lignite 

seam is located between and in parallel to the overburden marl/lignite intercalations layer and the 

underlying marl bedrock. 

 

Figure 1 - Typical cross section of lignite mining slope. 

2.1. Modelling Assumptions 

The basic assumption in the present work is that slope failure is driven by the existence of excessive 

shear stresses within the soil mass, rather than on discontinuities or other weak planes. This was 

considered a reasonable assumption based on the geotechnical conditions of the problem (soil and/or 

soft rock conditions) and on the experience from the field. Hence, continuum mechanics based 

methods, such as FEM and FDM, were considered appropriate for this effort. The cross section that 

was numerically analyzed is illustrated in Figure 1. It shall be noted that due to the minor thickness 

of the thin lignite lenses within the overburden marl mass (typically less than 0.5 m), it was 

considered more reasonable to model the upper layer (marl / lignite intercalations) as one 

homogeneous layer with approximately intermediate (between the primary formations of the marl 

and the lignite) engineering properties. 

Overall, the cross section (Fig. 1) is considered representative of the slope under-examination. In 

addition, the geometry of the slope and the lithological boundaries are considered constant in the out 

of plane direction, therefore 2D plane strain conditions are used as a reasonable assumption. Imposed 

boundary conditions included horizontal fixities (ux = 0) on the vertical boundaries and full fixities 

(ux = uy = 0) on the bottom boundary. An elastic - perfectly plastic Mohr - Coulomb constitutive 

model was used for the simulation of the geological materials (see Fig. 1 for values of corresponding 

parameters). At this stage of the research, groundwater table was not included in the simulations, so 

analyses were performed for long term (drained) conditions. Generally, geometric features, material 

properties, boundary conditions and other characteristics related to the models, were all taken 

identical in the three software analyses, in order to facilitate the comparative purpose of the work. 

Last but not least, about the lateral (left and right) and bottom extent of the model, their choice was 
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based on the belief that they were adequate (i.e. large enough) for preliminary simulation purposes, 

in the sense that they were not expected to influence the analyses' outcomes. 

2.2 The Shear Strength Reduction (SSR) Technique 

As already mentioned in the introduction, analyses were performed using the so-called shear strength 

reduction technique (sometimes, it is mentioned in the literature as a method, however in the authors' 

opinion this is an exaggeration and should be avoided). Over the last 10-15 years, this technique 

(herein referred to as SSR technique) has become an integral part of most geotechnical numerical 

software packages. Through this technique, a safety factor is computed and a corresponding failure 

surface within the soil mass is exposed (Dawson et al., 1999). The SSR technique has been widely 

used in open pit slope stability studies. This is so because it includes all the benefits of limit 

equilibrium analyses (for example, among other things, it also results on a safety factor, which - for 

the vast majority of practitioners - remains the most familiar concept that desrcibes stability) and at 

the same time it allows the user to assess slope displacements that are often critical in the evaluation 

of open pit stability (Hoek, 2009). In the SSR type of analysis, safety factors are calculated by 

progressively reducing the shear strength of the material in order to mobilize the slope to the verge 

of failure, i.e. until non-convergence occurs within a specified number of iterations and tolerance. 

The ratio of the soil's actual shear strength to the reduced shear strength is the resulting safety factor. 

If φ' - c' and φ* - c* are the actual and the reduced parameters, respectively, then the SF can be written 

as (Matsui and San, 1992; Dawson et al., 1999): 

 

It shall be noted here that as far as the combination of constitutive models with the SSR technique 

is concerned, the use of a Mohr - Coulomb constitutive model is a prerequisite (instead of other, 

more advanced models) in the SSR features of the three software packages that were used. This is 

so because stress-dependent stiffness behavior and hardening effects (that would be captured by 

more advanced models) are usually excluded in this type of analyses. 

3. Results - Discussion 

In the context of the present work, three different but relevant to each other features are being sought 

through the analyses. These are the potential slip surfaces of the open pit slope, illustrated by means 

of shear strain localization, the kinetics of the collapse mechanism, illustrated through the 

displacement vectors distribution, and the "failure" extent, illustrated through plastic regions 

propagation. 

3.1. Slip Surface (Shear Strain Localization) 

The potential slip surfaces of the examined model are discussed in terms of shear strain localization 

(Fig. 2). In other words, it is considered that the concentration of maximum shear strains in the 

model at the time of collapse, corresponds to the developing failure surface of the slope. 

As far as FLAC is concerned, shear strain rates contours identify regions where shear strain localizes. 

Shear localization bands or “shear bands” that develop in the model during calculation correspond 

to failure surfaces. Contours of the shear strain rates are shown in Figure 2a, on which maximum 

values are observed in the foot of the slope and at the vertical tensile crack behind the crest of the 

slope. Concerning the slip surface developed, this seems to be a typical circular surface commonly 

observed in this type of problems. In Plaxis, the total deviatoric shear strain contours may be used 

for the representation of the critical slip surface. In this case, shear strain localization and the global 

slip surface of the mining slope is shown in Figure 2b. Last, the slope failure surface generated by 

Phase2, is shown in Figure 2c by means of maximum shear strain contours. Again the maximum 
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accumulation of shear deformations seems to be developed in the foot of the slope, however the 

spreading of the shear band in Phase2 is quite larger compared to FLAC and Plaxis. 

FLAC

SF = 1.96

PLAXIS

SF = 1.95

PHASE2

SF = 2.11

 

Figure 2 - Shear strain localization. 

Overall, it can be said that in terms of shear strain concentrations and the indicated sliding surfaces, 

a good qualitative agreement occurs between FLAC and Plaxis. The mutual element between these 

two software, is the confined magnitude of shear strain concentration, which outlines a fine and 

distinct slip surface, while the respective shear strain localization and shear band in Phase2 is more 

extended and coarse. Finally, it is worth mentioning that among the three, FLAC seemed to be able 

to generate a clear vertical tensile crack behind the slope crest. 
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3.1.1 Safety Factors 

In terms of SF, all three software packages ended up with similar values: FLAC and Plaxis resulted 

in identical values (SF = 1.96 and SF = 1.95, respectively), while Phase2 resulted in a slightly higher 

value (2.11). For the cross section under examination, this difference (between FLAC/Plaxis and 

Phase2) is considered negligible, given that the slope is apparently away from limit states of failure 

(ultimate limit states). Therefore, a difference between 1.95 and 2.11 probably would not make any 

difference in the design of the slope. However, this could not be the case in slopes close to the 

ultimate limit states (SF around 1). In such cases small differences in the resulting SFs (in the order 

of 0.1 to 0.2) would have raised further discussion. 

3.2. Kinetics of Collapse Mechanism (Displacement Vectors Distribution) 

Generally, the kinetics and the collapse mechanism of either potential (for safety precautions) or 

already-existing (for back analysis purposes) failures, provide useful information to the engineer. In 

the present work, kinetics and collapse mechanisms are discussed by means of vectors that describe 

the slope motion in the plane at the time of collapse. These are the velocity vectors, the incremental 

displacement vectors and the total displacement vectors, as used respectively in FLAC, Plaxis and 

Phase2 (Fig. 3). It shall be noted that although the direction and the size of the displacement/velocity 

vectors has no quantitative meaning on a SSR type of analysis, however they provide a good 

qualitative sense of the developing failure mechanism, since they reflect the physical pattern of the 

motion at the edge of collapse. As shown in Figure 3, in all three cases, the direction of 

displacement/velocity vectors reflect the developing rotational failure mode, which is typical on 

slopes on soils and/or soft rock. As mentioned earlier, in such conditions (where ground can be 

realistically simulated as a continuous medium), failure depends rather on the shear strength of the 

material than on the shear strength of the discontinuities. So, it can be said that the representation of 

the slope motion in failure is practically identical (qualitatively speaking) for all three different 

software packages. 

3.3. Failure Extent (Plastic Regions Propagation) 

Plastic regions propagation demonstrates the areas on which the yield criterion (Mohr - Coulomb in 

the present study) is satisfied. However, plastic regions do not necessarily coincide with the 

developing shear bands and do not always reflect the sliding surface of the slope. They usually 

occupy larger areas in numerical models than the shear strain localization. In fact, it is the 

combination of plastic failure extent with the shear strain concentrations that gives the critical 

developing sliding surface. Sometimes, the propagation of the plastic area in regions far away from 

the shear band either implies the possible presence of a secondary (and less significant) failure 

mechanism, or it might be simply an alarm of inadequate boundary conditions and model limits. In 

the light of the above, differences among the results of the three models regarding plastic regions 

within the slope mass and the corresponding failure extents were quite evident (Fig. 4). More 

specifically: 

Figure 4a depicts the plasticity indicators on FLAC (circles denoting failures at tension, asterisks 

denoting failures at shear). The extent of the plastic points in this model is quite close to the area 

covered by the shear band (shear strain contours) described earlier. It is noted that the tension cut-

off points behind the crest of the slope indicate the tensile cracks formed as a forerunner slope failure 

phenomenon. As shown in Figure 4a, plastic zone does not propagate within the marl material of 

the slope base (i.e. it is constrained in the lignite seam and the overburden layer). 
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FLAC

SF = 1.96

PLAXIS

SF = 1.95

PHASE2

SF = 2.11

 

Figure 3 - Displacement vectors distribution. 

On Plaxis (Fig. 4b, white squares denoting failure at tension, red squares denoting failures at shear), 

the area covered by plastic points is fairly more extended than the area covered by the shear band 

(see Fig. 2b), and more extended than the equivalent area covered by plastic points on FLAC (Fig. 

4a). To be more specific, besides the major failure mechanism (represented by the plastic points 

mostly in the lignite and marl / lignite intercalations layers, but also slightly within the marl at the 

slope's base), a secondary cloud of plastic points extends towards the bottom boundary of the model, 

as a kind of a "deep-seated circular surface" in the underlying marl layer. The question that arises is 

whether this is indeed a secondary failure mechanism interrupted by the bottom horizontal boundary 

of the model, or it is simply a side effect of possibly inadequate bottom boundaries. Taking into 
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account that something similar did not appear in the respective outputs of shear strain and total 

displacement distribution, but also taking into account field conditions, it was suspected that the 

original bottom boundaries of the problem might be inadequate. 

FLAC

SF = 1.96

PLAXIS

SF = 1.95

PHASE2

SF = 2.11

 

Figure 4 - Plastic regions propagation. 

Even worst concerns were raised on Phase2 (Fig. 4c, white circles denoting failures at tension, 

asterisks denoting failures at shear), where yielded elements both in shear and tension are largely 

extended and greatly escape from the maximum shear strain concentrations of the model (Fig. 2c). 

More specifically, plastic points (asterisks) seem to extend well within the marl at the slope's base 

(compared to no intrusion at all of such points on FLAC and slight intrusion on Plaxis), while they 
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also spread a lot within the slope mass itself towards the left vertical boundary of the problem. In 

addition, tensile failure reaches up to the left vertical boundary as well, and some shear failure points 

exist in the middle of the bottom boundary of the model. Taking into account the above (which do 

not coincide with the shear bands produced by the program), it is rather possible that the external 

boundaries on Phase2 are insufficient for the solution scheme in terms of plastic/tension points. As 

far as the shear failure points in the bottom horizontal boundary, based on the authors' experience, 

this might be a bug-type of problem. This is so because it is a phenomenon that often occurs in the 

SSR technique on Phase2, on slope stability problems, regardless the model boundary conditions. 

Due to the above observations on Plaxis and Phase2, a series of complementary analyses with 

extended bottom boundary limits was performed, in order to investigate further this issue. After a 

newly realized series of analyses in Plaxis, it was observed that the secondary cloud of plastic points 

(as well as the number of points failing at tension) was significantly reduced in the new extended 

model, compared to the original one. So, it was concluded that the previous results were rather an 

issue of bottom boundary limits. As for Phase2, in the new analysis, plastic points completely 

disappeared from the bottom boundary. However, the problem of "bizarre" locations of plastic points 

was shifted to the right and left vertical boundaries of the model, where both tensile (at the left 

boundary) and shear (at both the left and right boundaries) failure occurred more widely up to them 

in the extended model. 

Based on all the above, it is fair to say that overall FLAC seems to be the most consistent in terms 

of agreement between the localization of maximum shear strains and the plasticity indicators 

development, since a good fit between them existed in the first place. In addition, FLAC did not 

require an extension of the bottom boundaries. On the other hand, plastic points both in Plaxis and 

Phase2 models are quite extensive (in other words, the failure criterion is satisfied on these two more 

"easily" than on FLAC) and exceed significantly the contours of the maximum shear strains. For 

Plaxis, a second round of analysis with extended boundaries seems to improve the situation, while 

the same does not hold true for Phase2. 

4. Conclusions 

Slope stability of an open pit lignite mine was studied using three different numerical software 

packages: FLAC (finite difference), Plaxis (finite elements) and Phase2 (finite elements). The choice 

of continuum-mechanics based methods was justified by the nature of the involved geologic strata 

(soils and soft rocks). The baseline cross section was typical of a private mine excavated with non-

continuous extracting methods in Greece. Analyses were performed in drained, plane strain, 

conditions. Elastic - perfectly plastic Mohr - Coulomb constitutive models were used for simulating 

the mechanical behavior of the involved strata. The shear strength reduction technique was used as 

the analysis scheme. Based on the results of the study, all three programs demonstrated a good 

agreement in the determination of safety factors and the kinetics of collapse mechanisms 

(identification through displacement or velocity vectors). Critical sliding surfaces, identified by 

shear strains localizations, were found to be similar on FLAC and Plaxis, but somehow more 

extended onPhase2. Last but not least, noteworthy differences appeared among the three programs 

in the development of plastic regions (failure in shear) and of regions failing in tension. With respect 

to these, FLAC seemed to obtain the more realistic results and to be the most consistent in terms of 

agreement between the localization of maximum shear strains and the plasticity indicators 

development. The other two programs, either required more extended limits in order to achieve 

consistency between maximum shear strains and plasticity indicators, or insisted on producing large 

(non-realistic) areas of plastic failures. Overall, it can be said that all three programs may address 

the examined problem satisfactorily. However, future research work should investigate further the 

issue of plastic regions propagation. In addition, future work should include normal plastic analyses 

(without the SSR technique), in order to be able to simulate excavation sequences and, given that 

more elaborate laboratory data becomes available, use of more advanced constitutive models. 
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Abstract 

In 24 October 2014, a high intensity storm hit Athens’ western suburbs causing 
extensive flash flooding phenomena. The drainage and the sewerage network of the 
city were overwhelmed leading to catastrophic flood flows along the road network, 
flooding houses and businesses, sweeping away vehicles, injuring people and causing 
numerous problems in transportation across the city. Parts of the city were inundated 
for several hours, particularly in western Athens, namely Ilion, Menidi, Peristeri, 
Acharnai, Korydallos and Piraeus. This work examines and reconstructs in detail the 
flood's characteristics, the different types of direct effects within the urban 
environment and the severity of its direct impacts across Athens basin. Results show 
a concentration of flood damages in specific locations mostly along the city's natural 
drainage network or derelict streams and culverts. At their peak stage, floodwaters 
extended to an area of 4.9 square km recording a maximum depth of 170 cm in certain 
locations. Eight types of direct impacts were identified in 1223 impact locations, 
including effects on vegetation, geomorphology, erosion, mobile objects, buildings, 
infrastructure and human population. A severity scale was developed allowing effects 
to be divided in five severity classes across the flooded area and making possible the 
delineation of high impact sections of the city. 
Keywords: flash floods, effects, severity. 

Περίληψη 

Στις 24 Οκτωβρίου 2014, μια μεγάλης έντασης καταιγίδα εκδηλώθηκε στα δυτικά 
προάστια της Αθήνας. Το αποστραγγιστικό και αποχετευτικό δίκτυο υπερχείλισαν, 
προκαλώντας χείμαρρους κατά μήκος του οδικού άξονα, κατακλύζοντας οικίες και 
επιχειρήσεις, παρασύροντας οχήματα, τραυματίζοντας ανθρώπους και δημιουργώντας 
εκτεταμένα προβλήματα στο δίκτυο μεταφορών. Αρκετές περιοχές των δυτικών 
προαστίων, κυρίως σε Ίλιον, Μενίδι, Περιστέρι, Αχαρναί, Κορυδαλλός και Πειραιάς, 
παρέμειναν πλημμυρισμένες για αρκετές ώρες. Στην παρούσα μελέτη εξετάζονται 
ενδελεχώς τα χαρακτηριστικά της πλημμύρας, ενώ προσδιορίζονται οι άμεσες 
επιπτώσεις που είχε στο αστικό περιβάλλον και η σφοδρότητά τους. Τα αποτελέσματα 
υποδεικνύουν ότι οι ζημιές συγκεντρώνονται σε περιοχές κατά μήκος του φυσικού 
αποστραγγιστικού δικτύου, των ανενεργών τμημάτων του υδρογραφικού δικτύου και 
των αγωγών ομβρίων. Η έκταση που καλύφθηκε με νερό κατά τη διάρκεια του 
φαινομένου υπολογίσθηκε στα 4.9km2, ενώ το μέγιστο βάθος που καταγράφηκε φτάνει 
τα 170 cm. Οι επιπτώσεις εντοπίστηκαν σε 1223 σημεία και χωρίστηκαν σε 8 
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διαφορετικές κατηγορίες: βλάστηση, γεωμορφολογία, διάβρωση, μεταφερόμενα 

αντικείμενα, κτίρια, αστικές υποδομές και επιπτώσεις στον πληθυσμό. Η προτεινόμενη 

κλίμακα περιγραφής της σφοδρότητας των επιπτώσεων επιτρέπει αφενός τον 

διαχωρισμό τους σε 5 κλάσεις και αφετέρου την οριοθέτηση των περιοχών που 

επλήγησαν περισσότερο. 

Λέξεις κλειδιά: πλημμύρα, επιπτώσεις, σφοδρότητα. 

1. Introduction 

Floods pose a significant threat to human life (Jonkman and Kelman, 2005) and cause extensive 

economic damages on a yearly basis (Barrero, 2007). Especially in urban environments, vulnerability 

is significantly increased as a higher concentration of population and assets makes flooding costly and 

difficult to manage. In addition, given the complexity of socio-economic activities in urban settlements, 

urban floods can potentially disrupt activities, businesses and social groups beyond the actual flooded 

area such as transportation services and others (Mitsakis et al., 2014). Due to this complexity, it is often 

particularly difficult to predict the impacts of floods in an urban environment and their severity. 

Moreover, the importance of urban floods in the overall risk is expected to grow even more (Jha et al., 

2012) as global urban population is projected to increase further (Antrop, 2004; UN, 2011). Within the 

context of climate change, extreme storms like the one of October 2014, are expected to become more 

frequent (Alfieri et al., 2015) increasing the problem even further. 

Previous works have examined the impact of floods (Petersen, 2001) categorizing the effects in 

various groups and severity levels (Calianno et al., 2013) such as: (a) impacts on human population 

(Jonkman and Kelman, 2005), (b) impacts on environment (Phillips, 2002), including agriculture 

(Chau et al., 2013), (c) impacts on transportation (Mitsakis et al., 2014) including vehicles and travel 

conditions and road infrastructure (Diakakis et al., 2016), (d) impacts on buildings (Smith, 1994; 

Fedeksi and Gwilliam, 2007) and on infrastructure (Diakakis et al., 2016). 

To fully understand the impact of storm in a holistic way, it is important to identify and map the 

different types of effects in a highly detailed way. In this context, this study develops a method that 

provides a coherent overview of these effects through classification of their type and their severity 

level. In this way, the study aims to provide a detailed description of the flood of 2014 and its impacts. 

2. Study Area and the October 2014 Event 

Athens is the capital and the most extensive urban area in Greece. The city is situated in central Greece, 

in the region of Attica and is built in a morphologic basin that occupies an area of approximately 534 

km2, formed between Penteli, Parnitha, Ymittos and Aigaleo mountains and Saronikos Gulf in the 

south (Fig. 1). The basin is shaped primarily by Kifissos and Ilissos river networks and is relatively 

dry with a mean annual rainfall of approximately 390 mm and a poorly developed river network 

dominated by streams with small amounts of water for most of the year (Koutsoyiannis and Baloutsos, 

2000). The increased pressure for development has led to the expansion of human activities and 

infrastructure within the vicinity of Athens’ ephemeral watercourses, in many cases in areas of elevated 

flood hazard, not suitable for building. Several authors suggest that poorly-planned development in the 

city has affected the drainage capacity of the river network noting that several parts of it were shrunk 

or converted into streets while critical river cross sections were diminished. In fact, Diakakis (2014) 

suggests that floods have increased in Athens basin during the last century, and even though immediate 

loss of life is not showing clear increase, fatalities still remain an issue. 

On Friday the 24th, 2014, a deep barometric low, which formed over the Adriatic Sea, moved through 

the Ionian Sea, towards Peloponnese and subsequently Attica. Simultaneously with its passing over 

Athens, the system matured developing a line of storms feeding from the gulf of Saronikos, just south 

of Athens, leading to accumulation of rain up to 130mm in 5 hours in the west part of Athens (Fig.1). 
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Figure 1 - Map of the rainfall distribution across Athens basin on the 24 October flood. 

3. Methodology 

Data on the effects of the October 2014 flood were collected from a variety of sources (Table 1) 

including official damage reports, visual material (pictures and video) and information gathered 

through post-flood field surveys. Data contained information on the exact location of damages, 

including detailed descriptions of the damage type and extent, the depth of floodwaters and in many 

cases visual material of the incident. After the collection of data, a geo-database was developed to 

store all information. Each entry of the database corresponded to one damage location, which was 

plotted on the map of the study area in a GIS environment. GIS algorithms were used then to: 

 define the extent of flooding based on all recorded flooded locations 

 reconstruct the depth of floodwaters using extrapolation of known flow depth 

 define spatial distribution of damages and examine possible patterns in it 

 define the spatial distribution of different types and different levels of damages to understand 

the severity of flooding in different locations 
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Table 1 - Sources of information on 2014 floods effects and damages. 

Type of source 
Source 

Form of data 

(short description) 

Central 

Government 

Records 

 

Division of Natural Disaster Damages 

Restoration, Ministry of Infrastructure, 

Transport and Networks 

Database of household damages 

recorded on Fire Service detailed 

reports, including information on 

address, type of damage, water 

level. 

Local 

Government 

Records 

Affected Municipalities, namely: Acharnes. 

Agia Varvara, Agioi Anargiroi, Aigaleo, Fili, 

Haidari, Ilion, Keratsini-Drapetsona, 

Korydallos, Nikaia Peristeri, Piraeus 

Official resolution documents 

regarding amends for residents, 

whose household has been recorded 

by the Fire Service as affected by the 

October 24th flood. 

Media 

The nationwide TV stations Alpha TV, 

Antenna TV, Mega TV, NERIT, SKAI TV and 

STAR TV 

Video footage broadcasted between 

24/10 and 30/10/2014 on news 

bulletin. Total duration: 16hours 16 

minutes 08 seconds. 

Web 
News portals, Video web platforms, Blogs, 

Social media 

Video & photos, recorded during 

or just after the rainfall. 

Post-flood 

Field Survey 
Survey 

Post flood field survey material, 

including pictures, videos, depth 

measurements and field notes. 

The impact types were divided in groups (Tables 2 and 3), based on related literature classifications 

combined with observations carried out in the course of this study. In addition to the type of impact, in 

this work effects were also grouped according to their severity. The organization of different categories 

of severity is illustrated in the following table according to the type of impact (Tables 2 and 3). 

Table 2 - Severity classes of effects on natural environment and population. 

Severity 

class 

Effects on 

population 

Effects on the natural environment 

Vegetation / 

agriculture / 

livestock 

Pollution Geomorphology and river 

morphology 

Minor 

impacts 

Daily 

commute / 

every day 

activities 

affected 

Vegetation debris 

(leaves and 

branches) drifted 

by water. Urban 

agricultural plots 

suffer minor 

inundation. 

No observable 

impacts 

Less than 2 m3 of earth material 

eroded or deposited at locations 

along or over the river banks 

Weak 

impacts 

House or 

business 

affected by 

flood  

Low vegetation 

(ground plants and 

reeds) bent or 

uprooted. Beehives 

get transported or 

flooded. <1 ha 

cultivated land  

Household utensils 

/ furniture or trash 

spread in the 

watercourse 

Erosion and deposition 

phenomena along or over the 

banks of the river (<10m 

width). No channel changes 
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Moderate 

impacts 

Evacuation 

needed / 

Injuries / 

Rescues / 

Individuals 

under risk, 

emergency or 

entrapment 

Small tree 

branches break. 

Bushes are 

uprooted. Few 

(<10%) small trees 

uprooted. Urban 

plantations suffer 

damages. <100 

livestock animals 

dead, <10ha 

cultivated land 

flooded 

Liquid pollutants 

(e.g. H/C) spread 

locally (e.g. gas 

stations flooded). 

Pollution not 

traceable in 

groundwater 

Changes in natural river 

channels not more extensive 

than the original width of the 

channel at the respective 

location. Changes in the river 

mouth not more extensive than 

the original width of the river at 

this point. Continuous 

deposition on the floodplain of 

less than 50 cm thickness (area 

covered <1000m2) at locations. 

Strong 

impacts 

Fatalities 1-10 

locally 

Most small trees 

uprooted. Few 

(<10%) big trees 

uprooted or bent. 

>100 livestock or 

wild animals  dead 

Liquid and solid 

pollutants spread in 

the watercourse not 

only locally. 

Pollution traceable 

at distance <5km. 

Pollution traceable 

in groundwater or 

surface water 

bodies 

Natural river channel changes 

more extensive than the width 

of the original channel at the 

respective location. Changes at 

river mouth more extensive 

than the width of the original 

channel at this point. 

Continuous deposition on the 

floodplain of more than 50 cm 

but less than 3m with an area 

covered of 1000m2 - 5000m2 at 

locations is recorded. Minor 

landslides caused by erosion 

Extreme 

impacts 

Over 10 

fatalities 

locally 

Most trees 

uprooted 

Major pollution 

episode. Major 

source of liquid 

pollutants spread in 

surface water 

bodies and 

groundwater. Area 

affected not easily 

determinable 

Deposition of sediment more tha

n 3.5 m thick (approximately the

 height of a floor ceiling of an av

erage building) at specific locati

ons or continuous deposition on 

the floodplain or on agricultural 

land (allotments etc.) of more th

an 50cm (area covered over 500

0m2) Natural channel changes at

 the river mouth or other locatio

ns become more extensive than 

4 times the original width of the 

channel at the respective locatio

n before the flood. Large Landsli

des are caused due to erosion 

Table 3 - Severity classes of effects on built environment and mobile objects. 

Severity 

class 

Effects on built environment Effects on mobile 

objects 
Buildings 

Transportation infrastructure, 

utilities and others 

Minor 

impacts 

Yard / Garden / Pilotis 

suffer inundation. Minor 

cracks occur on yard 

walls and fences. Minor 

damages by absorbed 

moisture on walls 

Inundation of road or sidewalk 

surface (<15cm). Low water 

crossings are flooded 

Flower pots / Small trash bi

ns / Small (e.g. tables, chair

s) furniture and mobile obje

cts of similar or smaller siz

e get transported 

by floodwaters. Drivers ret

ain command of vehicles 
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Weak 

impacts 

Ground floors suffer 

minor flooding 

(usually <20cm) 

causing minor 

damages to household 

furniture, utensils or 

equipment. Damages 

on walls, garage doors, 

floor tiles. Yard walls 

and fences suffer 

significant damages. 

Transportation installations (traffic 

lights, signs, etc.) suffer damages. 

Road not passable by car. Structural 

effects (asphalt scouring, minor 

erosion phenomena) are recorded on 

road surface. Terminal stations 

experience flooding and are 

inaccessible but do not suffer more 

than minor damages. Culverts are 

blocked. Fences are partly damaged 

and anchored trash installations 

moved. Manhole covers are displaced. 

Large trash bins get transpo

rted by floodwaters. Cars ar

e moved by floodwaters (at 

a distance less than their le

ngth). Drivers cannot fully 

control cars or motorbikes 

Moderate 

impacts 

Ground floors suffer 

flooding (usually 

<180cm) that causes 

significant or complete 

damage to household 

utensils or equipment, 

including wall and 

flood tiles, door and 

window frames. Slight 

crevices appear in 

supporting elements 

Roads suffer structural effects (partial 

collapse of asphalt deck. Single span 

bridges are flooded. Railway lines 

become impassable due to inundation. 

Terminal stations suffer flooding and 

damages. Small footbridges suffer 

partial collapse due to erosion of 

foundations. Single span bridges 

suffer inundation and minor damages 

(e.g. guard rails or asphalt deck are 

damaged). Concrete / artificial river 

banks suffer damages. Power lines 

(columns) and landlines are affected. 

Most cars / vans / minivans 

/ SUVs get transported at a 

distance more than their 

length. Drivers cannot 

control cars or motorbikes 

at all. Empty commercial 

containers get transported 

by floodwaters 

Strong 

impacts 

Complete damage of 

household utensils or 

equipment by flooding 

(usually >180cm). 

Major crevices or 

holes, settlements, 

deformations or partial 

collapses appear in 

supporting walls or 

slabs. Replacement of 

supporting elements 

required. 

Single span bridges suffer partial 

collapses to non-repairable damage 

due to erosion of foundations. Parts 

of the road suffer complete collapse 

(asphalt deck and foundations are 

damaged). Damages appear in port 

infrastructure (docks / piers). Multi-

span bridges inundated (partial 

damages may occur on deck and 

railings). Water / sewage / gas 

mains break. 

Most vehicles at a location 

(including busses, small 

tractors and smaller) get 

transported by floodwaters. 

Over 30 vehicles 

transported. Laden 

containers can be moved by 

floodwaters 

Extreme 

impacts 

Significant damage 

with structural collapse 

of supporting walls, 

slabs, leading to 

collapse of the 

building or of major 

parts of the building. 

Demolition of the 

building is required. 

Single span and multi-span bridges 

suffer partial or complete collapses 

due to erosion of foundations. Large 

armed concrete constructions suffer 

partial but significant damage or 

complete collapse. Small dams 

break. 

Most vehicles (including 

trucks and larger) and 

larger objects get 

transported or moved by 

floodwaters. Drivers of all 

vehicles do not have 

control of them. 

4. Results 

In total, 1223 entries (damage locations) were stored in the database representing locations where 

the flood had an observable impact (Fig. 2). The effects spread in 16 municipalities covering a large 

part of the western part of the city, mostly following the rainfall accumulation distribution (Fig. 1). 
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Comparison of flooded locations with the local streams shows that the majority of locations are 

within 200m of an existing natural or artificial, derelict or active part of the local drainage network. 

However, a considerable amount of the locations are in parts of the city (especially near Menidi) 

with no torrents presence, showing that flooding at that location was caused by inadequacy of the 

urban drainage and was enhanced by the impermeable artificial surfaces. 

Using the locations, visual material and information from the post-flood field survey it was possible 

to delineate the extent of the flood and to reconstruct the depth of floodwaters across the flooded 

area (Fig. 3). From this reconstruction it was found that floodwaters extended to an area of 4.9 km2, 

recording depths up to 170 cm in certain locations, on the west part of Piraeus port, Nikaia and the 

locations between Aigaleo and Peristeri (Figure 3, sections 1 and 2 of the map). 

 

Figure 2 - Map of the study area depicting all recorded flood impact locations. 

The types of effects were mapped individually, leading to the development of a concise map of 

different types of impacts. Five grades of severity of effects (minor, weak, moderate, strong and 

extreme) were included to identify possible patterns in damage level across the flooded area. The 

pattern created (Fig. 4) is providing a lot of information on the extent of effects in space and in 

severity and is expected to be useful for future risk evaluation studies. For instance additional 

locations susceptible to flooding (moderate impact) were identified in comparison with the risk maps 



688 

 

developed for the same area by Diakakis et al. (2011). Additional locations were identified mostly 

at the border of Peristeri and Ilion municipalities. 

 

Figure 3 - Reconstruction of the extent and depth of floodwaters. 

Based on the analysis of 1223 damage locations, results highlighted areas with concentrated effects 

of moderate and above-moderate impacts (dotted lines in Figure 4). In specific, a clustering of 

moderate (yellow) and strong impacts (orange) was recorded in locations at Menidi in the north, at 

Nikaia area near the port of Piraeus and finally at a higher concentration near the merging of Kifissos 

River with the Eschatia River tributary (Fig 4). Almost all effects in the latter location, concentrated 

upstream of the outlet of Eschatia to Kifissos proving that the drainage in this part of the basin is 

less efficient, probably due to diminished cross sections and the numerous structures built in the 

floodplain. The degree that these two factors affect the damage distribution is not clear as rainfall 

accumulation spatial spread is also an influencing parameter. 

Areas with higher severity levels coincide partly with flood depth recorded in Figure 3. Areas with 

high numbers both in flood depth and impact can be found at the southern part of the study area at 

the Nikaia area (Figure 4 and section 2 in Figure 3) just north of Piraeus. In addition, at the 

southernmost border of section 1 in Figure 3 map between Aigaleo and Peristeri, where high depth 

values are recorded, severity of effects is also dominated by moderate to strong levels. 
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Figure 4 - Map of the study area depicting the severity classes at 1223 damage locations. 

5. Conclusions 

This work examines the effects of the flash flood of October 2014 in Athens basin in Greece and 

reconstructs floodwaters extent and depth.  It records the different types of direct effects within the 

urban environment and the severity of its direct impacts across the flooded area. The study identifies 

1223 damage locations spread across 16 municipalities of Athens basin, including damages on 

buildings, vegetation, geomorphology, humans, mobile objects, transportation and other 

infrastructure elements. Results show a concentration of flood damages in specific locations mostly 

near the city's natural drainage network, parts of which have been converted to culverts or streets 

and were derelict for decades. Floodwaters were found to extend to an area of 4.9 square km 

recording a depth up to 170 cm in certain locations. Direct impacts were grouped in 5 classes of 
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severity, with most important effects clustering in particular locations within Nikaia, Aigaleo, 

Peristeri, Ilion and Menidi. The method was found to produce satisfying results in impact mapping 

and classification, and its diverse elements provide a possibility to be test in different environments 

(both rural and urban). Based on this study’s findings, future research and practice should improve 

local risk assessment maps by adding additional locations recorded as susceptible to flooding, should 

highlight the areas that present more significant impact levels for civil protection initiatives and 

examine the applicability of a flood severity scale in other environments as a tool to map, in order 

to classify and understand flood effects more efficiently. 
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Abstract 

The paper presents the results of the physicochemical parameters of the springs of 

Andros which were studied to evaluate the chemistry of the major ions and solute 

acquisition processes, which control the chemical composition and the suitability of 

the quality of water for drinking use. Forty two samples were taken for 

physicochemical analysis almost at the end of the summer period, in September 2014. 

The Piper plot was used for the hydrogeochemical classification of groundwater 

which also indicated that the majority of groundwater samples belong to the Ca-Na-

HCO3-Cl type. According to the Durov plot the majority of samples, can be positioned 

in field 2 in which a process of cation exchange is in progress. Also, the HCO3 / 

(HCO3 +SO4) ratio indicates a weathering process from carbonic acid. In general, 

the majority of samples can be characterized as potable. 

Keywords: chemistry of major ions; solute processes; potable water. 

Περίληψη 

Αυτή η μελέτη παρουσιάζει τα αποτελέσματα των υδροχημικών αναλύσεων από 42 

δειγματοληψίες, οι οποίες συλλέχθηκαν από τις σημαντικότερες πηγές τις Άνδρου, στις 

αρχές Σεπτεμβρίου του 2014. Σκοπός αυτής της έρευνας ήταν να αξιολογήσουμε την 

χημική σύσταση του υπόγειου νερού, τις διαδικασίες απόκτησης διαλυμένης ουσίας από 

τα πετρώματα, καθώς και την αξιολόγηση του για πόση. Στα πλαίσια της εργασίας, 

χρησιμοποιήθηκαν τα διαγράμματα Piper και Durov για την ταξινόμηση των δειγμάτων 

του υπόγειου νερού, αλλά και για την περιγραφή των χημικών διαδικασιών που δρουν 

στους υδροφόρους ορίζοντες των πηγών. Ο κύριος χημικός τύπος νερού, που 

εμφανίζεται στα δείγματα είναι Ca-Na-HCO3-Cl ενώ η κύρια διαδικασία που βρίσκεται 

σε εξέλιξη είναι αυτή της κατιοανταλλαγής. Επιπλέον, η χρήση του λόγου HCO3 / (HCO3 

+SO4) απέδειξε ότι κυριαρχεί η διάλυση με ανθρακικό οξύ. 

Λέξεις κλειδιά: χημεία κύριων ιόντων, διαδικασίες διάλυσης, πόσιμο νερό. 

1. Introduction 

Andros is an island, which is famous for its springs. This phenomenon is unique among the other 

islands of Cyclades. Andros has 24 Municipal Districts, of which, Andros (Hora), Batsi, Gaurio and 

Korthi consist the most important areas that have a need of water during the summer season. The 

majority of the Municipal Districts has an independent water supply system, which consists of 
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boreholes, springs and limited wells. The same system applies for the individual houses and the 

groups of settlements. A characteristic example is a well, entitled Abyss, which supplies water to 

the town of Andros. In the study area, a lot of previous studies have described the hydrogeological 

conditions for each village (Gakis, 1979; Georgouli, 1983). The purpose of these studies was: a) the 

hydro-chemical analysis of springs, their comparison with the permissible limits of French (1954), 

American (1958), Greek (1968) and International (1958) standards for drinking use, and their 

presence into G. Waterlot plots, b) the classification of springs is based on the geologic and 

geomorphologic structure controlling their discharge and c) a presentation of a number of proposals 

for the improvement of the conditions regarding the water supply for each village. Furthermore, 

Giannoulopoulos and Lappas (2010) studied the hydrogeological conditions of Andros. Their 

studies are focused on the classification of groundwater according to Piper and Durov plots, the 

description of aquifers according to their hydraulic characteristics, and the assessment of the 

potential reserves for each aquifer system. In this study we report the results of the chemical analysis 

from 42 samples of springs, which were originated from all type of aquifers and which were 

collected in September 2014. The purpose of this paper is the description of the hydrogeochemical 

conditions and the identification of factors which govern the chemical composition of the 

groundwater of springs close to the end of the summer period. Furthermore, this paper focuses on 

the evaluation of the groundwater quality of springs for drinking and for general domestic use, 

because of their use from the inhabitants of island. 

2. Study Area 

2.1. Location and morphology 

The area of interest in this paper is the island of Andros, which is located in the central part of the 

Aegean Sea and is the northest island of Cyclades, a complex of islands in Greece. The Greek 

Geographic Reference System is used for the definition of the study area which is Andros. The study 

area is bounded by X in the range from 560.000 m to 587.500 m, and by Y in the 

range from 4.170.000 to 4.206.000 m (Fig.1). The island is characterized as an area of a total surface 

of 380 Km2, a fact that places it as the second biggest island of Cyclades after Naxos. It also has an 

elongated form, which is characterized of an orientation NW-SE. Geomorphologically, the study 

area has a strong relief with deep ravines and large valleys, which transverse the island vertically at 

its longitudinal axis and divides it into four main mountain masses, which are from the North to the 

South: a) Saints Forty (720m), b) Petal or Kouvara (996m), c) Gerakona (720m) and d) Rachi or 

Prophet Ilias (681m). The streams on the island of Andros are developed either side of the main 

elongated surface watershed with an orientation NW-SE, which matches to the axis of the great open 

fold across the island. The development of these hydrographic systems is taking place in parallel 

zones with a direction from NE to SW, while noteworthy is the fact that in the northeastern side the 

development of the hydrographic network predominates up to the third class (Strahler’s 

classification) and in the southwestern side only the first class (Strahler’s classification) is either 

predominant or even missing (Papanikolaou, 1978). 

2.2. Geology and Tectonic 

The geotectonic placement of Andros is located in the Attic-Cycladic Crystalline Belt and it is a 

major tectonostratigraphic unit of the Hellenides. Andros is divided in two tectonic units: a) the 

upper tectonic unit of Makrotantalon (upper Paleozoic) and b) the lower tectonic unit of the central 

- southern Andros (Papanikolaou, 1978). The geological formations which are observed on the 

island are described below (Fig.1). In the study area, the sedimentary rocks are represented by 

deposits, such as alluvial deposits (Al), screes (Q.sc), and recent or older sandstones (Qst2 or Qst1). 

The upper tectonic unit of Makrotantalon consists of marbles (P.mr), mica schists with albite, 

chlorite, garnet and also phyllites, quartzites (P.sch) and chlorite-epidote-amphibolite schists to 

amphibolites (P.sch.ab). The lower tectonic unit of the central - southern Andros consists of the 

upper horizon of intermediate marbles (mr4), cipolines and calcareous mica schists (sp,sch), middle 
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horizon of intermediate marbles (mr3), lower horizon of intermediate marbles (mr2), alternations of 

thin-layered marble and mica schists (mr, sch), lower marbles (mr1), mica schists, with albite, 

chlorite, garnet, glaucophane and some phyllittes and quartizites are also present (sch), chlorite-

epidote-amphibolite schists to amphibolites (sch. ab) and beds and lenses of marble or cipoline, 

which are located within the mica schists at various stratigraphic horizons (mr). Additionally, 

igneous Rocks are represented from dykes of acid igneous rocks, such as hornblende porphyrite, 

pegmatites and aplites (πγ), gneissic granodiorite (γ,η) and serpentinites to slightly serpentinised 

peridotites (o) (Papanikolaou, 1978). The structure of the island has been formed from three 

deformation phases and two fault phases. The first and second deformation phase gave only folds, 

foliation and cleavage. In addition, the first deformation phase consists of isoclinal folds with an 

axis orientation NE-SW, while the second deformation phase consists of folds with axis orientation 

E-W and ESE-WNW. The third deformation consists of folds with axis orientation NW-SE, N-S 

and faults. The fourth phase consists of faults and joints. The structure of the first deformation phase 

was deformed from the second phase without an important effect, while the third phase folded the 

two phases above. The result of the third deformation phase was the creation of a big asymmetric 

anticline fold which took place with an axis orientation NW-SE lengthwise of Andros (Papanikolaou, 

1978). The faults are divided to four systems depending on their orientation. The systems are NW-

SE, E-W, NE-SW and B-N. The first group is also more preponderant in comparison to other 

systems. Furthermore, joints have same orientations and can be categorized to four systems as well 

as faults. The joint system, which prevails in schists is NW-SE, while the orientations NW-SE, E-

W, NE-SW and B-N prevail in cipolines and marbles (Papanikolaou, 1978). 

2.3. Hydrogeology-Aquifers 

In the study area, the geological formations can be divided into two main categories: a) permeable 

formations and b) semi-permeable formations. In particular, marbles and cipolines constitute the 

permeable formations. The category of the semi-permeable formations consists of alluvial deposits, 

screes, calcareous sandstones, schists, serpentinites and peridotites. The carbonate rocks are 

characterized from a secondary porosity e.g. cracks, joints, which facilitates the movement and 

storage of the groundwater. Also, because of intercalations of marbles and cipolines within the 

masses of schists create confined aquifers. In these confined aquifers, the provision of boreholes 

range from 5m3/h to 40 m3/h for a depth of 80m - 130m, while the level of water is between 5m and 

60m (Giannoulopoulos and Lappas, 2010). The screes and calcareous sandstones can’t form 

appreciable aquifers, but due to their limited thickness. The alluvial deposits could be characterized 

as a semi-permeable formation because of their low hydraulic conductivity. This parameter is related 

to the diversification of the extent, thickness and also the grain size (clay and sand) of the aquifers. 

These aquifers can be recharged directly from rainwater and screes or laterally from schists. The 

levels of groundwater respond to depths usually from 3 to 10m and more than 30m. The provision 

of boreholes range from 10m3/h to 40m3/h, while the provision of wells range from 5m3/h to 20m3/h 

(Giannoulopoulos and Lappas, 2010). All kinds of schists represent important aquifers because of 

their own fractures which are related to the anticline folds of the island. The anticline folds facilitate 

the movement of water, whose crest is submitted to higher tensional stresses and therefore it 

develops open tensile fractures, which may create better sites for groundwater development (Singhal 

and Gupta et al., 2010). As a result of the aforementioned development, many contact springs have 

been created between healthy bedrock of schists and carbonate rocks or mantle weathering of schists. 

In the study area, the choice of springs was based on their lithologic type, their tectonic structure 

and their discharge rate. The springs can be characterized as permanent (perennial springs) and their 

own discharge rate range from 0.10 m3/h to 7.4 m3/h. 



694 

 

 

Figure 1 - Geological map of Andros with superposition of the sampling points (map - 

according Papanikolaou, 1978). 

These values of the discharge rate only concern a specific month of sampling in September 2014. 

The springs with discharge rates under 1 m3/h are represented from the following numbers: 2, 3, 6, 
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7, 10, 11, 13, 14, 19, 21-27, 31, 35, and 37-41 while springs with a rate above 1 m3/h are represented 

from these numbers: 1, 4, 5, 8, 9, 12, 15-18, 20, 28-30, 32-34, 36 and 42 (Fig.1). The majority of 

springs are characterized as descending contact springs. There is also another category of springs 

which is related to the fault zones. Among all formations, the marbles and cipolines represent 

aquifers with more water supplies. In these formations and specifically into the fault zones, many 

springs with high discharge rate make their appearance. 

3. Materials and Methods 

A total of 42 groundwater samples of springs were collected from all types of geological formations 

in September 2014. The geographical location of all sampling sites was recorded using a hand-held 

global positioning system (GPS). At the same time, as the samples were taken, physical parameters 

such as electrical conductivity (E.C), temperature, salinity, pH, redox potential (Eh) and dissolved 

oxygen (O2), were recorded in situ, using portable equipment. The corresponding equipment 

contained a WTW LF 330/SET, a WTW PH 330i/SET and a WTW OXI96, respectively. All samples 

were collected in an 1L polyethylene bottle for chemical analysis of major (Ca2+, Mg2+, Na+, K+ , 

HCO3
-, Cl-, SO4

2-, NO3
-), and secondary ions ( NO2

-, NH4
+, PO4

-3) and also for SiO2. Also, during 

the sampling and the transfer of the samples on the way to the laboratory of Geology and Mineralogy 

of the Agricultural University of Athens, the samples were stored into insulated boxes with ice packs, 

which offer constant and cool temperature. Chemical analysis of hardness, bicarbonate (HCO3
-), 

calcium (Ca2+) and chloride (Cl-) were applied according to Hach’s titration method. In addition, the 

ions of SO4
2-, NO3

-, NH4
+, PO4-3, NO2

- and SiO2 were determined spectrophotometrically, using the 

spectrometer Hach DR-3000. Sodium (Na+) and potassium (K+) were determined with the flame 

photometry method, using the flame photometer INTECH/420. 

4. Results and Discussion 

4.1. Quality of groundwater 

In order to achieve an easier description for the chemical composition of the spring waters, all 

samples were divided into three groups, depending on the lithologic type of their catchment area. 

Specifically, group 1 consists of the samples 23, 24, 26, 28-34 and 42. These samples were collected 

from the following formations: a) cipolines with calcareous mica schist (sp,sch) and b) alternations 

of thin layered marble and mica schists (mr, sch). The second group consists of 25 samples (1-22, 

25, 27 and 35) which were collected from the mica schists (sch) and the amphibolites (sch.ab). The 

third group consists of 6 samples (36-41) which were collected in the north section of the island. 

This group has some similarities with the other two, as all of them contain schists (predominant 

rock) and carbonate rocks. On the other hand, the third group is different to the others due to the 

existence of the serpentinites and the peridotites, which effect the chemical composition of 

groundwater. The results from the chemical analysis of the aforementioned three groups are 

presented in table 1 using three descriptive measures (minimum, maximum, average). Electrical 

conductivity (E.C) shows higher values in groups 1 and 3 in comparison to group 2 because of the 

increasing quantities of salts. The concentration levels for the total dissolved solids (TDS) for the 

majority of the samples of groundwater are under the limit of 1000 mg/l and they can be 

characterized as fresh water, apart from sample (40). Sample 40 belongs to the third group of table 

1, its value is 1014 mg/l, so it could be considered as a slightly brackish water. The hardness of 

samples of group 1 ranges from hard to very hard, while those of group 2 range from a low to a very 

high hardness. The hardness of group 3 ranges from moderately hard to very hard. In general, the 

high concentrations of hardness are connected with the high concentrations of calcium and 

magnesium, but in the study area calcium is the element which shows greater concentrations than 

magnesium. The classification of hardness was realised according to Sawyer and McCarty (1967). 

Concerning the major cations, the predominant cation, for the majority of the groundwater samples, 

is calcium which is then followed by sodium and magnesium. This result is mainly observed in 
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groups 1 and 2, but in group 3, the predominant cation is sodium which is then followed by calcium 

and magnesium (table 1), apart from two samples (37, 38), of which the predominant cation is 

calcium (Fig.1). In addition, there are some samples in which sodium is followed by calcium. These 

samples are 6, 7, 11, 14, 19 and 35, which belong to group 2, while samples 24 and 28 belong to 

group 1. The ions of calcium and magnesium in groundwater are originated from the weathering of 

calcium carbonates (calcite), Ca-Mg silicates (amphiboles) and epidote. Specifically in group 3, 

magnesium has a higher average value in comparison to groups 1 and 2, due to the appearance of 

serpentinites and slightly serpentinised peridotites, at the northern part of Andros. These rocks 

consist of olivine minerals, serpentine and talc (Papanikolaou, 1978). As a result, groundwater 

interacts with the above rocks and therefore it is enriched with magnesium. 

Table 1 - Results of chemical analyses of groundwater samples from springs. 

 Group 1 Group 2 Group 3 

 sp,sch and mr,sch sch and sch.ab P.sch, sch, and o 

 (N=11samples) (N=25 samples) (N= 6 samples) 

 Min Max Aver Min Max Aver Min Max Aver 

T (oC) 15.9 21.9 18.4 11.9 21.5 17.5 14.8 22.7 19.5 

pH 7.09 7.66 7.41 6.7 8.01 7.4 7.34 7.95 7.57 

Eh (mV) 372 443 423.7 369 472 436 379 430 404 

DO (mg/l) 8.5 9.8 9.0 8 9.7 8.9 8.2 9.3 8.8 

EC (μS/cm) 250C 732 1121 859.5 273 1025 569 416 1303 967 

Salinity nd 0.3 0.1 nd 0.3 0.1 nd 1.5 0.4 

TDS (mg/l) 535 775 639 183 741 418 308 1014 704 

Hardess (mg/l) 222 356 271.6 66 324 178.0 128 362 269.3 

Ca2+ (mg/l) 72.8 116.8 86.8 14.4 99.2 53.6 36.8 86.4 71.1 

Mg2+ (mg/l) 10 18.3 13.5 3.9 20.4 10.8 3.5 43.5 22.5 

Na+ (mg/l) 58.7 130 80.1 24 96.4 50.4 34.4 180 106.7 

K+ (mg/l) 0.6 8.5 1.7 0.3 1.8 1.1 0.8 1.7 1.3 

HCO3
- (mg/l) 201.3 366 263.4 61 317.2 178.6 128.1 323.3 256.2 

Cl- (mg/l) 106.4 241.1 140.2 39 170.2 86.8 60.3 294.3 176.1 

SO4
2- (mg/l) 17 45.6 29.8 3.2 43.7 17.7 20.8 89.7 44.0 

NO3
- (mg/l) 2.6 32.6 11.0 2.2 18.0 7.2 2.6 23.3 7.9 

NO2
- (mg/l) 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.04 0.02 

P2O5 (mg/l) 0.06 0.40 0.32 0.19 0.43 0.33 0.16 0.44 0.28 

NH4 (mg/l) nd 0.03 0.02 nd 0.09 0.03 nd 0.12 0.05 

SiO2 (mg/l) 9.9 12.9 11.4 6.4 21.0 11.4 10.2 26.3 17.3 

Sodium is mainly originated from rain and the sea spray aerosol while potassium may comes from 

micas (muscovite). Concerning the major anions, the predominant anion for the majority of the 

groundwater samples, is bicarbonate and then followed by chloride and sulphate, except for some 

samples (6, 7, 11, 14, 28, 40 and 41) where chloride prevails over bicarbonate. The bicarbonates are 

originated from the dissolution of carbonates and silicate minerals (Nandimandalam et al., 2010). 

The chlorides may mainly come from aerosol and rain. In the neighbor island of Tinos samples from 

rain were collected and their chemical analysis showed that Cl- had a range from 21.26 mg/l to 63.8 

mg/l and it reached its highest value in April 1994 (Dazy et al., 1997). These concentrations suggest 

that the precipitations consist a source for a part of Cl- in the groundwater. Furthermore, chemical 

analysis of springs at Tinos showed that the concentrations of Cl- had very high values (e.g. 

Zodemeni spring: 91.8 - 173.7 mg/l and Ossia Xeni: 198 - 245 mg/l) which is something that cannot 

be explained only as a result of rain, but the sea spray aerosol also seems to play an important role 
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(Dazy et al., 1997). Sulfate ions have higher concentration levels in groups 1 and 3 in comparison 

to group 2 (table 1). The presence of the sulfate ions is mainly related to some surface effects, such 

as the drain tanks, the animal husbandry, and the transfer of the sea salts through aerosols. In addition, 

a proportion of SO4
2- could be related not only to the oxidation of the iron pyrite but also to the 

organic material of plant origin as well. Also the rain can offer small quantities of SO4
2-. Chemical 

analyses of rain waters showed that the concentrations of sulfate ions range from 11 mg/l to 20.7 

mg/l at Tinos Island (Dazy et al., 1997). The concentration of the nitrate ion in the groundwater of 

springs is generally low in the study area. In particular, natural water only contains from 0.1mg/l to 

10mg/l (Davis and DeWiest, 1966). In the study area, only seven samples (samples: 2, 11, 23, 27, 

33, 34 and 40) exceed the value of 10 mg/l and they represent a 16.7% of the total sampling. The 

presence of NO3
- is related to some agricultural activities and animal husbandry. In particular, the 

average value for the silica of group 3 is higher than the respective value of groups 1 and 2, which 

have the same average value (Table 1). This fact shows a weathering of silica minerals, which may 

be related to the serpentinites and the peridotites at the northern section of the island. Similar results 

for silica have been found at Karystia (south Evia) because of the metabasic and schist rocks 

(Stamatis et al., 2005). 

4.2. Hydrochemical phases (water types) and water mineralization processes 

From the chemical treatment of samples, seven types of water were distinguished: 1) Ca-Na-HCO3-

Cl (samples: 1-5, 8, 9, 12, 13, 15-18, 20-23, 25-27, 29-34, 37, 38, 42), 2) Ca-Na-Mg-HCO3-Cl 

(sample: 10), 3) Na-Ca-HCO3-Cl (samples: 19, 24, 35, 36), 4) Na-Ca-Mg-HCO3-Cl (sample: 39), 5) 

Na-Ca-Cl-HCO3 (samples: 11, 14, 28, 41), 6) Na-Ca-Mg-Cl-HCO3 (sample: 6, 40) and 7) Na-Mg-

Cl-HCO3 (sample: 7) (Fig.2). The first and second type of water belongs to the category of the 

alkaline earth waters with a high rate of alkaline metals and bicarbonate anions. This category 

represents the majority of groundwater samples (71.4%). This group is observed throughout Andros. 

The third and fourth type of water belongs to the category of the alkaline waters with bicarbonate 

anions. This group is observed in the northern part and in only two points of the central part and it 

represents the 11.9% of all samples. The other types of water (5, 6, and 7) belong to the category of 

the alkaline waters with chlorosulfate anions. This category represents the 16.7% of all samples of 

groundwater and is located in limited positions across Andros. Furthermore, the type of water Ca-

Na-HCO3-Cl is the dominant type in groups 1 and 2, while group 3 represents all types of alkaline 

waters, which have been mentioned above. The springs with water types 1 and 2 show that the 

groundwater indicates a natural recharge, while the water types of 3, 4, 5, 6 and 7 show that the sea 

spray aerosol affects the quality of groundwater. In Durov plot, the groundwater samples are divided 

into four fields, where each field represents a hydrochemical trend (Fig.3). The samples with 

numbers 1, 4, 5, 12, 15, 17, 18 and 31-34, which are located in field 1 (Ca2+-HCO3
-), are fresh 

recharge waters. The samples are located in cipolines, mica schists with neighbouring appearance 

of marbles and mica schists. The samples, 2, 3, 8-10, 13, 16, 19, 20-27, 29, 30, 35, 36-39 and 42 are 

located in field 2 (Mg2+-HCO3
-), a fact that suggests that the cation exchange which takes place 

between water and aluminosilicate minerals, is still in progress. The samples with numbers 11 and 

28 are located in field 8 (Mg2+- Cl-) and this fact suggests that the reverse ion exchange which takes 

place is still in progress. In field 9 (Na2+- Cl-), which consists of samples 6, 7, 14, 40 and 41, high 

concentrations of chloride (Cl-) and sodium (Na+) are observed. In addition, fields 8 and 9 suggest 

that these samples were affected from the sea spray aerosol. Finally, fields 1, 2, 8 and 9 represent 

26.2%, 57.1%, 4.8% and 11.9% of all samples, respectively. 
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Figure 2 - Piper plot of chemical data in the study area. 

 

Figure 3 - Durov plot of chemical data in the study area. 

The probable sources of these ions and water types in samples of groundwater suggest that a water-

rock interaction takes place, such as the weathering of silicates and the dissolution of carbonates. 

The process of the weathering of silicates seems to be less prominent in relation to the weathering 

of carbonates, due to the fact that the samples had very low concentrations of magnesium in 

comparison to calcium. Drever (1997) has demonstrated that a ratio of Mg2+ / (Mg2++Ca2+) in 

crystalline rocks greater than 0.5 may be due to the weathering of silicates. Among all the collected 
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samples, only two of them had a value of 0.5 while all the other samples were below this value. 

Furthermore, when a ratio of Mg2+ /Ca2+ has a value higher than 0.9, this indicates a weathering of 

silicates. The same samples which are equal to 0.5, according to the first ratio above, also have a 

value greater than 0.9 according to the second ratio. Specifically, the samples 7 and 40 have values 

1.10 and 0.98, respectively. This result shows that the silicate weathering is limited to a great extent. 

The dissolution of carbonate seems to be more prominent, because of the concentration levels of the 

bicarbonates which are high for the majority of the groundwater samples. Also, the relatively high 

ratio of HCO3
-/(HCO3

-+SO4
2-) in all of the groundwater samples is greater than 0.5, which signifies 

a weathering from carbonic acid in these waters (Nandimandalam et al., 2010). The ratio HCO3 / 

(HCO3+SO4) varies from 0.71 to 0.97 with an average value of 0.88. In this study, it could be 

considered that, bicarbonates may derive from the dissolution of carbonate and silicate minerals by 

the carbonic acid. In addition, the first equation is equally important as the second one, because it 

explains the origin of sodium. Nevertheless, the ratio Na+/ (Na+ + Cl-) varies from 0.41 to 0.50 with 

an average value of 0.47 and it doesn’t exceed the value of 0.5, which indicates an incongruent 

dissolution of albite (Adomako, 2010). According to the result above, it is possible that sodium is 

mainly originated from sea spray aerosol. Furthermore, the ratio (Ca2+ + Mg2+) / (Na+ + K+) ranges 

from 0.65 to 2.40 with an average value of 1.57. The observed average ratio and the relatively high 

contribution of alkalies (40%) toward the total cations suggest that the combined reactions involving 

carbonate and silicate weathering controlled the solute acquisition process. 

4.3. Suitability for drinking and general domestic use 

The concentrations of hydrochemical parameters of groundwater of springs on Andros and their 

comparison to the prescribed specification of the European Directive (98/83) will be described 

below. The European Directive (98/83) doesn’t give permissible limits for phosphorus pentoxide. 

For this reason, the 80/778EEC Directive was used. In the study area, the samples do not exceed the 

limits, which are suggested by the European Directive 98/83 for the chemical parameter of pH (≥6.5 

and ≤9.5). Conductivity has a permissible limit of 2500 μS/cm at 20oC, which is equivalent to ≈ 

2750 μS/cm at 25oC, and it could be considered that E.C increases approximately 2% for each 

Celsius degree (Kallergis, 2000). The samples do not exceed the above limits of electrical 

conductivity (E.C). The concentrations of dissolved oxygen are very good and are over 5 mg/l. None 

of the groundwater samples exceed the permissible limit for sodium, according to the European 

Directive 98/83, which is 200 mg/l. According to the European Directive 98/83, chloride has a 

permissible limit of 250 mg/l. None of the samples exceed this limit apart from only one sample 

(40) and therefore, sample 40 can’t be considered as potable. Furthermore, the European Directive 

98/83 sets the following permissible limits 50 mg/l, 250 mg/l, 0.5 mg/l, 0.5 mg/l and 5 mg/l for 

nitrate, sulphate, nitrite, ammonium and phosphorous pentoxide, respectively. In this study, none of 

the groundwater samples exceed the above limits. Generally, the quality of groundwater concerning 

the above parameters renders the water potable. 

5. Conclusions 

Hydrochemistry reveals that the cation abundance follows this order Ca2+ > Na+ > Mg2+ > K+ except 

for some groundwater samples where Na+ prevails over Ca2+ and just one case where the order 

changes to Mg2+ > Na+ > Ca2+ . The order of the anion abundance is HCO3
- > Cl- > SO4

2- except for 

some samples where Cl- prevails over HCO3
-. The majority of groundwater samples (69%) is also 

represented by the Ca-Na-HCO3-Cl type. According to the concentrations of TDS, the samples can 

be characterized as fresh waters, apart from one case (40), which is slightly brackish. The hardness 

of samples range from moderately hard to hard, with a limited number of samples which have low 

and very high hardness. The sources of NaCl are originated from rain and sea spray aerosol. At the 

northern section of the island, the concentrations of silica and magnesium increase from peridotites 

and serpentinites. The combination of ratios Mg2+ / (Mg2++Ca2+) and Mg2+ /Ca2+ indicates the less 

prominent weathering of the silicates, while the ratio of HCO3
-/(HCO3

-+SO4
2-) signifies a weathering 

from carbonic acid in these waters. Also, the ratio Na+/ (Na+ + Cl-) doesn’t indicate an incongruent 
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dissolution of albite, but it indicates that sodium mainly comes from the sea spray aerosols. 

According to Durov plot, the samples are distinguished into two groups of groundwaters. The first 

group showed that these groundwaters are characterized as fresh recharge waters which incur a 

phenomenon of cation exchange (Ca-HCO3 → Mg-HCO3). The second group of samples is affected 

from the sea aerosols and it incurs a phenomenon of reverse ion exchange. Finally, the groundwater 

of springs can be considered as suitable for drinking, according to the major ions and the other 

elements, which are associated with the agricultural activities, the drain cesspools and the animal 

husbandry. 
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Abstract 

Sound groundwater resources management is a matter of paramount importance in 

Circum-Mediterranean, for the ecologic status of the underlying aquifer systems. 

Freshwater resources in Greece are identified within all types of aquifer formations, 

however two distinct types are the ones that draw the attention of the scientific and 

the engineering community; the granular as well as the karst aquifers. This paper 

describes the groundwater resources potential that are found within granular aquifer 

formations, in combination with the major environmental threats associated with their 

exploitation and management. 

Keywords: granular aquifers, karst aquifers, groundwater management, Greece. 

Περίληψη 

Η ορθή διαχείριση των υπόγειων υδατικών πόρων στην ευρύτερη περιοχή της 

Μεσογείου, αποτελεί τη βασική προϋπόθεση για την καλή οικολογική κατάσταση των 

υπόγειων υδροφόρων συστημάτων. Στην Ελλάδα, παρόλο που οι υπόγειοι υδατικοί 

πόροι εντοπίζονται σε ένα ευρύ φάσμα υδροφόρων σχηματισμών, η περίπτωση των 

κοκκωδών και των καρστικών υδροφορέων αποτελούν τα συνηθέστερα αντικείμενα 

διερεύνησης. Η παρούσα εργασία πραγματεύεται την οικολογική κατάσταση των 

βασικότερων κοκκωδών υδροφόρων συστημάτων στην Ελλάδα, αναλύοντας 

παράλληλα τα βασικά περιβαλλοντικά προβλήματα που σχετίζονται με την 

εκμετάλλευση και τη διαχείρισή τους. 

Λέξεις κλειδιά: Κοκκώδεις υδροφορείς, καρστικοί υδροφορείς, διαχείριση υπόγειων 

υδατικών πόρων, Ελλάδα. 

1. Introduction 

Sound groundwater resources management is a matter of paramount importance in Circum-

Mediterranean, for the ecologic status of the underlying aquifer systems. Freshwater resources in 

Greece are identified within all types of aquifer formations, however two distinct types are the ones 

that draw the attention of the scientific and the engineering community; the granular as well as the 

karst aquifers. This paper describes the groundwater resources potential that are found within 

granular aquifer formations, in combination with the major environmental threats associated with 

their exploitation and management. 
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2. Aquifer systems in Greece and GW management 

Daskalaki and Voudouris (2008), in their review for the groundwater quality of porous aquifers in 

Greece, identify the following geological formations: (a) Neogene (silt, marl, sandstone, and 

conglomerates) and Quaternary deposits; that cover about 30% of Greece; (b) Carbonate formations, 

that cover 35% of the total area, mainly in central, western and southern parts of Greece; and (c) 

Impermeable formations (flysch, metamorphic and volcanic rocks, ophiolite, etc.). 

 

Figure 1 - Extent of granular aquifers in Greece (annotation is based on manuscript sections). 

The same authors (Daskalaki and Voudouris, 2008) analyse that water needs are mainly met by 

groundwater abstracted from the aquifers via numerous wells and boreholes (~300,000 for the whole 

of Greece). 
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2.1. Granular aquifer systems of NE Greece 

2.1.1. Granular aquifers of Rhodope 

The most important aquifers of Rhodope are the unconsolidated hydrogeological systems of (i) River 

Kompsatos alluvial cone, (ii) the coastal aquifer system of Porpi, and (iii) the aquifer of N. 

Sidirochori.  

The Kompsatos alluvial aquifer has an area of app. 140 km2, has a combined thickness of 80 to more 

than 150 m, while a sequence of alternations of fine-grained sediments of low permeability and 

coarse grained sedimentary deposits of various permeability constitutes the base of it (Petalas, 2013) 

and the hydraulic conductivity ranges from 0.4 to 2,870 m/day, averaging about 841 m/day. 

The main geological formations of  Porpi aquifer system are: (1) mudstones, sandstones, 

conglomerates and clays (which compose the upper geological formation responsible for the 

confined conditions of the aquifer system); (2) coarse-grained alluvial deposits (which compose the 

main aquifer layer); and finally, (3) the basement of the entire hydrogeological system which is 

composed of a grey-green clay layer (Kallioras et al., 2006a; Kallioras et al., 2006b; Kallioras, 2008; 

Recinos et al., 2015). The aquifer system suffers from seawater intrusion due to overpumping, while 

groundwater flow modeling applications (Kallioras et al., 2010) have shown that the system is under 

a negative hydrologic balance. Recent studies of Pisinaras et al. (2010), have also shown that due to 

irrigation practices with groundwater of degraded quality, the area of Porpi appears to face problems 

of soils salinization as well. 

The aquifer system of N. Sidirohori, consists of a top silt layer (2-4 m thick) followed by alternating 

layers of fine and coarse sand and gravels (50-100 m thick), lying on a relatively thick layer of silt 

and greenish gray clay of the upper Miocene age, namely, the bedrock of the system (Pisinaras, et 

al., 2007a). This aquifer system suffers also from seawater intrusion, mainly caused by overpumping 

for irrigation purposes. 

2.1.2. Granular aquifer system of R. Kosynthos 

The unconsolidated aquifer system of  R. Kosynthos involves three main geological formations 

(Pliakas, 1998): (i) the upper formation, 8–80 m in thickness, of low permeability, consisting of 

clayey sand which interchanges at certain locations with gravel sand of small thickness, (ii) the 

intermediate aquifer formation, 10–70 m in thickness, consisting of permeable gravel sand, 

considered as a shallow confined aquifer, in some locations changing to semi-confined aquifer, (iii) 

the lower impermeable formation consisting of clayey silt in depth of 30–90 m. In the past, a series 

of artificial recharge application took place (Pliakas et al., 2005) as a countermeasure to 

overexploitation conditions for irrigation purposes, while the groundwater flow models were 

developed to investigate future scenarios for the optimization of the aquifer system in question 

(Pliakas et al., 2005; Pisinaras et al., 2013). 

2.1.3. Granular aquifer system of R. Nestos delta 

The eastern delta of R. Nestos includes a coastal multi-aquifer system composed of a phreatic and a 

semi-confined aquifer layer underneath, both being recharged by the river and both being in 

hydraulic connection to the sea (Gkiougkis et al., 2015), extending to 176.4 km2, from which the 

106 km2 are cultivated (only 60%), while the coastal saline uncultivated lands extend to 45 km2. 

Recent vulnerability assessment studies (Pedreira et al., 2015) have shown that this coastal aquifer 

experiences low to moderate groundwater vulnerability to agrochemical contaminants, as well as 

moderate to high vulnerability to seawater intrusion. 

2.1.4. Granular aquifer of Drama  

The Drama basin is a tectonic graben located in the western part of Rhodope Massif (Panilas and 

Kallergis, 1997; Panilas, 1998). This sedimentary sequence -where metamorphic and igneous rocks 

constitute its basement and geologic/hydrogeologic boundaries- consists mainly of the following 
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formations from older to younger (Panilas et al., 2008): (i) Fluvial and lacustrine sediments 

deposited during the Miocene and Pliocene, (ii) Terrestrial and fluvial sedimentation deposited 

Upper Pliocene to Middle Pleistocene, (iii) Lacustrine and telmatic sedimentation became dominant 

in the central part of the basin after the Middle Pleistocene, (iv) Holocene age deposits cover the rest 

of the plain, consisting of terrestrial alluvial sediments such as conglomerates, loams, talus cone 

deposits and peat accumulation in the Philippi sub-basin. This system has a negative groundwater 

hydrologic balance due to the overexploitation of the aquifers resources. 

2.2. Granular aquifer systems of N. Greece 

2.2.1. Granular aquifer system of Thessaloniki region 

Thessaloniki plain which is located within the basin of Loudias is expanded to the west until the 

lower part of Aliakmonas River, to the east until Axios River and to the north until the city of Edessa. 

The basin of Mygdonia is also a very productive aquifer system that suffers from overexploitation 

during the last decades. Since this aquifer is hydraulically connected to Lake Koronia, the decline 

in groundwater levels of the aquifer led to a dramatic decline in the water capacity of the lake. 

Manakou et al. (2013) report that over the last four decades Lake Koronia, part of the Mygdonia 

Basin, operates under a negative water balance due to poor resource management and planning 

decisions, experiencing a pronounced ecosystem degradation over the past 30 years associated with 

water level reduction and nutrient loading from agricultural and industrial activities. The eastern and 

western basins of Axios River show also quite high groundwater resources potential that is 

exploitated mainly for agricultural purposes. Recent reports (Min Dev, 2003), mention that the 

estimated groundwater resources of all the above granular systems of Thessaloniki count up to 

1,260hm3. 

2.2.2. Granular aquifer system of Western Macedonia Region 

The groundwater resources of the granular unconsolidated aquifer systems of western Macedonia 

Region, show much lower groundwater potential than the karstified aquifer systems; since the total 

estimated groundwater reserves within these formations is less than 280 hm3. More specifically (Min 

Dev 2003) the units of Katerini; Upper part of Aliakmonas River-Ptolemaida-Florina; Almopia; and 

Lower part of Aliakmonas River have 115hm3, 70hm3, 63hm3 and 30hm3. 

2.3. Granular aquifer systems of Central Greece 

2.3.1. Granular aquifer system of Thessaly 

Kallergis (1970) presents the granular aquifers by reporting: (i) Western Thessaly that includes the 

alluvial aquifer systems of Pinios-Portaikos-Pamisos and Sofaditis; and (ii) Eastern Thessaly that 

includes the alluvial aquifers of Tyrnavos and Karla. 

According to recent reports (Min Dev 2008), the total groundwater abstraction that took place during 

the period 1974-1994 is estimated at 1000 hm3, while 800 hm3 mainly involve the period 1984-1994, 

fact which led to a water table depletion that has reached even 100m. 

2.3.2. Granular aquifer system of Sperchios valley 

Lithologically, Sperchios basin can be divided in three units: a) W boundaries, where flysch and 

clastic formations of Pindos unity are present, b) E boundaries, where limestone, ophiolites and 

schist-crest formations of Parnassos – Giona zone are present, c) S-SE boundaries, where the 

limestones of Parnassos – Giona zone is the dominating formation (Psomiadis E., 2010).The central 

part of Sperchios basin is covered by Quaternary formations, which consist of river and land deposits, 

such as clays, sands, conglomerates, detrital cones, stream deposits and breccia, whose composition 

and spreading depend on the adjacent or subjacent older formations (IGME, 2010a). The granular 

aquifer (alluvial and neogene deposits) has a thickness that reaches 300m, while the limestones and 

ophiolites of the area form the basement of this aquifer layer. Apostolopoulos (1993) quotes that 

further east from Ipati, in the area of the thermal fields, it increases from 600 to over 2,500 m under 
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the Maliakos gulf. Stathopoulos et al. (2013) provide description on the water quality and the 

ecological status of the aquifer system within the alluvial valley of Sperchios, where it is distinct 

that typical contamination accurs in the groundwaters of the area. More specifically, the coastal part 

of the granular aquifer suffers from seawater intrusion due to quantitative degradation of the 

groundwater potential in the upstream part of the coastal zone. Additionally, high concentrations of 

nitrate loads were measured in several wells, which can be attributed to either point contaminant 

sources (uncontrolled landfills and untreated wastewater disposal) or diffuse contaminant sources 

such as extensive use of fertilizers and agrochemicals. Stathopoulos et al. (2013) also report the 

presence of salt accumulation within the delta area of Sperchios, which might lead to soil intense 

salinization and probably desertification. 

2.3.3. Granular aquifer system of B. Cephissus valley 

The granular aquifer system which is formed within the alluvial valley of B. Cephissus is mainly 

represented by the plain of Kopaida, which is the lower hydrogeological sub-basin of the valley 

(detailed analyzed in §4). It is hydraulically connected with the median route of Viotikos Kifisos 

basin (from W) and with mountain Elikonas (from S), which are the main sources of groundwater 

recharge (Tziritis, 2008; Tziritis, 2010). 

2.4. Granular aquifer systems of Attica 

The region of Attica, which covers the metropolitan area of Athens and the suburbs, is mainly 

composed of two types of aquifer formations, granular and karstic. Koutsoyiannis et al. (2008) 

provide information on the general characteristics of the underlying aquifers, together with 

information on the geographical location of the groundwater discharge if these systems. 

2.4.1. Granular aquifer system of Kifisos (Attica) 

The alluvial aquifer of Kifisos (Attica) is highly urbanized, fact which greatly influences the 

recharge through infiltration. On the other hand, the aquifer is not significantly exploited, except 

from some minor abstraction locations for limited water uses. The quality of the groundwaters 

though is rather degraded, mainly due to point source pollution, with nitrate loas being the major 

contaminant (exceeding even 500mg/L according to Min Dev, 2003). At locations where there are 

industrial activities, the water shows high concentrations of heavy metals (mainly Zn). 

2.4.2. Granular aquifer system of Mesogeia 

The aquifer system of Mesogeia is a rather interesting granular aquifer system that is highly 

influenced from the radical changes in land use during the last 15years. The area was mainly 

agricultural (vineyards and olive trees being the most dominant cultivation type), and only a small 

part of it was urbanized (app. 25-20%). However, due to the expansion of the metropolitan area 

towards Mesogeia -in combination with the construction of the International Airport of Athens- the 

area is now almost 80% urbanized. This abrupt change has also effected the quality of the 

groundwaters of the area. Before the urbanization period, the major contaminants of the aquifer were 

point and diffuse source of nitrate loads (mainly of agricultural origin and disposal of untreated 

sewage) as well as chlorides from seawater intrusion. At present, the high levels of Ni, Cr, Co, Mn 

and Fe in agricultural soils are associated with geological parent materials whereas Pb, Zn and Cu 

mainly originated from anthropic activities (Kaitantzian et al., 2013). 
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Figure 2 - Extent of granular aquifers in Attica. 

2.4.3. Granular aquifer system of Thriasio 

Thriasian plain aquifer is a typical coastal Mediterranean aquifer system of alluvial deposits, subject 

to overexploitation. Main aquifer contaminants are considered to be nitrates and chlorides mainly 

due to untreated wastewater disposal and/or agrochemical contamination for the former; and 

seawater intrusion for the latter. 

2.4.4. Granular aquifer system of Megara 

Megara is also a typical case study for a coastal alluvial aquifer system that suffers from both nitrate 

contamination (same pollution sources as in the case of Thriasian plain) and seawater intrusion (high 

concentrations of chlorides). 

2.5. South and Eastern Peloponesse 

2.5.1. Granular aquifer system of Argos 

The plain of Argos, southern Greece, is perhaps the first region in Greece where the phenomenon of 

seawater intrusion in groundwater was noticeably observed by late fifties. This fact has motivated 

the collection and processing of numerous of pertinent data, which particularly concern the detailed 

monitoring of the evolution of the phenomenon. The saline front has already affected the southern 

and central part of the plain while another saline body has appeared along the northeastern part of 

the plain within the limestone aquifers of Monastiraki, Manesi and Midea villages (Giannoulopoulos, 

2000). 

2.5.2. Granular aquifer system of Evrotas 

River Evrotas flows through the valley of Lakonia (length of river-course app. 82km), where the 

city of Sparta is located, and is bounded by Taygetos and Parnonas, whereas its catchment area is 

app. 1875km2 (Angelidis et al., 1995). Within this part of Evrotas basin, a granular aquifer system 
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is developed, which is mainly phreatic and semi-confined at certain parts (Karalemas, 2012), 

suffering from long term anthropogenic activities (Angelidis et al., 1996) that deteriorate its 

groundwater resources. Typical quality issues deal with both surface- and ground-water resources 

of the area, such as seawater intrusion, disposal of untreated wastewater and contamination from 

agrochemicals due to extensive agricultural activities. 

3. Conclusions 

Granular aquifer systems in Greece are subject to: (i) quantitative deterioration as a result of intense 

exploitation for agricultural activities as well as (ii) qualitative degradation mainly due to 

unmanaged use of agrochemicals, disposal of untreated (or not properly treated) wastewater and 

seawater intrusion. 

It is now evidenced that all coastal granular aquifers suffer from seawater intrusion, while in many 

cases (e.g. aquifer systems of Thessaly) the depletion of the water table has reached 100m. Main 

groundwater uses for the above case is agriculture, however, cases are also related to mining 

activities. 

Alluvial aquifers that are formed within major river basins (e.g. Pinios, Sperchios, B. Cephissus) 

mainly suffer from increased nitrate concentrations, due to intensive agricultural activities that occur 

within their boundaries. 
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Abstract 

Ampelia area is a newly discovered area with geothermal interest and no surface 

manifestations (hidden resource). It is located in Farsala basin and belongs to the 

Enipeas graben. The geothermal anomaly is related with the E-W trending faults, 

which mainly control the basin development and the NNW-SSE trending faults of the 

area. The temperature values from the deep water boreholes (>200m depth) range 

from 20 to 41oC. The chemical composition of the studied groundwater samples varies 

in all chemical parameters. Most of the samples have affected by shallow cold 

aquifers (high E.C. and NO3
- values). The most representative samples (T > 30oC) are 

from the deepest boreholes (hydrochemical type Na-HCO3), which cut the fractured 

crystalline basement, i.e. limestones, flysch and ophiolitic rocks. They present the 

highest pH values (pH > 8) and the lowest E.C. compared with the rest of the samples. 

Their Ni and Cr concentrations are very low, indicating that the groundwater is not 

in contact with the ultramafic rocks from the ophiolite sequence. According to silica 

chemical geothermometers for the most representative samples, the expected 

temperature values of a potential geothermal reservoir range from ~ 60 to 100oC. 

Keywords: geothermal energy, hot groundwater geochemistry, trace element and ion 

concentration, Eastern Thessaly, Greece. 

Περίληψη 

Η περιοχή της Αμπελίας είναι μια νέο-ανακαλυφθείσα περιοχή, η οποία παρουσιάζει 

γεωθερμικό ενδιαφέρον, χωρίς να παρουσιάσει επιφανειακές γεωθερμικές εκδηλώσεις. 

Εντοπίζεται στη λεκάνη των Φαρσάλων και ανήκει στο τεκτονικό βύθισμα του Ενιπέα. 

Η γεωθερμική ανωμαλία συνδέεται με τα ρήματα διεύθυνσης Α-Δ, που ελέγχουν την 

δημιουργία της κοιλάδας και τα διασταυρούμενα σε αυτά ρήγματα διεύθυνσης ΒΒΔ-

ΝΝΑ. Οι θερμοκρασίες από τις βαθιές γεωτρήσεις (> 200 μ) κυμαίνονται από 20 έως 

41oC. Η χημική σύσταση των δειγμάτων παρουσιάζει έντονες διαφοροποιήσεις. Τα 

περισσότερα δείγματα έχουν επηρεαστεί από κρύους επιφανειακούς υδροφόρους 

(υψηλές τιμές E.C. και NO3
-). Τα πιο αντιπροσωπευτικά δείγματα με T > 30oC 

προέρχονται από βαθιές γεωτρήσεις που αναπτύσσονται και μέσα στο τεκτονισμένο 

κρυσταλλικό υπόβαθρο (ασβεστόλιθοι, φλύσχης, οφιολιθικά πετρώματα). Τα δείγματα 

αυτά παρουσιάζουν τις υψηλότερες τιμές pH (pH > 8) και τις χαμηλότερες τιμές E.C. 

Επίσης, παρουσιάζουν πολύ χαμηλές συγκεντρώσεις Ni και Cr, ενδεικτικό ότι δεν είναι 

σε επαφή με τα υπερβασικά πετρώματα των οφιολιθικών σχηματισμών. Βασιζόμενοι σε 
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πυριτικά χημικά γεωθερμόμετρα και εστιάζοντας κυρίως στις τιμές των πιο 

αντιπροσωπευτικών δειγμάτων εκτιμάται ότι η θερμοκρασία ενός πιθανού γεωθερμικού 

ταμιευτήρα στην περιοχή πρέπει να κυμαίνεται από ~ 60 έως 100oC. 

Λέξεις κλειδιά: γεωθερμική ενέργεια, γεωχημεία θερμών υπόγειων νερών, 

συγκεντρώσεις ιχνοστοιχείων και ιόντων, Ανατολική Θεσσαλία, Ελλάδα. 

1. Introduction 

In the next decades, the demand for energy could double or even triple as the global population rises 

and developing countries expand their economies. This increase coupled with continued demand for 

the same, limited natural resources will cause significant increase in consumption of energy. All life 

on Earth depends on energy and the cycling of carbon. Affordable renewable energy resources are 

essential for economic and social development as well as food production, water supply availability 

and sustainable healthy living (Glassley, 2015). 

That huge demand for energy could be covered by the renewable energy resources, which at the 

same time have low CO2 emissions. One of them, which Greece is blessed to have in several places 

due to its geological setting, is the geothermal energy. The high deformation rate of the Aegean area, 

the combination of magmatic and volcanic processes as well as intense tectonic activity which 

results in active fault systems, favour the rise of deep hot waters that in many times discharge at the 

surface as hot springs. In these cases, the areas with geothermal interest are easy to be discovered, 

by finding hot springs or/and boiling mud pot or/and fumaroles. However, there are many 

geothermally interesting areas that have little or no surface expression (hidden resources). 

The Institute of the Geological and Mineralogical Exploration (IGME) since 1970`s, based on the 

first systematic study of all known Greek hot springs (Orfanos, 1975; Gioni, 1983; Sfetsos, 1988 

etc.), has started to explore different areas of Greece in order to find potentially interesting areas for 

geothermal energy with no surface manifestations (Taktikos, 1985). One interesting province is 

Eastern Thessaly, in which there are several areas with hot and mineral springs e.g. Smokovo, 

Soulanta, Kaitsa and Ekkara. Recently, five new areas were identified to be potentially interesting 

for geothermal energy i.e. Paschalitsa, Nees Karies, Ampelia, Microthives and Paliouri (hidden 

resources; Fig.1). Paschalitsa and Nees Karies have explored from IGME with deep boreholes 

(Xatzis, 2001). The hydrogeology of Farsala basin was studied by Mariolakos et al. (2001a, 2001b). 

Stamatis et al. (2007) made the first attempt to evaluate the origin and quality of Ampelia thermal 

groundwaters. 

The aim of this paper is to present the results of geothermal research of Ampelia area (Eastern 

Thessaly, Greece); which is a newly discovered area with geothermal interest and no surface 

expression and assess the hydrochemical characteristics and geothermometry applications of the hot 

groundwater of the area. 

2. Geological and hydrological setting 

Ampelia area is located in Eastern Thessaly, in the central part of Greece. The study area lies 

between the following coordinates X: 364000E, Y: 4356000N and X: 379000E, Y: 4344000N 

(EGSA `87). It is characterized by smooth topography and lowland areas. 

Eastern Thessaly belongs geologically to the Sub-Pelagonian geotectonic zone (Aubouin, 1959; 

Mpornovas et al., 1969; Katsikatsos et al., 1983; Mountrakis, 1986). The study area is located in 

Farsala basin which is part of the Western Thessaly basin (Fig. 1) and consists of flysch (Upper 

Cretaceous age), karstified limestones (Upper Cretaceous), ophiolitic rocks including serpentinites, 

dunites, peridotites; in Farsala area occur pillow lavas and some ultrabassic intense serpentinised 

formations and schists (southern part of Farsala Basin, Mpornovas et al., 1969, 1964; Katsikatsos et 

al., 1983). Large parts of Eastern Thessaly are covered by Post Alpine formations i.e. Holocene 

deposits, Neogene formations and Plio-Pleistocene terrestrial deposits and layers of lignite 
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(Giakkoupis, 1995; Dimitriou and Arapogiannis, 2000, Fig. 1). The Post Alpine formations have 

been detail described by Giakkoupi, 1995. The tectonic structure of the study area is characterized 

by E-W trending faults, which mainly control the basin development and by NNW-SSE trending 

faults. Ampelia area belongs to the Enipeas graben. The sediments are mainly Holocene alluvial 

sands and Pleistocene terrestrial. The alpine basement is formed by flysch, Cretaceous limestone 

and ophiolitic rocks. The morphology of the top of the basement is controlled by the neotectonic 

activity, expressed by large folds with axis direction NE-SW as well as by E-W and NW-SE striking 

faults (Spyridonos et al., 2002). 

Mariolakos et al. (2001a, 2001b) and Stamatis et al. (2007) describe the presence three different 

aquifers in the study area. One unconfined aquifer of important potentiality is developed in the 

unconsolidated deposits of the basin and suffers from overexploitation due to the supply of the 

irrigation needs of the area. The thickness of the unconsolidated deposits ranges from a few meters 

eastern of the basin to a few ten meters westwards, to more than 200 m in the central and northern 

parts of the basin, particularly within the tectonic graben (Mariolakos et al., 2001a, 2001b). 

Groundwater flows from the east to the west parts of the basin. Another karst aquifer of important 

potentiality is developed within the karstified carbonate formations. The major karst springs of the 

region, such as Vrisia and Chtouri springs, located west of the Farsala city, are fed from the 

carbonate formations of Narthakio and Filio Mountain in the west part of the basin (Mariolakos et 

al., 2001a, 2001b). The carbonate masses developed in the east part of the basin probably feed 

laterally the unconsolidated formations of the basin. Also, an aquifer of low potentiality is developed 

in the fractured crystalline formations. The discharge of the deep boreholes in the ophiolitic rocks 

does not exceed 30 m3/h. Within the Neogene sandy and carbonate horizons an aquifer of low 

potentiality also occurs. The discharge of the boreholes, when the formation thickness and structure 

are favourable, reaches the 20-30 m3/h. 

3. Materials and methods 

3.1. Groundwater sampling and analysis 

After measuring the water temperature of several irrigation boreholes of the area, 12 groundwater 

samples were collected from irrigation wells with the highest temperature values (Table 1, Fig. 2). 

Unstable parameters such as, pH, Temperature, Electrical Conductivity (E.C.) were measured in the 

field. All the samples were vacuum filtered, acidified to a final concentration of 2% nitric acid, 

stored in polyethylene bottles and preserved in a refrigerator. 

All the 12 water samples were analyzed in the Laboratories of Institute of Geological and 

Mineralogical Exploration (I.G.M.E.). The major element and anion concentrations were measured 

using spectrophotometer, or/and titration or/and Atomic Absorption Spectroscopy (AAS) or and 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (Table 2). The trace 

element concentrations were measured using Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS) (Table 2). 

ArcGIS software was used to create a digital geological map of the greater area of Eastern Thessaly 

(scale 1:70,000, Fig. 1). This map is based on the published geological map of scale 1:1,000,000 

(Mataragkas et al., 2000). A spatial database was developed in ArcGIS; physicochemical parameters 

and elemental concentrations were linked to the sampling points and were used in order to create 

the probability map of temperature using the Surfer software (Fig. 2). 
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Figure 1 - Simplified geological map of eastern Thessaly (Mataragkas et al., 2000), presenting 

areas with hot and mineral springs and areas which are potentially interesting for 

geothermal energy data. 
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Table 1 - Samples locality, physiochemical parameters, hydrochemical type and chemical geothermometers. 

Code Locality Lon.*1 Lat.*1 
Depth T 

pH 
TDS*2 EC Hydrochemical 

Chemical geothermometers 

Qtz*3 Chalcedony*3 Na-K-Ca*4 
(m) (oC) (mg/lt) (mS/cm) type 

GTHES-001-D01 Ampelia 369248.59 4352419.58 410 41 8.1 310 458 Na-HCO3 105 75 41 

GTHES-006-D03 Ampelia 369552.34 4352218.85 235 35 8.6 305 393 Na-HCO3 99 68 45 

GTHES-036-D04 Ampelia 368347.00 4351854.00 - 22 7.1 770 1145 Ca-Mg-Na-HCO3-NO3 76 45 5 

GTHES-037-D05 Stefania 369243.00 4353410.00 300 23 7.6 430 651 Ca-Na-HCO3 63 31 107 

GTHES-045-D08 Ampelia 368420.00 4352254.00 120 22 7.6 540 809 Ca-Mg-Na-HCO3 71 39 14 

GTHES-046-D11 Ampelia 369854.46 4351525.20 120 23 7.2 1100 1575 Ca-Mg-Na-HCO3-Cl-SO4 71 39 26 

GTHES-058-D12 Mnimata 369100.73 4349245.65 300 26.3 7.6 570 857 Na-HCO3-Cl 68 36 29 

GTHES-060-D19 Mnimata 368415.29 4348989.36 - 29.5 7.6 417 700 Ca-Mg-Na-HCO3-SO4 55 23 29 

GTHES-070-D16 Kastro 372664.00 4349467.00 300 25.1 7.4 389 620 Ca-Mg-HCO3 88 58 103 

GTHES-095-D17 Ampelia 366831.00 4351721.00 120 17.4 7.3 626 995 Ca-Mg-HCO3 - - - 

GTHES-098-D18 Ampelia 368828.00 4351353.00 150 23.5 7.0 718 1180 Ca-Mg-HCO3-Cl 77 46 204 

GTHES-093-D-14 Ampelia 368813.00 4350863.00 200 30.3 8.3 304 510 Na-HCO3-Cl 57 25 35 

 * = Geographical coordinates are in EGSA `87, ** = Measured at the laboratory, *3 = Foumier 1977, *4 = Foumier 1979 

Table 2 - Concentrations of major anions and trace elements (in mg/L). 

Sample Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

2- NO3
- NH4

+ NO2
- SiO2

- Li Cr Ni F B Fe Sr Ba Al Br As Cu Hg U 

 mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
GTHES-001-D01 8.9 4.1 87.8 0.9 209 27.7 19.3 1.86 0.216 0.41 53.2 <5 <5 <5 320 1900 90 55 27 17 - <5 <5 <0,5 <5 

GTHES-006-D03 9.7 4 91 1.1 178 23.8 22.8 bld 0.537 0.175 46.7 7 10 <5 580 5400 88 50 29 34 - <5 <5 <0,5 <5 

GTHES-036-D04 89.2 64.3 63.1 0.96 420 70.9 66.7 161 <0.05 <0.05 27.7 23 <5 <5 668 23 21 790 7 11 890 <5 14 <0,5 <5 

GTHES-037-D05 31.6 14.5 99 2.55 354 28.4 22.3 5.8 <0.05 <0.05 19.9 15 <5 <5 552 165 18 190 8 ,5 470 <5 6 <0,5 <5 

GTHES-045-D08 68.1 41.3 52.9 1.34 404 39 26.6 33.5 <0.05 <0.05 24.1 22 <5 <5 430 53 190 495 24 104 - <5 8 <0,5 <5 

GTHES-046-D11 100.6 99.71 104 2.34 566 145.4 191 18.8 <0.05 0.218 24.1 57 <5 18 724 114 2020 903 150 500 1550 <5 73 <0,5 <5 

GTHES-058-D12 28.9 19 139.3 1.07 323 94 49.1 3.9 <0.05 <0.05 22.3 18 <5 <5 505 166 2950 167 138 36 1130 9 8 <0,5 <5 

GTHES-060-D19 36.4 27.4 73.8 1.5 255 44.3 72.8 19.84 0.5 0.08 15.9 13 <5 <5 620 190 200 265 40 150 600 <5 <5 <0,5 <5 

GTHES-070-D16 42.5 44.42 19 0.8 281 25.2 48.7 33.48 <0.05 <0.05 37.2 7 <5 <5 230 94 40 190 5 28 500 <5 <5 <0,5 <5 

GTHES-095-D17 96.7 53 29 0.91 391 30 88.5 109.75 <0.05 <0.05 25.5 <5 <5 6 420 33 10 220 20 18 500 <5 <5 <0,5 <5 

GTHES-098-D18 81.4 67.5 1.7 1.5 446 89 58 109.13 - - 28.4 25 <5 <5 510 65 10 720 32 12 1100 <5 7 <0,5 <5 

GTHES-093-D-14 9.39 2.2 103 0.71 195 43.6 30.9 0.62 <0.05 0.48 17 <5 <5 <5 100 650 75 34 21 31 500 <5 15 <0,5 <5 
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Figure 2 - Groundwater temperature distribution in Ampelia area, based on boreholes with 

depth >200 m. 

4. Analytical results 

4.1. Spatial distribution of temperature 

In order to visualize the spatial distribution of the hot groundwater temperature an interpolated map 

was created based on boreholes with depth >200 m, using Kriging method (Fig. 2). Kriging is a 

deterministic interpolation method that generates an estimated surface from a scattered set of points 

with z-values, in this case water temperature values. 

In Figure 2, the interpolated map reveals that the geothermal anomaly is constrained by the E-W 

trending faults, which mainly control the basin development and presents a direction N.NW-S.SE 

similar with N.NW-.SSE trending faults of the area. Also, reveals another geothermal anomaly in 

Zodochou Pigi area (NW edge of the map, Fig. 2). 
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Figure 3 - Chemical composition of groundwater samples plotted in (A) Piper trilinear 

diagram. (B) Giggenbach trilineardiagram. (C) Ludwing-Langelier diagram. (D) Schoeller 

diagram. The three samples with temperature value over 30 oC are symbolized with red 

color. 

4.2. Chemical Analysis 

The locations of the samples are presented in Figure 2 and in Tables 1 and 2 are presented the 

chemical parameters analyzed in situ and in the lab. 

All samples present temperature values over 20oC, except the sample GTHES-095-D17 which 

present temperature value 17.4oC. The GTHES-006-D03 and GTHES-093-D-14 samples present 

temperature value over 30oC and the GTHES-001-D01 over 40oC. These three samples show the 

lowest Electrical Conductivity (393-510 mS/cm) and the highest pH values (pH > 8) compared with 

the rest of the samples. 

In Figure 3A, the results of the chemical analyses were plotted in Piper diagram (Piper, 1953), in 

order to evaluate them hydrochemically and identify their hydrochemical type. The three samples 

with T > 30oC are plotted, in the Piper and Ludwing-Langelier diagrams (Langelier and Ludwing, 

1942, Fig. 3A, C) in the same area, while the rest of the samples are plotted scatter in the diagrams 
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(Fig. 3A, C). The three samples with T > 30oC have Na-HCO3 as hydrochemical type supplemented 

by Cl for the GTHES-093-D-14 (Table 1). Also, they present the lowest concentrations of Ca2+, 

Mg2+, HCO3
- and NO3

-. Even though, the chemical composition of the samples varies in all the 

measured chemical parameters; these three samples show only small variation, characteristic is the 

diagram Schoeller (Fig. 3D, Table 2). 

4.3. Geothermometry application 

Chemical geothermometers are widely used tools in order to estimate the subsurface reservoir 

temperatures in a geothermal system (Giggenbach, 1988). Geothermometers are based on the 

equilibrium of temperature-dependent reactions between minerals and the circulating fluids 

(Fournier, 1973). Three geothermometers i.e. Quartz (Fournier, 1977), Chalcedony (Fournier, 1977) 

and Na-K-Ca (Fournier, 1979), were applied to the hot groundwaters of Ampelia (Table 1). 

According to Giggenbach’s (Fig. 2B) triangle diagram all the samples are plotted between the fields 

of non-equilibrated and partially equilibrated waters, meaning that they can`t be considered 

equilibrated with minerals in the reservoir rock. For that reason, the chemical geothermometers give 

temperatures, which are diverse from one geothermometer to another and very variable between 

samples (Table 1). Another cause for that is the mixing of the hot groundwater with groundwater 

from swallower cold aquifers of the area. Therefore, the initial reservoir temperature could not be 

clearly estimated. 

The estimated temperatures of the samples GTHES-001-D01, GTHES-006-D03 and GTHES-093-

D-14 could be considered as indicative for the temperature estimation of a potential subsurface 

reservoir. Based on these three samples, the estimated temperatures by Na-K-Ca geothermometer, 

are from 35 to 45οC. That temperature range is very close to the maxima measured temperature. 

Silica geothermometers are typically inferred to reflect recent and/or shallower geothermal-reservoir 

temperatures (Fournier, 1981; Giggenbach, 1988; Ayling and Moore, 2013). For that reason, they 

are more suitable in the case of Ampelia. According to Quartz geothermometer, the calculated 

temperatures range from 57 to 105οC and based on the Chalcedony geothermometer the calculated 

temperatures range from 25 to 75οC. 

5. Discussion – Conclusions 

The study area is located in Farsala basin which is part of the Western Thessaly basin (Fig. 1). More 

specifically, Ampelia area belongs to the Enipeas graben. The sediments filling of the basin are 

mainly Holocene alluvial sands and Pleistocene terrestrial sediments. The alpine basement is formed 

by flysch, Cretaceous limestones and ophiolitic rocks (Fig. 1). The morphology of the top of the 

basement is controlled by the neotectonic activity, expressed by large folds with axis direction NE-

SW as well as by E-W and NW-SE striking faults (Spyridonos et al., 2002). 

Even though in Ampelia area, no surface expression of geothermal system exists, the temperature 

values from the deep water boreholes (> 200 m depth) range from 20 to 41oC. The Farsala Basin 

tectonic regime, combined with the existence of permeable and impermeable formations, create 

appropriate conditions for the development of an active geothermal system (Xatzis, 2001; Stamatis 

et al., 2007). The geothermal anomaly observed in the study area seems to be directly connected to 

the fractured zones by active fault system of the sub-basement formations. Based on the interpolated 

map (Fig. 2) the geothermal anomaly is constrained by the E-W trending faults, which mainly 

control the basin development and presents a direction NNW-SSE similar with NNW-SSE trending 

faults of the area. 

The chemical composition of the studied groundwater samples varies in all chemical parameters. 

Characteristic are the several different hydrochemical types of the samples (Table 1) and the 

scattered projections of them in the discrimination diagrams i.e. Piper, Ludwing-Langelier and 

Schoeller (Fig. 2A, C, D). Most of the samples have high Electrical Conductivity values (up to 1575 

mS/cm) and at the same time they present high concentrations in NO3
- (up to 109 mg/L), revealing 
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relation to the shallow cold aquifers which are affected from fertilizers. All these suggest that there 

is a mixing of the deep hot groundwater with shallower cold aquifers. 

The most representative samples of the deep hot groundwater are the samples GTHES-001-D01, 

GTHES-006-D03 and GTHES-093-D-14. These samples have temperatures over 30oC and 

especially the GTHES-001-D01 which has the highest measured temperature (41oC). It is interesting 

that all these boreholes have depth over 200 m and the deepest borehole of all (GTHES-001, 410 m 

depth) presents the highest temperature. In that borehole the main water supply originates from its 

deepest part, which is cutting the fractured crystalline basement i.e. karstified limestones, flysch and 

ophiolitic rocks. The Ni and Cr concentrations of these samples are very low, in most cases below 

detection limit, indicative that the groundwater is not in contact with the ultramafic rock from the 

ophiolite sequence. These three samples show the highest pH values (pH > 8), the lowest Electrical 

Conductivity (393-510 mS/cm) and the lowest concentrations of Ca2+, Mg2+, HCO3
- and NO3

- 

compared with the rest of the samples; indicative of the low degree of influence by the shallower 

cold aquifers which are degraded by the use of fertilizers. Characteristic is that these three samples 

show only small variation in most of the measured chemical parameters. 

According to Giggenbach’s triangle diagram (Fig. 2B) all the samples are plotted between the fields 

of non-equilibrated and partially equilibrated waters. It is also apparent that mixing of the deep hot 

groundwater with swallower cold aquifers, which have different chemistry, takes place for the 

majority of the samples. For these reasons, the resulting temperatures are different for each 

geothermometer and with large variations between samples (Table 1). However, the estimated 

temperatures for the samples GTHES-001-D01, GTHES-006-D03 and GTHES-093-D-14 from the 

silica geothermometers could be used as indicative for the estimation of the temperature a potential 

subsurface geothermal reservoir. According to their geothermometric estimations, the expected 

temperature values of a potential geothermal reservoir range from ~ 60 to 100οC. 

Many questions remain unanswered about the geothermal potential of Ampelia area e.g. about the 

underground circulation of the hot water; about the related reservoir etc. A systematic geothermal 

deep drilling project, will give valuable information concerning the geothermal potential of the 

region and it will help the economic development of the area. 
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Abstract 

In Edipsos area many hot springs occur, as a result of both active tectonic of the area 

and recent volcanism (Lichades volcanic center). A geochemical study of Edipsos hot 

groundwaters was undertaken, in order to assess the hydrochemistry of hot springs 

from Edipsos and re-evaluate the geothermal situation of the area. For that purpose, 

12 water samples were collected and analyzed by Spectrophotometry for the main 

ions and by AAS, ICP-OES and ICP-MS for major and trace elements. The 

interpretation of the analytical data showed that the geochemistry of Edipsos hot 

groundwaters is controlled by three factors i) a deep magmatic source, ii) the 

chemical composition of the local rocks (ultramafic and carbonates) and iii) sea 

water. The application of chemical geothermometers is problematic because of the 

chemical composition of the hot groundwaters and especially the high participation 

of the sea water. The temperature which derives from the use of Na-K-Ca 

geothermometer is greater than 160°C. Although, several studies have conducted in 

the area still remain unanswered questions concerning the underground circulation 

of the hot groundwater, in which only deep drilling data could give answers. 

Keywords: geothermal energy, groundwater geochemistry, major and trace element 

concentration, Edipsos (Aidipsos), NW Euboea (Evia). 

Περίληψη 

Στην περιοχή της Αιδηψού υπάρχει πληθώρα θερμών πηγών, σαν αποτέλεσμα των ενεργών 

τεκτονικών διεργασιών και της σχετικά πρόσφατης ηφαιστειότητας  (ηφαιστειακό κέντρο 

Λιχάδων) της περιοχής. Στα πλαίσια της παρούσας μελέτης πραγματοποιήθηκε γεωχημική 

έρευνα των υπογείων θερμών νερών της περιοχής, με σκοπό να αξιολογηθεί το γεωθερμικό 

δυναμικό. Για τον σκοπό αυτό 12 δείγματα θερμών νερών συλλέχθηκαν και αναλύθηκαν 

με φασματοφωτομετρία για κύρια ιόντα και με AAS, ICP-OES και ICP-MS για κύρια 

στοιχεία και ιχνοστοιχεία. Από την επεξεργασία των αποτελεσμάτων διαπιστώθηκε πως ο 

χημισμός των υπόγειων θερμών νερών της Αιδηψού ελέγχεται από 3 παράγοντες: α) μια 

βαθιά μαγματική πηγή, β) την χημική σύσταση των περιβαλλόντων πετρωμάτων (π.χ. 

υπερβασικά πετρώματα και ασβεστόλιθοι) και γ) το θαλασσινό νερό. Η εφαρμογή χημικών 

γεωθερμομέτρων πρέπει να γίνει με μεγάλη προσοχή στο εν λόγω πεδίο, εξαιτίας της 

χημικής σύστασης των θερμών νερών και κυρίως λόγω της μεγάλης συμμετοχής 

θαλασσινού νερού. Το πιο κατάλληλο χημικό γεωθερμόμετρο είναι του Na-K-Ca, βάσει του 

οποίου υπολογίστηκε ότι η θερμοκρασία ενός πιθανού γεωθερμικού ταμιευτήρα στην 
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περιοχή μπορεί να φτάνει έως τους 160oC. Παρότι πολλές μελέτες έχον διεξαχθεί στην 

περιοχή, ακόμη παραμένουν αναπάντητα ερωτήματα σχετικά με υπόγεια κυκλοφορία του 

θερμού νερού, στα οποία μόνο ένα πρόγραμμα βαθιών γεωθερμικών γεωτρήσεων μπορεί 

να δώσει απαντήσεις. 

Λέξεις κλειδιά: γεωθερμική ενέργεια, γεωχημεία υπόγειων νερών, συγκεντρώσεις 

ιχνοστοιχείων και ανιόντων, Αιδηψός, ΒΔ Εύβοια. 

1. Introduction 

In Greece occurs a large number of hot springs, which many of them are known since antiquity. The 

great number of hot springs in Greece is due to the geology of the country, which is located in the 

front line of the African - European tectonic plate collision-subduction zone. The combination of 

magmatic and volcanic processes and active fault systems favour the rise of deep waters that 

discharge at the surface as hot springs. 

Hot waters exhibit a broad range of chemical compositions, from very dilute (a few hundred parts 

per million, by weight, of total dissolved constituents) to very concentrated (solutions containing 

tens of percent, by weight, of dissolved constituents). This dissolved load can provide important 

information about the characteristics of a reservoir including its temperature, mineralogy, and 

history. However, the dissolved load can also impact in the healing properties when is used for 

spa/bathing therapies and the performance of machinery in a geothermal power plant when is used 

in heating and cooling, as well as in generating power (Glassley, 2015). 

From 1970-80`s, the Institute of Geological and Mineral Exploration in Greece (I.G.M.E.) 

performed the first systematic study on all known Greek hot springs (Orfanos, 1975; Sfetsos, 1988 

etc.). Edipsos is known since ancient times for their hot springs and their healing properties. Aristotle 

at his study with tile Meteorology (II, 8.3) attempts to explain how hot springs of Edipsos works. 

Northern Euboea’s hot springs and their depositions were studied by many researches in the past 

(Gkioni, 1998; Shimizu et al., 2005; Xatzis et al., 2008; Kanellopoulos, 2006, 2011, 2013a, 2013b; 

D`Alessandro et al., 2014; Dotsika, 2015). 

The aim of this paper is to assess the hydrochemistry of hot springs from Edipsos and re-evaluate 

the geothermal situation of the area. 

2. Geological setting 

Euboea Island is located in the central part of Greece. The study area lies between the following 

coordinates X: 416400E, Y: 4301600N and X: 418000E, Y: 4300400N (EGSA `87). The greater 

area is characterized by rocky mountainous topography and some lowland areas. 

Northwester part of Euboea Island belongs geologically to the western part of the internal 

geotectonic units of Greece, more specifically the Pelagonian and Sub-Pelagonian units 

(Mountrakis, 1986). The study area consists of non-metamorphic rocks, carbonate rocks, ophiolitic 

rocks including peridotite, gabbro, serpentinite and metamorphic rocks. Large parts of NW Euboea 

are covered by Post Alpine formations, Quaternary and Neogene age sediments (Fig. 1A). 

In the center of northern Euboea gulf the volcanogenic islands of Lichades are located (Georgalas, 

1938). They are consisted mainly of trachyandesite lava flows, dated at 0.5 Ma (Pe-Piper and Piper, 

2002). Karastathis et al. (2011) showed that there is a magma chamber, under N. Euboean Gulf, at 

7-8 km depth, using low seismic P-wave velocity values and high Poisson ratios. 

The study area is highly faulted due to extensional tectonics. A system of N.NE-S.SW and W.NW–

E.SE to NW–SE normal fault zones prevails (Vavassis, 2001; Palyvos et al., 2006). The fault zones 

are associated with the Northern Euboea graben, due to most recent (Quaternary) phase of the long-

lasting extension established in the broader back-arc area of the Hellenic arc (Mercier et al., 1989). 
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In Edipsos, thermogenic travertine deposits exist created by the local hot-springs (Kanellopoulos, 

2006; 2011; 2013a; 2013b). 

3. Materials and methods 

3.1. Field work, groundwater sampling and analysis 

A total of 12 hot groundwater samples were collected (Table 1) from springs and drills used mainly 

for spa therapy. Unstable parameters i.e. pH, Temperature, E.C. were measured in the field. 

All the samples were vacuum filtered and stored in polyethylene bottles and preserved in a 

refrigerator. Part of each sample was acidified to a final concentration of 2% nitric acid. 

All the 12 water samples were analyzed in the Laboratories of Institute of Geological and 

Mineralogical Exploration (I.G.M.E.). The major element and ion concentrations were measured 

using spectrophotometer, or/and titration or/and AAS or and ICP-OES (Table 2). The trace element 

concentrations were measured using ICP-MS (Table 3). 

During the field work, all the major hot springs of the area were spotted and record with GPS and 

in several cases photos of them were taken with a thermal camera (FLIR T640, Fig. 3). 

ArcGIS was used to create a new digital optimized geological map of the greater area of Edipsos 

(scale 1:10,000, Fig. 1). This map was based on new field observations and the published geological 

maps (Marinos et al., 1957; Katsikatsos et al.,1984) of scale 1:50 000 as well as, other detailed 

geological maps (Tzitziras, 1996; Vavassis, 2001). A spatial database was developed in ArcGIS; 

physicochemical parameters and elemental concentrations were linked to the sampling points and 

were used in order to create a temperature spatial distribution map. 

4. Analytical results 

4.1. Spatial distribution of temperature 

In order to visualize the spatial distribution of the shallow hot groundwater temperature in Edipsos, 

an interpolated map was created, based on temperature measurements from all the major hot springs 

and shallow wells (depth <40m) of the area. ArcGIS software was used and kriging interpolation 

method was applied (Fig. 1B). Kriging is deterministic interpolation method that generates an 

estimated surface from a scattered set of points with z-values, in this case water temperature values. 

Table 1 - Samples locality, physiochemical parameters, hydrochemical type and chemical 

geothermometers. 

                  Chemical geothermometers 

Code Lon.*1  Lat.*1 Locality T pH TDS*2 EC Hydroc. Qtz*3 Na-K-Ca*4 
Na-K-

Ca*4 

        (oC)   (mg/L) (mS/cm) type     (Mg cort.) 

STR-116G3 417122.1 4300593.0 Thermae Sylla 48.7 6.5 32330 46900 Na-Cl 57 158 76 

STR-114P2 417610.0 4300710.0 Skourtanioti 64.3 6.2 30875 43900 Na-Cl 60 164 36 

STR-114P4 417727.0 4300842.0 
Skourtanioti-

Ilios 
58.1 6.8 27350 39900 Na-Cl 

56 157 77 

STR-115G7 417644.1 4300818.0 Kompogianni 71.8 6.2 33365 46000 Na-Cl 56 159 76 

STR-114P8 417476.0 4301103.0 Pizou-Kapelari 60.2 6.0 32195 47100 Na-Cl 59 157 76 

STR-114P1A 417376.0 4301182.0 Thermopotamos 69.0 6.2 27400 39100 Na-Cl 56 157 77 

STR-113GA 417328.6 4300776.5 EOT-Artemis 79.6 6.2 33575 45900 Na-Cl 58 158 58 

STR-113-01 417283.2 4300846.7 EOT-Ntamaria 70.1 6.0 32530 45900 Na-Cl 59 154 59 

STR-114G20 417090.0 4301320.0 Koukoumos 82.2 6.5 33735 46200 Na-Cl 56 157 76 

STR-114P5 417561.0 4300935.0 Ai pigai 54.5 6.6 30585 43900 Na-Cl 56 158 77 

STR-114P9 417374.0 4301149.0 Papaioannou 43.9 6.4 18800 29600 Na-Cl 56 153 73 

STR-BΡ1 417628.1 4300705.3 Vrysakia 54.0 6.6 20870 31200 Na-Cl 50 160 43 
*1 = Geographical coordinates are in EGSA `87, *2 = Measured at the laboratory, *3 = Fournier 1977, *4 = Fournier 1979 
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Based on spatial distribution of the temperatures (Fig. 1B), the highest temperatures are detected 

along the major fault zones of the area and especially along the N.NE-S.SW to NE-SW and NW-SE 

directions. The temperature maxima were detected at fault intersections. 

4.2. Chemical Analysis 

The location of each sample is presented in Table 1 and in Tables 1, 2 and 3 are presented the 

physiochemical parameters analysed in situ and in the lab. In Figure 2A, the chemical analyses were 

plotted in Piper diagram (Piper, 1953), in order to evaluate them hydrochemically and identify their 

hydrochemical type. All the samples are plotted in the same areas in the Piper and Langelier-

Ludwing diagrams (Langelier and Ludwing, 1942, Fig. 2A, C) and all of them have Na-Cl 

hydrochemical type (Table 1). In Giggenbach diagram (Giggenbach, 1980, Fig. 2B) all the samples 

are plotted in the same area and characterized as partially equilibrated waters. 

Chloride and sodium are the dominant anion (up to 19570 mg/L) and cation (up to 10600 mg/L) and 

show high concentrations in all samples. The studied fluids showed high concentrations to a series 

of elements like B, Sr and Li, which could be associated with seawater. The concentrations of Na, 

Cl, K and TDS vary with the same way (Fig. 2D), suggesting common source (correlation 

coefficients >0.95). Similarly, Ni and Cu vary with the same way (correlation coefficient 0.82). 

4.3. Geothermometry application 

Chemical geothermometers are widely used tools in order to estimate the sub-surface reservoir 

temperatures in a geothermal system (Giggenbach, 1988). Geothermometers are based on the 

equilibrium of temperature dependent reactions between minerals and the circulating fluids 

(Fournier, 1973). Three geothermometers i.e. Quartz (Fournier, 1977); Na-K-Ca and Na-K-Ca with 

Mg correction (Fournier and Potter, 1979) were applied to the hot groundwaters of Edipsos (Table 

1). The resulting temperatures are presenting large variations. The most probable reason for that 

could be the large percentage of sea water in the studied geothermal fluids, as the marine solutions 

to the geothermal fluids is one of the main causes for the disturbance for the chemical 

geothermometers (Dotsika, 2015). 

Typically, the Quartz geothermometer is not affected by the seawater, but its results are too low (up 

to 60 oC; hot spring in the area present temperatures up to 82 oC). Possibly there is a mixing between 

the geothermal solution and superficial water affecting the Quartz geothermometer. The temperature 

which derives from the use of Na-K-Ca geothermometer is up to 164 °C. 

5. Discussion - Conclusions 

In Edipsos area many hot springs occur, as a result of both active tectonics of the area and recent 

volcanism (Lichades volcanic center). Their temperature is up to 82oC. The hot groundwater in 

Edipsos is circulating using the major fault system related with the Northern Euboea graben. As it 

could be seen in Fig. 1B temperature shows its maxima in NE-SW direction related with a mapped 

fault, which intersect, with the covered by the travertines, NW-SE fault system. 
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Figure 1 - (A) Geological map of the study area based on new field observations and the 

published geological maps (Marinos et al., 1957; Katsikatsos et al.,1984) of scale 1:50 000 as 

well as updated, detailed geological maps (Tzitziras, 1996; Vavassis, 2001). (B) Temperature 

distribution based on the hot springs and shallow wells of the area. 
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Table 2 - Concentrations of major ions (in mg/L). 

Sample Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

2- NO3
- NO2

- NH4
+ F- SiO2

- 

STR-116G3 1357 484 10133 354 489 18298 1450 <5.0 <0.050 0.3 4.46 13.8 

STR-114P2 1584 301 9668 330 678 17589 1050 <5.0 <0.050 0.4 4.58 16.5 

STR-114P4 1346 264 8546 294 568 15601 1000 <5.0 0.40 0.5 4.42 17.6 

STR-115G7 1675 313 10469 344 691 19006 1200 <5.0 <0.050 0.4 4.62 18.2 

STR-114P8 1620 313 9679 335 626 18722 1200 <5.0 <0.050 0.4 4.52 17.1 

STR-

114P1A 
1379 267 8551 293 593 15601 1000 <5.0 <0.050 0.6 

4.12 16.4 

STR-113GA 1650 322 10500 361 585 19290 1150 <5.0 <0.050 0.5 4.8 16.4 

STR-113-01 1642 321 10219 351 620 18722 950 <5.0 <0.050 0.4 4.7 17.0 

STR-

114G20 
1668 322 10592 363 610 19574 900 <5.0 <0.050 0.6 

4.62 16.2 

STR-114P5 1496 288 9459 321 657 17730 950 <5.0 <0.050 0.4 4.34 16.2 

STR-114P9 864 174 5980 204 598 10567 700 <5.0 <0.050 0.4 3.66 17.7 

STR-BΡ1 1079 220 6490 217 619 11843 700 <5.0 <0.050 0.3 3.42 16.3 

Table 3 - Concentrations of trace elements (in μg/L). 

Sample Li Fe Cr Mn Ni Zn Rb Ag Be Mo Cd Pb Se Co V Sb B I Sr Al As Cu Ba Hg U 

STR-116G3 1480 77 <50 270 70 <50 150 <5 <5 <10 <5 34 290 <10 100 <5 1030 580 11500 <10 72 190 130 <0,5 <5 

STR-114P2 1900 2400 <50 200 90 <50 160 <5 <5 <10 5.6 29 290 <10 100 <5 5040 550 12750 <10 97 190 200 <0,5 <5 

STR-114P4 1700 165 <50 180 80 <50 150 <5 <5 <10 <5 20 260 <10 100 <5 4670 410 11250 <10 100 180 200 <0,5 <5 

STR-115G7 2100 3170 55 160 97 <50 170 <5 <5 <10 5 22 290 <10 110 <5 5000 415 13230 <10 97 200 220 <0,5 <5 

STR-114P8 2100 1170 <50 <50 100 <50 170 <5 <5 <10 7 25 290 <10 120 <5 4900 420 13170 <10 100 205 210 <0,5 <5 

STR-114P1A 1900 520 <50 <50 83 <50 150 <5 <5 <10 <5 25 290 <10 110 <5 4470 425 11220 100 78 170 270 <0,5 <5 

STR-113GA 1360 540 <50 <50 74 <50 170 <5 <5 <10 <5 <10 340 <10 70 <5 5400 430 11300 <10 68 150 250 <0,5 <5 

STR-113-01 1370 2500 70 53 66 <50 170 <5 <5 <10 <5 <10 320 <10 73 <5 5280 415 11300 <10 68 155 240 <0,5 <5 

STR-114G20 1400 1020 <50 <50 70 <50 180 <5 <5 <10 <5 <10 310 <10 <50 <5 5160 445 620 <10 <50 85 130 <0,5 <5 

STR-114P5 1320 2900 <50 140 69 <50 170 <5 <5 <10 <5 <10 300 <10 68 <5 4750 535 10700 <10 64 140 150 <0,5 <5 

STR-114P9 860 880 <50 210 <50 <50 107 <5 <5 <10 <5 <10 200 <10 <50 <5 3700 300 640 <10 60 100 130 <0,5 <5 

STR-BΡ1 940 870 <50 160 53 <50 130 <5 <5 <10 <5 <10 210 <10 <50 <5 3650 325 790 <10 <50 100 140 <0,5 <5 
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Figure 2 - Chemical composition of groundwater samples plotted in (A) Piper trilinear 

diagram. (B) Giggenbach trilinear diagram. (C) Ludwing-Langelier diagram. (D) 

Logarithmic diagram presenting the co-varying of TDS, Na, K and Cl. 

The vast deposition of thermogenic travertines and the high Ca concentrations suggests that the hot 

groundwater at some point meet and dissolve carbonates rocks. So, the hot water enriches in Ca and 

deposits thermogenic travertine at the surface due to pressure and temperature change. 

Similarly, the co-variation and the concentrations of Ni and Cu suggesting influence of the 

ultramafic rocks from the ophiolitic sequence. Kanellopoulos and Argyraki (2013) and 

Kanellopoulos and Mitropoulos (2013) have shown that element like Ni, Cr, Cu etc. are present in 

noticeable concentrations in the soil and the cold groundwater of the greater area of NW Euboea and 

are related with the ultramafic rocks from the ophiolitic sequence. 

The high concentrations in Cl (up to 19570 mg/L), Na (up to 10600 mg/L) and in other elements that 

could be associated with seawater, combined with isotopic results (Mitropoulos and Kita, 1997; 

D`Alessandro et al., 2014; Dotsika, 2015) strongly suggests high seawater participation at the system. 
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Figure 3 - Paired views of Edipsos hot springs pictures and corresponding thermal image of 

the same area. In the right side of each thermal picture, a colour column shows the 

temperature scale corresponding to the colors. (A and B) Near the sea hot spring discharge 

and the spring plume into the sea. (C and D) Wall with several small hot spring discharges. 

(E and F) Terrestrial hot spring discharge. (G and H) Submarine hot spring discharging in 

the base of a thermogenic travertine cape and the spring plume into the sea. 
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At the same time water and gas isotopic studies (Shimizu et al., 2005; D`Alessandro et al., 2014; 

Dotsika, 2015) suggests that the hot springs of Edipsos are fed by deep parent geothermal fluid 

mixed with seawater. Possibly related with the volcanic center of Lichades and the magma chamber, 

which it has recently detected at 8 km depth (Karastathis et al., 2011). 

Geochemical study in the cold groundwaters of the area, show that the main cold aquifers are not 

affected by the hot groundwaters (Kanellopoulos, 2006, 2011; Kanellopoulos and Mitropoulos, 

2013). Suggesting that the hot reservoirs or/and the pathway of the hot groundwater, are not in 

hydraulic connection with the main shallower cold aquifers. 

The application of chemical geothermometers in Edipsos hot groundwater is problematic. The 

samples are characterized as partially equilibrated waters (Fig. 2B) and the resulting temperatures 

are presenting large variations. The high percentage of seawater participation is most probably one 

of the main reasons (Dotsika, 2015). Taking under consideration that the hydrochemical type of the 

samples is Na-Cl and the fact that Na, K and Ca alongside with Cl are the main ions, support the 

idea that Na-K-Ca geothermometer could be considered the most representative geothermometer for 

the studied geothermal fluids. According to Na-K-Ca geothermometer estimations, the expected 

temperature of a potential geothermal reservoir is up to ~160 oC. 

Therefore, the geochemical study of Edipsos hot groundwater shows that the water chemistry is 

controlled by the following three factors: i) a deeper magmatic source, ii) the chemical composition of 

the local rocks (ultramafic and carbonates) and iii) the high participation of the sea water. 

Even though several studies have been conducted in the area, the detailed underground circulation 

of the hot groundwater still remains vague. Does the hot groundwater rise from greater depths using 

the dominant faults of the area, or is there a reservoir in the broader area, possibly in carbonate 

rocks? In that case which is the temperature of the geothermal fluid in the reservoir? A systematic 

geothermal deep drilling project could give the answers. 
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Abstract 

Two of the most well known historical landslide occurrences are analyzed and their 

temporal evolution is presented. The sites of Panagopoula and Karya are often 

referred as the most representative cases of long term ground displacements based on 

inclinometer monitoring data. Regarding these cases, the heavy rainfalls constitute 

the main controlling (triggering) factor, while flysch is the critical landslide-prone 

formation which significantly contributes to landsliding. The inclinometer data 

through a long time period were analyzed and typical movement diagrams were 

compiled. A simple statistical model including data normalization through several 

active stages (phases) of movement is used to identify the common kinematic features 

as well as to estimate the velocity trend type of movement. 

Keywords: long term, inclinometer measurements, Panagopoula, Karya. 

Περίληψη 

Οι κατολισθήσεις αποτελούν τον πιο συχνό κίνδυνο στην Δυτική Ελλάδα, μαζί με τους 

σεισμούς και τις πυρκαγιές. Έχουν πραγματοποιηθεί πολλές μελέτες με σκοπό την 

μελέτη των φαινομένων καθώς επίσης και καταγραφή τους σε χάρτες. Στην παρούσα 

εργασία αναλύονται  δύο από τις πλέον καλά μελετημένες κατολισθήσεις ως προς την 

εξέλιξή τους. Οι κατολισθήσεις της Παναγοπούλας και της Καρυάς αποτελούν δύο 

αντιπροσωπευτικές θέσεις μακράς παρακολούθησης μέσω αποκλισιομετρικών 

μετρήσεων. Ο παράγοντας εναύσματος και στις δύο περιπτώσεις είναι οι έντονες 

βροχοπτώσεις. Η κύρια  τεχνικογεωλογική ενότητα που σχετίζεται με αυτές είναι ο 

σχηματισμός του  φλύσχη. Οι αποκλισιομετρικές μετρήσεις για ένα μεγάλο χρονικό 

διάστημα αναλύονται και σχεδιάζονται τυπικά διαγράμματα μετακινήσεων. Γίνεται 

χρήση ενός απλού στατιστικού μοντέλου που περιλαμβάνει κανονικοποίηση των 

δεδομένων κατά τη διάρκεια συγκεκριμένων φάσεων μετακίνησης με βασικό σκοπό να 

αναγνωριστούν τα κινηματικά χαρακτηριστικά της μετακίνησης και να εκτιμηθούν οι 

επικρατούσες ταχύτητες. 

Λέξεις κλειδιά: Διαχρονική παρακολούθηση μετακινήσεων, αποκλισιόμετρο, 

Παναγοπούλα, Καρυά. 

1. Introduction  

It is widespread known that landslides constitute a major geological hazard that causes significant 

damages and both costs direct or indirect annually. The majority of landslides which suffer Greek 

territory usually affect only infrastructure and natural environment without human faculties. 
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Moreover, local authorities and engineering companies involve a lot of geotechnical surveys to 

provide the best solution in order to avoid the failures. In some cases an extensive instrumentation 

program using inclinometers is enough to identify any shallow or deep movements. In this study 

two typical landslide cases that have been monitored with inclinometers were selected to establish 

displacement diagrams based on the long term data series. It is important to mention that both of 

them are classified as extremely slow-moving landslides both of them (WP/WLI, 1995). Historical 

data sets of inclinometers were used to evaluate the temporal evolution of movements. Moreover, a 

consistent dataset of continuous displacement measurements was available for each site for specific 

time periods, while “fill measurement gaps” were also exist for a long time (up to three years). A 

simple statistical model was applied to identify the kinematic features as well as to estimate the 

velocity trend type of movement through the time. The total studied time frame of kinematic 

evolution was ranged from about 20 years in Panagopoula (1995-2015) to 10 years in Karya (2005-

2015). 

2. Case 1: Panagopoula landslide 

2.1. Historical review 

In the late 60's the New National Road Patras - Corinth was constructed at Panagopoula site (K.S. 

193+500) a resulting in a 50 m high, 1:1 inclined slope upwards. The first movements were detected 

before 1970’s by the use of remote sensing methods and aerial photos interpretation. 

Generally, the presence of highly tectonic and sheared - weathered formations of Alpine basement 

(flysch) in that area were resulted in periodically instability phenomena, triggered by heavy rainfall 

and seismic activity (Sabatakakis et al., 2015; Koukis et al., 2005, 2009). 

 

Figure 1 - Aerial photo of landslide taken on 28 April 1971. 

On 25-26 April and 3 May 1971 large scale failures were recorded, (Andronopoulos, 1982). The 

landslide materials caused the interruption of traffic connection (old and new national road and 

railway line) for a long time. The transportation from and to western Greece was made only through 

the sea with the use of ferry boats for several months. 

This large scale phenomenon evolved in two stages. A translational movement on structurally 

sheared and weathered flysch sediments on the upper part of the motorway slope failed over a zone 

of about 350m that developed into a large volume earth flow in the lower part (Figure 1). The 
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material was tectonically highly sheared and weathered flysch, while the volume of the dislocated 

debris was in excess of a million cubic meters. The slide depth was about 20 m. 

The second stage including an important rotational slide (May 1971) occurred in the adjacent area 

within the first stage debris flow and extended over a distance of about 250 m. As a result severe 

cracks and failures in the New National road structures were recorded as well as damages up to the 

coastline (Figure 2). An important mass movement occurred in February 1972 in the weathered zone 

of the upper flattened slope. In view of these, numerous extensive geological and geotechnical 

investigations onshore as well as offshore took place in order to design the appropriate remedial 

measures. These included removal of debris material, slope flattening, two drainage tunnels (460 

and 390 m long, constructed at 30 m and 95 m a.s.l ), a network of drainage ditches, construction of 

retaining systems consisting mainly of gravity and cantilevered concrete walls. 

 

Figure 2 - Photograph published on press on 04/05/1971 from the suffered site. 

The first inclinometer boreholes installed in February 1983 and November 1983 after the detected 

ruptures and cracks on the old national road pavement. During 1994 nineteen boreholes with 

piezometer and inclinometer were drilled (Figure 3) as part of a geotechnical investigation program. 

Monitoring indicated that the remedial works taken have been effective for the stabilization of the 

slope above the motorway, whereas horizontal displacements were still taking place downslope the 

highway. The final remedial measures were designed to stabilize the lower part of landslide zone 

included among others the construction of a pile wall with 20-25 m long piles and total length about 

400m which was constructed during 2001 to 2002. Afterwards, the new high way and railway design 

included the construction of two tunnels by-passing the landsliding zone. 

2.2. Inclinometers survey 

A wide network of inclinometer boreholes have been installed along the years in the past and an 

abundance of measurements are available. Three main series measurements have been conducted. 

The first one took place during 1995 to 1997 and a second between 2002 and 2009. The third one 

done in the framework of LAVMO project, by the Laboratory of Engineering Geology of Patras 

University during the period March 2013 to June 2015 and it is goes on. 
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Table 1 - A total catalogue of inclinometer boreholes which have been monitoring over years. 

Borehole 
Depth of 

measurements (m) 
Monitoring days Measured periods 

D01 38 685 1995-1997 

D02 38 736 1995-1997 

D11 29 736 1995-1997 

D12 49 648 1995-1997 

D13 43 348 1995-1995 

D14 34 720 1995-1997 

D15 81 2146 1998-2004 

D21 49 832 1995-1997 

D22 35 347 1995-1995 

D23 44 848 1995-1997 

D24 37 848 1995-1997 

D25 38 637 1995-1997 

D26 39 797 1995-1997 

D31 49 579 1995-1996 

D32 69 767 1995-1997 

D34 38 297 1995-1995 

D35 29 578 1995-1996 

D35Α 49.5 2528 766 2002-2009 2013-2015 

D36 75 3970 494 1998-2009 2013-2015 

D26Α 60 700 2013-2015 

D14Α 23 2548 2002-2009 

G2 64 736 2013-2015 

A new drilled inclinometer borehole (G2) installed on the western part of active part of landslide 

area and three pre-existing boreholes (D35A, D36 and D26A) closely located were start tracking 

again. As a result more extended time series achieved as shown on Table 1. 

 

Figure 3 - Borehole positions on the simplified engineering-geological map of Panagopoula. 

All these data were recorded and analyzed in order to display cumulative displacements versus time 

on charts. Two of them were characterized as long term monitoring boreholes (D35A and D36) as 
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they have been monitored more than fifteen (15) years. Borehole D35A show a cumulative 

displacement up to 32mm in 20 m depth for the period 2002-2009, while the borehole D36 about 

54mm in 25 m depth for the period 1998-2009 (Figure 4a). 

Furthermore, measurements at the same boreholes showed 9.4mm and 12.6 mm displacement 

respectively, for the period 4/2013-6/2015, while 9.87mm displacement for the new drilled borehole 

G2 has also been measured for the same time period (Figure 4b). However, these time series does 

not consists a consistent data set of continuous measurements while there is a four year “gap of 

measurements” for the period 2009-2013. This is clearly shown in Figure 5, where displacement 

data coming from D36 were plotted in a chart and “a grey-zone in time series” has been revealed. 

The latest time series during the period 2013-2015 provides a monthly interval of measurements. 

All these measurements give a remarkable data set in order to estimate the typical trends of 

displacement. 

2.3. Statistical analysis 

The available wide and long term archive of real inclinometer measurements permit to distinguish 

the velocity on critical stages on their evolution depending on the moving trends. For this purpose, 

a simple procedure which estimates the typical trends of displacements was used. According to this, 

the shorter the time between two consecutive monitoring data, the clearer the trend movement 

(Cascini et al., 2014). The best way to identify common kinematic features is by the normalization 

of cumulative displacement and time related on the duration of each activity stage of landslide. This 

formula is described as (Cascini et al., 2014): 

 

 

Figure 4 - Displacements calculated at the sliding surfaces a) displacements versus time for 

the period 1998-2009 b) displacements versus time for the period 2013-2015. 

(a) 

(b) 
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Figure 5 – Data set of D36 borehole present a “gap” from 2019-1013. Red line shows the 

cumulative displacement for the first period while the green line the second. The blue line 

represents the minimum cumulative displacement corresponding to zero displacement. 

Equation 1 - Formulas for normalized displacements and time 
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where d(tj) is the monitored cumulative displacement at time tj, Di(tj) is the normalized 

dimensionless displacement at time tj, i is the active stage (phase), dmin and dmax are displacements 

at the beginning and end of active stage i, Ti(tj) is the normalized dimensionless time tj and tmin and 

tmax the time at the beginning and end of active stage. Inclination differences on the cumulative 

displacement curves determine individual active stages (i). 

As shown Figure 6, four (4) active stages (phases) selected for testing the model of trends and 

calculate their individual velocities. 

 

Figure 6 - Four active stages of displacements were detected on D36. 

The framework for typical trends of displacements classifies the rate of movement into three trend-

types. Generally, all of them can describe through the equation below: 

Phase 1 

tmin=0 days 

dmin=0 mm 

Phase 2 

tmin =1776 days 

dmin=17.49 mm Phase 4 

tmin=5733 days 

dmin=54.63 mm 

Phase 3 

tmin=3459 days 

dmin=42.72 mm 
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Equation 6 - Formula for trend expression 

x

jiji tTtD )()(   

The trend type-I (x=1), refers on constant rate of movement, trend type II (x<1) means that the rate 

of displacement decreases over the time and trend-type III (x>1) correspond to accelerating 

movement. The trend type for each phase could be estimated after projecting on chart normalized 

cumulative displacements versus normalized time (Figure 7a). After the generation of such plot 

Phases 1 and 2 characterized as trend-type II, while the latest two periods of measurements, Phases 

3 and 4, follow the trend type III. Consider the calculated velocities relevant to these Phases, arise 

that the latest period of movements 2013 to 2015 characterized by accelerating movements and the 

peak velocity is equal to 0.06 mm/d (Figure 7b). The velocities of continuous displacements 

corresponding to each Phase are estimated by the following equation: 

Equation 7 - Formula for velocity expression 
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Figure 7 - (a) Trends of normalized displacements for each phase, (b) distribution of 

velocities on selected phases. 

In February 1999, a sudden mass movement occurred during an intense and prolonged rainfall. The 

main road connecting nearby villages failed into a zone of 150 m. The total length of landslide was 

about 500m with a vertical movement of 35m and a head width of 150m (Figure 8a). 

In December 2001, after an intense rainfall (94.2 mm in less than 24 h), a large volume of debris 

material failed suddenly, triggering a new extensive landslide which flowed rapidly on the westward 

side of the slope. A newly constructed house moved for about 50 m (Figure 8b) and destroyed by 

sliding masses totally, while the main road connecting the nearby villages also completely failed. 

The total volume of landslide materials since 1960’ has been more than 600,000m3 (Sabatakakis et 

al., 2005). 

The geological settings involved the high folding and faulting features of alpine basement (flysch, 

limestone, chert). It was clear that the presence of the tectonic highly sheared and weathered flysch 

formation contributed to the periodically induced instability phenomena. These formations covered 

by the recent debris of Quaternary and landslide materials. Moreover, a number of geotechnical 

surveys which carried out in the past, note that the main surface of failure is in the contact of flysch 

with recent materials. 
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The first inclinometer borehole set was installed in June 2003 and a second one was followed in 

November 2004. Recently, in March 2013 in the framework of LAVMO project a new inclinometer 

borehole was installed in main body of the landslide to replace the older boreholes. 

2.4. Inclinometers survey 

Karya landslide such as Panagopoula is characterized by a long term monitoring via inclinometer 

measurements. There are two main series of measurements which took place between the period 

2003-2007 and 2013-2015. The second period was carried out in the framework of LAVMO project, 

by the Laboratory of Engineering Geology of Patras University during the period March 2013 to 

June 2015. The Table 2 summarizes these operations. 

Table 2 - Inclinometer boreholes monitored over the last years. 

Borehole 
Depth of 

measurements (m) 
Monitoring days Measured periods 

G1Α 48 1390 2003-2007 

G2Α 32.5 1608 2003-2007 

G3Α 45 1390 2003-2007 

G4Α 46.5 389 2003-2004 

G5Α 21.4 391 2003-2004 

G4 30 808 2013-2015 

 

 

Figure 8 - Displacements detected on active boreholes (a) displacements of G2A for the 

period 2003-2007, (b) displacements of G4 for the period 2013-2015. 

Phase 4 

tmin =197 days 

dmin=0.9 mm 
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Phase 1 
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(a) 

(b) 
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Only in two boreholes (G2A and G4) significant displacements have been detected for the period 2003-

2015. The G4 is located very close to G2A so it could be a helpful detector to validate the sliding surface 

as long as the moving evolution. As well, G2A had a cumulative displacement of the order of 9mm in 

19.5m depth for the period 2003-2007 while G4, 4.5mm in 21 m depth for the period 2013-2015 (Figure 

9). 

2.5. Statistical analysis 

Following the procedure presented above the typical trends of displacements for selected sub-

periods between to 2003-2007 were estimated. Four different phases were chosen to determine the 

kinematic behavior (Figure 9). As resulted from the plot of normalized cumulative displacements 

versus normalized time, the Phases 2, 3 and 4 characterized by the trend-type I, while the oldest 

Phase 1 characterized by the trend type III (Figure 10a). The maximum velocities relevant to the 

phases are extremely low with the highest noted on the Phase 1 with a value of order of 0.024mm/day 

(Figure 10b). The main type of movement is linear. 

  

 

Figure 9 - (a) The typical trends of normalized displacements, (b) distribution of velocities on 

selected phases. 

3. Conclusions 

The landslide occurrences presented in this work are characterized by extremely low displacements. Long 

term measurements of displacements allow to recognize changes on the type of movement which could 

be linked with external dynamic factors such as earthquakes or heavy rainfalls. As resulted after the 

analysis of real displacements, the Panagopoula landslide appears significant changes on the kinematic 

behavior over the years with changing rate of movements between 0.02 and 0.06mm/day. On the other 

hand Karya landslide notes obviously a constant rate of movement and very low velocities (0.01 to 

0.025mm/day). The correlation of the rate of movements with specific earthquakes and heavy rainfalls 

constitutes the next step of study for the influence of the triggering factors on the reactivation conditions. 
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Abstract 

The geothermal field of Therma - Nigrita is among the most important low enthalpy 

fields in Greece. It is located at the SW part of the Strymon basin (Central 

Macedonia). The geothermal research at Nigrita was launched by IGME during 1980-

1982. Actually, it is exploited mainly for agricultural use and thermal spa. The 

geothermal field of Therma - Nigrita, officially characterized by Ministerial Decision, 

covers an area of 10 km², has a pressurized reservoir at 70-500 m depth, showing 

temperatures of 40-64°C and geothermal fluids containing large amounts of CO2. In 

this paper the development of a 3D model for the reservoir of Therma - Nigrita, is 

presented. For this purpose the FEFLOW code is employed which simulates fluid flow 

and heat transfer in the geothermal reservoir under transient state conditions. 

Following, three different management scenarios are tested for a ten-year period. The 

first scenario examines the evolution of the reservoir under no-exploitation 

conditions, the second one represents the current exploitation scheme and in the third 

scenario the production rates are doubled. According to the simulation results, the 

decrease in temperature is not expected greater than 1% for all scenarios, while the 

effect on hydraulic heads is significant for both scenarios 2 and 3. 

Keywords: 3D modelling, low enthalpy, geothermal filed management, FEFLOW. 

Περίληψη 

Το Γ/Π Θερμών Νιγρίτας είναι ένα από τα σημαντικότερα πεδία χαμηλής ενθαλπίας 

στην Ελλάδα. Βρίσκεται στον νομό Σερρών, στο ΝΔ τμήμα της λεκάνης του Στρυμόνα. 

Η γεωθερμική έρευνα στην περιοχή της Νιγρίτας ξεκίνησε από το Ι.Γ.Μ.Ε. την περίοδο 

1980-1982. Tο γεωθερμικό πεδίο Θερμών Νιγρίτας έκτασης 10 km²,όπως έχει 

χαρακτηριστεί βάσει Υπουργικής απόφασης, περιλαμβάνει έναν υπό πίεση ταμιευτήρα 

σε βάθος 70-500 m και παρουσιάζει θερμοκρασίες 40-64°C και γεωθερμικά ρευστά 

πλούσια σε διαλυμένο CO2. Στο πλαίσιο της παρούσας εργασίας αναπτύχθηκε ένα 

τρισδιάστατο μοντέλο ροής και μεταφοράς θερμότητας για τον ταμιευτήρα των Θερμών 

Νιγρίτας με την χρήση του λογισμικού FEFLOW. Το μοντέλο προσομοιάζει την ροή και 

την μεταφορά θερμότητας στον υπό πίεση ταμιευτήρα σε μεταβατικές συνθήκες. Στην 

συνέχεια εξετάστηκαν τρία διαφορετικά σενάρια διαχείρισης με προοπτική δεκαετίας. 

Το πρώτο περιγράφει μηδενική εκμετάλλευση, το δεύτερο εξετάζει την εξέλιξη του 

ταμιευτήρα με διατήρηση της υφιστάμενης κατάστασης εκμετάλλευσης και στο τρίτο 

διπλασιάζονται οι αντλούμενες ποσότητες. Σύμφωνα με τα αποτελέσματα της 

προσομοίωσης δεν αναμένεται μείωση της θερμοκρασίας μεγαλύτερη του 1% για 

κανένα σενάριο, ενώ σημαντικότερες είναι οι επιπτώσεις στην πιεζομετρία. 

Λέξεις κλειδιά: 3D μοντέλο, χαμηλή ενθαλπία, διαχείριση γεωθερμικών πεδίων, 

FEFLOW. 
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1. Introduction 

Over the last years the interest in low-enthalpy geothermal resources, for both electric and thermal 

energy production, is increasing globally. Yet, the current level of use of geothermal energy in 

Greece represents only a very small fraction of the identified geothermal resources (Andritsos et al., 

2007). According to Goldstein et al. (2011), one of the greatest obstacles to the expansion of 

geothermal energy development is the inability to predict geothermal reservoir performance. 

Several investigative approaches are employed for the characterization of geothermal resources, 

including field experimentation, numerical simulation, geochemical and isotopic characterization 

and other (Dotsika, 1991; Lopez et al., 2010; Bridger and Allen, 2014). 

Numerical modelling provides a powerful tool to estimate the principal hydraulic and thermal 

parameters of a geothermal field and allows for a more accurate assessment of geothermal resources. 

Furthermore, the employment of distributed parameter models allows for the integration of spatial 

heterogeneities. 

In this paper the development of a 3D model for the reservoir of Therma - Nigrita, is presented. The 

present study constitutes the first modelling attempt for this field. For this purpose the FEFLOW 

code (Diersch, 2014) is employed, which simulates fluid flow and heat transfer in the geothermal 

reservoir under transient state conditions. 

Following, three different management scenarios are tested for a ten-year period. The first scenario 

examines the evolution of the reservoir under no-exploitation conditions, the second one represents 

the current exploitation scheme and in the third scenario the production rates are doubled. 

The principal objective of the present study is to assess the principal characteristics of the geothermal 

reservoir and to estimate the potential of the geothermal field under study, via numerical modelling. 

2. General characteristics of the Therma - Nigrita geothermal field 

The geothermal field of Therma - Nigrita is located in the Region of Central Macedonia, Greece. It 

covers an area of 10 km² and it is part of the Strymon basin, a region of great geothermal interest 

(Karydakis et al., 2005). 

The geothermal research at Nigrita was launched by IGME during 1980-1982 with the drilling of 

five (5) exploratory wells (TH-1 to TH-5) at Therma (Karydakis, 1983) and continued during 1997-

1999 with the drilling of seven (7) more productive wells (TH-6 to TH-12) (Karydakis, 2001). In 

the wider area there are also numerous private wells (PRIV-1, PRIV-2, N-15, N-16, TH-DB1 and 

other). The hot springs of Therma - Nigrita, located 3 km S and SE of the town of Nigrita, are 

currently dry. 

The geological background of the area consists of metamorphic rocks of the Serbomacedonian mass 

and thick sedimentary deposits of Neogene age. For the most part the Neogene deposits are rich in 

clay and marl components, and present poor hydraulic characteristics. 

The aquifer body consists of a basal conglomerate formation which develops at the depth of 70 to 

500 m. The reservoir presents pressurized heads, and measured temperatures range from 40 to 64°C. 

According to Arvanitis et al. (1998), the total potential of the field is estimated to 1,000 m³/h. The 

field is exploited mainly for agricultural use and thermal spa. 

In respect to their chemical characteristics, the geothermal fluids are of Na-HCO3 type and contain 

large amounts of CO2 (Arvanitis et al., 1998). The pH and TDS values range from 5.8-7.2 and 1.5-

2.5 g/l respectively. 

The tectonic structure of the area is affected by two groups of normal faults (NW-SE and NE-SW 

direction) that control the movement of the geothermal fluids in the area. The intersection of the two 

fault systems is likely the main path for the upward migration of geothermal fluids originating from 



742 

 

deeper layers. The geothermal fluid is then diffused into younger and permeable sediments, such as 

the basal conglomerate formation (Arvanitis et al., 1998). 

The spatial distribution of isothermal curves follows the directions of the main fault systems. The 

area presenting highest temperatures is located near the productive wells TH-12 and TH-DB1 

(Figure 1). 

Similarly, the distribution of pressure in the geothermal reservoir indicates that the recharge zone is 

located in the northeast part of the field (close to TH-12 and TH-DB1) where the greatest pressure 

gradient reveals. West and southwest of this area, the pressure gradient is lower and the water is 

colder. 

A simplified map of the geothermal field is presented in Figure 1 and the conceptual model of the 

geothermal reservoir is presented in Figure 2. 

 

Figure 1 - The geothermal field of Therma - Nigrita. 
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Figure 2 - Schematic cross section - conceptual model of the geothermal field Therma - 

Nigrita. 

3. Development of the 3D model 

The model is developed for transient state conditions. The employed observation wells are TH-1, 

TH-8, PRIV-1 and PRIV-2 (Figure 1). Periodic measurements of temperature are realized by IGME 

at the framework of Diachronic Monitoring of Geothermal Fields of Greece (NSRF 2007-2013 

project). 

3.1. Structural characteristics of the model 

The model is developed with the FEFLOW finite element simulator, using a layered three dimension 

technique. The model consists of 172.536 prismatic elements and 115.984 nodes. It comprises two 

layers, each one representing a different hydro-geological unit. The top layer stands for the quasi-

impermeable clayey-marly sequence, which is the restrictive cover of the reservoir, while the bottom 

layer represents the basal conglomerate formation which is the main aquifer body. 

The absolute elevation of the top and bottom slice of each layer is based on the spatial analysis of 

geological data from 21 boreholes distributed at the wider area of Nigrita. The geological formations 

are grouped into three hydro-geological units: i) the clayey-marly sequence, ii) the basal 

conglomerate and iii) the metamorphic basement. 

The resulting geometry of the geothermal field is presented in Figure 3. 
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Figure 3 - Geometry of the geothermal field of Therma - Nigrita. The aquifer body is 

presented in red colour. 

3.2. Hydraulic and thermal properties 

In order to understand the mode of operation and to estimate the potential of the geothermal system, 

a thorough determination of the system hydraulic and thermal parameters is necessary. 

In geothermal reservoir modelling the hydraulic conductivity determines fluid flow and heat 

transport conditions. The hydraulic conductivity of the upper clayey-marly sequence describes a 

practically impermeable formation. The lower layer, which simulates the basal conglomerate, is 

assigned with higher hydraulic conductivities. Furthermore, the lower layer is separated into two 

zones according to whether dissolved gas (CO2) is present in the geothermal fluid. This distinction 

is used to simulate two regions of the same geological formation, which show different hydraulic 

characteristics due to the difference in composition and density of the geothermal fluid. The assigned 

values of hydraulic conductivity and storativity are shown in Table 1. Additionally, the anisotropy 

of hydraulic characteristics in the z-axis is assigned 1/10. 

Thermal properties describe the potential of heat to be transferred through the solid or to be stored 

into the rock material. The values of thermal conductivity and volumetric heat capacity of fluid and 

solid are assigned separately in the model (Table 1). 
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Table 1 - Values of hydraulic and thermal properties of the model. 

Parameter Hydrogeological formation Value Unit 

Hydraulic conductivity Clayey-marly sequence 10-11 m/s 

Basal conglomerate 6.5 10-4 m/s 

Basal conglomerate (CO2) 1.06 10-4 m/s 

Storativity Clayey-marly sequence 0.0001 1/m 

Basal conglomerate 0.0002 1/m 

Basal conglomerate (CO2) 0.0002 1/m 

Porosity Clayey-marly sequence 0.001  

Basal conglomerate 0.3  

Thermal conductivity of solid Clayey-marly sequence 2.4 J/m/s/K 

Basal conglomerate 4.2 J/m/s/K 

Thermal conductivity of fluid Fluid 0.65 J/m/s/K 

Volumetric heat capacity of solid Clayey-marly sequence 2.64 MJ/m²/K 

Basal conglomerate 2.5 MJ/m²/K 

Volumetric heat capacity of fluid Fluid 4.2 MJ/m²/K 

3.3. Initial and boundary conditions (BC) 

The initial heads introduced to the model reproduce the pressure heads of all geothermal wells as 

measured during drilling. The same method is followed for the field of temperatures. 

First type BCs are assigned punctually, based on field measurements realized at the well TH-7. 

Second type BCs (influx) are assigned at the northern border of the domain and pumping rates are 

assigned at the wells TH-8, TH-10, TH-11, PRIV-1 and PRIV-2. 

The recharge at depth is a special boundary condition that controls how much fluid and heat is 

available and its distribution across the system. In the present study the recharge of the reservoir is 

assessed with the in/out flow on top/bottom module of FEFLOW at the bottom layer of the model. 

The delimitation of the recharge zone corresponds to the area of the reservoir where the highest 

temperatures are observed. The value of influx for the specific boundary condition is identified 

during the calibration of the model. Note that no recharge via precipitation is considered, as the 

reservoir is confined. Additionally, a constant temperature BC of 64°C is assigned at the recharge 

zone at the bottom layer. 

3.4. Calibration 

The calibration of the model is realized for the period 2005-2008. For the evaluation of the results 

the following error indicators are used: i) absolute error (Ē), ii) root mean square error (RMS), and 

iii) standard deviation (SD). The results of the calibration for the parameter of temperature are 

presented in Figure 4. 
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Figure 4 - Observed and simulated values of temperature at observation wells (TH-7, TH-8, 

TH-11 and PRIV-2). 

3.5. Sensitivity analysis 

In the present study a sensitivity analysis of hydraulic conductivity is performed by changing the 

value of the parameter by ± 5% and ± 10%. For the evaluation of the results the same error indicators 

as in calibration (Ē, RMS and SD) are used. The test results are shown in Table 2. 

Table 2 - Comparative results of sensitivity analysis of hydraulic conductivity. 

 0 -5% -10% +5% +10% 

Ē 1.70864 1.71214 1.71249 1.71331 1.71738 

RMS 2.03774 2.04837 2.03928 2.0424 2.04654 

SD 2.27827 2.29015 2.27763 2.28347 2.2881 

It is observed that differences in error rates are very low. This indicates a low sensitivity of the model 

to this parameter. 

3.6. Management scenarios 

For the geothermal field of Therma - Nigrita three different management scenarios are designed 

having as prospect a decade. These scenarios are described below. 

 - Scenario 1 (SC1) - No exploitation 

The first scenario examines the evolution of the reservoir under steady state conditions. The results 

of this scenario will be used as background values in the comparison with other scenarios. 

 - Scenario 2 (SC2) - Maintaining the current exploitation scheme 

The second scenario examines the evolution of the reservoir in a period of ten years, if the current 

exploitation scheme is maintained. 

 - Scenario 3 (SC3) – Increment of production rate by 100% 

Finally, the third scenario examines the evolution of the reservoir in a period of ten years, after 

doubling the production rates of geothermal fluid. This scenario is particularly interesting as it 

represents a realistic version of future management. 

4. Results and discussion 

The simulation of the geothermal reservoir of Therma - Nigrita is realized for the period 2005-2008. 

The distribution of temperature at the end of the simulation period is presented in Figures 5 and 6. 
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Figure 5 - Simulated field of the reservoir temperature (layer 2). The location of the cross 

section is marked with black line. 

 

Figure 6 - Simulated field of temperature. Cross-section NE-SW. 

The developed numerical model is employed for the assessment of the basic characteristics of the 

geothermal field based on the finite element method. Consequently, the reservoir volume is 

estimated 1.4 10+7 m³, of which 4.38 10+6 m³ correspond to fluid volume. In steady state conditions 

the heat energy stored in fluid phase is estimated 29 TJ and the total (fluid and solid) stored heat 

energy 69 TJ. 

In respect to the examined scenarios the simulated values of hydraulic head and temperature are 

presented in Table 3. 
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Table 3 - Comparative results of sensitivity analysis of hydraulic conductivity. 

Hydraulic head (m) 

Well TH-1 TH-8 PRIV-1 PRIV-2 TH-5 

Scenario 1 49.96 55.89 53.05 45.82 45.96 

Scenario 2 49.64 52.34 52.59 26.75 42.87 

% variation 0.64% 6.35% 0.87% 41.62% 6.72% 

Scenario 3 49.32 48.79 52.12 7.67 39.78 

% variation 1.28% 12.70% 1.75% 83.26% 13.45% 

Temperature (°C) 

Scenario 1 55.23 45.31 52.63 48.5 55.23 

Scenario 2 55.13 45.19 52.62 48.83 55.13 

% variation 0.17% 0.25% 0.02% 0.68% 0.17% 

Scenario 3 55.06 45.05 52.60 48.94 55.06 

% variation 0.29% 0.57% 0.05% 0.91% 0.29% 

As expected for the first scenario there are no changes in the examined parameters. This scenario is 

not a realistic management scenario, as no exploitation takes place in the geothermal field. The 

results of the first scenario are used as reference to evaluate the variations of the parameters in 

scenarios 2 and 3. 

In the second scenario no important modifications in hydraulic heads are observed at the wells TH-

1 and PRIV-1. The hydraulic heads are reduced by 6-7% at the wells TH-8 and TH-5, and 41.62% 

at the well PRIV-2. Changes in temperature do not exceed 1%. 

In the third scenario changes in hydraulic heads for the wells TH-1 and PRIV-1 range between 1-

2%. The hydraulic heads are lowered by 12-14% at the wells TH-8 and TH-5, while a decrease of 

83.26% is observed in the hydraulic head of the well PRIV-2. Again, changes in temperature do not 

exceed 1%. 

The results of the scenarios indicate the existence of an important source of heat, which is not 

expected to diminish with the current exploitation scheme, or if the exploitation rates are doubled. 

In contrast, the fluid volumes are strongly influenced by pumping, especially at wells located far 

from the recharge zone. 

A sustainable management scheme for the geothermal field of Therma - Nigrita should include 

reinjection of the extracted fluids in the reservoir. This way the water balance is maintained, but also 

the recovery of thermal energy can be maximized. 
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Abstract  

Prespa Lake Basin is a transboundary basin that’s shared between Albania-Greece-

FYROM. This region has a very complicated geology. The main aquifer systems are 

developed in carbonate rocks (karst aquifers) crossing international borders 

(transboundary aquifers). A map was constructed in GIS environment clearly display 

that each geologic age has one index, in one polygon, with the respective geological 

formation. The map was first digitalized with an AutoCAD program and then all the 

layers were exported in the program mentioned above. Not only does this map 

represent the hydrogeological features of the area but it also serves as a database of 

general characteristics, such as, the rock type, the infiltration coefficient, the yield of 

wells and springs, groundwater resource and permeability can be found on this base. 

Furthermore, chemical data can be added to the map, supplying more information on 

the surface and groundwater. Geographical Information Systems (GIS) is a useful tool 

for water resources management in the frame of international cooperation and 

coordination. 

Keywords: Hydrogeologic map, GIS, Prespa Lake basin, Transboundary aquifers. 

Περίληψη 

H λεκάνη των Πρεσπών είναι μια διασυνοριακή λεκάνη απορροής μεταξύ των χωρών 

Αλβανία-Ελλάδα-ΠΓΔΜ. Η περιοχή αυτή έχει μια πολύ περίπλοκη γεωλογία. Τα κύρια 

υδροφόρα συστήματα αναπτύσσονται σε ανθρακικά πετρώματα (καρστικοί υδροφορείς) 

που διασχίζουν διεθνή σύνορα (διασυνοριακοί υδροφορείς). Ένας χάρτης 

κατασκευάστηκε σε περιβάλλον GIS, όπου κάθε διαφορετική γεωλογική ηλικία έχει ένα 

δείκτη, σε ένα πολύγωνο, με τον αντίστοιχο γεωλογικό σχηματισμό. Ο χάρτης έχει 

ψηφιοποιηθεί με ένα πρόγραμμα AutoCAD και στη συνέχεια όλα τα επίπεδα εξήχθησαν 

στο πλαίσιο του GIS. Ο χάρτης αυτός χρησιμεύει και ως βάση δεδομένων των γενικών 

χαρακτηριστικών, όπως το είδος των αποθέσεων, ο συντελεστής κατείσδυσης, οι 

παροχές των γεωτρήσεων και των πηγών, υπόγεια νερά και η υδροπερατότητα. 

Επιπλέον, χημικά δεδομένα μπορεί να προστεθούν στο χάρτη, παρέχοντας περισσότερες 

πληροφορίες σχετικά με τα υπόγεια και επιφανειακά νερά. Τα Γεωγραφικά Συστήματα 

Πληροφοριών (GIS) είναι ένα χρήσιμο εργαλείο για τη διαχείριση των υδατικών πόρων 

στο πλαίσιο της διεθνούς συνεργασίας και συντονισμού διασυνοριακών λεκανών. 

Λέξεις κλειδιά: Υδρογεωλογικός χάρτης, Συστήματα Γεωγραφικών Πληροφοριών, 

Λεκάνη λίμνης Πρέσπας, Διασυνοριακοί υδροφορείς. 
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1. Introduction 

Groundwater is very important for agriculture and domestic use, as well for maintaining baseflow of rivers 

and sustaining ecosystems. Many countries share aquifer systems with their neighbours, which are called 

transboundary aquifers. The management of transboundary basins is expected to play an important role in 

water security in the future and require high levels of international cooperation and coordination. 

Geographical Information Systems (GIS) is a useful tool for water management. This program 

appears helpful and practical to be used by multidisciplinary engineers and water scientists. 

According to Sheppard (2004) growing rapidly since their development in the 1970s, the GIS are 

now used in a variety of private and public organizations and institutions, and more recently by 

individuals. GIS can be used to analyze, make decisions, and emerge geographic information. In 

essence, GIS are computerized information systems composed of hardware and software. These 

systems may be used to store, alter, and map geo-referenced databases in a way that the researcher 

may make the most use out of the immense amount of data. 

GIS is a powerful and useful program and its usage will increase over time. It is very easy to 

construct thematic maps, e.g. hydrogeological, hydrochemical, vulnerability maps. These maps are 

expected to be useful not only for the specialists of the field but also for water policy makers, local 

administrators and stakeholders (Voudouris et al., 2010). 

The aim of this work is to illustrate the hydrogeological map of the Prespa Lake Region using GIS. 

Firstly, the general hydrogeological characteristics of the study area are presented. A large part of 

this research was carried out within the framework of the MSc Thesis of Emanuela Kiri. 

2. Study site 

Prespa Lake is located in the southeast part of Albania, in the northeast part of Greece and in the 

southwest part of the FYROM (Fig. 1). Prespa Lake is situated in the southeastern Mediterranean 

mountainous area, which is characterized by cold winters. The air temperature ranges from 7-10 0C 

during the cold period and up to 18.8 0C during the summer months. Both Big and Small Prespa are 

situated at 850 m above the sea level. The surface areas for Big and Small Prespa are 253.6 km2. 

The average maximum depth of Big Prespa Lake is 54 m and the minimum is 18 m (Ramsar, 2000 

and KfW, 2004). The lakes are connected by a small channel, which passes through alluvial deposits 

which separate these lakes (this part is located in Greece). The Small and Big Prespa Lake and the 

Ohrid Lake are a common hydraulic system shared between Albania, FYROM and Greece (Fig. 2). 

The water level decline of Prespa Lake has been one of the most important recent point of the study 

area (Eftimi, 2003). 

 

Figure 1 – Topographic map of the study area (Prespa and Ohrid Lake Region) 

https://commons.wikimedia.org/wi. 
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Figure 2 – Hydraulic system of Lake Ohrid and Lake Prespa (Matzinger et al., 2006). The bl

ack arrows show the proven underground connection. 

3. Materials and Methods 

The map developed by the Geographic Information System (GIS) is the latest and the most detailed. 

The map was designed to be the most functional and simple for use by all. GIS stores two kinds of 

information: geographic coordinate data (spatial data) and attribute data. The GIS is a device for 

standardizing and storing the data, analyzing relationships in the data to create new information, and 

displaying the data in a map or a report. Spatial data represent features that have a known location 

on earth. When working with maps, all spatial data may be defined as one of three types: points (no 

dimension), lines (one dimension), and areas (two dimensions). This representation of points, lines 

and areas is how spatial data is presented on maps and how the data is usually stored in the computer 

environment of a GIS (Cox and Gifford, 1997). The database of the map has been explained in two 

parts, since the first one was for the hydrogeologic aspect, in which all the existing data has been 

included. In the second part, the map was enriched with chemical data of the region. 

The Geographic Information System (GIS) technology is a critical methodology to understand, 

represent, manage, and communicate the many aspects of physical and man-made landscapes and 

to better understand the earth as a system. A GIS is a system for the management, analysis, and 

display of geographic knowledge, which is represented using a series of information data. In a GIS, 

homogeneous collections of geographic objects are organized into a series of data themes, or layers, 

that cover a given map, for example: roads, rivers, place names, buildings, parcels, political 

boundaries, surface elevation, and satellite imagery (Benedikt et al., 2002). 

The main application in ArcGIS is ArcMap and is used for all mapping and editing as well as for 

map-based studies and analysis. ArcMap represents geographic information as a collection of layers 

and other elements on the map (Ranger et al., 2002). Common map elements include the data frame 

containing map layers for a given area, plus a scale bar, north arrow, title, descriptive text, and a 

legend symbol as shown in Fig. 3. 
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Figure 3 – Tectonic (left) and 3D view of the geomorphological (right) map of Prespa Lakes. 

The hydrogeologic map in scale 1:50,000 is taken from the archive of Albanian Geological Survey 

(Fig. 4). It was processed in GIS program, where data are added according to map’s profile. The 

hydrogeologic map scale 1:50,000 is initially digitized (Kiri, 2010) and later additions have been 

made to the attribute table of polygons mentioned above, such as hydrogeology (hydrogeological 

classification). In Fig. 5, the hydrographic network of the study area is shown. 

             

Figure 4 - Hydrogeological map in GIS               Figure 5 - The hydrologic system 

           rogram (Prespa Lake region).                              in the Prespa Lake region. 

The digitalization of the curriculum mapping was done in AutoCAD 2005 and later relocated to the 

GIS program. The attribute table of polygons was also completed, which defines the ranges of 

hydrogeological data (Table 1) in ArcMap and then the metadata for each map layer in ArcCatalog 

were created. By observing the attribute table of the ranges one can obtain a clear picture of all 

hydrogeological data in the region of Prespa. This is helpful to a hydrogeology specialist because 

there is data on each polygon explaining the water deposits, which itself represents a particular 

geological age and that age is represented by the respective deposits. 
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Table 1 - Attribute Table (Hydrogeological general classification of the map). 

Index 
Geological 

age 
Lithology 

Hydrogeology 

Classification 

Infil. 

Coeff.

% 

GW 

Resource 

Perme

-ability 

Yield 

of 

wells 

Yield of 

springs 

T3-J1 

Upper 

Triassic- 

Lower 

Jurassic 

Limestone, 

limestone with 

cherts, 

karstified and 

fissured 

dolomites 

II_Fissured or porous 

Fissured Aquifers a-

with widespread strata 

with high productivity 

60-70 
High 

Productivity 
High Variable High 

Pg2 
3 

Middle 

Oligocene 

Clays, 

siltstones, 

sandstones, 

coral 

calcareous, 

marls and 

brown coals. 

III_Fissured or porous 

rocks with local and 

limited groundwater 

resources or rocks 

essentially poor with 

groundwater 

resources. b-local 

groundwater and low 

permeability 

- 
Variable-

low 
Low 

Below 

0.5 l/s 

Very low 

 

Pg2 
2 

Middle 

Eocene 

Flysch, clays-

sandstones 

III_Fissured or porous 

rocks with local and 

limited groundwater 

resources or rocks 

essentially poor with 

groundwater 

resources. b-local 

groundwater and low 

permeability 

- Very low 
Very 

low 

Very 

low 
Very low 

Nb1 
Burdiga-

lian 

Marls, 

limestone 

III_Fissured or porous 

rocks with local and 

limited groundwater 

resources or rocks 

essentially poor with 

groundwater 

resources. b-local 

groundwater and low 

permeability 

- 
Variable-

low 
Low 

Below 

0.5 l/s 
Very low 

J3 
Upper 

Jurassic 

Limestone, 

argillaceous 

schist 

II _Fissured or porous 

Fissured Aquifers. a-

with widespread strata 

with high productivity 

60-70 
High 

Productivity 
High Variable High 

Some clarifications about the map 

At first look, the hydrogeologic map in GIS program (Fig. 4) looks the same as a map one might 

usually see. One look is all it takes for one to find the division of hydrogeological complexes. These 

map divisions are explicatory for a hydrogeological specialist or even a geologist, because of the 

conventional signs in relation to hydrogeology, water-keeping, as well as many other data. At this 

point the construction of this map, with the abovementioned program, makes this understandable 

and at the same time usable by all and offers the ability to use exactly the data that one might need. 

The original map was completed (already digitized) and the symbols created by the author. A 

complete hydrogeological map of Prespa’s area is now available. This map, apart from the image 

obtained from the original map, contains the hydrogeological data for each polygon (Table 1). Also, 

one can find chemical analysis and tables of the samples obtained over the years in the Prespa Lake 

and the rivers that serve as recharge sources for this area. This map gives accurate hydrogeological 

presentation just by moving through the various polygons. Furthermore, it also represents a certain 

geological age assigned to the respective index. 

In the hydrogeological map in GIS, there is much more data than can be found in an ordinary map. 

At the same time one might even find different views of the area, but always within the same 

structure. By means of this program one can input all the data about the region. Also, one can add 
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and change data according to the presented needs or upon bases of further studies of the region in 

question. Building the map involved substantial amount of work, however, it will not be needed to 

construct another map of this kind. As it was mentioned earlier the possibility exists that new data 

can be added, corrected, or replaced without removing the existing ones. The presentation in 3D of 

Prespa’s region makes it easier to locate the low and high zones of relief, as well as the surface and 

groundwater (Schetselaar, 1995). The program used to construct this map is ArcView 9.2. 

In continuity the construction of the map was shown step by step as well as the data with which this 

map was enriched. At first, the hydrogeological data that are available for this region were included, 

and then the physical-chemical data of the waters were added (Figure 9, 10). This material was also 

enriched with respective tables of hydrogeological fields, which in the map are presented by the 

attributes table of polygons, as well as the tables of the chemical data of the region. The available 

water chemistry data in the aforementioned region was inputted in the hydrogeological map. The 

map is constructed using the GIS program. 

4. Results  

4.1 The hydrogeological map in the GIS program 

The Geographic Information System (GIS) describes a computer system for storing, manipulating, 

and displaying geographically referenced information (Keenan, 2001). Ordinary paper maps are 

graphic representations of the real world that all of us have used. City street maps, for example, 

depict natural objects, such as rivers and lakes; man-made objects such as roads and buildings; and 

abstract objects such as city or county boundaries. These objects, whether natural, man-made, or 

abstract, are called map features. Each feature on a map has a location, a representative shape, and 

a symbol that represents one or more of its characteristics. The meanings of a map’s symbols are 

often depicted in the map’s legend. 

Features on maps are displayed according to their locations relative to each other and to an 

underlying grid representing the earth’s surface. Specialized maps, such as topographic, soil type, 

population density, watershed, are used to support specialized decision making tasks (Clapp and 

Rodriguez, 1997). Most features depicted on a map have attribute information, descriptive data about 

each feature (polygons in hydrogeological map). 

The hydrogeologic map in scale 1:50,000 have been taken by the archive of Albanian Geological 

Survey and later have undergone processes in the GIS program, where data according to map’s 

profile, are added. At first glance, this map looks ordinary, but as it was mentioned earlier, this map 

is easy to read by the specialists of respective discipline and is not as clear for a person who does 

not deal with this discipline. Therefore, the construction of this map using the abovementioned 

program (GIS) makes this understandable and usable by multi-disciplinary engineers. It enables the 

possibility for one to see and take only what they need. The objective of the map is to represent the 

hydrogeologic data of the region.  Each polygon of the map represents a specific geologic age. The 

attribute table contains the hydrogeological data of geologic deposits representing different 

hydrogeological characteristics. 

4.2 Database in GIS map  

The reason for setting up the hydrogeologic map in the GIS program is to utilize the program’s map 

features. A hydrogeological database was created and inserted in the map (Figs 6, 7, 8). The 

hydrogeological map was created in a fashion that could be read, understood and studied by 

multidisciplinary engineers, not necessarily specialists of hydrogeology. The objective to construct 

such a map was achieved. For future work, this map may be improved by further utilizing the 

features offered in the GIS program. The tables give the ranges of attributes of hydrogeological data 

and hydrogeological features for each polygon and are shown in Table 1. 
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Figure 6 - Points where the samples for chemical analysis in theAlbanian part of the Prespa 

Lake were taken. 

 

Figure 7 - The identify tab displaying the hydrogeology datafor a selected polygon. 

 

Figure 8 - The identify tab displaying the hydrogeology data for a selected polygon, 

in this case is Qfgl (fluvial-glacial deposits). 

One of the advantages of using the GIS software over conventional drafting packages is the 

possibility of assigning attributes to each polygon. The attributes of the polygons are recorded in a 

table associated with the vector file (Schetselaar, 1995). Each polygon has its own index which 

indicates its geological age. As demonstrated in Fig. 8, by clicking (i), detailed data about 



757 

 

hydrogeology can be displayed, such as: the geological age, lithology, hydrogeological 

classification, infiltration coefficient, groundwater resources, permeability, yield of wells and yield 

of springs. More details can be found in Table 1. In this table each index represents a specific 

geologic age. In the map one index has his own color, and all this tells a lot for a specialist of 

hydrogeology. In this case, as one can have already explained, all these data will be in the digital 

map, making this a very simple for everyone. Hydrogeological classification is based in the general 

classification of the Albanian Map scale 1:200,000 and at the same time, based in the study made in 

this area during years. The GIS program uses the concept of layers to represent real world data on a 

spatial basis. Also, the GIS program uses spatial attributes of data, namely x and y coordinates, to 

represent geographic data (Barraud et al., 2001). 

 

Figure 9 - Database of Pretor-chemical analysis from samples taken in the geographic pionts 

shown in the map. 

 

Figure 10 - Database of Albanian part of the Big Prespa Lake-chemical analysis from sample

s taken in the geographic pionts shown in the map. 

5. Conclusions-Discussion 

The hydrogeologic map in scale 1:50,000 have been taken by the archive of Albanian Geological 

Survey (Eftimi et al., 1985 and Geological Map of Greece, scale 1:50,000, IGME, 1997) and later 

have undergone processes in the GIS program, where data according to map’s profile, are added. At 

first glance, this map looks ordinary, but as it was mentioned earlier, this map is easy to read by the 
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specialists of respective discipline and is not as clear for a person who does not deal with this 

discipline. Therefore, the construction of this map using the abovementioned program (GIS) makes 

this understandable and usable by multi-disciplinary engineers. It enables the possibility for one to 

see and take only what they need.  

The objective of the map is to represent the hydrogeological data of the region.  Each polygon of the 

map represents a specific geologic age. The attribute table contains the data of geologic formations 

representing different hydrogeological characteristics (Tafilaj, 1977). The reason for setting up the 

hydrogeological map in the GIS program is to utilize the program’s map features. A hydrogeological 

database was created and inserted in the map. The hydrogeological map was created in a fashion that 

could be read, understood and studied by multidisciplinary engineers, not necessarily specialists of 

hydrogeology. The objective to construct such a map was achieved. For future work, this map may be 

improved by further utilizing the features offered in the GIS program. The tables give the ranges of 

attributes of hydrogeological data and hydrogeological features for each polygon (Table 1). 

The metadata for each layer of the hydrogeological map built in the GIS program is created. Each 

polygon has its own index which indicates its geological age. As demonstrated in Fig. 7, detailed 

data about hydrogeology can be displayed, such as: the geological age, lithology, hydrogeological 

classification, infiltration coefficient, groundwater resources, permeability, yield of wells and yield 

of springs. The map meets the demands with existing hydrological and chemical data and the impact 

of anthropogenic factor in the Prespa Lake and the surrounding area as well. Metadata’s have been 

fulfilled manually for each layer in this map. 

Hydrogeological classification included in the map built in GIS in addition to other hydrogeological 

data may be of great help to specialists using the database of this map in the future. This work may 

be of great help for any specialists working directly with the specification of their study, without 

being required to do everything from start. Chemical tables involved in this material and map may 

in the future be used to study the pollution caused by anthropogenic factors or, if it will be necessary, 

to estimate the progress of pollution year-after-year. Also these data can be replaced, or added to, if 

the need arises given the purpose of the study. 
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Abstract 

The design and construction of underground works in an urban environment, face 

several geological challenges. The construction of a well-structured database, able to 

store, manage, analyse and correlate a large amount of geological and geotechnical 

data, is a powerful tool towards the geological hazard assessment and the geotechnical 

characterisation of the formations along a tunnel. The data processed by the database 

are based on borehole geological information, laboratory testing, geotechnical 

characterisation and in situ field tests, mainly executed in the quaternary and neogene 

soil formations that are met along the studied area. The processing and assessment of 

the information, leads to the identification of useful value ranges for several physical 

and mechanical parameters. The study also focuses in specific areas within the basin of 

Thessaloniki, highlighting the in situ conditions, by the construction of longitudinal 

profiles. The purpose of that process, besides incorporating new data, is to provide a 

tool for turning data into useful information in order to estimate the geological situation 

and geotechnical behavior of formations in underground works. 

Keywords: Tunnel database, geotechnical parameters, quaternary and neogene 

deposits, mechanized tunneling. 

Περίληψη 

Κατά το σχεδιασμό και την κατασκευή υπόγειων τεχνικών έργων σε αστικό περιβάλλον, 

συναντώνται διάφορες γεωλογικές προκλήσεις. Ένα χρήσιμο εργαλείο για την εκτίμηση 

της γεωλογικής επικινδυνότητας και τεχνικογεωλογικής απόκρισης των σχηματισμών 

κατά μήκος της σήραγγας αποτελεί η δημιουργία μιας καλά δομημένης βάσης 

δεδομένων, ικανή να αποθηκεύει, διαχειρίζεται, αναλύει και συσχετίζει ένα σημαντικό 

αριθμό γεωλογικών και τεχνικογεωλογικών δεδομένων. Τα δεδομένα που εισάγονται 

σ’ αυτήν προέρχονται από ένα σύνολο γεωτρήσεων και αναφέρονται σε γεωλογικές και 

τεχνικογεωλογικές πληροφορίες, εργαστηριακές και επί τόπου δοκιμές που έχουν 

εκτελεστεί στους Τεταρτογενείς και Νεογενείς σχηματισμούς που συναντώνται στην 

περιοχή έρευνας. Μέσω της επεξεργασίας και αξιολόγησης των πληροφοριών εξάγονται 

ενδεικτικά φάσματα φυσικών και μηχανικών παραμέτρων για τους διαφορετικούς 

σχηματισμούς που συναντώνται. Παράλληλα, η μελέτη επικεντρώνεται σε 

συγκεκριμένες περιοχές εντός της λεκάνης της Θεσσαλονίκης, εστιάζοντας στις επί 

τόπου συνθήκες αυτών, με την κατασκευή μηκοτομών. Σκοπός αυτής της διαδικασίας, 

εκτός από την ενσωμάτωση νέων δεδομένων, είναι να παρέχει ένα εργαλείο για την 

μετατροπή αυτών σε χρήσιμες πληροφορίες προκειμένου να εκτιμηθεί η γεωλογική 

κατάσταση και τεχνικογεωλογική συμπεριφορά των σχηματισμών στα υπόγεια έργα. 

Λέξεις κλειδιά: Βάση δεδομένων, τεχνικογεωλογικές παράμετροι, τεταρτογενείς και 

νεογενείς αποθέσεις, μηχανοποιημένη όρυξη. 
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1. Introduction  

In the last few decades rapid development in many levels of geotechnical design in urban areas can 

be discerned. This paper refers to the creation and evaluation of an engineering geological database 

for Thessaloniki basin with tunnel applications. The content of database regards to geological and 

geotechnical conditions and properties that are met in Thessaloniki basin, the second largest urban 

area after Athens, located in Northern Greece. Transportation problems are common in the center of 

the city. In such a context is under construction the metropolitan railway. At the same time, in the 

future is expected to be observed a continuous advancement of tunneling not only with the 

construction of the extensions of metro, but with a general development of underground structures. 

The geology of the urban area of Thessaloniki is characterized by the presence of Neogene and 

Quaternary deposits. Neogene deposits consists of Red clays series and Sandstone-marl series. Red 

clay series composed of stiff to hard clays. The components of Sandstone-marl series are silty to 

clayey sand and sandy clay to sandy silt with presence of fine to medium gravels. Quaternary 

deposits consist mainly of sands, clays, gravel, and local presences of conglomerates. 

All geological information including geotechnical data from 200 boreholes that were provided from 

«Central Laboratory of Public Works», «Geognosi» S.A. and Thessaloniki Metro, («Attiko Metro» 

S.A.), were stored in a database system. That database is based on Tunnel Information and Analysis 

System (TIAS) constructed for the Egnatia Highway tunnels in northern Greece (Marinos et al., 

2013). More explicitly, the data entered and evaluated by the database come from geological and 

geotechnical information that based on a large amount of laboratory and in situ field tests. 

In order to achieve this scope, the following stages were processed: 

 Collection of all relevant data from studies, surveys, and task reports 

 Selection, classification and evaluation of data regarding their credibility and utility 

 Data entry in database 

 Analyses and correlations of the processed data 

 Identification of useful value ranges for several parameters, assigned for different formations 

 Construction of geotechnical longitudinal profiles for specific areas 

 Estimation of tunnel behavior of specific formations  

 Selection of a suitable tunneling boring machine 

The processing and evaluation of that information lead, through a set of procedures, to the 

assessment of geological situation and determination of geotechnical behavior of the formations in 

the underground works. Αs it is perceived the paper focuses additionally on the methodology for the 

classification of geological and geotechnical data for engineering geological purposes with respect 

to mechanized tunneling. The scope of this study is based on the work of Marinos et al. (2008) for 

the evaluation of the geological and geotechnical conditions of Thessaloniki metro. For this purpose, 

new data from many additional boreholes have been added in order to expand and enrich the existing 

published study. 

2. Engineering geological database 

2.1. Database 

2.1.1. TIAS Database 

The present databased has been based in the Tunnel Information and Analysis System (TIAS), a 

database constructed for the Egnatia Highway tunnels in northern Greece. It is an integrated 
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information system that consists of the database and management software which provides the user 

to analyse and process geological and geotechnical data, especially focused for underground works. 

TIAS is a well-structured database which allows the user to have accurate information for the 

description of the individual data (Marinos et al., 2013). 

2.1.2. Description of the database 

The database is a collection of distinct geological, geotechnical and tunnel data based in a 

hierarchical mode, which is stored in tables. Each database uses a specific way that describes the 

structure and relationships of the tables and all the entries have their own identity within the database. 

That means that at any time, data may be divided in accordance with the field in which they are 

registered. The structure of the database provides an unambiguous and continuous connection of all 

the distinct data. 

The database constitutes the central core of that process as all the data are imported, analyzed and 

correlated relating to the underground works in the studied area. The data processed by the database 

are based on borehole geological information, laboratory testing, geotechnical characterisation and 

in situ field tests. The present database includes thirteen tables of input data. These data refer to 

general and detailed geological description, in situ permeability tests, groundwater level, standard 

penetration tests and results from laboratory tests such as particle size distribution, physical and 

mechanical properties from uniaxial, triaxial and shear box tests. 

3. Engineering geological conditions 

3.1.  Geology of research area 

The wider area of Thessaloniki, belongs geologically to the geotectonic zone of Perirodopiki. The 

urban area of Thessaloniki is founded partly on bedrock, and partly in post-alpine sediments. In 

detail, the bedrock consists of a Mesozoic green schist-gneiss complex that outcrops north-northeast 

of the city, probably due to the presence of near vertical normal faults. This complex is overlain by 

an Upper Miocene-Lower Pliocene sedimentary sequence. On the basis of that sequence observed 

the Red clays series consisting of stiff to hard clays. The formation that follows is known as 

Sandstone marl series and it consists of silty to clayey sand with presence of fine to medium gravels. 

Quaternary formations cover the Neogene deposits throughout the largest part of the city and almost 

the entire historical centre. That formation acquires a significant thickness and consists mainly of 

sands, clays, gravel, and local presence of conglomerates. 

Neogene and Quaternary deposits are covered in places by the fill deposits created in different 

phases of the historical development of the city. It is pointed out the presence of recent artificial 

anthropogenic fill, the thickness of which increases as approaching the coastline. 

2.3. Analysis and evaluation of ground data 

The aim of this study is to evaluate the geotechnical conditions for every formation of the research 

area. For this purpose, data from 200 boreholes were used and executed from 1963 to 2006, covering 

a large period of time. Identical process was carried out focusing on specific areas of Thessaloniki 

basin. The selected areas are located in the eastern and the central part of the city respectively. 

Figure 1 shows the Engineering-geological map of the wider Thessaloniki area according to Rozos 

et al. (1998). It is emphasized that the initial form of this map does not include the Quaternary 

deposits and identified from the data boreholes in the Eastern area. 
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Figure 1 - Engineering-geological map of Thessaloniki city (modified by the authors from 

Rozos et al., 1998). 

In the framework of this study, the data of the central part of Thessaloniki were selected to be 

analysed and presented (Figure 2). The parameters that were evaluated in this study are standard 

penetration tests (SPT), uniaxial compressive strength (qu), Atterberg limits, groundwater level, 

permeability tests and particle size analyses. The results of these analyses are presented mainly in 

the form of statistical distributions, charts and longitudinal profiles. 

 

Figure 2 - Map of Thessaloniki city, showing the studied areas. In the paper, the central part 

is analysed (Google Earth). 

2.3.1. Geological-geotechnical ground model 

According to the longitudinal profile of the central part (Figure 1 and Figure 3), Neogene deposits 

prevail in small depth in relation to the Quaternary. More explicitly, Red clays of the Neogene 

deposits are composed mainly of clay. However, pockets with of coarser materials are observed.  

Quaternary deposits consist of sandy and clayey materials. The range of these sediments is limited 

in both depth and length. The existence of old streams in these areas is associated with the position 

and structure of that formation. 
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Fill deposits, are observed throughout the length of the area. Αn archaeological layer in the area of 

the historical center of the city exists with a variable thickness (up to 12m). As a result, these areas 

are particularly hazardous as regards to their geotechnical response. 

As demonstrated at Figure 3, the fine-grained fraction of clays and silts is predominant along and around 

the studied area. However, there are areas, where deposits with coarser particle size might be encountered. 

 

Figure 3 - Detailed geological longitudinal profile (NW-SE) for the Central part (the 

direction of the section is shown is Figure 1). 

2.3.2. Evaluation of Standard Penetration Tests 

Except for the longitudinal profile that was constructed for the central section, showing the 

distribution and prevalence of the formations, it is also necessary to evaluate the SPT values and 

permeability tests with depth along the selected area. 

 

Figure 4 - SPT value distribution graph along the area of the alignment, for the Central part 

of the studied area. 

The standard penetration tests that were assessed for this particular section are illustrated in Figure 

4. The total number of tests amounts to 331. The results of the SPT were categorized in five classes: 

NSPT<1, 5< 𝑁SPT<10, 11< 𝑁SPT<30, 31< 𝑁SPT<50 και NSPT>50 (refusal). 

Along the profile, different values of SPT were observed, from very low to refusals. Almost 76% of 

the values showed refusals, while approximately 2% showed values of less than 10. The refusals 
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were observed entirely within the Neogene deposits, while the smaller values of SPT in the 

overburden and mostly within the Quaternary and fill deposits. 

At shallow depths, in the area between chainage 0+150 and 0+700, as well as in the area between 

chainage 1+050 and 1+350 are mainly small values (<30). These values are met at Quaternary 

sediments and at maximum depths of fill deposits. Local, can be observed greater values (31-50). 

Refusals dominate along the entire profile, within Neogene deposits. These values are observed at 

various depths, hence giving to that formation very high resistance. It is pointed out that a tunnel in 

15-30m depth passes overall in the Neogene formations where only refusals prevail. 

2.3.3. Evaluation of in situ permeability tests 

The in situ permeability tests that were assessed for this particular section are illustrated in Figure 5. 

The total number of tests amounts to 111. The results of the tests were categorised in five classes: 

k<10−7m/sec,10−7m/sec<=k<10−6m/sec, 10−6m/sec<=k<10−5m/sec, 10−5m/sec<=k<10−4m/sec 

και k>10−4m/sec. 

For this purpose, Maag and Lugeon tests were carried out. Τhe prevalence of Maag tests (99) is 

notable, due to the strong presence of fine grained soil materials. Lugeon tests (12) were executed 

in various formations such as marl, sandstone, breccia and formations that can be characterized as 

soft rocks or hard soils. 

 

Figure 5 - Permeability distribution graph along the area of the alignment, for the Central 

part of the studied area. 

Along the profile, various values of hydraulic conductivity were observed, indicating formations of 

different permeability. Specifically, 94% of the measurements showed values less than 10−5m/sec, 

whereas only 6% showed values greater than 10−5m/sec. 

It is mentioned that at the greatest depths the values of hydraulic conductivity are restricted under 

10−6m/sec. 

However, greater values (k >= 10−5m/sec) are observed relatively at shallow depths, up to 15m 

depth. These values are individual, they have been observed in certain boreholes and do not present 

a wide spread. The increased permeability is due to the presence of coarser materials. 
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2.3.4. Uniaxial Compressive Strength 

The values of uniaxial compressive strength of the Neogene deposits of central part are illustrated 

at Figure 6. The majority of the measurements range between 0,25 and 1MPa. These values indicate 

a stable to stiff formation. 

 

Figure 6 - Distribution charts of uniaxial compressive strength (qu) values for the Neogene 

deposits of the Central part of the studied area. 

2.3.5. Atterberg limits 

The results of Atterberg limits for the Neogene deposits of the central part are illustrated in Figure 

7. Taking account, the Liquid Limit, it is estimated that the majority of measurements are low to 

medium values of plasticity, less than 50. As regard to the Plasticity Index, it is estimated that these 

materials are characterized by medium to high index of plasticity. These values range between 7 and 

17 (39%) and mainly between 17 to 35 (58%). 

 

Figure 7 - Distribution charts of Atterberg limits (LL, PI) for the Neogene deposits of the 

Central part. 

2.4. Considerations on TBM selection 

The construction of underground works in the urban area of Thessaloniki requires the prediction of 

the behaviour of the formations during the excavation. Particular emphasis should be given to the 

selection of the appropriate TBM machine in order to minimise the settlements induced at the surface. 

There are two main types of machines that exhibit this feature and utilise a face support system. 
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These are the Earth Pressure Balance machine (EPBM) and the Slurry Shield machine (Slurry TBM) 

(Geodata S.p.a., 2008). 

However, the selection of the appropriate machine should also take into account the characteristics 

and parameters of formations. These are analysed below and referred to particle-size analysis, 

permeability and sticky behaviour of soils (Marinos et al., 2008). 

2.4.1. Particle-Size Analysis 

Figure 8 shows the grading envelopes of Neogene deposits of central part. These envelopes are 

examined in terms of suitability for each type of TBM (EPB or Slurry machine). The majority of the 

soil curves shows a high percentage of fines. According to the diagram the formations consist of 

sandy clays and clays with sand, sandy silts and clayey to silty sands with a variable percentage of 

gravels. 

 

Figure 8 - Grading curves of Neogene deposits of the Central part and EPBM and Slurry 

TBM suitability limits. 

2.4.2. Permeability tests 

Figure 9 demonstrates the values of permeability of the Neogene deposits of central part. The 

prevalence of Maag tests is characteristic of the persistence of low permeability formations. The 

majority of the measurements (95%) ranged between 10−8 and 10−6 m/sec  due to the formation 

of Neogene deposits. They primarily consist of moderately dense to very dense, and stiff to hard 

materials, which in many cases shows very small values of permeability that can be classified as 

impermeable. 
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Figure 9 - Distribution charts of in situ permeability tests for the Neogene deposits of the 

Central part of the studied area. 

2.4.3. Sticky behaviour of formations 

Some types of cohesive soils, have the tendency to develop sticky behaviour. This behaviour affects 

all types of machines which are applied in a closed mode. Despite the fact that it is not a basic 

selection criterion, the tendency of the soils to stickiness has to be considered. The graph in Figure 

10 is based on the published study of GEODATA (1995) for the Athens Metro Line 3 extension. 

This graph shows the relationship between the ratio of natural moisture content to plastic limit and 

the plasticity index. It also demonstrates the tendency of soils to develop sticky behaviour (low, 

medium, high). The place of the various points, determine the behaviour of the soils. 

At this graph, 658 data from the Neogene deposits of the Central part are projected. The evaluation 

of this diagram shows that the majority of measurements (~77%) do not develop sticky behaviour, 

while only 6% is characterized by high sticky behaviour. 

 

Figure 10 - Sticky behavior of Neogene deposits of the Central part of the studied area 

(based on the Geodata-Torino, 1995 classification). 
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3. Conclusions 

The present paper studies the engineering geological conditions in Thessaloniki basin, managed and 

assessed in a well-structure database. The purpose of that process here is to evaluate the geological 

response and geotechnical behaviour of the quaternary and neogene formations in underground 

works. The incorporated parameters in this study are standard penetration tests (SPT), uniaxial 

compressive strength (qu), Atterberg limits, groundwater level, permeability tests and particle size 

analyses. 

The central part of the wider study area of Thessaloniki is generally formed by hard to stiff clays of 

high strength parameters and good geotechnical behavior. From the evaluation of physical and 

mechanical parameters it was shown that an EPB TBM is expected to perform efficiently in the 

largest part of the alignment. Even in specific areas where the presence of coarser materials is high, 

an EPBM with the use of appropriate mode is the most effective. 
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Abstract 

Clayey soils often exhibit undesirable engineering behaviour such as low strength, 

swelling and shrinkage characteristics etc. To improve these properties, the common 

method followed is stabilization. An experimental program carried out in this study 

aims to highlight the physical mechanisms of stabilization of an expansive soil by 

adding an inert material (sand). The study aimed to analyze the effect of stabilization 

on the variation of soil consistency and the results have shown that soil consistency 

improved appreciably. The findings of the laboratory testing procedures also 

presented substantial improvement in strength with the addition of sand percentages 

up to 60% by weight of soil, as well a noticeable alteration in the moisture-density 

relation. The soil tested could be used as subgrade material in pavement structures 

for low volume bearing roads, after its stabilization with fine sand. A further step in 

the investigation process could be the analysis of the swelling potential of clayey soils 

in conjunction with the addition of other waste materials along with sand, as well as 

the cost-benefit relationships of stabilization with sand in large projects like the 

highway construction. 

Keywords: clay, additive material, engineering characteristics, physical properties, 

stabilization. 

Περίληψη 

Τα αργιλικά εδάφη συχνά επιδεικνύουν ανεπιθύμητες μηχανικές ιδιότητες, όπως μικρή 

αντοχή, μέτρια χαρακτηριστικά συρρίκνωσης και διόγκωσης, κ.λπ. Η συχνότερα 

χρησιμοποιούμενη μέθοδος για να βελτιωθούν αυτές οι ιδιότητες είναι η 

σταθεροποίηση. Διεξήχθησαν δοκιμές εργαστηρίου στα πλαίσια ενός προγράμματος 

όπου αναζητήθηκε να κατανοηθούν οι φυσικοί μηχανισμοί σταθεροποίησης ενός 

αργιλικού εδάφους με μεγάλο δυναμικό διόγκωσης μέσω της προσθήκης ενός ανενεργού 

υλικού, δηλαδή άμμου. Τα αποτελέσματα έδειξαν αξιοσημείωτη βελτίωση στη σύσταση 

του εδάφους. Τα ευρήματα της εργαστηριακής έρευνας παρουσίασαν επίσης ουσιαστική 

βελτίωση στην αντοχή του εδάφους με την προσθήκη ποσοστών άμμου μέχρι και 60% 

κατά βάρος εδάφους, καθώς και αξιοσημείωτη μεταβολή στη σχέση υγρασίας-

πυκνότητας. Το έδαφος που εξετάστηκε θα μπορούσε να χρησιμοποιηθεί ως στρώση 

έδρασης σε κατασκευές οδοστρώματος για οδούς οι οποίες μεταφέρουν χαμηλό 

κυκλοφοριακό φόρτο, μετά τη σταθεροποίησή του με λεπτόκοκκη ποτάμια άμμο. Ένα 

βήμα για περαιτέρω διερεύνηση είναι η ανάλυση του δυναμικού διόγκωσης αργιλικών 

εδαφών σε συνδυασμό με την προσθήκη άλλων απόβλητων υλικών μαζί με άμμο, καθώς 

και οι σχέσεις κόστους-οφέλους της σταθεροποίησης με άμμο σε εκτεταμένα έργα όπως 

η οδοποιία. 

Λέξεις κλειδιά: άργιλος, πρόσθετο υλικό, μηχανικά χαρακτηριστικά, φυσικές ιδιότητες, 

σταθεροποίηση. 
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1. Introduction  

Subgrade plays an important role in safe and cost effective pavement construction, given that the 

materials are suitable. Usually, there is a requirement for the improvement of both the plasticity and 

the bearing capacity of local soils. The stabilization methods are a common suggestion for such 

goals to be achieved. There are many techniques for soil stabilization and the choice between them 

depends on several economic, practical and environmental parameters. Discrete techniques are 

chemical stabilization, thermal stabilization, stabilization by additives such as lime and cement. 

Sand is a naturally occurring granular material. Because of its high load bearing capacity in confined 

condition, sand could be used as a filler material. So, sand could be used in varying proportions as 

admixture to cohesive soils altering the properties of plasticity, compaction and strength of the mixtures 

(Khemissa et al., 2015; Louafi et al., 2012). This work aimed to evaluate the laboratory results obtained 

when a black clay soil was tested for the dry density-moisture relationship and for the unconfined 

compressive strength after the admixture of sand in different proportions. 

Soils showing volumetric changes when they respond to changes in their moisture content are 

characterized as expansive. Such soils exhibit swelling shrinkage and often result to damage on civil 

engineering constructions like the transportation infrastructure. The change in soil volume is highly 

dependent on both the mineralogy of materials composing the soils and their proportions in the soil 

mass. Problems in technical structures have arisen in various places in Greece; examples of such 

problematic projects are the National Road near Thebes, Central Greece, along a 20 km section 

(Gkasios et al., 2000), and the provincial road network of N. Evros prefecture (Papakyriakopoulos 

et al., 2006), where geotechnical problems have been noted. 

Numerous researchers have applied inert materials to soils, as a method of stabilizing them (Bengraa 

et al., 2005; Kaoua et al., 1994; Lamara et al., 2005; Louafi et al., 2011). Though the research works 

have shown that the addition of inert materials is a promising technique for stabilizing such soils, 

there are still many open questions on the behaviour of an amended soil that require answers from 

the engineers’ community. In this work, the effect the addition of sand on the characteristics of a 

clayey soil is being studied. 

In a research work (Chavali et al., 2014) it was found that the maximum dry density of clay-sand 

mix improved with the addition of sand up to 30%; thereafter it decreased. In the same report, the 

optimum moisture content decreased up to 30% sand content thereafter it increased slightly. 

There is an interest in investigating the simultaneous action of sand and other materials in 

stabilization trials (Bhatta, 2008). Sharma et al. (2012) worked on use of sand, rice husk ash and 

waste plastic fiber for improving compaction characteristics of clayey soil for use as subgrade 

material. The influence of materials such as fly ash or river sand on compaction, and strength 

characteristics of black cotton soil has been extensively investigated in countries like India (Ameta 

et al., 2007; Sharma et al., 2013; Singh et al., 2014) or Nigeria (Madu, 1975) where problems are 

encountered due to cyclic swelling and shrinking behaviour of the soils. In practice, construction 

plans in which sand is used as a stabiliser instead of cement or lime could lead to minimised 

construction costs for roads carrying medium density traffic. 

A research work in Uganda (Jjuuko et al., 2011) showed that maximum dry density (MDD) and 

optimum moisture content (OMC) increased from 1867 to 2357 kg/m3 and decreased from 16.5 to 

8.5%, respectively, at sand blends of 20-100% while the unconfined compressive strength decreased 

from 787 to 95 kPa at sand blends of 20-60%. 

According to stabilization techniques followed in order to improve the soil, the finer soil particles are 

replaced with coarser particles of sand admixture. In such a way, a uniform gradation of particles in 

the soil is created and the composite mix formed possesses both cohesion and friction. Furthermore, 

when properly mixed, placed and compacted at site, the soil exhibits improved load carrying capacity. 
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Subgrade plays an important role in safe and cost effective pavement construction, given that the 

materials are suitable. Usually, there is a requirement for improvement of both the plasticity and the 

bearing capacity of local soils. Stabilization is a common solution for such goals to be achieved. 

Sand is a naturally occurring granular material. Due to its high load bearing capacity in confined 

condition, it could be used as a filler material. Sand could be used as admixture to cohesive soils 

altering the properties of plasticity, compaction and strength of the mixtures (Roy, 2013). 

2. Materials and Methods 

The soil samples for the laboratory investigation were collected at a location where the thickness of 

swelling soils varies from a few meters to several tens of meters, appearing in 1 to 3 meters 

superimposed layers which are alternating with sand, gravel or cobble layers. The clay content, as 

well as the mechanical behaviour, of these soils also varies greatly from site to site. The clay sampled 

had a dark greyish colour. The grain size distribution of the selected clayey soil has been determined 

by both the dry method (AASHTO T27-11) and hydrometer analysis. The grain size distribution of 

the soil is shown in Figure 1. 

0.001 0.010 0.100 1.000 10.000

Grain Size (mm)

0

20

40

60

80

100

P
er

ce
n
t 

P
as

si
n

g
 (

%
)

 

Figure 1 - Soil grain size distribution. 

The natural soil is characterized by the following moisture and density properties: γ=1840 kg/m3, γd=1426 

kg/m3, m=29%, e=0.855, n=0.461 and S=92.2%. The soil is classified as Group A-7-5 according to the 

AASHTO classification system, while, according to the Unified Classification System, is classified as CH. 

The suitability of such soils as subgrades in pavement construction is judged as fair to poor. 

Using the oedometer test, the swelling pressure of the soil has been found equal to 37.5 t/m2, while 

the free swell was equal to 28.1%. The colloid content (% percent smaller than 0.001 mm) is 57.68%, 

the linear shrinkage 17.91%. Methylene blue tests performed on the soil yielded values of dye 

volume and apparent surface area equal to 19.5 cm3 and 251.55 m2/gr of soil, respectively. 

In the present study, a fluvial aggregate material of sand size has been selected for the stabilization 

procedure of the swelling soil. Mixtures of the soil with the sand had been prepared in the laboratory 

on the basis of additive percentages, differing by 10% by soil weight from each other, starting from 
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10% and ending up to 100% (a mixture half soil and half sand). For each percentage of additive 

material, a set of three specimens was prepared. 

The optimum moisture content for specimens formed using the various soil-sand ratios has been 

determined using the modified Proctor method according to AASHTO T180-15 specification. For the 

unconfined compression strength (UCS) test, cylindrical specimens with 2 in diameter and 5 in height 

(5.08 cm x 12.7 cm) were used. The quantity of material for each sample was determined by the 

optimum moisture-maximum dry density relationship. For the preparation of strength specimens, the 

optimum moisture was used. The machine for the testing operated at a strain rate of 1.25 mm/min. 

3. Results and Discussion 

The liquid limit of both soil and soil-sand mixtures (passing the No. 40 sieve) was found using the 

Casagrande method. The liquid limit values decreased with the addition of sand. The same trend has 

been shown by the plasticity limit values, though the rate was less intense than that of LL. The 

decrease in plasticity index values is mainly due to the decrease of LL values. The variation in 

Atterberg limits with the addition of sand in various proportions is shown in Figure 2. Similar 

findings have been reported in other experimental works on soil stabilization with sand (Roy, 2003; 

Ravi Shankar et al., 2012). 
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Figure 2 - Atterberg limits for soil mixtures with varying sand content. 

Linear shrinkage of a soil specimen is the reduction of one of its dimensions, when the contained 

moisture being reduced from a given value reaches the maximum soil moisture and further reduction 

does not cause any soil volume change. The linear shrinkage was calculated using molds to produce 

semicircular specimens 140 mm long x 12.5 mm radius. Soil samples mixed with water up to the liquid 

limit value had been placed in the molds, according to BS 1377:Part 2:1990 specification. 

The linear shrinkage of soil specimens with different sand contents was expressed as 

LS(%)=(ΔL/L)x100 and is shown in Figure 3. 
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Figure 3 - Linear shrinkage for soil mixtures with varying sand content. 

In order to find the dry density-moisture content relation with the standard Proctor compaction test, 

sand and soil samples passing the No. 4 (4.75 mm) sieve were used. The values of maximum dry 

density for the different soil-sand mixtures are presented in Figure 4. A continuous increase of MDD 

has been noted mainly because of the higher specific weight of the admixture material. 
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Figure 4 - Maximum dry density for soil mixtures with varying sand content. 
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The values of optimum moisture content followed a reverse trend ranging from 21% for the natural 

soil up to 13.5% for the ratio 1:1 soil to sand, as it is shown in Figure 5. 
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Figure 5 - Optimum moisture content for soil-sand mixtures. 
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Figure 6 - Unconfined compression strength for soil mixtures with varying sand content. 

The unconfined compression strength has increased for each sand addition increment up to 60% 

sand (from 1211 to 2798) and then linearly decreased for all other percentages (Figure 6). The 
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decrease in strength values could be attributed to less cohesion between the particles in the mixture. 

It can be suggested that this proportion is an optimum for soil stabilization with sand. 

In general, the compaction characteristics have been enhanced (increased maximum dry density and 

decreased optimum moisture content) with the addition of sand as the moisture-density curves have 

been shifted left and upper. This fact leads to the conclusion that the demand for water in order to 

achieve the desired field density values is lower. On the other hand, the strength gain reached the 

131% with the addition of sand 60% by soil weight. 

4. Conclusions 

Since problematic soils are a worldwide problem, there is an increasing demand for techniques to 

improve their behaviour. Countries like Greece with their economies in crisis (low per capita 

income) or having low cement and lime production, can use the stabilization with sand technique in 

order to enhance soils to be used as pavement subgrades. 

Based on the experimental results on clayey soil stabilized with sand, it could be concluded that: 

 The Atterberg limits changed in a decreasing mode with the sand admixtures in ascending 

percentages. The liquid limit values initially indicated a decrease with the addition of sand. 

Further adding increased sand contents, the observed reduction in LL was small. The plastic 

limit showed slight alteration (reduction) with the increase of sand contents. The lower Pi 

values could be mainly attributed to the decrease of LL values. 

 Linear shrinkage was decreased by 42% with stabilization. This finding can be interpreted as 

an indication that the soil can be used as a subgrade material for construction of flexible 

pavements in rural roads with low traffic volume. 

 Referring to strength characteristics, the values of UCS tend to increase until a peak strength 

value had been reached with 60% sand by weight of soil. 
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Abstract 

Specifications in European countries include a variety of methods for determining the 
liquid limit based on Casagrande type devices and on the fall cone penetrometer. The 
results of a comparative study of the liquid limits determined using these two fall-cone 
methods are presented for lime stabilized soil. Soil material sampled in the area of 
Evros Regional Unit has been stabilized with lime in order to enhance its engineering 
characteristics. The soil and the soil-lime mixtures subjected in Atterberg limit testing. 
The liquid limit values were correlated through a linear regression analysis with the 
rest of the consistency limits of both the natural soil and its mixtures with various lime 
contents. The correlation coefficients in all cases were high, with those referring to 
results obtained by the Casagrande method to be dominant. The comparison of liquid 
limit values determined by either method showed that there is a systematically good 
correlation between them, with the decrease rate in function of the lime content in the 
mixture to be more intense in the case of the drop-cone procedure. There is a need for 
a universal specification for the determination of the consistency limits. 
Keywords: Atterberg limits, fall cone penetrometer, regression analysis, soil 
stabilization, additive material. 

Περίληψη 

Οι προδιαγραφές Ευρωπαϊκών κρατών περιλαμβάνουν ποικίλες μεθόδους για τον 
προσδιορισμό του ορίου υδαρότητας με συσκευές τύπου Casagrande και πενετρομέτρου 
πίπτοντος κώνου. Εδαφικό υλικό από την περιοχή της Περιφερειακής Ενότητας Έβρου 
σταθεροποιήθηκε με υδράσβεστο για να βελτιωθούν τα μηχανικά του χαρακτηριστικά. 
Παρουσιάζονται τα αποτελέσματα συγκριτικής μελέτης ορίων Atterberg που 
καθορίστηκαν με τις δύο μεθόδους. Οι τιμές του ορίου υδαρότητας συσχετίστηκαν μέσω 
γραμμικής παλινδρομικής ανάλυσης με τo όριο πλαστικότητας, το δείκτη πλαστικότητα 
και το όριο συρρίκνωσης, τόσο του φυσικού εδάφους όσο και των μιγμάτων του με 
διάφορα ποσοστά υδρασβέστου. Οι συντελεστές συσχέτισης σε όλες τις περιπτώσεις 
ήταν υψηλοί, με επικρατέστερους αυτούς που αφορούσαν αποτελέσματα της μεθόδου 
Casagrande. Η σύγκριση των τιμών του ορίου υδαρότητας οι οποίες καθορίστηκαν με 
τις δύο μεθόδους έδειξε ότι υπάρχει μια συστηματικά καλή συσχέτισή τους με την πτώση 
των τιμών συναρτήσει του ποσοστού υδρασβέστου στο μίγμα να είναι εντονότερη στην 
περίπτωση του κώνου. Υπάρχει ανάγκη για την τυποποίηση των οργάνων και 
εναρμόνιση της διαδικασίας προσδιορισμού των ορίων Atterberg διεθνώς. 
Λέξεις κλειδιά: όρια Atterberg, πενετρόμετρο πίπτοντος κώνου, παλινδρομική 
ανάλυση, σταθεροποίηση εδάφους, πρόσθετο υλικό. 
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1. Introduction 

The consistency limits (liquid limit, LL, plastic limit, PL and shrinkage limit, SL) are related to the 

amount of water attracted to the surface of the soil particles and are predominant factors for 

identifying and classifying a soil. Relatively simple methods have been proposed to determine the 

liquid limit; the most important are the Atterberg percussion or Casagrande (1932) method and the 

fall cone penetrometer method. The classical method is described by ASTM D-4318 and the fall 

cone method by BS 1337:2. This last method is becoming more popular due to different inherent 

weaknesses of the Atterberg method as many researchers -and Casagrande himself- (Casagrande 

1958) have discussed. 

In the fall cone method, liquid limit is the moisture content corresponding to a specified depth of 

penetration for a cone of known geometry and weight. Detailed examination of the potential of the 

fall cone method (Karlsson, 1961; Sherwood and Ryley, 1970; Campbell, 1975; Leroueil and Le 

Bihan; 1996; Farrell et al., 1997; Quintela et al., 2014) has lead to the suggestion that the cone 

method presents a more reliable and reproducible indirect measure of soil strength at liquid limit. 

A theoretical study of the fall cone test (Houlsby, 1982) considered various factors such as cone 

bluntness, cone roughness and deviations in the apex angle, and the basic conclusions drawn refer 

to (a) the significant effect the roughness of the cone has on the measured shear strength and (b) to 

an optimum angle of 52.6' for a smooth cone of fixed cross-sectional area to penetrate the surface of 

a cohesive soil. 

In an experimental work (Emami and Monfared, 2012) the effect of various fall cone parameters (ex. 

cone apex angle, diameter, overload, cone surface roughness) on Atterberg limits of both 

homogeneous and non-homogenous (layered) type soil samples has been investigated. The liquid 

limit of cohesive clayey silt as well as silty-clay soil samples were determined based on fall cone 

tests with four different cones with 30o and 60o apex angles, two different diameters and also 

different surface roughness. The results showed that the apex angle of cone may play a more 

important role in determining the LL of soil. 

The effect of clay content on the liquid limit has been studied by numerous researchers through the 

use of the fall cone and the Atterberg device (Nini, 2014). The use of a British cup had lead to the 

notice that soil samples with clay content lower than 50% exhibit fall-cone liquid limit values higher 

than those of the Atterberg cup (Budhu, 1985). The same tendency to the laboratory results is found 

in other researches as well (Sherwood and Ryley, 1970). 

Liquid and plastic limit are suggested as moisture contents determined at penetration depths of 20 

mm and 2.8 mm, respectively. When the fall cone penetrometer readings are used, then liquid and 

plastic limits, as well as plasticity index, are found leading to a considerable saving in testing time. 

This makes the method more precise than the standard one. The use of a cone penetrometer to 

determine not only the liquid limit, but also the plasticity index has been proposed (Belviso et al., 

1985). The plastic limit can then be obtained as the numerical difference between liquid limit and 

plasticity index. 

A wide range of soils in New Zealand were subjected to Atterberg limits tests and had shown a close 

correlation between the fall cone penetrometer method and standard methods (Allbrook, 1980). 

Investigators have shown that -at least with two types of fall cones- the differences between fall 

cone liquid limit values and cup liquid limit values were not large. Many countries have adopted the 

fall cone as a standard device. Therefore, it is very important to make a comparison between the 

values of both methods for geotechnical works. 

Aiming to contribute to the discussion about the differences and the relationships between the two 

conventional methods used to determine LL, a comparison and assessment of the liquid limit of a 

swelling soil from Thrace region, N. Greece, has been determined by Casagrande percussion cup 

and fall cone method. The procedure has been conducted by the same operator and the same 
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instruments in order to avoid possible discrepancies due to experience, manual skills, and practice 

of the operator or the sensitivity of the equipment. In order to minimize the factors involved in the 

testing, a single soil has been chosen. 

A suitable for road construction soil is required to exhibit reduced volume changes due to moisture 

variation. The plasticity index plays a basic role in that condition. Hence, every process reducing PI 

is beneficial. The stabilization of soils with the addition of substances such as lime contributes to 

this goal through the grain agglomeration and the formation of new crystalline compounds. The 

liquid limit values were also determined for soil-lime mixtures with various additive contents. 

2. Materials and Methods 

Dark grayish soil samples were collected for the laboratory investigation. The sampling area is 

located in a plain region of Northern Evros Regional Unit, near Orestiada. The local name of the 

site, where -after the removal of surface grass and lose soil- an excavation about 1 m deep has been 

made, is “Stachtes”. The grain size distribution of the selected clayey soil has been determined 

employing both the dry method (ASTM D-6913) and hydrometer analysis. The sieve analysis was 

performed in order to find the sandy and gravelly fractions. The hydrometer was used according to 

ASTM D-422 in order to determine the silt and clay fractions. By applying Stokes’ law, the silt and 

clay fractions were obtained. The grain size distribution of the soil is shown in Figure 1. 
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Figure 1 - Grain size distribution of the soil tested. 

The soil tested is classified as Group A-7-6 according to the AASHTO classification system, while, 

according to the Unified Classification System, is classified as CH. The suitability of such soils as 

subgrades in pavement construction is judged as fair to poor. The chemical properties of the soil 

tested are shown in Table 1. The silica oxide was the prevalent compound with a percentage 64.18%, 

while the aluminum oxide was also present in a high percentage. 

Lime used for the stabilization process was a common commercial lime supplied in bag-packing by 

a company located in Drama prefecture, Northern Greece. The chemical properties of the lime used 

are also shown in Table 1. The content of calcium oxide in lime was found to be 65.25% and the 

loss on ignition reached a value of 33.25%. 
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Table 1 - Chemical properties of soil and lime. 

 Soil Lime 

Loss on Ignition (%) 11.12 33.25 

SiO2  64.18 0.01 

Al2O3 13.50 0.01  

Fe2O3 4.57 0.11  

CaO 1.40 65.25  

MgO 1.16 0.50  

K2O 2.30 0.01  

Na2O 1.35 0.01  

The clay soil sampled in Evros Regional Unit had been air dried. Mixtures of the soil fraction passing 

the No. 40 sieve with lime had been prepared on the basis of additive percentages differing by 2% 

by soil weight from each other, starting from 2% and ending up to 10%. The mixtures were left to 

cure for about half an hour prior being tested. 

For all soil-lime admixtures the Atterberg limits were determined along with the linear shrinkage. 

The linear shrinkage was calculated using semicircular specimens having a length of 140 mm and 

12.5 mm radius in stainless steel moulds. Soil samples mixed with water up to the liquid limit value 

were placed in the moulds, according to BS 1377:Part 2:1990 specification. Their length was 

measured after 10 days in ambient air conditions. The ratio of the difference of the two 

measurements to the initial length yielded the value of linear shrinkage. 

In order to establish the liquid limit values of the soil and the soil-lime mixtures, the standard 

procedures described for the Atterberg limits in ASTM D 4318-10e1 were followed. LL determined 

with the fall cone method (BS 1377: Part 2: 1990) is the quantity of moisture where a standard cone 

freely falling for 5 sec after its release penetrates 20 mm in sample. 

The plasticity index (PI) is defined as the difference between the liquid and plasticity limits and is a 

value used for the recognition of soil characteristics and the proper soil classification. PI determines 

the suitability of soils to be used as subgrades in roadway foundations. 

3. Results and Discussion 

The liquid limit of the soil and its mixtures with various lime contents was found using the 

Casagrande and fall cone methods. The liquid limit values decreased with the addition of lime. The 

rate of change was more intense in the case of the cone method than when the Casagrande tests were 

performed. 

For the different additive contents, the LL values ranged in the intervals 77% to 56% and 75% to 

53% when the Casagrande and fall cone methods were used, respectively. The variation in Liquid 

Limit with the addition of lime in various proportions is shown in Figure 2. The rate of decrease was 

higher in the first step of lime admixture. After 2% lime added, the variation was milder in both 

cases. 

The plastic limit gradually increased from 31% to 47% with the addition of lime in percentages from 

2 to 10% per solid soil weight. The decrease in plasticity index values is mainly due to the decrease 

of LL values. 
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Figure 2 - Variation of Liquid Limit for different additive contents in soil-lime mixtures. 

The admixture of lime caused an increase in the plastic limit, while both the liquid limit and the 

plasticity index of the soils have been reduced. The immediate effect of lime addition to the soil is 

to cause flocculation and agglomeration of the clay particles due to cation exchange at the surface 

of the soil particles (Athanasopoulou, 2014). The result of this short-term reaction is to enhance 

workability and plasticity. 

The linear shrinkage values recorded showed a trend to be lower (19.7%, for the soil to 7.8% for 

10% by weight lime added) with the admixture of higher lime contents, leading to enhanced swelling 

characteristics. Lime significantly reduces the response of clay minerals to water as a result of the 

formation of crystalline compounds on their surface, as well as of lime intrusion in the areas between 

the layers; in such a way the swelling properties of the material are inhibited (Athanasopoulou and 

Kollaros, 2011; Saeed et al., 2013). 

The liquid limit values were correlated through a linear regression analysis with the rest of the 

consistency limits. The results shown in figures 3 to 5 present very good correlation coefficients, r, 

ranging from 0.92 to 0.99. The correlation of LL and PL, PI, and LS values depicted in figures 3, 4 

and 5 respectively could be expressed by the equations listed in Table 2. 

Table 2 - Equations for PL, PI, and LS correlated to LL. 

Indices Correlated Equation Correlation coefficient, r 

Fall cone method 

PL-LL  PL = -0,72 x LL + 82.84 0.94 

PI-LL PI = 1.72 x LL - 82.84 0.99 

LS-LL LS = 0.56 x LL - 20.18 0.92 

Casagrande 

PL-LL  PL= -0,76 x LL + 87.63 0.96 

PI-LL PI = 1.76 x LL - 87.63 0.99 

LS-LL LS = 0.60 x LL - 24.48 0.92 
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Figure 3 - Correlation of Liquid Limit and Plasticity Limit values. 
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Figure 4 - Correlation of Liquid Limit and Plasticity Index values. 

The plasticity index correlated to the liquid limit has lead to the higher correlation coefficients. The 

lower coefficient, r, has been recorded when the linear shrinkage was correlated to the liquid limit 

values. Better correlations of the liquid limit with all other properties have been recorded when the 
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LL had been found using the Casagrande percussion cup test method compared with those found 

with the fall cone procedure. 
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Figure 5 - Correlation of Liquid Limit and Linear Shrinkage values. 

3.1. Correlation of LLcup and LLcone 

Equations describing the relation of two kinds of liquid limit values (LLcup and LLcone corresponding 

to the Casagrande and fall cone tests) are summarized in Table 3. The reference for each equation is 

presented along with the range of LL values for each case. 

Table 3 - Proposed LLcone-LLcup equations. 

Equation LL range studied (%) Reference 

LLcone = 0.85 LLcup + 5.02 30-76 Karlsson (1961, 1977) 

LLcone = 0.95 LLcup + 0.95 30-72 Sherwood and Ryley (1970) 

LLcone = 0.97 LLcup + 1.60 20-100 Littleton and Farmilo (1977) 

LLcone = 0.94 LLcup + 0.97 38-55 Wires (1984) 

LLcone = 0.97 LLcup + 1.19 34-134 Belviso et al. (1985)  

LLcone = 0.67 LLcup + 15.46 30-550 Sivapullaiah and Sridharan (1985) 

LLcone = 1.01 LLcup + 4.92 27-110 Wasti (1987) 

LLcone = 0.86 LLcup + 6.34 30-74  Leroueil and Le Bihan (1996) 

LLcone = 0.86 LLcup + 4.55 31-86 Dragoni et al. (2008) 

LLcone = 0.90 LLcup + 6.04 30-105 Özer (2009) 

LLcone = 1.00 LLcup + 2.44 21-50  Fojtová et al. (2009) 

LLcone = 1.01 LLcup + 3.49 80-215 Grønbech et al. (2010) 

LLcone = 0.95 LLcup + 9.4 100-340 Grønbech et al. (2011) 

LLcone = 1.00 LLcup + 2.20 24-50  Di Matteo (2012) 

LLcone = 0.99 LLcup + 1.05 20-61 Spagnoli (2012) 

LLcone = 1.00 LLcup – 2.07 14-100 Bicalho et al. (2014) 

LLcone = 0.86 LLcup + 10.98 53-75 Current study (2016) 



785 

 

The Casagrande cup and fall cone tests do not produce the same results (Wasti, 1987; Prakash and 

Sridharan, 2006; Özer, 2009). In general, good agreement is observed for soils within an 

approximate range of 0%<LL<70%. Outside this range, the fall cone test produces consistently 

lower LL values (Verástegui-Flores and Di Emidio, 2014; Di Mateo et al., 2015). 

In the present research the LL values of a lime stabilized clayey soil found using the Casagrande 

type percussion cap machine and the fall cone methods have been compared. The relationship and 

difference between the LLcup and LLcone for the tested clay is shown in Figure 6 with liquid limit 

ranging from 53 to 77%. A straight line is easily fitted. The following statistical relationship is 

obtained between the two liquid limits: 

LLcone = 1.03 LLcup - 4.93 

The correlation of the two limits is very good, as it is denoted by the correlation factor of the fitting 

equation, r=0.99. 
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Figure 6 - Correlation of LL values estimated by the Casagrande and fall cone methods. 

4. Conclusions 

In highway construction mechanics, the classification of fine-grained soils is based on consistency 

as a fundamental parameter. Liquid limit and plastic limit are determined through the Casagrande 

test or the fall cone test and the hand rolling method, respectively. A serious shortcoming of these 

techniques is that they are characterized by low repeatability and are operator-dependent. More than 

a hundred years after Atterberg first described the consistency limits, his original definition could 

be reviewed and the mechanical interpretation of one of the most basic tests in soil mechanics has 

to be thoroughly studied and re-established towards the development of a universal specification 

and standardized equipment. 

This paper presents a comparison between the liquid limit values received from tests performed on 

soil samples using the Atterberg method and the fall cone penetrometer method. The comparison of 

the two limits is very good, as it is denoted by the correlation factor, r=0.98. 
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The study determined the different parameters of soil that affect the liquid limit values measured by 

both methods. 

The equations found in literature seem suitable for the prediction of liquid limit assessed by fall cone 

test and the experimental value achieved by Casagrande device. 

A high correlation was also found between the results of both methods for the lime stabilized soil 

specimens tested in this research work. In either case the LL decreased with the addition of lime. 

The reduction of the LL value. was higher with the fall cone method. 
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Abstract 

The aim of this study is to investigate the statistical correlations between the point 

load strength index and certain physical properties, e.g. the dry density and the dry 

longitudinal ultrasonic wave velocity of prasinites (metabasites). Statistically 

significant correlations established between the physical properties as well as 

between each physical quantity and the point load strength index. According to 

bibliography, this is one of the first efforts to develop relations between physical and 

mechanical properties for this particular petrological type, and therefore the derived 

equations can be a useful tool to the investigation of these petrological types, either 

in the study area or in other sites, where prasinites of similar structural 

characteristics, are examined for the foundation of various constructions. 

Keywords: Density, Ultrasonic wave velocity, Mechanical properties, Statistical 

relationships, Metabasites. 

Περίληψη 

Ο σκοπός της παρούσας εργασίας είναι η διερεύνηση των στατιστικών συσχετίσεων 

μεταξύ του δείκτη αντοχής σημειακής φόρτισης και συγκεκριμένων φυσικών ιδιοτήτων, 

όπως της πυκνότητας και της ταχύτητας των διαμήκων υπερηχητικών κυμάτων σε ξηρή 

κατάσταση, για την περίπτωση των πρασινιτών (μεταβασίτες). Επιβεβαιώθηκαν, 

στατιστικά, σημαντικές συσχετίσεις μεταξύ των φυσικών ιδιοτήτων καθώς και μεταξύ 

εκάστης φυσικής ιδιότητας και του δείκτη αντοχής σημειακής φόρτισης. Σύμφωνα με 

την βιβλιογραφία, η εργασία αυτή αποτελεί μια πρώτη προσπάθεια ανάδειξης τέτοιων 

συσχετίσεων για τον συγκεκριμένο πετρολογικό τύπο, με αποτέλεσμα, οι εξισώσεις που 

προέκυψαν να αποτελούν χρήσιμο εργαλείο στην μελέτη αυτών των πετρολογικών 

τύπων τόσο στην περιοχή έρευνας, όσο και σε άλλες περιοχές όπου οι πρασινίτες, με 

παρόμοια δομικά χαρακτηριστικά, αποτελούν αντικείμενο μελέτης για τη θεμελίωση 

κατασκευών. 

Λέξεις κλειδιά: Πυκνότητα, Ταχύτητα διάδοσης υπερήχων, Μηχανικές ιδιότητες, 

Στατιστικές συσχετίσεις, Μεταβασίτες. 
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1. Introduction  

Since the fundamental work of (Broch and Franklin, 1972) and (Guidicini et al., 1973), the point 

load test obtained considerable attention in the geotechnical practice, due to its simplicity and 

inexpensive use. The point load strength index (Is) can be used for strength classification of the 

intact rock (Bieniawski, 1975), as well as an input parameter in the RMR classification system 

(Bieniawski, 1989). Despite the tensile nature of the test, several researchers have investigated the 

relationship between the point load strength index and unconfined compressive strength. In the study 

of Fener et al. (2005), the interested reader can find and assess numerous empirical equations for a 

variety of rock types. 

It is a common and at the same time challenging task in the geotechnical engineering, trying to 

establish empirical correlations between measures of rock strength and intrinsic properties which 

control the strength of the intact rock. A number of researchers, (e.g., Irfan and Dearman, 1978, 

Pasamehmetoglu et al., 1981; Beavis, 1985; Rozos, 1989; Augustinus, 1991; Gupta and Seshagiri 

Rao, 1998; Palchik and Hatzor, 2004; Shafiei et al., 2007; Kurtulus et al., 2012; Altindag, 2012) 

have investigated the relationship among some physical property like the absolute or effective 

porosity, the specific gravity and the longitudinal ultrasonic wave velocity with the point load 

strength index. In the aforementioned studies, irrespectively of the mathematical formulation e.g. 

linear, exponential or power, the common trend is the reduction of the point load strength index as 

the porosity increases and the increase of the index as the density or the wave velocity increases. 

The objective of this study is to derive new correlation equations between the dry density and dry 

longitudinal ultrasonic wave velocity with the size corrected point load strength index Is(50), obtained 

from axial point load tests, in the case of prasinites. For this reason, a total of fourteen (14) rock 

samples were collected from the area of East Attica Prefecture and sixty-eight (68) rock disks 

prepared and tested. The results were analyzed using ordinary least squares regression and the 

derived equations proved to be statistically significant with strong coefficients of determination. 

2. Location and Geological Aspects of the Study Area 

The geographical distribution of the collected rock samples is shown in Figure 1. The study area is 

located in the south part of the East Attica Prefecture and extends from north to south between the 

sites of Ano Daskalio village and Sounio town. The bodies of prasinites (metabasites) belongs to the 

so called Neo - Hellenic Nappe (Katsikatsos, 1992), as intercalations within the formations of 

phyllites, schists and quartzites. Their maximum thickness can reach up to 50 m. They are poorly 

foliated and can be categorized either as bluschists or greenschists with the later to be the 

predominant rock type (Baziotis et al., 2008). 

 

Figure 1 - Location of samples (Numbers refers to rock codes). 
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In the field, prasinites appeared as massive relatively fresh formations, in cases with a dense net of 

calcite veins and at some places intensively fractured and weathered due to the presence of the 

soluble calcite veins. (Fig. 2). 

 

Figure 2 - (a) Intensively fractured and weathered prasinites, (b) Fresh prasinites. 

3. Experimental Procedure and Results 

The fourteen (14) rock blocks collected, helped to produce a total number of sixty-eight (68) right 

circular disks of NX diameter. These disks were prepared in accordance with the suggested methods 

of ISRM (ISRM, 1981a). The collection of specimens was performed in such a way, to capture, as 

much as possible, the whole spectrum of the weathering characteristics of the formation (Fig. 3), in 

order to result in statistically significant correlations. Samples with distinct features of foliation were 

excluded from the statistical analysis in order to avoid the influence of anisotropy to the wave 

propagation. 

 

Figure 3 - Prasinites with various stages of weathering. 

3.1. Dry Density 

The dry density was measured after the oven - drying of the specimens at 40oC for several days until 

to get a constant mass. In spite of the suggested methods of ISRM (ISRM, 1981a), for the 

determination of the dry density, the temperature was set at this level, in order to avoid any thermal 

degradation due to the presence of calcite in the mineralogical composition. After the oven-drying 

the specimens were placed in a desiccator for two days to reach up temperature equilibrium. 

The values of dry density range between 2.565 gr/cm3 and 2.983 gr/cm3 and the inherent variability 

of the selected samples is shown as box plots in Figure 4. 

According to IAEG classification (Table 1 - Anon, 1979), the prasinites in the study area are 

classified as formations of high up to very high dry density. 
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Table 1 - Dry density classes for hard and soft rocks (Anon, 1079). 

Class Range (gr/cm3) Term 

1 < 1.80 Very Low 

2  1.80-2.20 Low 

3 2.20-2.55 Moderate 

4 2.55-2.75 High 

5 > 2.75 Very High 

 

Figure 4 - Box plot of dry density of examined samples. 

3.2. Dry Longitudinal Ultrasonic Wave Velocity 

This property is very sensitive to various structural characteristics of a rock, like the mineralogical 

composition, grain size, porosity, joints, cracks and anisotropy. In the ultrasonic pulse method, the 

wave speed is calculated by dividing the distance between the transmitter and the receiver by the 

time required for the transient pulse to travel this distance. In the present study a Pundit testing 

instrument was used, equipped with transducers of 150 kHz dominant frequency. The configuration 

of direct transmission was used and further details of the experimental procedure were in line with 

the upgraded suggestions of ISRM. (Aydin, 2015). 

The dry longitudinal ultrasonic wave velocity ranges from 3.947 km/s up to 6.540 km/s (Fig. 5). 

This variation is attributed to the various states of weathering and also to the presence of a dense net 

of calcite veins in a number of rock samples. 

According to IAEG classification (Table 2 - Anon, 1979), the prasinites in the study area are 

classified as formations of moderate up to very high dry longitudinal ultrasonic wave velocity. 
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Table 2 - Dry longitudinal ultrasonic wave velocity classes for hard and soft rocks (Anon, 

1979). 

Class Range (km/s) Term 

1 < 2.5 Very Low 

2  2.5-3.5 Low 

3 3.5-4.0 Moderate 

4 4.0-5.0 High 

5 > 5.0 Very High 

 

Figure 5 - Box plot of dry longitudinal ultrasonic wave velocity of examined samples. 

3.3. Point Load Strength Index Is(50) 

After the determination of the physical and acoustical properties the specimens were tested in a 

portable machine of 50kN load capacity in order to obtain the axial point load strength index Is and 

hence the corrected one Is(50). The experimental procedure and the relevant calculations were in 

accordance with the suggested methods of ISRM (ISRM, 1985b). 

The corrected point load strength index Is(50) shows a wide scatter, as shown in Figure 6, with values 

between 1.64 MPa and 13.71 MPa, characterising the material’s strength, according to the 

classification of Bieniawski ( Table 3 - Bieniawski, 1975) as low up to very high. 

Table 3 - Rock materials classification according to PLS index (Bieniawski, 1975). 

Description Point load strength  index (MPa) 

Very high strength >8 

high strength 4-8 

Medium  strength 2-4 

Low strength 1-2 

Very low strength <1 
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The coefficient of variation, a dimensionless measure of variability in the test results (CoV %) range 

between 3.52% up to 35.45% and is thought to be adequate for practical geotechnical applications 

(Kahraman and Gunaydin, 2009). 

 

Figure 6 - Box plot of Is(50) of examined samples. 

4. Statistical Analysis 

The descriptive statistics, e.g. the mean, the standard deviation (SD) and the coefficient of variation 

(CoV) of the physical and mechanical properties for each one of the fourteen (14) selected samples 

are summarized in Table 4. 

Table 4 - Descriptive statistics of the physical and mechanical properties. 

code 

Dry Density Dry Lon. Ult. Wave Vel. Is(50) 

Mean ± SD 

(gr/cm3) 

CoV 

(%) 

Mean ± SD 

(km/s) 

CoV 

(%) 

Mean ± SD 

(MPa) 

CoV 

(%) 

1 2.790 ± 0.074 2.67 5.420 ± 0.353 6.52 6.30 ± 1.79 28.46 

2 2.878 ± 0.022 0.75 6.171 ± 0.047 0.76 10.63 ± 1.62 15.28 

3  2.773 ± 0.096 3.45 5.623 ± 0.261 4.65 7.24 ± 1.57 21.67 

4  2.875 ± 0.035 1.23 5.677 ± 0.233 4.10 9.35 ± 1.40 14.97 

5 2.807 ± 0.013 0.46 5.925 ± 0.061 1.04 8.74 ± 0.67 7.66 

6 2.870 ± 0.066 2.29 6.242 ± 0.182 2.92 9.88 ± 0.35 3.52 

7  2.789 ± 0.030 1.07 6.032 ± 0.052 0.85 8.44 ± 0.82 9.69 

8 2.821 ± 0.034 1.20 5.791 ± 0.111 1.92 8.17 ± 1.13 13.84 

9  2.655 ± 0.072 2.70 4.793 ± 0.576 12.02 4.26 ± 1.51 35.45 

10  2.847 ± 0.044 1.56 5.911 ± 0.029 0.49 7.58 ± 1.15 15.14 

11 2.888 ± 0.039 1.34 6.040 ± 0.191 3.16 10.53 ± 2.15 20.45 

12 2.839 ± 0.030 1.04 5.790 ± 0.210 3.62 7.82 ± 1.51 19.37 

13  2.731 ± 0.041 1.48 5.444 ± 0.427 7.84 7.19 ± 1.52 21.15 

14 2.934 ± 0.035 1.20 6.362 ± 0.066 1.03 10.89 ± 0.79 7.30 

The mean values of the above results were analyzed using the method of ordinary least squares 

regression, implemented in Matlab 12. The equation of the best fit along with the ±95% prediction 

Box plot of Is (50) (MPa)
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bounds of the function and the coefficient of determination (R2) were determined for each one of 

the three models, e.g. the dry longitudinal wave velocity versus the dry density, the point load 

strength index versus the dry density, and finally the point load strength index versus the dry 

longitudinal wave velocity. 

 

Figure 7 - Dry longitudinal wave velocity versus dry density. 

The relationship between the dry density ρd (in gr/cm3) and the dry longitudinal wave velocity vl (in 

km/s) was found to be linear (Fig. 7). Density is thought to be the principal factor affecting the 

velocity of longitudinal waves and in general their correlation is of a linear form (Lama and Vutukuri, 

1978). 

The equation of the line is: 

(1)          76.0R        701.8*135.5
2  dlv   

The ±95% prediction bounds for the slope and the intercept are (3.329, 6.942) and (-13.8, -3.598) 

respectively. 

The point load strength index (in dry conditions) Is(50), (in MPa), exhibits a linear increase with the 

increase in dry density (Fig. 8). 

 
Figure 8 - Is(50) versus dry density. 
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(2)          84.0R        17.61*62.24
2

)50(  dIs   

The ±95% prediction bounds for the slope and the intercept are (17.8, 31.44) and (-80.44, -41.9) 

respectively. 

In the same manner, the point load strength index Is(50), shows a linear increase with the increase in 

dry longitudinal wave velocity (Fig. 9). 

 

Figure 9 - Is(50) versus dry longitudinal wave velocity. 

In this case the equation of the line is: 

(3)          83.0R        85.15*173.4
2

)50(  lvIs  

The ±95% prediction bounds for the slope and the intercept are (2.999, 5.348) and (-22.68, -9.025) 

respectively. 

5. Statistical Significance of The Results 

The significance of the regression coefficients was determined via the t-test. This test examines if 

the null hypothesis, which states that the regression coefficient is zero, is truth. If the computed t-

values are greater than the tabulated t-values, the null hypothesis is rejected. For 95% confidence 

level, the critical t-value for the derived models is ±2.18. The calculated t-values are summarized in 

Table 5. As seen the computed t-values are greater than the tabulated ones, so the linear correlations 

between the variables are real. 

Table 5 - Significance of the coefficients. 
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6. Conclusions 

Laboratory tests were carried out for the determination of the dry density, the dry longitudinal wave 

velocity and the axial point load strength index for the petrological type of prasinites (metabasites). 

A linear relationship between the physical properties was established. The point load strength index 

was found to increase linearly with the increase in both of the physical properties. 

The correlations exhibits strong coefficients of determination and proved to be statistically significant. The 

above equations can be used from the geoscientists, who deal with geotechnical problems occupied 

in the study area, but also in the case of other areas, where prasinites with similar structural 

characteristics, outcrop. 
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Abstract 

Groundwater resources assessment has resulted in development of models that help 

identify the vulnerable zones. This paper presents a GIS-based hydrogeological index, 

named GALDIT, aiming at the assessment of aquifer vulnerability to seawater 

intrusion in Atalanti coastal aquifer, Central-Eastern Greece. The above acronym is 

formed from the most important factors controlling seawater intrusion, that is, four 

intrinsic hydrogeological parameters, one spatial parameter and one boundary 

parameter including Groundwater occurrence (aquifer type), Aquifer hydraulic 

conductivity, depth to groundwater Level above the sea (hydraulic head), Distance 

from the shore, Impact of seawater intrusion and aquifer’s Thickness. These factors 

include the basic requirements needed to assess the general salinization potential of 

each hydrogeological setting. Each parameter is evaluated with respect to the other 

to determine the relative importance of each factor. GALDIT model is described to 

assess and quantify the significance of vulnerability to seawater intrusion due to 

excessive groundwater withdrawals. Different thematic maps are prepared for 

seawater intrusion indicators and overlaid to develop the final vulnerability map. The 

derived map can be used as a tool for coastal groundwater resources management 

and areas’ determination of potential saltwater intrusion since the result of GALDIT 

index is classified based on vulnerability rate. 

Keywords: coastal aquifer vulnerability, index and overlay method, salinization, 

controlling factors, groundwater contamination. 

Περίληψη 

Η εκτίμηση των υπόγειων υδατικών αποθεμάτων έχει οδηγήσει στην ανάπτυξη 

μοντέλων, που βοηθούν στην αναγνώριση ευάλωτων ζωνών. Η εργασία αυτή 

παρουσιάζει μια μεθοδολογία, με ονομασία GALDIT, στηριζόμενη σε ΓΣΠ, που σκοπό 

έχει την εκτίμηση της τρωτότητας του παράκτιου υδροφορέα της Αταλάντης (Κεντρική 

- Ανατολική Ελλάδα) στην υφαλμύριση. Το παραπάνω ακρωνύμιο προκύπτει από τους 

σημαντικότερους παράγοντες, που επηρεάζουν τη θαλάσσια διείσδυση, δηλαδή, 

τέσσερις εγγενείς υδρογεωλογικές παράμετροι, μία χωρική παράμετρος και μία 

παράμετρος ορίων περιλαμβάνοντας τον τύπο του υδροφορέα, την υδραυλική 
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αγωγιμότητα, το βάθος του υπόγειου νερού πάνω από το επίπεδο της θάλασσας 

(υδραυλικό φορτίο), την απόσταση από την ακτογραμμή, την επίδραση της υφαλμύρισης 

και το πάχος του υδροφορέα. Αυτές οι παράμετροι αντιστοιχούν στις βασικές 

προϋποθέσεις, που απαιτούνται για την αξιολόγηση καθενός υδρογεωλογικού 

παράγοντα στο δυναμικό ρύπανσης. Κάθε παράμετρος αξιολογείται σε σχέση με τις 

άλλες για να προσδιοριστεί η σχετική της σημασία. Το μοντέλο GALDIT εκτιμά και 

ποσοτικοποιεί τη σημασία της τρωτότητας στην υφαλμύριση, λόγω απόληψης 

σημαντικών ποσοτήτων υπόγειου νερού. Για τους δείκτες της θαλάσσιας διείσδυσης 

κατασκευάζονται διαφορετικοί θεματικοί χάρτες ανά παράμετρο και 

αλληλεπικαλύπτονται για να προκύψει ο τελικός χάρτης τρωτότητας. Ο παραγόμενος 

χάρτης μπορεί να χρησιμοποιηθεί ως εργαλείο για διαχείριση παράκτιων υπόγειων 

αποθεμάτων και καθορισμό πιθανών περιοχών για υφαλμύριση από τη στιγμή που το 

αποτέλεσμα του δείκτη GALDIT έχει προκύψει βάσει του βαθμού τρωτότητας. 

Λέξεις κλειδιά: τρωτότητα παράκτιου υδροφορέα, μεθοδολογία δεικτών και 

επικάλυψης, ζώνες τρωτότητας, παράγοντες ελέγχου, μόλυνση υπόγειου νερού. 

1. Introduction 

Environmental problems especially in the coastal areas have intensified over the last decades 

because of rapid industrialization and excessive use of the natural resources while facing several hy

drogeological problems due to overexploitation of groundwater resources coupled with uncontrolle

d water consumption. Additionally, groundwater withdrawals in excess of safe yields and reduced 

recharges to groundwater due to rapid changes of land use patterns along the coast have increased 

the incidence of seawater intrusion into coastal aquifers. Saltwater intrusion is a very important con

cern issue in coastal zones, especially in the low-laying areas which are more prone to seawater 

intrusion problems, as is the case of the study area. Assessing the coastal aquifer vulnerability to se

awater intrusion is a very important step for the future management of any coastal aquifer. 

Groundwater vulnerability to sea water intrusion may be defined as the sensitivity of groundwater 

quality to pumping or sea level rise determined by the aquifer’s intrinsic characteristics. Population 

growth dynamics, agricultural, industrial and domestic water demands are responsible for exploitat

ion the available groundwater with decreasing recharge areas. Coastal aquifers in addition to land c

ontamination are vulnerable to salinization phenomena. Moreover, groundwater extraction increase

s saltwater intrusion by disturbing the balance of saltwater - freshwater interface. In the present 

study the methodology of GIS-based GALDIT index has been applied to characterize the coastal 

hydrogeological settings and obtain a potentially vulnerability distribution map of Atalanti coastal 

aquifer involving measurable weighted and rated parameters (numerical ranking system). Once GA

LDIT index is computed, it is possible to identify regions susceptible to seawater intrusion and 

identify saltwater intruded areas using indicators of salinization such as Revelle coefficient. Finally

, field data from two different periods are used (2004-2008 and 2014-2015) in order to analyze the 

sensitivity of certain aquifer’s hydrogeological parameters with respect to seawater intrusion. 

2. Study Area 

2.1. Site Location – Geomorphology – Drainage Network 

The Water District of Eastern - Central Greece administratively belongs to the Eastern Greece Pref

ecture, with longitude between 21049΄- 24037΄ and latitude between 37055΄ - 39019΄. The Water Di

strict’s total area is approximately 12.23×103 km2, where the mainland is bounded by the mountain

s of Orthris, Timphristos, Giona - Parnassos and Parnitha from the North, Northwest, Southwest an

d Southeast respectively. The rest of the area is surrounded by sea. Particularly, the study area is 

located at Eastern Central Greece at Lokrida province of Fthiotida Prefecture. Atalanti basin area 

(app. 250 km2) consists of parts with relatively mild slopes in valley where alluvial deposits are met 

and areas with steep slopes in rocky formations (Figure 1, left). The elevation range between the 
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lowest (sea level) and the highest point is app. 660m. The study area is surrounded by higher or 

lower mountains and hilly areas (Palivos, 2001; Pavlidou, 2010). The water’s erosive - weathering 

ability combined with the regional geology and tectonics (Figure 1, right) are the main factors which 

form the current geomorphological conditions. 

 

 

 

Figure 1 - (left) Geomorphological map and (right) elevation curve vs cumulative surface 

with mean elevation and elevation 50% of Atalanti basin. 

Atalanti basin has a diverged drainage network (streams, rivers), which has length of several 

kilometers, converging to the east where it discharges into the Mediterranean. The drainage network 

within the alluvial basin is regarded dense due to semi-permeable formations while in the rocky 

areas the intensive and active tectonics has formed a significantly sparse hydrographic network. The 

southern mountainous part of the above area includes streams with very steep slopes and deep river 

bed, especially in the parts within carbonate formations. A very important factor in the 

geomorphological process is the intensive tectonic strain of rocks causing an extensive surface 

discontinuity, through which the erosion and weathering process is initiated (Palivos, 2001). 

2.2. Geological – Hydrogeological Settings – Tectonics 

The study area belongs to the Subpelagonian geotectonic zone with post alpine deposits coming from 

the surrounding mountain range rocks (Maratos, 1965). The basin consists of the following formations 

(Figure 2): (a) Paleozoic formations consisting of shales, sandstones and conglomerates, (b) Triassic 

and Jurassic dolomites, limestones and ophiolitic rocks (diabases, peridotites,), (c) Creataceous 

limestones and flysch, (d) Neogene sediments deposited after the closed basin formation consisting of 

marls, calcareous marls, marly limestones, clays, sandy loams, lignite and conglomerates and (e) 

Quaternary formations deposited at the lower parts of the basin with materials derived from weathering 

of all previous formations, which come across at higher topographic positions (Angelidis, 1991; 

Andronopoulos, 1994; Degardin, 1972). The main feature of the geological regime during Miocene is 

the large-scale faults in Atalanti basin which have created many faulting zones with directions towards 

West-Northwest and North-Northeast (Karastathis et al., 2007; Kranis, 1999; Memou, 1986; 

Rondogianni et al., 1986; Sideris, 1986; Stiros et al., 1985). 

From the hydrogeological point of view (Figure 3), the study area consists of two main groups of rocks; 

the first group involves granular formations in which the hydraulic conductivity is based on the primary 

porosity (pores between the grains), the second group is composed of hard rocks such as limestones 

and igneous rocks, the hydraulic conductivity of which depends on fractures, fissures, cracks, conduits 

and other discontinuities. Aquifers of lower storage capacity are developed in the Quaternary - 
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Neogene formations and igneous rocks with lateral communication between aquifers in carbonate 

rocks and the Neogene - Quaternary deposits, forming unconfined and semi-confined aquifers. On the 

other hand, the confined aquifers are developed within Neogene formations. 

 

Figure 2 - Regional geological map of the study area’s basin (Maratos et al., 1965). 

The alluvial deposits due to their heterogeneity may be considered unconfined or semi-confined 

aquifers (Tsioumas et al., 2011). Finally, groundwater flows are mainly from West towards East 

(Gulf of Atalanti). 

3. Applied Methodology and Materials 

The contamination of groundwater resources due to sea water intrusion, has dramatically increased 

during the last decades as a result of aquifer’s over-exploitation. Therefore, it is of ample importance 

to monitor the saltwater/freshwater interface level and control groundwater extraction in coastal 

aquifers to avoid further quality deterioration. The methodology applied in this study consists of 

vulnerability assessment to groundwater contamination in Atalanti coastal aquifer through GALDIT 

method, based on six parameters (Figure 4). Each of GALDIT parameters is calculated and evaluated 

with the aim of determining the relative role of each parameter. For each GALDIT index, a thematic 

map is generated using related weight and importance rating. 

Chachadi et al. (2001) has proposed a method for coastal aquifer vulnerability mapping including a 

numerical ranking system to assess seawater intrusion extent. The most important factors 

influencing seawater intrusion based on the aquifer’s intrinsic characteristics are identified as 

follows: (i) Groundwater occurrence (aquifer type; unconfined, confined and semi confined), (ii) 

Aquifer hydraulic conductivity, (iii) Height of groundwater level of above sea level, (iv) Distance 

from the shore (distance inland perpendicular from shoreline), (v) Impact of existing status of 

seawater intrusion in the area and (vi) Thickness of the aquifer being mapped. Each factor has been 

evaluated with respect to the others in order to determine the relative importance of each one by 
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assigning a relative weight depending on local field conditions. These factors, in combination, are 

determined to include the basic requirements needed to assess the general seawater intrusion through 

the spatial distribution of Revelle coefficient, which is calculated for all monitoring wells and 

spatially mapped using the kriging geostatistical interpolation technique with the aid of GIS 

generating the raster graphical output for each parameter. Computing the individual indicator scores, 

summing them and dividing by the total weight the following expression gives the GALDIT Index 

(Chachadi et al., 2001; Gangadharan et al., 2015; Ferreira et al., 2005; Moghaddam et al., 2015; 

Najib et al., 2012; Pedreira et al., 2014; Recinos et al., 2014; Savariya et al., 2014; Selmi, 2013). 

 

Figure 3 - Hydrolithological map of the study area’s basin. 

Equation 1 - GALDIT index 
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where, wi is the weight and ri is the rating of the ith parameter. 

The minimum GALDIT index is obtained by considering the minimum importance ratings of the 

indicators. The attributed weight for each indicator represents the importance of this indicator 

respect to the other indicators to assess the seawater intrusion. The minimum and maximum 

GALDIT index varies between 2.5 and 10 with the highest value indicating a greater vulnerability 

to the seawater intrusion. 

The groundwater samples for HCO3
-, CO3

-2 and Cl- analyses, were collected from several groundw

ater boreholes evenly distributed within the granular aquifer on 3-month basis between October 20

14 and July 2015. Additionally, the chemical analyses of the same monitoring wells have been take

n into consideration held during the period 2004 - 2008. The concentration ions are estimated in th

e accredited and certified Water Analysis Laboratory of the Institute of Geology and Mineral Expl

oration (IGME). Also, groundwater levels were measured during the same period in the above mon

itoring wells. 
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4. Results and Discussion 

In the following sections, each GALDIT parameter is estimated and spatially mapped (raster form) 

to show its significance compared to the final vulnerability assessment map against salinization (Fi

gure 4). The aquifer’s type, the hydraulic conductivity, the distance from the shore as well as the 

aquifer’s thickness can be considered as static (steady) long-term parameters while the salinization 

status and the hydraulic head are dynamic and transient. 

4.1. Model Parameters 

Groundwater occurrence: In unconfined aquifers, the natural condition of the bottom layer has a signi

ficant influence on the mixing interface of saltwater and freshwater. Confined aquifers are however, 

more sensitive because of higher depression levels of water table during well water pumping. 

Within Atalanti basin the granular aquifer is considered unconfined (coarse materials prevail), that is,

 ranking equals to 7.5 and given that the parameter weight is 1, the final value is 7.5. 

Table 1 - GALDIT model parameters showing their ranks (Chachadi et al., 2001, with 

modifications). 

Groundwater Occurrenc

e 

Aquifer Hydraulic C

onductivity (m/day) 

Height (m) of Groundwate

r Level (a.s.l.) 

Aquifer Type Ranking Range Ranking Range Ranking 

Confined 10 >80 10 <0 10 

Unconfined 7.5 60-80 9 0-0.5 9 

Semi-confined 5 40-60 8 0.5-5 8 

Bounded 2.5 30-40 7 5-25 7 

  20-30 6 25-45 6 

  15-20 5 45-65 5 

   10-15 4 65-85 4 

   7.5-10 3 85-105 3 

   5-7.5 2 105-125 2 

   <5 1 >125 1 

Distance from the shore (

m) 

Impact of Existing St

atus of Seawater Intr

usion (Revelle) 

Thickness of the Aquifer (

m) 

Range Ranking Range Ranking Range Ranking 

<100 10 >2.0 10 >100 10 

100-200 9 1.75-2 9 60-100 9 

200-300 8 1.50-1.75 8 30-60 8 

300-400 7 1.25-1.50 7 20-30 7 

400-600 6 1.00-1.25 6 15-20 6 

600-800 5 0.90-1.00 5 12.5-15 5 

800-1000 4 0.70-0.90 4 10-12.5 4 

1000-1500 3 0.50-0.70 3 7.5-10 3 

1500-2000 2 0.30-0.50 2 5-7.5 2 

>2000 1 <0.30 1 <5 1 

Aquifer hydraulic conductivity: The extent of seawater encroachment into the aquifer highly depen

ds on the aquifer’s hydraulic parameters. Hydraulic conductivity has an important role in aquifer re

charge since high values of hydraulic conductivity (in m/day) associated with wider depression con

es during well pumping, result in more significant saltwater intrusion and thus higher vulnerability 

to contamination. Due to lack of pumping tests, the hydraulic parameters of the study aquifer were 

derived from geophysical investigations within the area (Memou, 1986). 
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Depth to groundwater Level: Groundwater level is one of the most important parameters in 

evaluating the aquifer’s vulnerability to contamination. Specifically for the unconfined aquifers, the 

deeper groundwater table, the more vulnerable it is to become saline while positive hydraulic head 

pushes the seawater wedge towards the sea. In the current study piezometric curves are drawn 

according to the mean groundwater level from 88 wells. 

Distance from the shore: The further away from the shore, the less vulnerable the aquifer becomes 

to saltwater contamination. The parameter’s impact is ranked based on the region’s topographical 

map per 100m distance (buffer zones) from the coastline. 

Impact of existing status of seawater intrusion: Groundwater overexploitation has led to saltwater 

movement towards the mainland and thus, increased TDS concentrations If there is no human 

interference the natural conditions would have established a balanced hydraulic gradient and the 

saltwater/freshwater interface would be stable with minor changes. Revelle recommended the ratio 

of [Cl-]/([HCO3-]+[CO3-2]) as a criterion to identify the extent of seawater intrusion into coastal 

aquifers. Revelle index is currently used based on the value of ions concentration from 85 wells 

during the period 2014 - 2015. 

  

  

Figure 4 - GALDIT model parameters raster maps. 

Thickness of the aquifer: This parameter is used to estimate the amount of seawater intrusion into 

coastal aquifers. Increased thickness of the saturated zone results in lower saltwater levels and thus, 

decreased vulnerability. The granular aquifer’s thickness as well as the impermeable formation’s 

depth (marls) is estimated through previous geophysical studies within the area (Memou, 1986). 

Based on Table 2, GALDIT vulnerability map depicts the different degrees of the aquifer’s 

sensitivity to seawater intrusion along Atalanti coastal aquifer. The map divides the alluvial deposits 

into five vulnerability zones. The orange and dark yellow zone represents a high – very high 

vulnerability level in the eastern and southern part of the aquifer, corresponding to the 21.9% of the 
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total area (Tragana, Scala and Livanates). Yellow color indicates the distribution of moderately 

vulnerable zones, which cover 67.2% of the total area covering the center of the alluvial basin. This 

is due to the lower groundwater levels and the relatively higher hydraulic con-ductivity in that zone. 

Finally, the green colored zones indicate a lower vulnerability, corresponding to the 10.9% of the 

total area (Figure 5). 

Table 2 - GALDIT index ranges spatial distribution. 

GALDIT class GALDIT range 
GALDIT area (km2)54.

2 

GALDIT area (%

) 

Very Low 1.5 - 2.5 0.2 0.4 

Low 2.5 - 3.75 5.7 10.5 

Moderate 3.75 - 5.0 36.4 67.2 

High 5.0 - 6.25 7.3 13.5 

Very High 6.25 - 7.5 4.6 8.4 

 

Figure 5 - GALDIT vulnerability assessment map against seawater intrusion. 

4.2. Validation 

By applying a simple linear regression analysis between T.D.S. concentration and E.C. values vs 

GALDIT index, it is proved that there is a quite satisfactory correlation (r2=0.76, r2=0.73 

respectively). Consequently, the applied index is well validated by the field measurements and 

chemical analyses. Besides, the seawater intrusion phenomenon is considered to be important and 

alarming in that case in which both well over-exploitation and over pumping continue without any 

control. That would result in further groundwater salinization (towards inland), therefore 

groundwater would become inappropriate even for resistant cultivations. To that direction, the well 

drilling should be limited and restrictive pumping limits per crop from current wells should be set 

otherwise the seawater intrusion phenomenon will become irreversible 
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5. Conclusions 

The aquifer vulnerability mapping of Atalanti coastal region due to seawater intrusion, through 

GALDIT method, has been successfully used to assess the extent of aquifer vulnerability to 

salinization. The generated map shows different vulnerability levels for different part of Atalanti 

aquifer regarding seawater intrusion. The application of GALDIT method to the coastal aquifer 

made it possible to evaluate the impact of the salinization characterized by a low vulnerability index 

in uplands and by high vulnerability in the low-lands along the shoreline. According to the applied 

method the aquifer is highly vulnerable up to 1.8 km towards the mainland for almost the entire 

coastal part. The distribution of low-very low, moderate and high-very high vulnerability class are 

10.9%, 67.2% and 21.9% of the total study area, respectively. Validation is performed based on the 

relatively high linear regression between the results obtained from the vulnerability index and 

T.D.S.-E.C. values. The seawater vulnerability map derived using GALDIT method indicates that 

the coastal granular aquifer shows moderate to high susceptibility to seawater intrusion. Finally, 

from all the above evidence, GALDIT method can be considered as quite effective for assessing 

groundwater vulnerability to seawater intrusion. The resulted vulnerability map is a useful 

management tool that can be used to control and manage seawater intrusion in different types of 

coastal aquifers, illustrating the parts where the aquifer is more vulnerable and should be monitored 

more intensively. 
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Abstract 

The objective of this paper is to find an appropriate Seasonal Auto-Regressive 

Integrated Moving Average (SARIMA) model for fitting the monthly discharge of a 

karstic spring located at the North of the city of Serres (Agios Ioannis, Mount 

Menikio) by considering the minimum of Akaike Information Criterion (AIC). Box-

Jenkins methodology applies models to find the best fit of a timeseries to past values 

of this timeseries, in order to make forecasting and consists of a four-step iterative 

procedure: identification, estimation, diagnostic check and forecasting. Timeseries 

analysis and forecasting of hydrological parameters such as spring discharge may be 

useful in decision making and optimum water resources usage. In this study, monthly 

discharge measurements are analysed. Initial data are firstly transformed to normal 

and stationary using differencing methods. Autocorrelation and Partial 

Autocorrelation functions are calculated to determine the order of Autoregressive and 

Moving Average parameters and residuals are then checked to show the “white 

noise”. The spring discharge data are forecasted based on the selected model up to 

2008 and are then compared with measured values. The timeseries model SARIMA 

(2,1,1)(1,0,1)12 could be used in monthly discharge forecasting at a short time (upco

ming one year) with a simple and explicit model structure in order to help decision m

akers to establish priorities in terms of water demand management. Finally, the corr

elation coefficient between the observed and fitted data is essentially high, while the 

absolute and relative errors are significantly low. 

Keywords: SARIMA model, Agios Ioannis, Box - Jenkins methodology, spring 

discharge forecasting, transformation, Autocorrelation Function (ACF). 

Περίληψη 

Ο αντικειμενικός στόχος της εργασίας είναι η εύρεση του κατάλληλου εποχικού μοντέλου 

SARIMA για την καλύτερη προσαρμογή των μηνιαίων παροχών της καρστικής πηγής, που 

βρίσκεται στα Βόρεια της πόλης των Σερρών (Άγιος Ιωάννης, Όρος Μενοίκιο), 

λαμβάνοντας υπόψη τη χαμηλότερη τιμή του κριτηρίου Akaike. Η μεθοδολογία των Box-

Jenkins εφαρμόζεται ώστε να βρεθεί το κατάλληλο μοντέλο, που να προβλέπει 

μελλοντικές χρονοσειρές σύμφωνα με παλαιότερα δεδομένα ακολουθώντας μια 

επαναληπτική διαδικασία τεσσάρων (4) βημάτων: αναγνώριση, εκτίμηση, έλεγχος 

διάγνωσης και πρόβλεψη. Η ανάλυση χρονοσειρών και η πρόβλεψη υδρολογικών 

παραμέτρων, όπως η παροχή πηγών μπορεί να αποβούν σημαντικά χρήσιμες στη λήψη 
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αποφάσεων και τη βέλτιστη χρήση των υδατικών πόρων. Στη μελέτη αυτή, μηνιαίες 

μετρήσεις παροχών πηγής αναλύονται. Τα αρχικά δεδομένα κανονικοποιούνται και 

μετατρέπονται σε στάσιμα, χρησιμοποιώντας μεθόδους διαφόρισης. Οι συναρτήσεις 

αυτοσυσχέτισης και μερικής αυτοσυσχέτισης υπολογίζονται για τον προσδιορισμό της 

τάξης των παραμέτρων της Αυτοπαλινδρόμησης και του Κινούμενου Μέσου και κατόπιν 

ελέγχονται τα υπόλοιπα για την ύπαρξη “λευκού θορύβου”. Οι παροχές πηγών 

προβλέπονται, με βάση το επιλεγμένο μοντέλο, έως το 2008 και στη συνέχεια συγκρίνονται 

με ήδη μετρηθείσες τιμές. Το εποχικό μοντέλο SARIMA(2,1,1)(1,0,1)12 μπορεί να 

χρησιμοποιηθεί για μηνιαία πρόβλεψη των παροχών πηγής για ένα σύντομο χρονικό 

διάστημα (έως ένα έτος), ούτως ώστε να τεθούν προτεραιότητες στη διαχείριση των 

υδατικών αναγκών. Τέλος, ο συντελεστής συσχέτισης μεταξύ των παρατηρημένων και των 

υπολογισμένων τιμών είναι σημαντικά υψηλός, ενώ τα απόλυτα και τα σχετικά σφάλματα 

σημαντικά χαμηλά. 

Λέξεις κλειδιά: Μοντέλο SARIMA, Άγιος Ιωάννης, μεθοδολογία Box - Jenkins, 

πρόγνωση παροχών πηγής, μετασχηματισμός, συνάρτηση αυτοσυσχέτισης (ACF). 

1. Introduction 

Spring discharge forecasting is significant to water resources management and exploitation since 

groundwater from karstic limestones is of great importance to local and/or regional hydroeconomy 

due to high water demands. Timeseries modelling and analysis is one of the most widely used 

predicting methods having three modelling stages; identification, estimation and diagnostic check. 

Therefore, there has been considerable interest in stochastically modelling hydrological parameters. 

Hydrologically speaking a stochastic variable such as spring discharge is consisted of a deterministic 

and stochastic time-dependent part, namely white noise (Koutsoyiannis, 2000, 2008). The utmost 

purpose of timeseries modelling is to find a best fit to a dataset that can be defined by a model used 

for forecasting. The existence of the deterministic part means that the timeseries are non-stationary 

and should be therefore stationary. Box - Jenkins models are significantly used because of the simple 

structure and the relatively small number of parameters to stationary and non-stationary procedures. 

Finally, the great usefulness of these models is for the analysis and prediction of the timeseries as 

well as to study and analyze complex cases when other methods are either not applicable or require 

simplifying assumptions which cannot approach the physical – natural conditions (Ripley, 1987). 

1.1. Site Location – Geomorphology 

Menikio karstic aquifer belongs to the Water District of Central Macedonia (Figure 1). It is consisted 

of marbles surrounded by Serres and Drama basins and located at the Northeast of the city of Serres. 

The mountainous range has a Northeast to Southwest direction while the highlands are situated at 

Mantili (1903m), Thamnopoti (1952m), Mavromata (1963m), Kallipoli (1203m) and Polykorfo 

(1258m) sites. The highlands’ characteristic geomorphological aspect is that they do not constitute 

an individual top of a mountain (as usually happens in other ranges) but instead smooth and almost 

flat surfaces with minor uplifts (relief with gentle slopes, which become steep towards the western 

outskirts). The karstic aquifer covers an area of approximately 289km2 with the major and minor 

axis of 25.4Κm and 16Κm respectively. The mean elevation reaches 850m ranging between 100m 

and approximately 2000m a.s.l. The dendritic drainage network is mainly composed of intermittent 

rivers flowing in a NNW-SSE direction. Τhe mountainous area show a sparse drainage network, 

developed due to the presence of permeable formations (intensively tectonized marbles), while the 

valley areas in the southwest form a relatively dense hydrographical network because of the less 

permeable alluvial deposits (Figure 1). 
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Figure 1 – (left) Geomorphological and (right) topographical zones maps. 

1.2. Geological – Hydrogeological Setting 

The mountainous range of Menikio geotectonically belongs to Rhodope zone forming an extensive 

karstic aquifer and is bounded by Serbo-Macedonian zone and Ring-Rhodope one (Lazaridou et al., 

2001a). The Rhodope zone’s metamorphic rocks occupy almost the entire area of mount Menikio and 

are consisted of three lithostratigraphic units such as gneiss (lower part of Rhodope mass), marbles 

(intensively tectonized) and lithological interchanges (schists, marbles and gneiss) (Figure 2). 

The Menikio karstic aquifer is developed under the last two geological formations and characterized 

by several permeable lithologies either independent or with hydraulic communication between them 

(Figure 2). These individuals less extensive karstic aquifers are commonly associated with springs 

at different altitudes based on geological, stratigraphic and local conditions (tectonics, 

geomorphology etc.). The exact orientation of those aquifers has not been done yet due to the 

complex geological structure (neither a single karstic aquifer nor known karst base depth) and their 

unknown hydraulic behavior with adjacent aquifers (Lazaridou et al., 2001a, b). The groundwater 

flow and direction initially recharges the epikarstic water beds and then follows the deep structure 

of karst according to the already formed tectonic lines of faulting zones, the rock karstification etc. 

Both springs location and karstic aquifers’ delineation are defined by the non-permeable 

intercalations and is believed that karstic groundwater recharges the springs of mount Menikio as 

well as the basin’s porous formations. Within the Menikio karstic aquifer two main permeable beds 

are discerned; one in the regional area of Eptamila site (hydraulic head of +67m a.s.l.) where Agios 

Ioannis spring is the main surface discharge point and the other in the wider area of Emmanouil 

Papa with hydraulic head of +122m a.s.l. Taking into account the pumping tests of several boreholes 

around the study area, the pumping rates were of the order of 60 - 130m3/h with drawdown ranges 

from few centimeters to 10m. Moreover, transmissivity values were estimated to be 10-1 - 10-

3m2/sec (Lazaridou, 2010). 

Agios Ioannis spring. Located at the Southwest of mount Menikio, approximately 2km at the east 

of the city of Serres, at an altitude of ~60m, considered as contact - overflow spring (Figure 3). 

Based on the available data the discharge rate ranges from 0.44 to 0.79m3/sec with mean value of 

0.61m3/sec. The mean yearly runoff is of the order of 19x106m3 with a relative uniformity within 

a year (spring; 26.3%, winter; 25.2%, summer; 23.4%, fall; 25.1%). 
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Figure 2 – Geological map of the study area (Xydas et al., 1985). 

 

Figure 3 – Schematic cross-section of Agios Ioannis karstic spring. 

Depletion curve – Dynamic spring groundwater resources. According to Agios Ioannis depletion 

curve, the groundwater resources volume is approximately 22x106m³ derived by the completion of 

the Maillet equation (Lazaridou et al., 2001a, b). Also, the coefficient of depletion is of the order of 

2x10-3 (d-1) representing the resources evacuation rate and showing the karstic aquifer’s extensive 

hydrocapacity. 

2. Applied Methodology 

The most important stage in the process of modelling is to check for the series stationarity. 

Stationarity could be achieved mostly by differencing the series using data transformation methods 

such as Box-Cox, logarithmic and square root. There are also periodical tendencies named 

seasonality or periodicity. Finally, residual scores determine whether there are still patterns in the  
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Figure 4 – Hydrogeological map of the study area. 

data that are not accounted for. Residual scores are the differences between the scores predicted by 

the model and the actual scores for the series. After the aforementioned stages an equation is derived 

to adequately predict the future of the process called forecasting (Manakos et al., 2004). Forecasting 

refers to the process of predicting future observations from a known timeseries which is the main 

objective in non-experimental use of the analysis. 

In this paper, Agios Ioannis spring discharge is modeled by SARIMA model for the period from 

1977 to 2001. Two divisions have been made, one calibration period from 1977 to 2001 to best fit 

the most suitable model and one validation period from 2003 to 2006. The derived model is then 

used for predicting discharge for the next two years until 2008. A preliminary timeseries analysis of 

the monthly discharge data has to be implemented to explore extreme values, homogeneity, step and 

trends. Box and Jenkins (1976) proposed a general form of SARIMA(p,d,q)(P,D,Q)12 for non-

stationary timeseries, in which p, q are autoregressive and moving average parameters and P, Q are 

seasonal autoregressive and moving average parameters, respectively (Box et al., 1964; 

Papamichail, 1993; Manakos et al., 2004, 2009). Moreover, these models show deterministic and 

stochastic trends and can explain both stochastic and seasonal variations. The general form of 

Seasonal ARIMA(p,d,q)(P,D,Q)s is as follows: 

Equation 1 - Formula for SARIMA(p,d,q)(P,D,Q)s 

φp(B)ΦP(Bs)(1− B)d(1− Bs)DYt = θq(B)ΘQ(Bs)at  (1) 

where φp, ΦP the autoregressive processes and θq, ΘQ define moving average processes that 

number of p, P, q and Q are estimated from Autocorrelation and Partial Autocorrelation Function of 

the series. D and d show the order of seasonal and non-seasonal differencing used to make the series 

stationary. B is the backward operator, s is the period of the season and at is the white noise. 

SARIMA modelling includes three steps; identification, estimation and validation model. The 
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identification process is based on the behavior of autocorrelation and partial autocorrelation 

functions, efficient parameters’ estimation can be obtained after identifying the autocorrelation and 

partial autocorrelation functions and finally, validation process is based on the goodness of fit. 

(Ripley, 1987). 

3. Model Design and Timeseries Modelling 

Agios Ioannis spring discharge data are derived from the integrated hydrogeological study made 

during the 3rd Community Support Framework concerning monthly values for the time period 1977 

to 2008. In Figure 5, the observed discharge data are examined for the existence or not of trend and 

stationarity. 

 

Figure 5 - Agios Ioannis monthly discharge data for the time period 1977 - 2008. The red thick

 line shows the trend while the green one the 24-month moving average of the observed timese

ries. Both calibration and validation periods are also shown. 

First of all, there was no need to transform the timeseries into normal and stationary using 

differencing method (Figure 6) because after testing the normality of the data series by normal Q - 

Q plot and histogram, showed that the data do have normal distribution, therefore no seasonal order 

differencing (D=0) is used. Moreover, the above data seem to have trend, that is, d=1 (seasonal 

trend), the timeseries is not of "white noise" and the seasonal length equals to 12 months. For 

stationarity checking the autocorrelation and partial autocorrelation functions are calculated for the 

estimation of p, q, P and Q components of the Autoregressive (AR) and Moving average (MA) 

model respectively. Finally, in order to find the model that fits the best, successive trials are made 

so that the predicted values to be as close as those of the observed ones (Figure 7). 

In order to select the appropriate model in timeseries modelling there are several criteria which may 

be used for representing a given set of data. Some of them are based on statistics (residuals sum up) 

such as AIC (Akaike Information Criterion) and SBC (Schwartz-Bayesian Criterion) and others on 

the forecasting error, like the Mean Percent Error (MPE), the Mean Square Error (MSE), the Mean 

Absolute Error (MAE) and the Mean Absolute Percent Error (MAPE) (Salas, 1992). The most 

suitable model is the one that the above statistics are the least. The Akaike information criterion 

gives the measure of the relative goodness of fit of a statistical model (Papamichail, 1993; Manakos 

et al., 2004, 2009). The preferred model is the one with the minimum AIC value. Concequently, 
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AIC not only proves goodness of fit, but also discourages overfitting, that is, an increasing function 

of the number of estimated parameters. 

  

Figure 6 - Normal Q-Q plot (p<0.005) and histogram with normal distribution curve showin

g the normality of the monthly spring discharge values. 

Autocorrelation function (ACF) refers to the way the observations in a timeseries are related to each 

other while partial autocorrelation is used to measure the degree of association when the effects at 

other time lags are removed. Comparing the correlograms (plot of sample ACFs/PACFs versus lags) 

obtained from the given measured data with the theoretical ones, one may find a reasonably good 

match and choose one or more SARIMA models. The time period from 1977 to 2001 is used for 

stochastic model calibration and then is validated during the period 2003 - 2006 for the confirmation 

of the model’s parameters. The best fit and most suitable seasonal stochastic model satisfying the 

majority of the aforementioned criteria is SARIMA(2,1,1)(1,0,1)12 and obviously can be used for 

monthly spring discharge estimation and forecasting. The residuals check takes place so as to prove 

if there is white noise taking into consideration the autocorrelation (ΑCF) and partial autocorrelation 

(PACF) functions and it seems that the residuals are of white noise which means uncorrelated. 

Additionally, (Figures 8, 9) shows the very good simulation and correlation of the above model on 

the measured discharge data. 

  

Figure 7 - Autocorrelation (ACF) and Partial Autocorrelation functions (PACF) of the discharge

 timeseries for the time period 1977 – 2001. The red thick lines show the confidence limits 95%. 



815 

 

 

Figure 8 - SARIMA(2,1,1)(1,0,1)12 model simulation at the observed timeseries. 

 

 

Figure 9 - (Left) Autocorrelation (ACF) and Partial Autocorrelation functions (PACF) of the 

residuals for the time period 1977 – 2001 (The red lines show the confidence limits 95%). (Rig

ht) SARIMA model generated series versus the observed monthly one (R2=0.7926). 

4. Spring Discharge Data Prediction 

SARIMA model is applied as long as the above discharge timeseries can provide safe predictions and

 create, if possible, reliable future time period. As far as the model procedure is concerned the timeser

ies of months (1977 - 2008) is divided into two parts, the one of period month 1977 - 2001) and the ot

her of period month of 2003 - 2006). SARIMA model is applied to the first time period of months try

ing to simulate the observed discharge values and then to the next already known months to validate a

nd confirm the model. Re-estimation of model parameters is required for the last period month. The r

e-assessed model components slightly differ from the initial ones showing that the spring discharge d

ata that are derived by the application of SARIMA(2,1,1)(1,0,1)12 model may be used for a very satisf

actory forecasting. Hence, it is shown that SARIMA(2,1,1)(1,0,1)12 model being capable of adequatel

y simulating the timeseries data, can be used to reliably predict Agios Ioannis discharge data. The ana

lytical, mathematical expression of the above model is of the form: 
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Equation 2 – The SARIMA model analytical mathematical expression 

(1-φ1Β)(1-φ2B)(1-Β12)Zt=et or Zt=φ1(Ζt-1-Zt-13)φ2(Zt-2-Zt-14)+Zt-12+et 

with φ1=0.459 and φ2=0.048. The very good fit of the model (Figure 10) is proved to be useful as 

far as the rational and sustainable water resources management and planning are concerned. The 

stochastic Seasonal ARIMA model seems to sufficiently describe the spring discharge and get 

acquainted satisfactorily to natural conditions while they are able to provide short term predictions 

- forecasting contributing to the sustainable exploitation of water resources. Finally, the seasonal 

ARIMA model can provide synthetic timeseries which may be used for the water resources planning 

proving its usefulness. 

 
 

Figure 10 - SARIMA(2,1,1)(1,0,1)12 model validation at the observed timeseries for the time 

period of 2003 – 2006 (R2=0.9533). 

Table 1 - Monthly spring discharge predicted data for the reference years 2007 - 2008. 

Month / 

Year 

Estimated 

values (mm) 

Observed 

values (mm) 

Month / 

Year 

Estimated 

values (mm) 

Observed 

values (mm) 

Jan-07 2601.4 2577.6 Jan-08 2039.6 2124.0 

Feb-07 2405.5 2314.8 Feb-08 2016.8 2016.0 

Mar-07 2488.8 2444.9 Mar-08 2021.6 2052.0 

Apr-07 2472.0 2412.4 Apr-08 1952.0 1908.0 

May-07 2300.5 2223.7 May-08 2026.5 2066.4 

Jun-07 2154.4 2070.0 Jun-08 1956.8 1950.6 

Jul-07 1864.2 1630.8 Jul-08 2021.5 2037.1 

Aug-07 2033.1 1959.1 Aug-08 1973.0 1985.5 

Sep-07 2013.6 2001.6 Sep-08 1950.8 1924.0 

Oct-07 1971.5 1900.8 Oct-08 1864.6 1821.6 

Nov-07 1987.4 1990.8 Nov-08 2038.0 2105.7 

Dec-07 1953.6 1944.0 Dec-08 2127.9 2189.6 

5. Conclusions 

According to all mentioned above seasonal stochastic simulation is a method which can be easily 

applied since the major advantage is the flexibility to perform in complex systems describing them 
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reliably, without simplistic and robust assumptions and when analytical methods are either not 

applicable or require oversimplifying assumptions for the system. Nevertheless, it has to be pointed 

out that stochastic modelling is an approximate procedure and its accuracy depends on the sample size 

(the bigger the sample size the more reliable results). Finally, SARIMA models are capable to show 

deterministic and stochastic trends and efficiently simulate the stochastic and seasonal variations. 

Discharge data are statistically and stochastically studied over Agios Ioannis karstic spring at the 

Northeast of the city of Serres. Using seasonal stochastic decomposition method, monthly mean discharge 

values are forecasted with high accuracy and reliability since average of observed and predicted data are 

proved almost the same. This is confirmed by the correlation coefficient between measured and predicted 

timeseries which is about 0.80. Moreover, SARIMA (2,1,1)(1,0,1)12 model seems to be the most 

appropriate in simulating the observed timeseries and is capable to forecast future data for at least two 

years. Also, the goodness of fit as well as its easy adaptation to natural - physical conditions can be 

regarded a useful tool to the sustainable water resources management and exploitation. 
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Abstract 

This paper aims to make a geochemical characterization of the groundwater of 

Rrogozhina aquifer which extends over the Albanian pre-Adriatic depression covering 

a surface of 2100 km2. It is a multilayered aquifer consisting of intercalations between 

water-bearing Pliocene sandstone and conglomerate with impermeable clay layers. 

This aquifer occurs under typically artesian conditions because of its impermeable clay 

basement and semi-impermeable Quaternary cover. The groundwater shows variable 

geochemical composition due to different mineralogical composition of its medium and 

vast extension of the aquifer. However, the mainly magmatic - carbonatic mineralogical 

composition of the water - bearing sandstones and conglomerates has determined a 

geochemical composition of groundwater consisting mostly of HCO3-Mg-Ca 

hydrochemical groundwater type. Dissolution of minerals seems to be the major 

geochemical processes in the formation of the groundwater composition. The above 

mainly magmatic composition of sandstones and conglomerates is also responsable for 

the high content of iron in the grounwater of this aquifer. Iron content is higher in 

sandstone related groundwater where the silt fraction is mainly composed by iron-

bearing minerals such as magnetite, epidote, granate, sphene, amphibole and pyroxene. 

The general mineralization and general hardness of groundwater range from 500 to 

800 mg/l and from 11 to 25ºdH, respectively. 

Keywords: aquifer, groundwater, geochemical composition, mineralogical composition. 

1. Introduction 

The Pliocene aquifer of Rrogozhina spread out over the Albanian pre-Adriatic depression and 

extends from Shkodra in the north to Vlora in the south. It is mainly composed of sandstone and 

conglomerate intercalated with impermeable clay layers. The basement of the aquifer consists of 

impermeable clays, whereas the Quaternary formations represent its younger cover (Hyseni, 1995). 

This later, that is present only over the plain terrains of the aquifer extension, consists of clay, sandy 

clay, silt, silty sand, sand, gravel and pebbles. The Rrogozhina aquifer is a multilayered aquifer that 

occurs under typically artesian conditions (Eftimi, 1984). Based on its water potential this aquifer 

represents the second one after the Quaternary alluvial aquifers in Albania. The abundant 

hydrogeological drillings found that the sandstone and conglomerate layers are rich in groundwater 

to different extent. The permeability of the aquifer is extremely variable showing irregular variations 

in both vertical and horizontal directions. Such a variable permeability is due to variable lithology, 

heterogeneous particle size composition and different extent of compactness of the water-bearing 

layers. Beqiraj et al. (2007), found that the low values of General Mineralization do not fit at all the 

corresponding high K values as it could be expected in the case of a heterogeneous aquifer. With 
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respect to chemical composition the groundwater of Rrogozhina aquifer, its water mostly belong to 

HCO3-Mg-Ca hydrochemical type. The above composition is due to the mainly magmatic - 

carbonatic mineralogical composition of the water - bearing sandstones and conglomerates. The 

above mainly magmatic composition of sandstones and conglomerates is responsable for the high 

content of iron in the grounwater of this aquifer, as well. Both the hydrochemistry of the grounwater 

and its iron content show variable values because of heterogeneous mineralogical and lithological 

composition of the water-bearing sandstones and conglomerates. 

2. Materials and methods 

Over 50 water samples were taken from shallow (up to 20m deep) wells drilled over the outcrops o

f water-bearing conglomerates and sandstones and from deeper wells (20-150m) drilled in valley, b

ut only 13 samples were selected for the purpose of this paper. Water for chemical analysis was dir

ectly sampled in the artesian wells, while in semi-artesian ones it was either pumped or using the S

EBA Liquid Sampler KLL-S. Chemical analysis are made in Chemical laboratory of the Geologica

l Survey of Albania and in in the Chemical Laboratory of the Centre for Transfer of Technologies, 

Tirana. Ca, Mg, hardness, and HCO3 were analysed via titration; Cl and SO4 by photometry; pH an

d electric conductivity by electrochemistry; TDS were calculated after electric conductivity values;

 Fe, Na and K were analysed in AAS “PERKIN ELMER” in both flame technic 400 AANALYST 

and 900 AA model with graphite furnace. 

3. Geological setting 

The aquifer of Rrogozhina extends over the western pre-Adriatic depression of Albania (Figure 1) 

occupying a surface of 2100 km2. The water-bearing sandstones and conglomerates belong to Pilocene 

mollasic formations which are transgressively placed on the older formations, mainly represented by 

Miocene - Tortonian mollasic formations. The lower part of the Pliocene mollases consist of a mostly 

clay section known as Helmesi suite, whereas the upper part is represented by the coarse grain 

formations of the Rrogozhina suite. The geological section of this later in the southern sectors consists 

mainly of sandstones, whereas northward of its extension the conglomerates dominate (Eftimi, 1984; 

Hyseni, 1995). The Quaternary formations, that consist of clay, sandy clay, silt, silty sand, sand, gravel 

and pebbles, cover the Rrogozhina formations over the plain areas which belong to syncline forms of 

its extension. On the other hand, the outcrop of the Rrogozhina formations, that represent around 1/4 

of its general extension, construct the anticline structures. The type of  cement  material  is  mainly  

carbonate,  but  the  degree  of  lithification  is  very different; there are distinguished from freely to 

very strongly cemented sandstones and conglomerates (Eftimi, 2002). The above porous medium does 

not construct a continous section because of the presence of clay intercalations between coarse grain 

layers. The thickness of Rrogozhina suite ranges from 1000m (Rrogozhina outcrop) to 1700m in the 

center of the Karavasta syncline. The neotectonic movements have intensively affected the mollasic 

formations (Beqiraj et al., 2006). 

4. Hydrogeological features 

The Rrogozhina aquifer is important because of the vast (2100 km2) extension, thick (over 100 m) 

water - bearing section and wide outcrops of the sandstones and conglomerates. On the other hand, 

there are a lot of rural and urban communities that habit within the territories of the aquifer extension. 

The Rrogozhina aquifer is a multilayered aquifer that occurs under typically artesian conditions. Its 

artesian character is conditioned by: i) the water-bearing sandstones and conglomerates are 

intercalated with impermeable clays; ii) they construct syncline forms; iii) the recharge zones have 

higher quota then the discharge zones. The sandstones and conglomerates show very heterogeneous 

permeability due to their different lithological composition, variable particle size distribution, 

different extent of their compactness, type of the cement, etc. As it could be seen in Figure 2 (Beqiraj 

et al., 2006), the conglomerates, that spread over the northern half of the Rrogozhina aquifer, have 
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higher (2.56-4.0m/day) hydraulic conductivity then sandstones (2.05-3.0m/day), which spread over 

the southern part and that (2) the conglomerates of Durres area have the highest (4.0m/day) 

permeability (Eftimi, 2002). This has conditioned an extremely variable yield of the wells (Eftimi, 

1984). The Rrogozhina sandstone-conglomerate aquifer is characterized by a dual porosity; the 

prevailing one is the fracture porosity, but inter-granular porosity is present as well. 

 

Figure 1 - Schematic geological map of Rrogozhina aquifer. 
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Beside this the locally increased permeability of conglomerate aquifer layers is explained with the 

enlargement of the rock’s fissures by the solution of carbonate cement (Eftimi, 2002). The 

conglomerate has higher transmissivity (Tmean = 78-134m2/day) then sandstone (Tmean = 45-

97m2/day) and within the conglomerate rock’s areas the Durres area has distinctly higher 

transmissivity and the smallest variation (Eftimi, 2002). 

 

Figure 2 - Variation of hydraulic conductivity values through southern sandstone and 

northern conglomerate. 

5. Geochemical characteristics of groundwater 

The groundwater shows variable geochemical composition due to different mineralogical composition of 

its medium, vast extension of the aquifer, variable geological and hydrogeological features, relationships 

with boundary aquifers and seawater, relations of the tested groundwater with respect to recharge and 

discharge zone and possibly the depth of wells (Eftimi 1984; Beqiraj et al., 2006). However, the mainly 

magmatic - carbonatic mineralogical composition of the water – bearing sandstones and conglomerates has 

determined a geochemical composition of groundwater consisting mostly of HCO3-Mg-Ca hydrochemical 

groundwater type (Table 1). Such a geochemical composition characterizes the groundwater of Rrogozhina 

aquifer as chemically immature groundwater, which mainly plots near the center of the Piper plot (Figure 

3). Dissolution of minerals seems to be the major geochemical processes in the formation of the groundwater 

composition. Other hydrochemical types are less important and are mainly related with the Na enrichment 

in water through cation exchange processes between groundwater and clay formations that are more 

abundant over the plain extension of the aquifer. The above mainly magmatic composition of sandstones 

and conglomerates is also responsable for the high content of iron in the grounwater of this aquifer which 

occurs as Fe2+ due to the lack of O2 (Christenbury, 1990; Gruett, 1993; Postma, 1987). Iron content is 

higher in sandstone (Figure 4) related groundwater where the silt fraction is mainly composed by iron-

bearing minerals such as magnetite, epidote, granate, sphene, amphibole and pyroxene. In general, the wells 

are drilled down to 250m. The general mineralization and general hardness of groundwater pumped from 

the above drilled section range from 500 to 800 mg/l and from 11 to 25ºdH, respectively. At the pHs 

commonly encountered in groundwater (pH=7.0-8.5), HCO3
- is the dominant carbonate species present. In 

general, up to the above drilled depth, all the hydrochemical parameters of the groundwater fit the Albanian 

and EU limits for the potable water. In some cases, NH4
+, SO2, Cl-, etc, are found in concentrations higher 

then the limits of drinking water. In the diagram (not shown) of Total Mineralization (TM) versus well depth 

(H) was found that groundwater can maintain TM values less that 1.0 mg/l up to a depth that ranges from 

400 to 500m according to the well position with respect to recharge and discharge zone (Beqiraj et al., 2006). 
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Table 1 - Chemical analysis of several selected water samples. 

No.sample Na+K Ca Mg Fe HCO3 SO4 Cl TDS Hardness pH 

Rr-1 35.91 69.14 25.54 3 301.95 27.98 152.65 676.17 15.85 7.79 

Rr-2 93.4 38.1 52.3 0.3 346.3 9.9 156.2 695.5 17.39 7.95 

Rr-3 35.91 70.14 38.41 0.55 285.48 12.76 203.9 719.65 18.82 7.6 

Rr-4 12.45 77.27 63.69 0.8 540.46 71.6 56.74 903.09 25.54 8.2 

Rr-5 33.5 124 22.2 0.2 400.1 88.4 39.6 625.7 22.51 7.6 

Rr-6 71.3 39.1 52 0.1 464.8 26.7 40.8 69.47 17.41 7.8 

Rr-7 77.7 41.9 39 0.1 376.9 47.7 53.2 636.5 11.81 8 

Rr-8 45.31 48.36 60.6 0.21 488 24.82 31.69 698.99 20.69 8 

Rr-9 49.9 51.9 56.1 0.5 450.8 51 33.7 693.5 20.22 7.8 

Rr-10 45.31 48.36 60.6 0.21 488 31.69 24.82 698.4 20.69 8 

Rr-11 61.2 77 66 0.5 4.45 27.6 147.5 825.8 26.21 7.8 

Rr-12 109.7 70.14 58.25 0.15 408.7 18.1 198.58 876.28 23.27 8.3 

Rr-13 28.29 60.45 65.61 0.62 516.06 21.4 28.4 722.57 23.6 7.5 

 

Figure 3 - Piper diagram of chemical compoasition of sampled Rrogozhina water. 
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Figure 4 - Variation of iron content through southern sandstone and northern conglomerate. 

6. Conclusions 

The water-bearing sandstones and conglomerates belong to Lower Pilocene mollasic formations of 

the Albanian Pre-Adriatic depression and compose the sincline forms. 

The Rrogozhina aquifer is a multilayered artesian aquifer that shows very high heterogeneous 

permeability and is characterized by a dual porosity where the fracture porosity prevails, but inter-

granular porosity is present as well. 

The groundwater shows variable geochemical composition consisting mostly of HCO3-Mg-Ca 

hydrochemical groundwater type which characterizes the groundwater of Rrogozhina aquifer as 

chemically immature groundwater. 

The content of iron-bearing minerals such as magnetite, epidote, granate, sphene, amphibole and 

pyroxene in the silt fraction of sandstones and conglomerates is responsible for the high content of 

iron in the grounwater of this aquifer.  
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Abstract 

In this paper, the implementation of the framework DPSIR is presented in the coastal 

part of the Almyros Basin, Magnesia Prefecture. The procedure included the use of 

previous relevant geological, hydrological, hydrogeological and management 

studies, regarding the study area, the results of which are classified and assigned to 

the driving forces, pressures, states, impacts and responses of the DPSIR method for 

the area under investigation. The approach concluded to an interesting visualization 

of the current situation of the urban and natural environment of the study area, 

promoting the recognition of problems arising from the intervention of the human 

factor and directing environmental actions towards a rational water resources 

management in the wider region. 

Keywords: Management of coastal hydrologic basins and aquifer systems, framework 

DPSIR, water resources. 

Περίληψη 

Η εργασία πραγματεύεται την εφαρμογή του πλαισίου DPSIR στο πλαίσιο της διαχείρισης 

του παράκτιου τμήματος της Λεκάνης Αλμυρού του Ν. Μαγνησίας. Η διαδικασία 

περιέλαβε την αξιοποίηση προγενέστερων σχετικών γεωλογικών, υδρολογικών, 

υδρογεωλογικών και διαχειριστικών ερευνών, που αφορούν στην περιοχή έρευνας, τα 

αποτελέσματα των οποίων ταξινομούνται και αντιστοιχίζονται στις κινητήριες δυνάμεις, 

τις πιέσεις, τις καταστάσεις, τις επιπτώσεις και τις αποκρίσεις της μεθόδου DPSIR για την 

περιοχή έρευνας. Η μεθόδευση εξήγαγε μια ενδιαφέρουσα απεικόνιση της υφιστάμενης 

κατάστασης του οικιστικού και φυσικού περιβάλλοντος προωθώντας την αναγνώριση των 

προβλημάτων που προκύπτουν από την επέμβαση του ανθρώπινου παράγοντα και 

κατευθύνοντας τις περιβαλλοντικές δράσεις προς μια ορθότερη διαχείριση του υδατικού 

δυναμικού στην ευρύτερη περιοχή. 

Λέξεις κλειδιά: Διαχείριση παράκτιων υδρολογικών λεκανών και υδροφορέων, 

πλαίσιο DPSIR, υδατικοί πόροι. 

1. Introduction 

Almyros basin (figure 1) comprises the southernmost part of the Almyros-Pelion streams’ hydro-

logical basin which belongs to the Thessaly water district. It exhibits an area of 856 km2, occupying 

the SE part of Thessaly and its limits are defined by the coastline of the Pagasitikos Gulf, the 

mountain range of Othrys (which is the eastern continuation of the Pindos mountain range) and the 
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Chalkodonion or Mavrovouni Mountain. The geomorphology of the region is characterized by hilly 

terrain in the western parts, semi-mountainous with slope inclinations, following in general the 

direction of the faults (N-E). In the surrounding wider area, environmentally protected areas are 

encountered, included in the Natura 2000 network, the Corine Land Cover Programme and are 

characterized as landscapes and biotopes of outstanding natural beauty (Chouliaras, 2014; MEECC, 

2014; Mentzafou, 2004). 

Regarding the land use in the Almyros basin, there is intense agricultural and livestock activity, both 

in the plains and the higher parts of the basin. The local economy is mainly based on the primary 

sector. There also exists significant industrial status evident by the industrial area and the Industrial 

Park, located in the plain part of the basin. The wastewater treatment plant, located in the Almyros 

City area, serves the residents and the industrial units of the whole basin (Chouliaras, 2014; MEECC, 

2014a). 

The climate in this region is of Mediterranean type with dry and hot summers (Chouliaras, 2014). 

The mean monthly temperature and precipitation for the town of Almyros for the period 1990 - 2012 

are shown in figure 2. 

2. Geological and hydrogeological setting 

The geological formations structuring the Almyros basin, are distinguished into impermeable 

(flysch, crystalline-schists and volcanic rocks), semi-permeable (neogene sediments) and permeable 

formations (quaternary sediments and karstic limestones). In the margins of the coastal zone, the 

karstic rocks form very good aquifers, which recharge the overlying neogene and quaternary 

sediments of the region. A characteristic feature of carbonate rocks, close to the coastal zone, is their 

hydraulic communication with the sea resulting in the occurrence of salinization phenomena in the 

margins of this zone. The neogene sediments of the region exhibit limited areal spreading and are 

encountered to the northern and western parts of it; in fact, they are successions of various coarse 

soil materials (sandstones, gravel, semi-cohesive conglomerates) and fine ones (intercalations of 

clayey marls). Generally, the recharge of the neogene sediments is controlled by the periodic flow 

of the streams in this region, its carbonate masses and the tectonised-fractured crystalline rocks with 

which they come into contact, the overlying quaternary sediments, as well as by the atmospheric 

precipitations of the region. The recharge procedure of the quaternary sediments is mainly originated 

from atmospheric precipitations and locally from the carbonate rockmasses of the Othrys mountain 

range (Myriounis, 2008). 

In the Almyros basin, four (4) groundwater systems are encountered, as it follows (MEECC, 2014b) 

(figure 1 left): (1) N. Anchialos - N. Ionia (granular - fractured - karstic) (GR0800280), (2) Almyros-

Velestino (fractured - karstic) (GR0800090), (3) Almiros (granular) (GR0800140) and (4) Othrys 

(fractured - karstic) (GR0800160). Alluvial aquifers with the largest thicknesses are encountered in 

the coastal part of the basin (MEECC, 2014c; Myriounis, 2008). 

The particular piezometric conditions that exist in the area are manifested by the occurrence of 

submarine springs and artesian phenomena. These phenomena have been identified in both the 

southern and the northern part of the region. In the northern and southern part of the Efxinoupoli 

sub-basin, negative piezometric heads have been observed in areas where carbonates rocks with 

neogene and quaternary sediments are located. In the above areas, groundwater salinization 

phenomena are observed. In the Sourpi sub-basin, the declining water table of aquifers results in 

alternation of the recharge regime in the loose sediments, from west to east towards east to west. 

This phenomenon is attributed to the specific geological and tectonic conditions encountered in the 

region. In these areas, no negative piezometric heads are observed; however, groundwater intense 

salinization is observed due to the hydraulic communication of the carbonate rockmasses with the 

sea, the incorrect position in the mounting of the pump into the well borehole and the groundwater 

overexploitation in the region to cover the irrigation needs of its crops (Myriounis, 2008). 
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Figure 1 - Left: the study area of Almyros basin, the aquifer systems 1, 2, 3, 4. Right: 

Almyros coastal aquifer system (GR0800140) (MEECC, 2014b, modified), monitoring points 

for groundwater quality measurements (March and August 2013, April and September 

2014) (background: Google earth 2015). 

 

Figure 2 - Mean monthly temperature and rainfall values at the site of Almyros town for the 

time period 1990 - 2012 (http://sdwebx.worldbank.org/climateportal/). 

The values of transmissivity T range between 8.0×10-4 - 1.2×10-2 m2/s with the mean value being 

2.3×10-3 m2/s. Also, the hydraulic conductivity K values vary between 7.9×10-6 - 2.5×10-4 m/s with 

the average value being 6.7×10-5 m/s. Regarding the carbonate formations, the values of 

transmissivity range between 1.2×10-4 - 2.6×10-1 m/s with the average value being 2.9×10-2 m/s 

(Myriounis, 2008). 
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3. Materials and Methods 

3.1. Hydrochemical research 

Seawater intrusion phenomena are observed in the margins of the Efxinoupoli sub-basin and the 

coastal and central part of the Sourpi sub-basin, which are areas adjacent to the brackish karstic 

aquifers of the region. The non-appearance of salinization phenomena in the central part of 

Efxinoupoli can be explained both by the state of hydraulic head and the given geological - 

stratigraphic and tectonic conditions in the region (Myriounis, 2008). 

Table 1 presents the min and max hydrochemical values of the aquifer systems (A.S.) of Almyros-

Velestino, Almyros and Orthrys for the mentioned time periods according to the measurements of 

MEECC (2014c). 

Table 1 - Min and max hydrochemical values at the aquifer systems (A.S.) of Almyros-

Velestino, Almyros and Orthrys for the mentioned time periods (MEECC, 2014c, modified). 

 Almyros-Velestino A.S. Almyros A.S. Orthrys A.S. 

 2004-2008 2004-2007 1997-2008 

Electrical Conductivity 

EC (μS/cm) 
520.93-736.67 258.5-966.3 700.7-3894 

Chloride (Cl-) 

concentration (mg/L) 
10.67-82.97 17-578.7 16.5-934.15 

Nitrate (NO3
-) 

concentration (mg/L) 
17.66-38.67 7.9-55.1 9.32-31 

Based on MEECC (2014a), the iron (Fe) content values exceed in several points the maximum 

admissible concentration values in the northern part of Sourpi sub-basin and the central part basin 

of Almyros sub-basin. The nickel (Ni) content values are above the threshold in the northern part of 

Sourpi sub-basin and the central part of the basin. Above threshold is the lead (Pb) content in the 

central part of the basin and close to the northern part of the Sourpi sub-basin. Furthermore, contents 

above limit for cadmium (Cd) and up to the limit for arsenic (As) are found in the aforementioned 

locations. Regarding the antimony (Sb), concentrations of 10 and 20 mg/L are found to the west of 

the Efxinoupoli and Platanos settlements. Also, increased nitrate concentrations (NO3) in the 

groundwater are observed to the south of N. Anchialos town and to the west of Efxinoupoli town, 

respectively, which are attributed to fertilizer use in the farm soils (Lyra, 2015; MEECC, 2014a; 

Myriounis, 2008). 

Under the current legislative framework, the qualitative status of the Almyros aquifer system is 

classified as poor. The salinization phenomenon is a permanent one in this region and is due to the 

overexploitation of groundwater to meet drinking and irrigation water needs. In the case of the 

Othrys aquifer system, which recharges the Almyros aquifer system, salinization is geologically 

originated (MEECC, 2014b; Myriounis, 2008). 

3.2. Recent hydrochemical data 

In the framework of a relative hydrogeological survey in the area of Almyros A.S. (figure 1), an 

updating of the qualitative parameters of the groundwater system, in the study area took place. In 

fact, sampling of groundwater in 9 selected wells was conducted and the appropriate chemical 

analyses were performed by the local private chemical laboratories “Parmakli”, in March and August 

2013 and in April and September of 2014 (Lyra, 2015). In Table 2, the values that exceed the 

maximum permitted or acceptable suitability limits for drinking water are presented. 
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Table 2 - Hydrochemical values at Almyros A.S. indicating with bold typing values that 

exceed the maximum permitted or acceptable limits for drinking water - time periods A: 

March 2013, B: August 2013, C: April 2014, D: September 2014 (Government Gazette-GG 

630, 26-4-2007, GG 2075, 25-9-2009, GG 3322, 30-12-2011, Kallergis, 2000) (figure 1). 

well  1 2 3 4 5 6 7 8 9 

Na+  

(>200 

mg/L) 

A 50 50 150 >250 50 50 75 75 50 

B 50 50 175 >250 50 50 75 75 50 

C 45 40 125 175 40 25 40 75 40 

D 100 75 200 >250 100 75 75 100 75 

NO3
-  

(>50 

mg/L) 

A 45.3 80 10 6 95 33.6 30.5 25 20 

B 56.7 97.6 12.3 7.37 110 45.8 36.5 25.8 22.9 

C 32.5 49.5 18 15 85 30.7 25.5 20 17.5 

D 65 72 65 110 120 65 42 28 22 

Ca2+ 

(>100 

mg/L) 

A 60 62 100 120 76 60 66 70 60 

B 62 70 112 124 80 62 70 74 62 

C 58 56 82 90 70 54 60 60 58 

D 82 84 94 122 88 70 84 50 60 

Cl-  

(>250 

mg/L) 

A 53.2 53.2 159.5 283.6 70.9 53.2 62 70.9 44.3 

B 70.9 70.9 180.8 303.1 78 70.9 88.6 88.6 53.2 

C 44.3 44.3 97.5 212.7 62 35.5 51.4 53.2 35.5 

D 88.6 79.8 141.8 336.8 79.8 70.9 106.4 70.9 44.3 

EC  

(>2500 

μS/cm) 

A 825 810 1950 2250 910 810 974 1050 880 

B 872 846 2213 3476 953 845 1050 1100 920 

C 885 730 1450 2210 799 690 788 910 780 

D 1100 850 1950 3300 1100 950 890 1300 950 

3.3. Application of the DSIR framework 

The DPSIR framework/model has been developed in the late 1990s and was proposed by the 

Organization for Economic Cooperation and Development (OECD, 2003) as a methodology for 

structuring and organizing of varying type indicators/indexes in a way comprehensible for decision 

makers. It was based on previous methodologies within an environmental context and was adopted 

as a conceptual framework by the European Environment Agency (EEA) in 1995 (Gabrielson and 

Bosch, 2003). The DPSIR has been developed to express a cause - effect relationship between 

environmental and human systems. The DPSIR model can be used as an analytical tool for the study 

of water issues. It enables a comprehensive assessment of the issues through the examination of the 

relevant Driving forces (causes) and Pressures (pollutants) on the environment, the subsequent State 

(quality) of the environment as represented by its Impacts (health, ecosystems), Responses (policies, 

targets) and interfaces among its elements (Kristensen, 2004). Implementation cases of DPSIR 

framework regarding water issues exist in the international and Greek literature (Agyemang et al., 

2007; Caeiro et al., 2004; Chung et al., 2011; Karageorgis et al., 2005; Lin et al., 2007; Ntislidou et 

al., 2011). 

Towards implementing the DPSIR framework in the study area, the sequence of pressures, states, 

impacts and responses engaged to each driver is presented (Lyra, 2015), as it is derived from the 

accordance with the DPSIR methodology (Table 1), taking, also, into account relevant data from the 

River Basin Management Plan of Thessaly Water District (GR08) (MEECC, 2014a), and few ones 

from the theses of Chouliaras (2014), Lyra (2015) and Myriounis (2008). The driving forces taken 

into consideration for the study area, are as follows (Table 2): (1) Population, (2) Climate, (3) Land 

use, (4) Protected areas, (5) Topography, (6) Geology, (7) Urban Development (8) Agricultural 

activity (9) Industrial activity and (10) Legislative framework. 
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Table 3 - Summarized presentation of main findings resulting from the implementation of 

the DPSIR framework in the coastal part of Almyros Basin, Magnesia Prefecture, Greece 

(Lyra, 2015, modified). 

1 

DRIVING 

FORCE 
Population 

PRESSURE 
 Rural population growth during 1991-2001  quality and quantity of 

water resources 

STATE 
 Overexploitation of the groundwater system 

 Poor quantitative and qualitative state of groundwaters 

IMPACT  Increase of pollutants from human activities 

RESPONSE 

 Improvement-updating of infrastructure for meeting the needs regarding 

drinking water supply, irrigation, sewage networks, wastewaters and 

solid-wastes treatment plants 

2 

DRIVING 

FORCE 
Climate 

PRESSURE 

 Agricultural plant species 

 Qualitative identity of groundwater 

 Quantitative identity of groundwater 

STATE  Influence of ecosystems 

IMPACT 

 Change in agricultural productivity 

 Increase in costs of agricultural production 

 Reduced recharge of water systems 

 Increase in pollution loads 

 Desertification, floods 

RESPONSE 
 Modernization of legislation, enactment and implementation of measures 

in respect of environmental protection and risk management 

3 

DRIVING 

FORCE 
Land use 

PRESSURE 
 Quantity of groundwater resources 

 Quality of groundwater resources: use of soil improvers and pesticides 

STATE  Poor quantitative status of groundwater resources 

 Poor chemical condition of groundwater resources 

IMPACT  Eradication of artesian phenomena and submarine springs 

RESPONSE 

 Drilling of new wells and deepening of existing ones towards finding 

suitable drinking and irrigation water 

 Construction of a water reservoir in Xeria, Almyros 
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Table 3 (continued). Summarized presentation of main findings resulting from the 

implementation of the DPSIR framework in the coastal part of Almyros Basin, Magnesia 

Prefecture, Greece (Lyra, 2015, modified). 

4 

DRIVING 

FORCE 
Protected areas 

PRESSURE  Impediment for anthropogenic and tourist activities 

STATE 
 Protected environment to polluting events 

 Ensured qualitative status of groundwater resources 

IMPACT 
 Influence redistribution of productivity sectors of the local economy 

 Change of employment tasks and workload in each productivity sector 

RESPONSE 
 Agricultural development 

 Decrease of human resources in touristic activities 

5 

DRIVING 

FORCE 
Topography 

PRESSURE 

 Lack of major rivers 

 Hydrographic network  soil erosion 

 Relative morphological lowering of the eastern compared to western part 

 Siltation towards the coast 

STATE 
 Intense deep down erosion of the streams 

 Escalated progress of bank erosion in watercourses beds 

IMPACT 
 Deposition of sediment at the coast of reduced mechanical strength and 

increased vulnerability to salinization phenomena 

RESPONSE  No influence on the environment and the primary productivity sector 

6 

DRIVING 

FORCE 
Geology 

PRESSURE 

 Water balance (runoff, infiltration) 

 Qualitative status of aquifer systems 

 Agricultural plant species and productivity of land soils 

 Infiltration into the alluvial aquifer of nitrogen compounds 

STATE 

 Dredging and drilling of wells meeting the needs for water supply and 

irrigation purposes 

 Hydraulic connection of the coastal area with the sea 

 Salinization due to the mineralogical character of the bedrock 

IMPACT 

 pH and soil suitability alteration as regards the agricultural exploitation, 

due to brackish water irrigation use 

 Declining course of primary productivity sector 

 Deterioration of salinization phenomena in the aquifer systems 

RESPONSE 
 Drilling of new wells and deepening of existing ones 

 Overexploitation of aquifers 
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Table 3 (continued). Summarized presentation of main findings resulting from the 

implementation of the DPSIR framework in the coastal part of Almyros Basin, Magnesia 

Prefecture, Greece (Lyra, 2015, modified). 

7 

DRIVING 

FORCE 
Urban development 

PRESSURE 

 Wastes 

 Quality of surface waters  Impact on Xirorema stream 

 Quality of groundwater  Use of underground sewage treatment 

infrastructures where there is a lack of sewerage networks 

 Uncontrolled waste disposal 

STATE 

 Increased concentrations of  nitrogenous compounds, organic carbon, 

phosphorus compounds and unknown polluting substances for 

environmental absorption 

IMPACT 
 Qualitative deterioration of surface and groundwater bodies 

 Ecological degradation of the environment 

RESPONSE 

 Improvement and creation of sewage and waste treatment infrastructure 

services for civil population 

 Modernization of waste disposal legislation 

 Integrated record of areas for treated wastewater disposal through 

irrigation or artificial recharge 

 Specification of water-extraction limit criteria per water system 

8 

DRIVING 

FORCE 
Agricultural Activity 

PRESSURE 

 Quantitative and qualitative status of groundwater resources 

 Use of chemical fertilizers and pesticides 

 Untreated livestock wastewater/sludge 

STATE 
 Increased concentration of nitrogen, phosphorus and organic carbon in 

Lachanorema and Cholorema streams 

IMPACT 
 Deterioration of quality level of both surface water and groundwater 

systems 

RESPONSE 

 Advancement of livestock farming waste and agricultural effluent 

treatment facilities 

 Gradual alteration of conventional farming to biological 

 Specification of water-extraction limit criteria per water system 

 Rational use of fertilizers and water in nitrate vulnerable zones 

4. Conclusions 

Salinization and pollution phenomena are caused by the overexploitation of water resources in 

Almyros Basin. The implementation of the DPSIR framework provided evidence contributing to 

further raising the awareness concerning the status of the urban and natural environment. Two 

discrete benefits for the area were indicated: (a) recognition of the problems resulted from the 

interference of the human factor to satisfy survival needs and (b) provision of direction of 

recommended action to be taken towards a more effective management of water resources. 



833 

 

Table 3 (continued). Summarized presentation of main findings resulting from the 

implementation of the DPSIR framework in the coastal part of Almyros Basin, Magnesia 

Prefecture, Greece (Lyra, 2015, modified). 

9 

DRIVING 

FORCE 
Industrial activity 

PRESSURE 

 Quarrying 

 Mining 

 Use of soil reservoirs 

 Uncontrolled, unplanned and unauthorized disposal of industrial 

wastewater 

STATE 

 Alteration of morphology 

 Unknown pollutants in soil 

 Poor chemical status of aquifer system 

IMPACT 

 Deterioration of the quality of groundwater 

 Deterioration of the quality of Platanorema stream 

 Increase of operating load at the WWTP 

 Change in microclimate 

 Increase of flooding 

 Intensified erosion and deposition of sediment/flood debris 

RESPONSE 

 Defining conditions and requirements for connecting industries to the 

sewage system and the WWTP 

 Modernization of industrial waste management legislation 

 Institutional framework for the licensing of sewage tanker vehicles 

 Integration of industrial units in program of environmental authorization 

and control 

10 

DRIVING 

FORCE 
 Legislative framework 

PRESSURE 
 Preventing the worsening of environmental degradation of groundwater  

 Protection of aquifer systems 

STATE  Degraded quantitative and qualitative status of Almyros system 

IMPACT 
 Qualitative and quantitative deficit of exploitable water to meet drinking 

and irrigation water needs 

RESPONSE 

 Establishment of pollutant emission limits at watershed level 

 Updating of the decision Φ16/6631/1989 setting the lower and upper 

limits for the necessary water quantities for irrigation purposes 

 Prohibition of new water projects and expansion of water use permits in 

underground systems with poor quantitative status 

 Water extraction record instrumentation 

 Legislative framework establishment for the protection of groundwater 

systems 
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Abstract 

The present work presents an engineering geological assessment using terrestrial 

laser scanning for the study of stabilization of a rock slope in Santorini island that 

has suffered from several rock slide incidents. The use of LiDar laser scanning and 

focused surveying provided valuable data for the engineering geological zonation of 

the area and the rock block quantification for the stability analysis. In order to prevent 

failure and the accompanied consequences, slope stability analysis and various 

mitigation methods were examined based on the site’s geological and geotechnical 

conditions, cost, local architecture restrictions and constructability. 

Keywords: LiDar, slope stability analysis, rock fall hazard, support measures, 

ignimbrite. 

Περίληψη 

Η παρούσα έρευνα εστιάζεται στην χρήση επίγειου σαρωτή LiDar στην 

τεχνικογεωλογική ερμηνεία του φαινομένου των καταπτώσεων και στην αξιολόγηση του 

βαθμού επικινδυνότητας εκδήλωσης νέων καταπτώσεων σε ηφαιστειακό πρανές της 

νήσου Σαντορίνης. Στην περιοχή εκτός από την επίγεια σάρωση, εφαρμόστηκαν 

τοπογραφικές μέθοδοι για την ειδική αποτύπωση των βραχωδών και των 

κατολισθητικών φαινομένων, και η απεικόνισή τους σε κατάλληλα τοπογραφικά 

διαγράμματα. Η ανάλυση ευστάθειας και η υποβολή συγκεκριμένων προτάσεων μέτρων 

αντιστήριξης ή/και ενίσχυσης του πρανούς, όπου έλαβαν χώρα πρόσφατες αστοχίες, 

αναλύονται σύμφωνα με το τεχνικογεωλογικό μοντέλο της περιοχής αλλά και τις 

ιδιαιτερότητες της. 

Λέξεις κλειδιά: Επίγειος σαρωτής, LiDar, ανάλυση ευστάθειας πρανών, 

επικινδυνότητα καταπτώσεων, μέτρα αντιστήριξης, ιγκνιμβρίτης. 
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1. Introduction 

The investigated area is located at the southern part of Santorini Island, east of the Akrotiri village, 

on a road that leads to the lone beach which can be found inside Santorini caldera (figure 1). Several 

rock fall incidents of significant magnitude have been recorded in the slope, especially after heavy 

rainfall. These rock falls have caused destructions on the road and its temporary disruption. These 

falls are not only confined along the road but can also reach the beach (figure 2) that is regularly 

used by the tourists and the fishermen. At the top of the slope, the presence of residences has 

increased the risk within the area. 

The area is consisting of a typical heterogeneous series of volcanic rocks, i.e. competent and strong 

lava rocks overlying soft layers of tuffs, where differential erosion is favoured and significant joints 

are present. The morphology above the road is characterized by very steep slopes, up to 80o and up 

to 15 m height. Below the road and until the beach, the slope presents also steep angles. 

 
 

Figure 1 - Location of the volcanic slope in “Apothikes” area, in the southern side of the 

caldera in Santorini island. 

Methodology 

The research was based on the following methodology: 

I. Define the engineering geological conceptual model of the area 

II. Definition of failure mechanism 

III. Segmentation of all the unstable rock blocks and slope zonation according to its instability 

hazards 

IV. Selection of critical parameters and method of stability analysis 

V. Stability analysis 

VI. Support measures proposal 



837 

 

  

Figure 2 - Blocks are likely to propagate downhill up to the sea level, passing twice over the 

local road and finally reaching the public beach. The rock block detachment may also create 

significant problems to the adjacent residences. 

The use of LiDar (Light Detection and Ranging) laser scanning provides valuable data for the 

engineering geological zonation of the area and the rock block quantification for the stability 

analysis. The blocks at the investigated area were analyzed by InnovMetric’s software, Polyworks 

V10.0 which processes LiDar images. The LiDar is a very useful tool for scanning surfaces in the 

scale of meters or some dozens. Its operation is based on the light detection that emits. The export 

file consists of a cloud of points (Figure 3) and each point has a standard distance from each other. 

The point cloud simulates the scanning surface. This file is screened at the 3D environment of the 

Polyworks software. With these images, we can measure the line parts and the exact angle of the 

slope as well as the volumes of the fragments that we cannot measure in site. Also, the software 

provides the possibility to measure the dimensions and the orientation of planes which are easy to 

determine at a LiDar image. 

 
 

Figure 3 - Point cloud of the area showing some of the unstable rocks and the developed 

tension cracks in detail. 
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2. Geological setting 

“Apothikes” area is consisted of a successive lava beds alternations. In particular, from the lower to 

the upper part the general stratigraphy of the area is: 

-Ap2: Cape Therma 3 Tuff. Andesitic pyroclastic deposits of the Cape Therma 3 eruption. These 

deposits occur extensively at this region of the island. 

-Rp3: Lower pumice layer which is essentially the peak of the first explosive cycle of the island 

(Druitt et al. 1999) with a series of rhyodacitic type explosions (Lower pumice 1 and lower pumice 

2). At the end of this explosive cycle the first caldera collapse occurs. This formation consists the 

weak unit that presents high erosion and undermine the overlying ignimbrites. 

-Rp6: Cape Riva Tuff which is formatted with materials mostly of dacitic and rhyodacitic 

composition. The most characteristic formation at this type of volcanic product is an ignimbrite 

which in many areas has a thickness of 20 m approx. This formation presents the rock slope 

instabilities. 

-Rp7: Minoan eruption deposits. Contains the three phases of the Minoan eruption which from the 

lower to the higher part consist from a plinian type explosion pumice overlaid by a surge of 

phreatomagmatic material and finally on the top from the 3rd phase tuffs containing dacite blocks 

(Sparks and Wilson, 1990). These pyroclastic sediments are only found in the east side of the road 

and create some instabilities of falling volcanic bombs due to their weathering. 

 

Figure 4 - Geological map of the study area (based on Druitt and Davies, 1995). 

3. Engineering geological assessment 

3.1. Engineering geological conditions 

The research was based not only to traditional field engineering geological measurements, mapping 

and laboratory tests, but to terrestrial scanning and detailed geodetic measurements also. All the 
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necessary information about the lithology, rock strength, rock mass structure, neotectonic joints, 

other discontinuities, weathering, erosion and the instability characteristics were evaluated in order 

to define the engineering geological conceptual model of the area. The laser scanning supported 

with a focused geodetic detailed surveying provided the geometrical information about the blocks 

that have failed in the past and all the detached ones or potentially unstable those are going to fail. 

The detail documentation of the declivity’s façade was carried out by using Image Assisted Total 

Stations, which provide accuracy of 10cc for the angles and 3mm 2ppm for the distances 

measurement. About one thousand points were measured. The façade (figure 8) and four vertical 

sections were drawn, where the most important characteristics as the foot of the declivity, major 

cracks, big rock masses, rock crevices and rock peaks were illustrated. Also for the intergraded 

survey of the declivity the total scanning with 30cm step was carried out. Thus a lot of additional 

information and individual detail points were provided. 

Ignimbrites have high strength but are based on soft and highly erodible tuffs and paleosol. Paleosol 

is composed of medium dense sandy material with clay. Water infiltrates along the joints of the hard 

rocks but stops along the impermeable tuffs. Thus, water softens the weak geomaterial, generates 

pore water pressure abut also builds hydrostatic pressures along the open joints. 

Hence, the principal information must be focused on the blocks geometry, resulted from the joint’s 

direction, and the properties of the underlied paleosol and tuff. 

In order to quantitatively assess the rock block volume, the joint’s geometry and access the hazard 

for new rock falls, a terrestrial scanning of the area took place. Apart from the LiDar scanning though, 

the discontinuities were also mapped and measured during a field survey. The mapping of 

discontinuities was accomplished using traditional methods e.g. a geological compass and a 

measuring tape. Afterwards, the measured discontinuities planes were plotted as poles on a 

stereographic projection net and the representative poles at the centres of the concentration zones 

were assessed. The discontinuities are either cooling joints or originated from tectonism or resulted 

from stress relief (Figure 6). The acquired data provided by this task were imported in the software 

Dips from RockScience’s and analysed in order to use the outcome for the following step of the 

slope failure analysis. 

 

Figure 5 - The differential erosion is caused along the contact of the hard ignimbrite columns 

and the looser paleosol. This weak surface of erosion generates tensile cracks that are 

extending with the force of water and wind with time. Picture in frame shows a detailed 

contact of the ignimbrite body on the paleosoil. 
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Figure 6 - The paleosol and the underlied tuffs defined as the prime surface of the instability, 

is illustrated in the ellipse. The discontinuities are either cooling joints or are originated from 

tectonism or are resulted from stress relief. 

The process of the LiDar image of “Apothikes” location had as central axe the determination and 

measurement of the dimension of blocks. The software provides the possibility to measure the exact 

volume of a block instead of making assumptions and comparisons to basic shapes. Thereafter, we 

classified the thickness in order to determine the major class. It was found out that the maximum 

thickness of the pillars was 5 m and the 95% of blocks had thickness below 4 m. Therefore, for our 

analysis we used the value 4 m in order to make a realistic model (Figure 7). 

Having completed the alignment of the point clouds, a measuring of the dimensions of the unstable 

rocks was performed. The dimensions of the largest boulders are 10X9m (height X width) while 

smaller ones are also measured. A segmentation of the rock pillars that are likely to fail were mapped 

in order to assist the rock fall hazard assessment and the design of the remedial measures (Figure 8). 

The hazard of new rock slides is very high, since several unstable rock blocks are present, either 

already moved or unloaded by recent instabilities. Indeed, instabilities have been recorded in the 

whole length of the road, several blocks are found along the beach, while wide open joints are 

present. 

 

 

Figure 7 - LiDar image showing the estimation process of dimension of the unstable or fallen 

blocks (right). 
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Figure 8 - The façade depicting all the unstable blocks along the studied area. 

3.2. Failure mechanism 

The main failure mode consists of rock pillar detachment followed by toppling or planar sliding 

failure, which result to their fragmentation. As the morphology is steep, blocks are likely to 

propagate downhill until sea level, passing three times over the local road and finally through the 

public beach. It has been concluded that the slopes are likely to collapse due to differential 

weathering. The differential erosion is caused along the contact of the hard ignimbrite and the looser 

paleosol. This weak surface of erosion generates tensile cracks that extend with the force of water 

and wind with time. Thus, erosion is then accelerated. These tension cracks combined with other 

transverse joints, possibly connected with tectonism, creates columns of blocks of significant 

volume. As an outcome overhanging blocks of the hardest rock failed under self-weight, sliding 

along the weak underlied soil and fissure water pressure. The blocks that fall reveal new and fresh 

surfaces and as a result, the laterally blocks exhibit a lack of confining stress. Therefore, new cracks 

begin to appear and the same process accelerates. An engineering geological conceptual model of 

the studied area is presented in Figure 9. 

 

Figure 9 - An engineering geological conceptual model of the studied area. 
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4. Stability analysis 

In general, toppling is typically preceded by a slow displacement where the rock weight is gradually 

redistributed to the toe of the column. For the slope in question, this displacement coincides to planar 

sliding. Therefore, analyses were performed using RocPlane software from RockScience’s suite, 

assuming that planar sliding occurs on the interface of the two materials. Initially, the model was 

validated reproducing the conditions causing the recent failures and afterwards the remedial 

measures were designed according to EC7. 

The model consists of a 20m height and slightly overhanging slope (92o). The planar surface was 

simulated with an exaggerated inclination of 30o, since sings of prior failures indicated that the 

critical plane passes through the weak underlying layer. Material properties were determined by 

field and laboratory tests, resulting to the equivalent Mohr-Coulomb parameters that were used for 

the analyses (c=5kPa and φ=30ο). Vertical discontinuities (persistent throughout the whole slope’s 

height; therefore, filled with water) were simulated 4m behind the crest. In order to design the full 

face nailing pattern, static and pseudo-dynamic analyses were conducted for various water heights 

within the discontinuities. 

 

Figure 10 - Sliding analysis with RocPlane software from RockScience’s suite shows that 

safety factor (F) is 1.02 (left). Diagram Factor of Safety-Water Percent Filled, shows that 

safety factor (F) drops below 1.0 with a small percentage of water (right). 

5. Remedial measures 

In order to prevent failure and the accompanied consequences, various mitigation methods were 

examined based on the site’s geological and geotechnical conditions, cost, local architecture 

restrictions and constructability. The principle of the proposed measures are: a. Extensive 

mechanical scaling in order to create a safe working environment and slope free of tension cracks; 

b. Nailing with fully bonded anchors (d=25mm, l=10m) on a 2x2 pattern and c. Steel nets, in case 

of local poor rockmass conditions, that will be anchored to the nails and lashed by transversal wire 

ropes. 

Rock bolting is favoured since the rockmass is massive and intact strength is sufficiently high, 

therefore the anchoring of partially detached pillars can treat toppling. However, this is applicable 

only when existing discontinuities present relatively small aperture, since bolting efficiency is 

severely reduced when aperture is increased. 

In that case, cable lashing the rock pillars forms an alternate solution. A key design consideration is 

the ability to wrap the lashes tightly around the pillars. If the surface is flat, the cable requires 

extended block displacement in order to engage their tensile strength (Turner & Schuster, 2013)). 

However, embracing the pillars is favoured by the morphology of slope in some occasions, 

containing the required anchoring force. Due to slope’s extended height (h>15m) instead of the 

typical lashes, a pre-stressed face net (similar to the spider system provided by Geobrugg or similar 
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from others) becomes extremely effective. However, this solution requires the ability of the 

surrounding rockmass to bear the anchoring forces, which is not always the case in the slope since 

various detached rock pillars are neighbouring to each other. The latter, makes mechanical scaling 

of potentially unstable pillars unavoidable. Due to the ongoing relaxation and weathering, scaling 

improvements are temporary and slope must be periodically inspected and when necessary reworked. 

In general, failure susceptibility is increased by surficial and groundwater flow (Hoek and Bray, 

1981). Moreover, the differential erosion of the underlying weak layer that consists slope’s toe, is 

likely to accentuate due to groundwater flow. Therefore, controlling water in the rockmass become 

crucial. As the discontinuities are mostly charged with water from the crest and the overlying 

structures, a ditch behind the crest of the slopes is likely to adequately prevent from seepage, 

reducing failure susceptibility. 

Ongoing weathering of the weak material at slope’s toe must also be contained, since it forms the 

crucial toppling or planar mechanism. Weathering and erosion of the slope’s toe are primary 

attributed to the coastal environment. In order to control them, two different techniques were 

examined, as discussed hereafter. The weak layer can be sealed covering the slope surface with 

specialized polyesteric or epoxic mixtures. They are applied similarly to shotcrete, however the 

result is harmonized with the environment since a nearly transparent crust is produced, in contrary 

to shotcrete. The second approach is to construct a retaining structure at slope’s toe that will be filled 

with granular material. The height of the fill must be adequate to full cover the weak layer, isolating 

it from the shore environment. In the same time this structure combines the capacities of a ditch and 

a rigid barrier, being able to mitigate small-sized rockfalls. However, this approach arise 

constructability issues and an overall significant cost. 

Construction must be completed within a short time period, in order to avoid further occurrence of 

tension cracks. Prior to any activity, a detailed monitoring system must be installed in order to further 

examine slope’s response and following construction to evaluate the efficiency of remedial measures. 

 

Figure 11 - Sliding analysis with RocPlane software from RockScience’s suite, after the 

implementation of the remedial measures. 

6. Discussion 

The present work presents how the use of terrestrial laser scanning can assist towards the engineering 

geological assessment against slope stability. Apart from the LiDar scanning the research was also 

based on traditional field engineering geological measurements, mapping and laboratory tests. The 

use of LiDar (Light Detection and Ranging) laser scanning and focused surveying diagrams 
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provided valuable data for the engineering geological zonation of the area and the rock block 

quantification for stability analysis. The rock fall hazard is very high, since several unstable rock 

blocks are present, either already moved or unloaded by recent instabilities. Indeed, instabilities have 

been recorded in the whole length of the road, several blocks are found along the beach, while wide 

open joints are present. 

The main failure mode consists of rock pillar detachment followed by toppling or planar sliding 

failure, which result to their fragmentation. The differential erosion is caused along the contact of 

the hard ignimbrite columns and the looser paleosol. In general, toppling is typically preceded by a 

slow displacement where the rock weight is gradually redistributed to the toe of the column. For the 

slope studied, this displacement coincides to planar sliding.  Slope stability analyses were performed 

based on the engineering geological conceptual model of the area and the block geometry that has 

been measured and mapped. 

In order to prevent failure and the accompanied consequences, various mitigation methods were 

examined based on the site’s geological and geotechnical conditions, cost, local architecture 

restrictions and constructability. The principle proposed measures are: a. Extensive  mechanical 

scaling in order to create a safe working environment and slope free of tension cracks; b. Nailing 

with fully bonded anchors on a 2x2 pattern and c. Steel nets, in case of the presence of poor localized 

rockmass conditions, that will be anchored to the nails and lashed by transversal wire ropes. 
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Abstract 

Landslides represent a significant hazard for pipelines because they can generate 

permanent ground displacement and tend to result in complete failure or significant 

leaks, major environmental impacts and long periods of service disruption. Hence, 

landslide-related incidents are regarded as a significant operational risk. The paper 

mainly focuses on the assessment of landslide hazard along or across a natural gas 

pipeline project and on the identification of these hazards, mostly in the field. Whether 

the “expected” landslide event reaches the Right of Way (RoW) and impacts the 

pipeline, is influenced by the nature and size of the expected landslide event, 

controlled by the site geology and geomorphology, the proximity of the existing 

landslide feature to the pipeline and the position of the pipeline relative to the 

landslide. Landslide hazard assessment is used to identify “hot spots” along the 

pipeline route where re-routing or risk reduction measures must be prioritised. When 

landslides that can threat the pipeline integrity cannot be avoided, more detailed site 

evaluation is required to support the design and construction of mitigation measures. 

Keywords: Right of Way (RoW), failure modes, pipeline vulnerability, landslide 

identification, mitigation measures, pipeline integrity. 

Περίληψη 

Οι κατολισθήσεις αποτελούν έναν σημαντικό κίνδυνο για τους αγωγούς, επειδή μπορεί να 

προκαλέσουν εκτός από καταστροφή, μόνιμες παραμορφώσεις και να οδηγήσουν σε 

διαρροές, περιβαλλοντικά προβλήματα και μεγάλες περιόδους διακοπής της λειτουργίας. 

Ως εκ τούτου, τα περιστατικά που σχετίζονται με κατολισθήσεις αντιμετωπίζονται ως ένας 

ιδιαιτέρως σημαντικός κίνδυνος για την λειτουργία του αγωγού. 

Η παρούσα εργασία επικεντρώνεται κυρίως στην αξιολόγηση της επικινδυνότητας 

έναντι κατολισθήσεων κατά μήκος ή εγκάρσια ενός αγωγού φυσικού αερίου και στην, 

κυρίως στο πεδίο, αναγνώριση αυτών των κινδύνων. Το αν η "αναμενόμενη" εκδήλωση 

κατολίσθησης θα φτάσει την χάραξη του αγωγού και θα τον επηρεάσει, εξαρτάται από 

το είδος και το μέγεθος της ενδεχόμενης κατολίσθησης, στοιχεία που ελέγχονται 

προφανώς από τη γεωλογία και τη γεωμορφολογία, ή και την θέση του αγωγού σε σχέση 

με ενδεχόμενη προυπάρχουσα κατολίσθηση. Η αξιολόγηση της επικινδυνότητας έναντι 

κατολίσθησης προσδιορίζει σε πρώτη φάση επικίνδυνες περιοχές (hot spots) κατά 
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μήκος της διαδρομής του αγωγού, όπου πρέπει να δοθεί προτεραιότητα είτε σε μέτρα 

θεραπείας και μείωσης επικινδυνότητας είτε σε αλλαγή χάραξης. Όταν κατολισθήσεις 

που ενδέχεται να επηρεάσουν την ακεραιότητα του αγωγού δεν είναι δυνατόν να 

αποφευχθούν, απαιτείται λεπτομερής έρευνα και αξιολόγηση των επί τόπου συνθηκών 

για την υποστήριξη του σχεδιασμού και της κατασκευής των μέτρων θεραπείας. 

Λέξεις κλειδιά: κατολίσθηση, επικινδυνότητα, αγωγός φυσικού αερίου, χάραξη 

αγωγού, μέτρα θεραπείας. 

1. Introduction 

Landslides and unstable ground pose a significant threat to buried natural gas pipelines since they 

can generate permanent ground displacement (PGD) along or across the pipeline alignment. PGD is 

an important concern since a buried pipeline must deform both axially and in bending in order for 

the movement of the surrounding ground to be accommodated (Nyman et al., 2008). 

Pipeline rupture is not uncommon in incidents caused by landslides. As such, landslide-related 

incidents often result in leaks that may have severe environmental impact as well as long periods of 

operational stoppage (e.g. Savigny et al., 2005). Regarding pipelines running through mountainous 

areas, statistics show that landslides are the most common cause of pipeline rupture and as such the 

most significant operational risk (e.g. Sweeney et al., 2005). 

It is generally accepted that avoidance of landslide-prone areas is the most effective hazard reducing 

option both in terms of cost and time saving. Sweeney (2005) points out that this is due to the fact 

that the investigation and the subsequent stabilisation of a significant number of landslide areas is 

not a practical undertaking mainly due to time and cost constraints. Accordingly, in mountain 

regions, the presence of landslides or the presence of landslide-prone areas is a quite important factor 

for the finalisation of the pipeline route Landslide hazard assessment is used to identify “hot spots” 

along the pipeline route where re-routing or risk reduction measures must be prioritised. In cases 

where “hot spot” areas cannot be avoided, detailed evaluation of all site conditions is necessary for 

the support of the design and construction of mitigation measures. 

2. Standards and Definitions 

An approach for the assessment of the pipeline risk due to landsliding follows international best 

practice for landslide risk assessment, as defined in Fell et al. (2005) and Lee et al. (2014). The 

ISSMGE TC32 - Technical Committee on Risk Assessment and Management defines hazard as the 

probability that a particular danger (threat) occurs within a given period of time (ISSMGE 2004). 

An initiating trigger event is an incident (or combination of incidents) that causes a landslide event 

(e.g. strong earthquake or heavy rainfall). A damage case is a level of damage resulting from the 

impact of a landslide on the pipeline (e.g. exposure, bending and buckling, rupture). Risk is usually 

expressed as the product of the probability of an event (e.g. pipeline rupture) and its adverse 

consequences. The assessment of risk along a pipeline route, though, is not in the scope of this paper. 

3. Landslide hazard 

3.1. Landslide hazard - general 

The hazard associated with landslides is determined by the type of movements which can be 

expected to occur and their potential to produce adverse consequences. Three main categories of 

landslide events can be recognised: 

 first-time failures of previously un-sheared ground, often involving the mobilization of the 

peak strength of the material. Such slides are often characterised by large, rapid 

displacements. 
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 reactivation of pre-existing landslides where part or all of a previous landslide mass is 

involved in new movements, along pre-existing shear surfaces (Figure 1). 

 

Figure 1 - Pre-existing landslide on the flank of a ridge, where a pipeline route runs. 

 expansion of a pre-existing landslide, typically involving uphill or lateral retrogression of the main 

landslide head (Figure 2 and Figure 3), or the downhill advance of debris lobes on the toe area. 

 

Figure 2 - Tension cracks along a ridge flank, indicating potential for upslope retrogression 

of pre-existing landslides. 

Pre-existing landslide  

Tension cracks 
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Figure 3 - Very steep landslide back scar extending to the ridge crest, with potential for 

further upslope retrogression. 

For an existing landslide or slope to have the potential for future movement there must be a credible 

initiating event that causes landslide movement. Examples include: 

 increased pore-pressures associated with periods of heavy rainfall or snow melt; 

 seismic ground shaking due to moderate to strong earthquake events; 

 removal of support by erosion of the landslide or slope toe (e.g. by a river or during 

excavation); 

 increasing the driving force by loading the head of the landslide or slope (e.g. by the 

accumulation of debris from hillside debris avalanches or fill placement during construction). 

Whether the “expected” landslide event reaches the Right-of-Way (RoW) and impacts the pipeline 

is influenced by the nature and size of the expected landslide event (controlled by the site geology 

and geomorphology), the proximity of the existing landslide feature to the pipeline and the position 

of the pipeline relative to the landslide (i.e. upslope, beyond the lateral margin, crossing or 

downslope of the toe). 

Finally, unforeseen landslide problems could still arise during the construction and operations 

phases of a pipeline project. 

A 3-D block diagram illustrating the landslide hazard in a pipeline route is presented in Figure 4. 

3.2. Pipeline vulnerability 

Not all landslide events that reach the pipeline will cause rupture. Some may only lead to exposure, 

whilst in other cases the damage may be limited to bending or buckling. A number of simple failure 

types have been developed for pipeline, based on industry experience (Nyman et al., 2008; Lee et 

al., 2009; Young and Lockey, 2013). These are: 

1. Lateral and vertical displacement. Pipeline rupture as a result of differential horizontal 

and/or vertical movement of the landslide main body, upslope retrogression of the main scarp 

or failure of the flanks. The potential for pipeline displacement is a function of landslide 



849 

 

depth, the behaviour of the materials, the speed of movement and the cumulative 

displacement that could occur over time. 

2. Spanning. Pipeline rupture as a result of removal of support along a significant length (e.g. 

greater than 30m) due to retreat of the landslide main scarp (upslope retrogression) or failure 

of the landslide flanks (lateral expansion). The potential for spanning is a function of the 

vertical displacement of the landslide mass and retreat of an eroding scar across the pipeline 

alignment. 

3. Loading. Pipeline rupture due to stresses induced after burial by debris. This failure mode 

depends on the depth of burial and the weight of the material that acts upon the pipeline. 

4. Impact. If the pipeline is exposed, impulse due to the momentum of falling boulders may 

result in pipeline rupture. In general, buried pipelines are less vulnerable to this failure mode. 

As this is a case of momentum and impulse, the height from whence the boulder originated 

(i.e. the impact speed) and the mass of the boulder are the defining parameters. 

3.3. Landslide identification 

The work on landslide identification, both at the preparation stage and at field, must be to 

continuously look for key elements that signify the existence of an active landslide or an unstable 

area. These key elements are presented in the following paragraphs. It is highlighted though that a 

final assessment of the level of hazard and risk for the pipeline due to potential landslides along the 

route must be undertaken by experienced geologists. 

3.3.1. Desk study 

The desktop study involves three main procedures to prepare an appropriate landslide-prone area 

inventory. 

5. Identification of possible old landslide areas from the topographic map- Sudden changes of 

slope angle, flat areas or bulge on slopes (square, vis-à-vis contour lines). 

6. Identification of possible old landslide areas from satellite images - bare with no vegetation 

and/or steep slopes. 

7. Identification of surface water ponds and lakes. 

3.3.2. Field identification 

The field work must be executed where ever possible and mostly on the ridges along the pipeline 

route, following a primary identification of possible geohazard landslide areas from the topographic 

maps and satellite images. As a result of a field survey, new landslide geohazard areas can be 

identified and highlighted landslide geohazard areas, identified from the desk study, can be 

confirmed, delineated or discarded. The -as accurate as possible- adjustment of the boundaries of 

each landslide is very helpful for the selection of the optimum route and for the subsequent risk 

assessment. The field study must involve several procedures and observations, in order to define the 

actual spatial, geological and geotechnical features of the finally derived landslide areas. Such 

observations can be: 

 Fresh cuts or ruptures along the slope, arch-shape or transversal to it (Figure 4) 

 Wide undulating morphological features (Figure 5) 

 Deformed vegetation - creep (Figure 6) 

 Irregular topography with small hills and back-tilts along the slope (Figure 7) 

 Springs, reservoirs of water (small lakes) in the middle of the slope 

Sudden changes of slope angle, flat areas or bulge on slopes 
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Figure 4 - A block model illustrating the landslide hazard in natural gas pipelines. 



851 

 

  

Figure 5- Fresh cracks. Figure 6 - Opening at the top and parallel to 

the ridge indicating movement. 

  

Figure 7 - Deformed vegetation due to 

landsliding. The knick of the trunk points to 

the movement direction. 

Figure 8 - Visible irregularities in 

topography. 

Characteristics about the quality of the rock mass (lithology, rock mass structure, weathering and 

extent of weathering mantle, strength, joint characteristics, water presence) should be identified and 

recorded. For the understanding of the ground behaviour developing the slope instabilities, a 

standardization of the qualitative engineering geological characteristics and the assessment of the 

behaviour in slope stability for the identified rock masses should be assessed. 

3.4. Development of geotechnical sections for the analysis 

In some cases, a geohazard should be geotechnically investigated in more detail to study the 

parameters and the conditions under which the slope would fail and could threat the pipeline 

integrity. Such spots can be the ones that are not avoided by the re-routing or some geohazards that 

are evaluated with moderate or low risk. In this case, apart from the field work, a geotechnical 

investigation program must be planned. The methodology that can be followed by an engineering 

geological group, for the development of geotechnical profiles includes the following basic steps for 

the studied geohazard area: 

 The evaluation of all available data from previous studies and field inspection 

(topographical, seismological, seismotectonic, geological and geotechnical) 

 The statistical analysis of all available engineering geological and geotechnical data 

(laboratory tests, rock mass classification), per individual area 

 The elaboration of spatial geological data from sampling boreholes and in situ observations 

(superficial layers, extent of weathering mantle, bedrock etc.) 
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 The final proposal of geotechnical profiles which include the geometry of the slope, the 

stratigraphy of the area, the geotechnical properties for each engineering geological 

formation and seismological info of the site specific area 

4. Mitigation measures 

Rerouting options should be examined as a primary mitigation measure in order to avoid areas with 

large scale and active landslides, since they present a threat to the pipeline integrity (Figure 8).The 

international best practice, is to identify landslide features and avoid by routing along ridge crests 

and spurs, and minimising the exposure to large and active geohazard landslides, potentially unstable 

and steep side slopes. 

Nevertheless, due to design and site-specific constraints, the selected route may not avoid all 

identified geohazard areas and as such, it may not be possible to eliminate the exposure to all 

landslide risks. Accordingly, the route may pass in close proximity (<50m) to either known 

landslides or potentially unstable areas. 

The risk profile is expected to be dominated by upslope expansion of existing landslides, resulting 

in loss of ridge crest and pipeline rupture. However, there remains a possibility that new “first-time” 

landslides could develop under static and/or seismic conditions, especially on steep ridge flanks 

areas. This route should be feasibly constructed, with reasonable risk or reasonable engineering 

remedial measures. The risk could be significantly reduced through implementation of mitigation 

measures, such as minor adjustment to the route (to increase the set-back distance from the pre-

existing landslide head), the construction of structures to isolate the pipeline from the effects of 

future landsliding (e.g. pile walls) or reduce the likelihood of future damaging ground movements 

(e.g. geotechnical slope drainage). 

When the pipeline runs along the foot of an active and large landslide, the geohazard can be avoided 

by tunnelling below the sliding mass or by protecting the pipeline with engineering measures from 

a possible loading from landslide, constructed next to the river. 

Monitoring may be required during construction and operation of the pipeline in geohazards of 

moderate or high risk that have not been avoided. 

5. Discussion 

The avoidance of significant landslides that cross mountain terrain for the pipeline RoW is the most 

important outcome of the routing process. The assessment must be based on extensive field work 

evaluation of all findings along the pipeline route, desk study of available data and ground 

investigation campaigns. 

It is important to be realistic about the precision and reliability of the assessed levels of hazard in 

the various identified sites. The results should provide a “high level” indication of how landslide 

hazard and risk is expected to vary through a mountain terrain and have to conclude identifying “hot 

spots” along the route where risk reduction measures should be prioritised. This information can be 

used to perform numerical analyses for slope stability assessment and the corresponding pipeline 

verification, in order to provide quantitative support to an expert classification of landslide risk. This 

assessment though, cannot be however a substitute for more detailed site evaluation that would be 

required to support the design and construction of mitigation measures at the critical slopes 

according to EN1997 and EN1998. 
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Figure 9 - Overview of a geohazard area (orange line) in close proximity with a proposed 

pipeline RoW (red line). In such cases, avoidance by rerouting is the preferred option. When 

the landslide hazard is not avoided, it must be feasibly constructed, with reasonable low risk 

or reasonable engineering remedial measures. 
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Abstract 

Mygdonia drainage basin encloses lakes Volvi and Koronia which are protected by 

the RAMSAR Convention. Lake Koronia is an example of global environmental 

destruction. The entire area is affected from agricultural and industrial activities 

(mainly in the past) and has suffered severe human impacts. Groundwater sampling 

was conducted twice a year (dry/wet period), during the years 2013-2015. The results 

of the analyses were spatially distributed and the appropriate maps were constructed. 

According to the quality parameters distribution the possible pollution sources of the 

aquifers were investigated. Hydrochemical diagrams were used for the water types 

classification and the suitability for drinking or irrigation purposes etc. The EU Water 

Framework Directive 2000/60 and the national legislation were also used. Excess of 

the maximum permissible levels for drinking water were observed mainly for nitrates 

in a large extent of the basin as a result of the bad agricultural practices in the area. 

Sporadic high concentration values were recorded for other parameters and are 

associated with human activities or geology. Measures in order to prevent a further 

degradation of the groundwater quality are proposed in the paper. 

Keywords: Nitrates, fertilizers, lakes. 

Περίληψη 

Η λεκάνη απορροής της Μυγδονίας περικλείει τις λίμνες Βόλβη και Κορώνεια που 

προστατεύονται από τη Σύμβαση RAMSAR. Η λίμνη Κορώνεια είναι ένα παράδειγμα 

παγκόσμιας περιβαλλοντικής καταστροφής. Ολόκληρη η περιοχή επηρεάζεται από 

γεωργικές και βιομηχανικές δραστηριότητες (κυρίως στο παρελθόν) και έχει υποστεί 

σοβαρές επιπτώσεις από τις ανθρωπογενείς δραστηριότητες. Πραγματοποιήθηκε 

δειγματοληψία υπογείου νερού δύο φορές το χρόνο (ξηρή/υγρή περίοδο), κατά τη 

διάρκεια των ετών 2013 - 2015. Τα αποτελέσματα των αναλύσεων κατανεμήθηκαν 

χωρικά και δημιουργήθηκαν οι κατάλληλοι χάρτες. Σύμφωνα με την κατανομή των 

ποιοτικών παραμέτρων διερευνήθηκαν οι πιθανές πηγές ρύπανσης των υδροφόρων 

στρωμάτων. Χρησιμοποιήθηκαν υδροχημικά διαγράμματα για την ταξινόμηση των 

δειγμάτων σε τύπους νερού και την καταλληλότητα για ύδρευση ή άρδευση κλπ. Η 

Οδηγία Πλαίσιο 2000/60 της Ευρωπαϊκής Ένωσης για τα νερά και η εθνική νομοθεσία 

χρησιμοποιήθηκαν επίσης. Υπέρβαση των μέγιστων επιτρεπτών επιπέδων για το πόσιμο 

νερό παρατηρήθηκαν κυρίως για τα νιτρικά σε μεγάλη έκταση της λεκάνης ως 

αποτέλεσμα των κακών γεωργικών πρακτικών στην περιοχή. Σποραδικές υψηλές τιμές 

συγκέντρωσης καταγράφηκαν για άλλες παραμέτρους και σχετίζονται με τις ανθρώπινες 
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δραστηριότητες ή τη γεωλογία. Μέτρα, προκειμένου να αποφευχθεί η περαιτέρω 

υποβάθμιση της ποιότητας των υπόγειων υδάτων προτείνονται στην παρούσα εργασία. 

Λέξεις κλειδιά: Νιτρικά, λιπάσματα, λίμνες. 

1. Introduction 

Water resources are necessary for human living and are through time related to the development of 

the societies and their economic growth (Gannoulis, 2004). During the last decades, a progressive 

degradation of the groundwater quantity is recorded worldwide, due to the overpumping (in order 

to meet the increased irrigation demands) and a degradation of the quality characteristics that 

constitutes groundwater reserves unsuitable for human consumption or other uses. Mygdonia basin 

is a typical example of such bad water resources management. The need for more cultivated land 

during the decades of 1950 and 1960 led to artificial drying of the Vromolimnes (Lantza and 

Mavrouda). The intense cultivation of the plain parts of the basin, in combination with the change 

of the type of crops and irrigation practices, had as a result a deficient hydrological balance since 

the middle of the 1980 decade (Chatzipetros and Pavlides, 1998; Zalidis et al., 2004). Many 

boreholes were drilled during that period especially in the sub-basin of Koronia in order to meet the 

irrigation demands. A continuous shrinking of the lake and degradation of aquifers water level was 

recorded with the exception of some rainy years (e.g. 2013-2014). During the same period, the 

fertilization of the cultivations and the lack of treatment facilities of the villages and local industries 

that operated in the area, had as a result the direct disposal of the untreated waste in the lake Koronia 

or the aquifers of the area degradating the qualitative characteristics of the water resources. The 

effects of the human activities in the past, made the necessity of an integrated water resources 

management plan clear to the stakeholders and policy makers of the area. Many measures have been 

implemented the last decades in order to restore the environment and to prevent any further 

degradation. The whole basin is recognized as a region of high ecological importance and it is 

protected by Common Ministerial Decision 6919/2004. The lakes Koronia and Volvi are part of a 

complex wetland of international importance that is protected by the RAMSAR Convention and the 

Macedonika Tembi Valley belong to the Natura 2000 Network (Economou et al., 2008). Mygdonia 

basin have been studied by several researchers. The following are indicatively mentioned: Knight 

Piesold Ltd. and Karavokyris and Partners (1998), Zalidis et al. (2004), Tzimopoulos et al. (2005), 

Vafiadis (1991), Nimfopoulos et al. (2002). The aim of this paper is to investigate the current state 

of the quality characteristics of the basin’s groundwater resources. The authors carried out a research 

in the area, during the years 2013-2015 in the frame of the research program with the title 

«Implementation of monitoring program of biotic and abiotic parameters and support of self-

supervision to the Lakes Koronia Volvi Management Agency» that was funded by the Lakes 

Koronia Volvi Management Agency. The data that are presented in the paper are primary. 

2.  Study area 

2.1. Geological setting 

The Mygdonia basin is extending E-NE of Thessaloniki city at a distance of 10 km. It is a graben 

following an E-NW orientation and its surface is 2026 km2 (Figure 1). From a geological point of 

view the greater part of the Mygdonian basin belongs to the Serbomacedonian massif and a smaller 

part to the Circum Rhodope belt (Mountrakis, 1985). The crystalline basement consists mainly of 

schist, gneiss, amphibolites, marbles and granites (Figure 2). According to Psilovikos (1977), 

Pleistocene sediments of a loose terrace system prevail in the margins of the graben and Holocene 

sediments in the middle area that constitute the Mygdonian system which is the upper unit of the 

basin. A pre-Mygdonian formation that outcrops in the south margins of the basin was deposited on 

the weathered bedrock. The Mygdonian unit consists of gravel, sand, sandy clays, alluvial deposits 

and river or torrential deposits that have a thickness greater of 100m in some locations (Sotiriadis et 

al., 1983). The pre-Mygdonian system consist of crystalline bedrock, conglomerates, sandstones, 
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silt- sand sediments, and red-beds that were deposited in Neogene (BRGM 1971). The thickness of 

these formations varies from 250m to 110m (Raptakis et al., 1998; Raptakis et al., 2000). According 

to geophysical survey (Thanasoulas, 1983) two main fault systems prevail in the area. The main 

orientation is NW-SE and SW-NE. 

 

Figure 1 - Geomorphological map of Mygdonia basin. 

2.2. Hydrogeological regime 

The basin is divided in two sub-basins that comprise the lakes Koronia and Volvi respectively. The 

lakes are mainly recharged from the precipitation and the torrents of the basin. The water flow in 

the hydrographic network of the area has a seasonal character. The main aquifers of the basin are 

developed in the granular quaternary deposits of the plain parts. These deposits consist of alternating 

layers of sand and gravel, clays and silt. The thickness of these formations reaches up to the 400 m 

(OYTH-BRGM, 1973). At depth of 50 m from the ground surface a phreatic aquifer is developed. 

An impermeable zone from clay prevails at depths between 50 to 80 m and an unconfined aquifer 

extends from the depth of the 80m until approximately the depth of 500 m consisted of quaternary 

deposits and neogene clastic materials. According to Demiris (1994) the confined aquifer extends at 

the centre of the basin and its mean width is approximately 150m (Knight Piesold Ltd and 

Karavokyris and Partners, 1998). Vatseris (1992) suggested that there is no connection between the 

phreatic and the confined aquifer at the west part of Mygdonia but more recent data (Nimfopoulos, 

2002) indicate that there is an interaction between them. The aquifers that are developed in the 

crystalline formations are encountered in depths greater than 30 m at the boundaries of the basin. 

They are of relatively small capacity (from 10 to 25 m3/h). They discharge in the loose quaternary 

deposits (Nimfopoulos, 2002). 
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Figure 2 - Geological map of the study area (Nimfopoulos et al., 2002). 

3. Materials and Methods 

In the year 2013 a network of boreholes appropriate for water sampling was designed. The sampling 

was conducted two times a year for a time period of three years (2013-2015). The sampling period 

of each year was affected by the weather conditions that determined the beginning of the irrigation 

period. The water samples of the boreholes depict the resultant condition of both aquifers (phreatic 

and confined). In situ measurements of Electrical Conductivity and pH were carried out. Chemical 

analyses were conducted at the Laboratory of Engineering Geology and Hydrogeology, A.U.Th. The 

concentration of the following ions was determined: Na, K, Ca, Mg, HCO3, SO4, Cl, and NO3. There 

was an effort in order the network of the boreholes to remain constant during the three years, 

however a small number of them had to be replaced, with other in close distance and similar 

characteristics. Thematic maps depicting the spatial distribution of the qualitative characteristics 

were designed using GIS software. The suitability of the water for irrigation use was examined using 

S.A.R. (Richards, 1954) and Wilcox (1955) diagrams. The possible groundwater pollution sources 

were investigated during field observation and from literature review, according to the results of the 

aforementioned data. 

4. Results and discussion 

The results of the chemical analyses and the time period of the groundwater sampling are depicted 

in Table 1. The spatial distribution of the Electrical Conductivity, sodium and nitrates is depicted in 

the Figures 3, 4, 5. The aforementioned parameters were selected as the most indicative of water 

pollution for the area, but a brief description of all the measured is given in the text. Regarding the 

Electrical Conductivity there is no significant fluctuation for the different sampling periods in the 

values of this parameter. The highest values were measured in the west part of Lake Koronia at the 

village of Irakleio (values higher than 1200 μS/cm) and are attributed to human activities. According 

to testimonies of the residents an industry in the sector of textile dyeing operated in the area for 

many years. The wastes were disposed in a surface channel. Pollution of the aquifers due to the 

interaction with the waste is possible. In the southern part of the area close to the village Adam high 

values of electrical conductivity were observed due to the geological formations of the area. The 

magnesium values remained constant during the water sampling periods. High concentrations of 
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sodium were recorded west of Lagadas (Irakleio), north of Koronia, west and south of Volvi lake 

(Figure 4) at all the sampling periods. These values are related to human activities (west of Lagadas) 

and to the existence of Lagadas and Nymfopetra geothermal fields (north of Koronia, west of Volvi). 

The existence of livestock units could possibly constitute a point pollution source, since they use 

salt. Regarding the area south of Volvi, according to Kokkinakis et al. (2000) the lake Volvi is 

recharged from thermometallic springs. There is a possibility these samples to be affected by the 

lake water (Zabour, 2010). As for the potassium ions the values are low and nothing notable 

appeared throughout the whole basin. Concentrations values of sulfate ions appear fluctuation 

between the years 2013 and 2015. The highest values were recorded at the south part of the basin, 

close to the village Adam area and they are considered to be of geogenic origin. The high values that 

were observed in the plain part of the basin were found near to the geothermal fields area. The 

chloride values are generally low with the exception of two samples west of Lagadas and west of 

Volvi. The bicarbonate ions don’t show significant intra-or inter annual variation and the values 

correspond to those of typical natural waters. Many samples, show values that exceed 50 mg/l in 

nitrate ions (Figure 5), which constitute the maximum permissible limit for drinking water according 

to the Directive 2006/118 EC, the Join Ministerial Decision 39626/208/E130 and the Ministerial 

Decision 1811/2011 (Official Government Gazette 3322 B/2011). These high values are distributed 

to the entire basin and are attributed to the fertilization of the cultivated land, to the lack of 

wastewater treatment facilities of the settlements and in some cases to the livestock units. 

The suitability of the water samples for irrigation purposes was examined with the use of S.A.R. 

(Richards, 1954) and Wilcox (1955) diagrams. The results of the year 2015 are presented, since 

there was no significant change to the classification of the samples during the three years period. As 

it is shown in the Wilcox diagram (Figure 6) the samples are suitable for irrigation and are classified 

as “Excellent to good” to “good to permissible”. According to S.A.R. diagram (Figure 6), the 

majority of the samples are classified as “of medium quality”. 

Table 1 - Minimum, Maximum and mean values of the main chemical factors for the period 

2013-2015 at Mygdonia basin. 

  EC 

(μS/cm) 
pH 

Ca 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

K 

(mg/l) 

SO4 

(mg/l) 

Cl 

(mg/l) 

HCO3 

(mg/l) 

NO3 

(mg/l) 

May 2013 
(20 samples) 

Min 440 6.98 12 6.8 28 1 21 9 170 10 

Max 1277 7.97 150 59 162 9 141 54 435 119 

Mean 811.3 7.33 76.43 24.8 55.6 3.3 60.5 30.9 299 41.5 

Sept 2013 
(19 samples) 

Min 426 7 35.4 9.1 21.2 1.2 20 9 200 2.2 

Max 1277 8.2 146.7 85 115 5.2 133 55 450 112.6 

Mean 780 7.48 74.01 26.8 46.6 2.6 56.3 27.5 304 29.3 

May 2014 
(17 samples) 

 

Min 444 7.07 20.4 10 16 1.7 26 8 216 0.4 

Max 1971 8.04 96 67.9 240 5.9 280 234 580 110 

Mean 916.4 7.46 58.5 26.86 81.8 3.1 100.5 48.6 307 33.4 

Sept 2014 
(26 samples) 

Min 259 6.29 21.2 6.8 18.6 0.8 14 12.8 158 4.4 

Max 2010 8.04 88 72 233 6.1 252 217 513 75.2 

Mean 889 7.48 53.7 33.44 66.9 3.02 76.3 38.9 302 36 

June 

2015 
(28 samples) 

Min 416 6.89 32.8 6 29 0.6 16 12 141 4.4 

Max 1900 7.82 174 64.5 240  5.4 470 238 475 155.8 

Mean 914.9 7.44 79.06 29.03 70.9 3.03 108 47.5 293 41.4 

Aug 2015 
(25 samples) 

Min 411 7 34.4 7.6 21 0.6 22 7.8 146 3.1 

Max 2190 8.14 180 75 202 5.2 300 333 510 118.8 

Mean 870.1 7.56 81.11 27.05 66.1 3.1 72 41.8 302 41.7 
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Figure 3 - Spatial distribution of the electric conductivity (μS/cm) in the study area. 
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Figure 4 - Spatial distribution of the Na - ions (mg/l) in the study area. 



861 

 

 

May2013 

 

September 2013 

 

May 2014 

 

September 2014 

 

June 2015 

 

August 2015 

Figure 5 - Spatial distribution of the nitrate ions (mg/l) in the study area. 
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June 2015 June 2015 

August 2015 

August 2015 

Figure 6 - SAR and Wilcox diagrams for the year 2015. 

5. Discussion and conclusions 

According to the results of this paper high values of Electrical Conductivity, nitrates, sodium and 

sulfates were recorded for an adequate time period. The fertilization of cultivated land, the disposal 

of untreated waste from industries and settlements and finally the live stock units operation are the 

main anthropogenic activities that affect the groundwater quality. The existence of three geothermal 

fields (Lagadas, Nymfopetra, Apollonia) probably affects the quality of the samples close to the two 

lakes area. In order to prevent any further degradation a number of measures should be proposed to 

reduce the impact of anthropogenic activities. An appropriate network should be established by the 

competent authorities to monitoring groundwater qualitative characteristics and pollution sources. 

Modern agricultural practices and irrigation techniques should be implemented in order to decrease 
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the groundwater quantities used for agriculture and thus the additional pressure to the aquifers. 

Further studies regarding the reuse of the wastewater (e.g. from industries or treatment plants) after 

treatment for irrigation purposes should be carried out. Finally, an integrated rational water 

management plan should be designed and applied aiming at sustainability of groundwater resources 
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Abstract 

Intense abstraction of groundwater resources in the coastal aquifer system of Argolis 

is investigated since the late 1950’s. The increasing water demands due to the 

agricultural development of the area (mainly citrus trees) during the last years, in 

combination with the touristic growth, has led to the overexploitation of groundwater 

resources of the coastal aquifer system of Argolis. This paper presents the piezometric 

conditions in the plain of Argos during the period between 1986 and 2014, analysing 

the fluctuations of groundwater levels and highlighting the problem of seawater 

intrusion in the study area. In October 2014, measurements were made in app. 160 

wells and drills which are located within the boundaries of the granular aquifer of the 

study area. Selected piezometric maps are presented, which demonstrate the problem 

of overexploitation of groundwater in the plain of Argos. 

Keywords: Coastal aquifer, seawater intrusion, overexploitation, plain of Argos. 

Περίληψη 

Η υφαλµύρωση του Αργολικού πεδίου αποτελεί σημαντικό πρόβλημα, το οποίο άρχισε 

να γίνεται αισθητό στις αρχές της δεκαετίας του 1960. Η εντατική γεωργία με την 

αλματώδη ανάπτυξη των αρδευόμενων καλλιεργειών και ιδιαίτερα των εσπεριδοειδών 

σε συνδυασμό με την ανάπτυξη του τουρισμού οδήγησε στην υπερεκμετάλλευση των 

υπόγειων νερών με καταστροφικές συνέπειες για τα υδροφόρα στρώματα της περιοχής. 

Η παρούσα εργασία παρουσιάζει την διερεύνηση της πιεζοµετρικής κατάστασης των 

εκμεταλλευόμενων υδροφόρων στρωµάτων στο Αργολικό πεδίο από το 1986 έως το 

2014, θέλοντας έτσι να τονίσει τις διακυμάνσεις στη στάθμη των υπόγειων νερών της 

περιοχής και να προβάλει το πρόβλημα της θαλάσσιας διείσδυσης στην περιοχή μελέτης. 

Για την διερεύνηση της πιεζομετρίας του υδροφορέα πραγματοποιήθηκαν μετρήσεις 

στάθμης Y.N. το μήνα Οκτώβριο 2014 σε περίπου 160 γεωτρήσεις, η θέση των οποίων 

εντοπίζεται μέσα στα όρια του κοκκώδους υδροφορέα. Παρουσιάζονται και 

σχολιάζονται χάρτες πιεζομετρικών καμπυλών που σκιαγραφούν την εξέλιξη του 

φαινομένου και καταδεικνύουν με μεγάλη σαφήνεια το πρόβλημα της υπεράντλησης των 

γεωτρήσεων του Αργολικού κάμπου. Τέλος παρατίθενται συμπεράσματα που 

προκύπτουν ύστερα από την ανάλυση των πιεζομετρικών χαρτών χωροχρονικά από το 

1986 έως το 2014. 

Λέξεις κλειδιά: Παράκτιος υδροφορέας, υφαλμύριση, υπερεκμετάλλευση, Αργολικό πεδίο. 

1. Introduction 

Coastal aquifer systems are thought to be sensitive water bodies that are highly susceptible of 

groundwater contamination due to seawater encroachment towards the mainland. This problem is even 
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more pronounced in the case of coastal Mediterranean aquifers where the climatic conditions in 

combination with the observed global changes, have resulted in increased water demands for several 

uses (mainly agricultural). Overexploitation of groundwater resources in such systems is a rather 

typical problem for the Circum-Mediterranean, as recorded in many studies (Ahmed et al., 2013; 

Astaras and Oikonomidis, 2006; FAO, 1997; Garing et al., 2013; Giannoulopoulos, 2000; Melloul and 

Goldenberg, 1997; Polemio et al., 2009; Psychoyou et al., 2006; Stamatis et al., 2006; Trabelsi et al., 

2012; Recinos et al., 2015; Gkiougkis et al., 2015; Pedreira et al., 2015; Pliakas et al., 2015). 

Intense abstraction of groundwater resources in the coastal aquifer system of Argolis is investigated 

since the late 1950’s. The increasing water demands due to the agricultural development of the area 

(mainly citrus trees) during the last years, in combination with the touristic growth, has led to the 

overexploitation of groundwater resources of the coastal aquifer system of Argolis. This paper presents 

the piezometric conditions in the plain of Argos during the period between 1986 and 2014, analysing 

the fluctuations of groundwater levels and highlighting the problem of seawater intrusion in the study 

area. In October 2014, measurements were made in app. 160 wells and drills which are located within 

the boundaries of the granular aquifer of the study area. Selected piezometric maps are presented, 

which demonstrate the problem of overexploitation of groundwater in the plain of Argos. 

2. Description of the study area 

The study area is located within the plain of Argolis, presenting a typical Mediterranean coastal setting 

in terms of its climatic, geologic and hydrogeologic conditions as well as the associated groundwater 

abstraction practices together with the land-use patterns. The study area (Figure 1) is confined within 

the extent of the alluvial aquifers of Argolis, while the agricultural area within it comes up to app. 

180km2. It is located NE of Argos, extending to the SEof Nafplion. The morphologic relief is rather 

mild, while the main crop type is citrus trees, which are cultivated almost exclusively within the entire 

area of investigation. The climate is typical Mediterranean with warm and dry summers. 

2.1. Geological setting 

Agrolis plain is surrounded by a mountainous zone that mainly consists of limestone and flysch, as 

well as of Pleio-Pleiostocene sediments within the N and NW boundaries (Figure 2). The 

metamorphic basement of central Peloponnese, outcrops within a confined area of extent at the 

western side of Argolis plain (Giannolopoulos, 2000). 

The lithologic structure of Agrolis plain mainly includes permeable carbonate formations, 

impermeable formations (flysch, schists) as well as formations of variable permeability sich as 

Neogene and quartenary deposits. 
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Figure 1 - Geographical location of the study area (Source: Google maps2015). 

 

Figure 2 - Geological map of the study area with the monitoring network.  
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2.2. Hydrogeological conditions 

Argolis plain mainly contains four (4) hydrogeological units, which are categorized according to the 

aquifer type that they involve. More specifically, the aquifers in question involve: the karstic system 

of western Argolis; the granular aquifer that are developed within the coastal part of Argolis (main 

research area); the karstic system of M. Arachnaeo; and the karstified/fractured aquifer unit of 

Tracheia-Ermionida. Apart from the karstic system of western Argolis (which has a significant 

groundwater resources potential of high quality) the latter three units are mainly associated with 

high concentrations of nitrate and chloride ions due to intense agricultural activities and seawater 

intrusion. 

The main area of investigation involves the granular aquifer system that is developed within the 

central part of Argolis plain, containing sediments of variable grain size (Giannoulopoulos, 2000). 

- The phreatic aquifer, is mainly composed of fine-grained sands with varying clay layering, is 

developed within a zone of 200-300m towards the mainland. The maximum depth of the coastal 

aquifer part, reaches 7-8m, while it overlies the clayey covering layer of the area.  

- The upper aquifer layer is developed from the bottom of this clayey cover down to app. 30m, 

consisting of gravels, sands, pebbles and limestone aggregates.  

- The second aquifer layer is developed down to a depth of 50-70m, consisting mainly of gravels, 

sands and pebbles, while  

- The third aquifer layer consists of conglomerates that also contain sandstone pebbles, clays and 

marles. 

The piezometric conditions of the study area were investigated through a wide measuring campaign 

that took place in October 2014, from app. 160 measuring points (mainly groundwater wells and 

boreholes) which are evenely distributed throughout the entire study area. 

The piezometric map of Figure 3, shows a deep cone of depression that reaches -27m (a.m.s.l.) that 

is located within the upstream area of the investigated aquifer, while the water table is rather high 

within the lateral boundaries of the aquifer. The latter observation is attributed to the lateral recharge 

of groundwater from the surrounding karstic aquifer system of the study area. The hydraulic gradient 

of the piezometric surface is rather inversed (from the seashore to the mainland), which is an 

evidence of active seawater intrusion. 

For the analysis of the water table fluctuations during the period 1986-2014, a series of piezometric 

profile cross-sections were designed along axes AA’, BB’ and CC’, as shown in Figures 4,5 and 6. 

Figure 4, shows that the lowest cone of depression was formed in 1990, while the highest water table 

was recorded during the measurements of 2000 and 2010. During the period between these 

aforementioned values, the piezometric surface fluctuates between -40m and -10m. 

Figure 5 and 6, shows similar conclusions, where the cone of depression fluctuates between -5m and 

-35m for the years 2000 & 2010 and 1990 respectively. The same figures (5 and 6), show that the 

piezometric lines within the coastal part, tend to coincide throughout all the investigation period due 

to the immediate encroachment of seawater into the aquifer. On the contrary, the contour line at the 

lateral boundaries of the aquifer, follow the general fluctuation pattern of every respective year. 

Figure 7, shows the spatial distribution of chloride ions, collected from 60 groundwater wells and 

boreholes that generally follows the pattern of the piezometric surface of the alluvial aquifer. 

Chloride ions concentration ranges between app. 100mg/L and 1800mg/L at their peak parts. Figure 

8, shows that chloride ions are dominant for the groundwater samples that are adjacent to the 

coastline, while the rest of the samples are found within the mixing zone. 
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Figure 3 - Piezometric map of the investigate aquifer (October 2014). 

 

Figure 4 - Piezometric profile fluctuation (along axis AA’) during the period 1986-2014.  
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Figure 5 - Piezometric profile fluctuation (along axis BB’) during the period 1986-2014. 

 

Figure 6 - Piezometric profile fluctuation (along axis CC’) during the period 1986-2014.  
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Figure 7 - Spatial distribution of chloride ions (October 2014). 

 

Figure 8 - Piper diagram of 60 groundwater samples from the study area (October 2014). 

3. Conlusions 

The main conclusions that are drawn from this investigation, show that the groundwater potential of 

the Argolis aquifer system changes on both seasonal and annual basis. The groundwater table 

fluctuations mainly depend on the amount of water abstractions that are used for irrigation purposes 

as well as the lateral recharges from the surrounding limestone aquifers within the area. 
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Since the beginning of the study period in 1986, the aquifer system shows distinct recharge axes that 

are located at the boundary conditions of the alluvial system, while the constant depression of the 

water table, gives rise to seawater intrusion conditions during the entire investigation period (1986-

2014). Groundwater recharge also takes place as percolating waters from the ephemeral streams (at 

both the western and eastern boundaries) of the area infiltrate down to the water table. 

More specifically: 

Since 1986, almost 50% of the entire study area shows negative (below m.s.l.) piezometric 

conditions that are formed from pumping rates which exceed safe yields. 

 The lowest water tables have recorded during 1990, when the water table reached a depth of 

40m below m.s.l. 

 Piezometric conditions are shown slightly improved in 1995, however most of the northern 

upstream part shows negative water tables that reaches -28m a.m.s.l. 

 During 2000, the area that shows negative piezometric contour lines is significantly shrinked, 

confined within the central part of the investigated aquifer. Especially within the western and 

eastern boundaries, the recorded water tables are found more than +10m a.m.s.l. 

 During October of 2010, the hydrogeological conditions are distinctively improved, in 

comparison to 2005. This is mainly attributed to the application of Managed Aquifer 

Recharge (MAR), where 7.3106 m3 of groundwater from the springs of Kefalari, that took 

place during the wet period of 2009. 
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Abstract 

Block-in-matrix rocks (“bimrocks”) are complex, mixed and heterogeneous 
formations of competent blocks embedded in weaker matrix. The inherent difficulty of 
sampling and consequently, laboratory testing of bimrocks leads to considerable 
challenging in geotechnical design and assessment of their engineering behaviour. 
An approach for the characterisation of “bimrocks” is the use of stereological 
analysis that extrapolates one-dimensional or two-dimensional data to estimate the 
block volumetric proportion. This has been an established approach of dealing with 
bimrocks and melanges for the last two decades. This paper presents the parameters 
that are considered important for the engineering characterisation of such complex 
formations, while a case study from a bimrock in NW Greece is discussed. 
Keywords: Bimrock, Mélange, Red Flysch, Ophiolites. 

Περίληψη 

Οι σχηματισμοι block-in-matrix (ή «bimrocks») είναι πολύμικτοι και ετερογενείς 
γεωλογικοί σχηματισμοί που αποτελούνται από ανθεκτικά μπλοκ ενσωματωμένα σε ένα 
ασθενέστερο συνδετικό υλικό. Οι δυσκολίες που συναντώνται κατά τη δειγματο-ληψία 
και την εκτέλεση εργαστηριακών δοκιμών τους δημιουργεί σημαντικές προκλήσεις κατά 
το γεωτεχνικό σχεδιασμό και την αξιολόγηση της συμπεριφοράς τους. Μια προσέγγιση 
για τον χαρακτηρισμό αυτών των γεωυλικών είναι η χρήση της στερεολογικής ανάλυσης 
που οδηγεί στην εκτίμηση της ογκομετρική αναλογία των μπλοκ σε σχέση με το 
συνδετικό υλικό. Η παρούσα εργασία παρουσιάζει τις παραμέτρους που θεωρούνται 
σημαντικές για τον τεχνικο γεωλογικό χαρακτηρισμό των σχηματισμών αυτών και 
παρουσιάζονται σύντομα αποτελέσματα από δύο θέσεις «bimrock» στην ΒΔ Ελλάδα. 
Λέξεις κλειδιά: Bimrock, Mélange, Red Flysch, Ophiolites. 

1. Introduction 

The expression “block-in-matrix rocks” was introduced by Raymond (Raymond, 1984) and 
incorporates similar terminologies such as mega-breccias, olistostromes, argille scagliose, friction 
carpets, wildflysch, varicoloured clays and sedimentary chaos (Medley and Zekkos, 2011). 

The term “bimrock” was proposed by Medley in his attempt to study the engineering properties of 
these geological mixtures and was defined as “a mixture of rocks, composed of geotechnical 
significant blocks within a bonded matrix of finer texture” (Medley, 1994). To satisfy the term 
“geotechnical significant” the blocks must satisfy three criteria (Medley, 1994): 
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1. A mechanical difference in terms of strength exists between the matrix and the blocks. 

2. There are significant ratios between the largest and the smallest blocks, and a characteristic 
engineering dimension of the rock mass. These dimensions have a wide range, referred as 
engineering range that depends on the scale of the engineering project in question. 

3. The volumetric proportion of the block must vary between the values of 25% to 75%. 

Bimrocks are common in active or dormant orogenic belts such as the Alpine or the Franciscan 
complex. The challenge of these geologic materials is the problematic and chaotic nature prohibiting 
a simplistic approach for estimating their spatial distribution as well as their complexity and 
challenging sampling during ground investigations result in lack of good quality laboratory and in-
situ testing. 

The aim of this paper is to propose a number of factors that can be straightforwardly assessed in the 
field so as to get an initial evaluation of the properties of the bimrocks studied. For this purpose a 
case study is presented. 

2. Bimrock Characterisation Parameters 

2.1. Field Approach 

Ideally, a fieldwork associated with bimrocks should include an exploratory investigation with core 
sampling and laboratory testing techniques as a following stage. Due to the previously discussed 
difficulties in obtaining good quality samples and the fact that in most cases these are 
unrepresentative and of the actual complex ground conditions, those methods are costly and may 
yield erroneous results. Thus, studying outcrops at any possible exposure, such as beach or river 
cliffs and road cuttings is the standard way of practice as a first evaluation step. 

Briefly, the suggested methodology to characterise bimrocks, which was followed in the present 
study, is the following: a) Desk Study and Field Reconnaissance, b) Walkover Survey and site(s) 
selection, c) Selection of appropriate project scale: “Characteristic engineering dimension”, (LC), d) 
acquisition of Linear Scanlines for Linear Block Proportions of the studied outcrops, e) engineering 
geological description according to the a list of proposed parameters, f) image analysis for 
stereological analysis (Volumetric Block Proportion, Block Size Distribution) of the studied 
bimrocks, g) Classification and Characterisation of the block in matrix rocks.  

2.2. Parameters 

The main parameters that the characterisation of the bimrock outcrops is based are the following: 

1. Linear Block Proportion 

2. Bimrock Strength 

3. Matrix Complexity 

4. Block Classification 

5. Bimrock Complexity 

6. Orientation of Blocks 

2.3. Scale and Block Proportion 

Initially, a characteristic engineering dimension LC at scale of engineering interest; e.g.: height of 
cut-slope, tunnel diameter; diameter of laboratory specimen etc. 

The method of measuring the block proportion and the use of scanlines has been thoroughly 
addressed by researchers such as Medley. The proposed guideline from this project is that during 
the one-dimensional measurement of block proportions, the greater the number of available 
scanlines the more accurate the results. An equal, or at least similar number of measurements from 
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both the parallel/along the length of the exposure and perpendicular to the length of the exposure is 
suggested. Even if the use of image analysis for a two-dimensional or 3D block proportion is used 
at a latter stage, an initial assessment using the “old-fashioned” way of a tape measure is always 
beneficial for an early assessment. 

2.4. Strength of the Blocks and the Matrix 

The block/matrix strength ratio should be checked in order to define that the material in question 
has a sufficient mechanical difference in terms of strength between the matrix and the blocks. The 
following criteria can be used (Medley and Zekos, 2010): 

 tanφblock/tanφmatrix≥1.5-2.0 

 Eblock/Ematrix≥2.0 

 UCSblock/UCSmatrix≥1.5 

The bimrock strength is assessed via Schmidt hammer testing, gaining values for the Unconfined 
Compressive Strength (UCS) of the blocks and matrix. Alternatively, the Point Load testing can be 
used. The strength properties of the matrix and the blocks can be evaluated reasonably using the 
ISRM (1981) classification of rock and soil, using field identification and assigning an approximate 
range of the uniaxial compressive strength (MPa). This takes place in the case of low UCS values 
(weak rock, soil types), where Schmidt Hammer test results are inaccurate. Thus, the strength of the 
matrix should be estimated using the ISRM chart (Table 1). 

For large blocks, the Schmidt hammer measures the properties of the intact rock, however for 
fragmented blocks the measurement mainly indicates the rock mass quality rather than the intact 
rock. Therefore the fragmentation of the bimrock blocks is of great importance. Readings from 
geometrical disproportions of blocks or deteriorated block surfaces should be taken into 
consideration, due to the fact that mélanges are supposed to be weakened throughout their mass and 
the representation only of fresh intact rock blocks is irrelevant in this case. The orientation of 
readings is not supposed to be of relevance in bimrocks, as the orientation of the blocks will change 
throughout their spatial distribution. 

Different types of Schmidt hammers exist, mainly the L and N-type. The field measurements were 
conducted with an L-type hammer of a rebound number scale of 100. Hammers of a rebound number 
scale less than 100 can be used, but high strength blocks will not be correctly estimated. The 
conversion charts and calibration curves used had a maximum UCS value of 400 MN/m2 for the 
Schmidt hammer and 350 MN/m2 for the point load test. Blocks with values higher than 100 MN/m3 
will be assumed with a maximum value of 100 MN/m2, due to the fact that if such strong rocks (e.g. 
fresh basalt) are part of the bimrock, high stresses will lead to matrix failure long before reaching 
values of 100-400 MN/m2 and the induced stresses will surpass the strength of the intact rock or the 
rockmass forming the block, a bimrock-based analysis of the material is then unnecessary. 

After the strength values of the blocks have been measured, an assessment of the relative percentages 
of the different block lithologies is necessary. Variable block strengths will contribute differently to 
the overall bimrock strength. 

For the assessment of the proportion of the different lithologies of the blocks, the construction of a 
conceptual grid during the observation of the outcrop is proposed. The square root of the area (√A) 
containing the measured blocks with the characteristic engineering dimension - LC (Medley, 2002) 
should be used. At a latter step, the use of image analysis software in order to distinguish the 
proportion of blocks of different lithology is proposed. The blocks are assigned a relative percentage 
regarding their derived proportions that make up the total block mass of the bimrock. Their 
percentages are then multiplied with the strength index values measured previously to give the 
overall block strength index value. 
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The composition of the matrix governs much of the strength properties of the bimrock (tortuous 
failures forming in the matrix). One essential preliminary identification in the field is the nature of 
the matrix, i.e. rock type or soil type. This is particularly challenging for weak rocks and weathered 
exposures. The threshold value is defined as the “Stiff soil” (0.6 MPa) from the ISRM classification 
(1981) and it can be assessed using the strength recognition ISRM chart. But, due to the difficulties 
in getting an accurate value for low strength matrices using a Schmidt Hammer, only “Weak Rock” 
and above can be tested for their strength using Schmidt Hammer. 

For soil matrix, the threshold value proposed is 0.6 MN/m2. For Soil Type matrices, sampling for 
Particle Distribution Curves is recommended. It is evident, that laboratory testing (triaxial, shear 
box, etc.) is the optimum solution, but as this classification is aimed as an initial tool of assessing 
bimrocks in the field. For Weak Rocks (0.6 to 12.5 MN/m2), Schmidt hammer could prove also 
inaccurate. Based on the description and properties the engineering geologist/geotechnical engineer 
will decide the value of the matrix composition. 

The measured Schmidt hammer test rebound number values are then converted to UCS values. The 
values will range from a few kilo Pascals up to several mega Pascals. An upper limit is proposed, of 
100 MPa or 100 MN/m2. 

2.5. Cumulative Bimrock Strength 

In order to determine the strength of the bimrock, a parameter termed “Cumulative Bimrock 
Strength” is proposed which is a straightforward estimation method of the bimrock’s UCS value. 
Although simplistic, it is considered as an initial appreciation of the strength of the bimrock, as 
defined only by the UCS of the Matrix and the UCS of the blocks. 

The linear block proportion measured is multiplied with the UCSblock and the matrix proportion  
multiplied with the defined UCSmatrix. The results will have a maximum possible value of 100 MPa. 

Equation 2 – Cumulative Bimrock Strength (CBS) 

CBS
_ %

100
∙

_ %
100

∙  

2.6. Bimrock Strength 

“Bimrock strength” parameter is one of the most fundamental quantities of the proposed 
characterisation. For the calculations of the Bimrock Strength parameter, all the previous steps 
analysed are necessary. The maximum possible value is 100. The “Bimrock Strength” is defined by 
the following equation: 

Equation 3 - Bimrock Strength (BS) 

 

2.7. Matrix Complexity 

The complexity of the matrix is relevant to the isotropy of the fabric. It is quantitate of the how 
complex the matrix is three-dimension. There are three proposed complexity structures: a) Non-
sheared, b) Sheared and foliated, c) Confining Schistosity. 

Each category reflects the influence of matrix geometry to strength. “Non-sheared” is considered as 
the weakest condition and “Confining Schistosity” as the optimal condition, due to the fact that in 
these deformed and chaotic structures the matrix seems to “flow” around the blocks contributing 
further to their confinement. This flow is the local wrapping of the foliation around blocks with 
consistent or alternating orientations. The foliation orientations should be described, sketched and 

BS =  
Cumulative Bimrock Strength 

200 - (UCSBlock UCSMatrix )
100
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mapped at an outcrop scale when possible, since they have an impact upon the anisotropy in the 
strength of the melange. 

Table 1 - Rock Strength approximation in the field (Waltham, 2009). 

Strength Recognition and Description 
 Rock/Soil description UCS (MPa) Field Properties 

B
lo

ck
s 

+
 

 M
at

ri
x 

Very strong rock >100 Firm hammering to break 
Strong rock 50-100 Break by hammer in hand 
Moderately strong rock 12.5-50 Dent with hammer pick 
Moderately weak rock 5.0-12.5 Cannot cut by hand 
Weak rock 1.5-5.0 Crumbles under pick blows 
Very weak rock 0.6-1.5 Break by hand 
Very Stiff Soil 0.3-0.6 Indent by fingernail 

M
at

ri
x 

O
nl

y 

Stiff Soil 0.15-0.3 Cannot mould in fingers 
Firm Soil 0.08-0.15 Mould by fingers 
Soft Soil 0.04-0.08 Mould easily in fingers 
Very soft soil <0.04 Exudes between fingers 

2.8. Block classification parameters 

Block classification is based on the following factors: a) Fragmentation of blocks, b) Block size 
distribution, c) Shape of blocks. Melanges are usually associated with a significant stress history and 
the blocks should be expected to have a degree of fracturing. With complex formation such as 
bimrocks, block-poor and block-rich zones within the rock mass, which may vary significantly from 
the overall average. 

The main issue lies with the extrapolation of the “blockiness” level from a number of observed 
blocks, to the whole mass of the bimrock, expecting the same behavior. The lithology of the block 
can be considered more typical of what to expect for the whole bimrock mass from outcrop scale, 
compared to the fracture pattern of the blocks. Also the quality of the discontinuities will 
considerably vary. Furthermore the hydrogeological properties of mélanges are complex and 
weathered joint surfaces can be expected at depth, rather than solely at surface conditions. It in noted 
that blocks that are intensely fractured may exhibit little strength contrast with matrix and should 
then be characterised as matrix (Medley and Sanz, 2004). 

The assessment of the block fragmentation can be easily portrayed by the “Structure” parameter of the 
Geological Strength Index (Marinos, Marinos and Hoek, 2005), with the best case being the “INTACT” 
blocks and the poorest block structure the “DISINTERGATED” value. Bimrocks are highly complex 
materials thus any discontinuity assessment could prove erroneous as they don’t share the persistence 
of typical rockmasses and could be a local feature or the result of surface conditions. 

 

Figure 1 - Massive sandstone block in contact with highly fractured siltstone block. 
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A concern, as is portrayed by Figure 1 is that different rock compositions have to be assigned a 
single value. The sandstone block is much more component and it appears intact. On the other hand, 
the siltstone block is highly fractured. If both values were used in the way that the “Block Strength” 
parameter would overpredict the geomechanical properties of the blocks, since massive sandstone 
blocks were scarce. The authors suggest that for the “Fragmentation” factor only the block lithology 
that has the highest percentage should taken under consideration. If two or more block lithologies 
are of roughly equal quantities, the weakest material should only be considered. 

The block size distribution of a bimrock is an important strength parameter. The more uniformly 
sized is a bimrock the planar and less undulating the failure plane will be. A bimrock with low block 
size distribution will have lower shear resistance strength values (Medley and Zekkos, 2010), 
increasing mainly the angle of internal friction (φ’). Thus, the more “well graded” the bimrock, the 
more tortuous the shear planes. For an accurate block size distribution analysis the method used by 
Medley (1994) is considered essential. 

The shape of the blocks is analysed by measuring the long and short axis of individual blocks in an 
unsystematic pattern across the outcrops. These blocks can then be converted into a ratio than 
enables the determination of any preferred orientation and shape of the blocks. However, the process 
of measuring block axis for each outcrop can be time consuming with in cases, dubious results. An 
example is Location 4, the largest observed block had totally different orientation compared to the 
surrounding blocks and its almost perfect tabular shape was in total contrast with the smaller, 
rounded, and slightly elongated majority of blocks. Thus, a simple classification based on shape and 
elongation is proposed, using a sphericity chart, with more rounded and spherical (axis ratio ~1) 
blocks having the lowest values and elongated, angular blocks the highest. 

2.9. Orientation of Blocks 

The “Orientation of Blocks” parameter is defined as the relative orientation of the bimrock’s block 
in relation with the engineering project, resulting in “favourable” or less favourable conditions. For 
example, for a cut slope the orientation is defined with relation with the slope face. For vertical 
foundation excavations the four (or more) vertical cuttings could define more than one different 
orientation, as the orientations of the blocks in relation with the different cuttings change. For 
tunnelling the block orientation could act as favourable or unfavourable conditions similar to 
bedding or foliation. Four classes are proposed (Figure 2): 

 Bimrock is “Chaotic” (with no apparent Structure) - most favourable condition 

 Bimrock shows a relative orientation between 0o - 30o. 

 Bimrock shows a relative orientation between 30o - 60o  

 Bimrock shows a relative orientation between 60o - 90o - least favourable condition 

 

Figure 2 - The four proposed classes for the orientation of blocks. 
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2.10. Degree of Complexity 

The overall complexity or “chaosity” of the bimrock is an attribute that deals with the apparent 
complexity of the bimrock, both matrix and blocks. It is a property assessed by the engineer and 
required accurate judgment during visual evaluation of the outcrop. Two parameters are 
recommended, the “degree of complexity” for chaotic melanges with no apparent structure, and the 
“sub-zoning of blocks” for bimrocks that show an apparent favorable direction of blocks. 

3. Analysis of bimrocks in case study areas  

3.1. Site Geology 

All bimrock site locations examined are part of the Pindos Geotectonic zone (Figure 3). The Pindos 
Fold-and-Thrust belt comprises by a pre-orogenic Mesozoic, mainly carbonate sequence forming 
the eastern passive margin of the Apulian continent (Robertson et al., 1991), and a syn-orogenic 
Palaeocene to Eocene clastic sediment sequence (Richter, 1976). 

The nappe complex forms an allocthonous tectonic stack of several kilometres and is bound by low-
angle thrust faults, typical in this thin-skinned foreland area of a collision zone. Pindos zone is 
probably bounded by a sole or floor thrust at a depth of several kilometres (underlain by a 
metamorphic amphibolitic sole), with stacked nappes, as the roof thrust of one nappe serves as the 
floor thrust for the one above. The main geologic formations encountered are marine turbidites, 
commonly mentioned as “Flysch” in Greek literature and other marine deposits such as limestones. 

The “bimrock-bearing” part of the Pindos Flysch is the “Red flysch”, which is the basal unit of a 
three-section turbidite sequence. The top is described as a wildflysch unit displaying large and 
irregularly sorted blocks resulting from subaquatic sliding, underlain by a thick sequence of 
greywacke intercalations in the central part (Jacobshagen, 1986). The bottom Red flysch has a 
composition ranging between grey to red marls and reddish siltstones (Riedmüller et al., 2002; 
Marinos and Hoek, 2001). Thick competent layers of sandstone with siltstone interlayers alternate 
within the Red flysch sequence. This thinly to medium bedded sequence with interlayers of 
sandstone and siltstone is intensely folded and sheared at places. Disharmonic chevron and kink 
folding takes place which diminishes near faults (Riedmüller et al., 2002).  

The tunnel constructions of Egnatia highway, especially the “Anilio” tunnel, encountered on many 
occasions “Red Flysch” bimrocks, with adverse conditions during tunnelling and failure of slopes 
at portals. The complex and challenging geology of the tunnel alignment resulted in a detailed 
structural geological analysis by means of outcrop studies and mapping in scale 1: 5000 (Riedmüller 
et al., 2002). The area is well known also for the slope instabilities, due to the presence of shear 
zones that form these tectonic melanges, or in general, poor quality rockmasses of flysch. At the 
Pindos zone, and especially at the south and southeast of Metsovon, a large area of ophiolitic rocks 
outcrops. Mylonitisation characterizes the western part of Pindos, where the ophiolites are much 
more tectonised in comparison with other areas. A later SW back-thrust placed the ophiolitic 
complex ultimately over the late Cretaceous-mid-Eocene Pindos flysch (Goricki et al., 2006). The 
mélange rocks exhibit the most incompetent lithological nature and present continuing deformation 
through its geological history. From Malakasi and Korydallos villages, up to further South East to 
the Koziakas Mountain, this oceanic crust complex comprised of ultramafic to mafic rocks 
(peridotites, dunites, spilites, etc.). Outcrops of exotic limestone blocks, referred to as “olistostrome” 
are evident throughout the Egnatia road from Malakasi B tunnel eastern portal, all the way to 
Korydallos and Panagia villages revealing Upper Cretaceous limestones, red Paleocene pelites and 
Eocene conglomerates along with the ophiolites (Papanikolaou, 2009). 

The main formations of the studied area are shown in Figure 3: 

1. Ophiolites of great heterogeneity with a varying their degree of weathering and highly sheared 
locally due to shear zones (Marinos and Hoek, 2001). 
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2. Limestone olistostrome blocks inside the ultramafic complex. 

3. “Red Flysch” of Pindos. 

4. Shear zones of the Red Flysch - Tectonic mélanges. 

The results from 4 locations with bimrock outcrops are presented: a) two outcrop areas of Red Flysch 
melange and b) two of the ophiolitic melange: 

 Location 2 and 4 (Red Flysch) 

 Location 10 and 11 (Ophiolites) 

 

Figure 3 - Stratigraphic column of the Pindos Flysch and the overthrusting ophiolites (from 
I.G.M.E, 1980, modified). T.k: Triassic Limestones, J.k: Jurassic Limestones, Ks.k: Upper 

Cretaceous limestones, π: peridotes, σπ: spilite, δ: diabase, hn: red shales and radiolarites, θ: 
gabbro, sch: schists, fo: Flysch. 

3.2. Image analysis 

An image analysis was performed for the bimrock outcrop in Location 4. The image presented in 
Figure  was processed with ImageJ software. For an LC=1m thus for a threshold value between 
blocks and matrix of 5cm (0.05LC), the aerial block proportion was calculated equal to 39.8%. 

3.3. Bimrock characterisation 

The characteristic engineering dimension for the present study was selected equal to 1 m. 

The field reconnaissance showed that indeed the studied outcrops are characterised as “bimrocks”. 
Both the block proportions ranged between 25%-75% and the mechanical difference between the 
blocks and the matrix was significant, with a strength ratio (block/matrix) ranging from 2.8 to 8.5.  

Factors such as the Linear Block Proportion exhibited significant scatter when the scanlines 
intersected large blocks. This demonstrates the importance of acquiring a substantial number of 
linear scanlines, and preferably, photographs for image analysis (Areal Block Proportion). 
Comparing aerial block proportion determined from the image analysis with the field measurements 
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of (LBP), it is evident that the image analysis provides a more precise appreciation of the actual 
block proportion of the bimrocks. 

 

 

Figure 4 - a) Outcrop of red flysch b) processed image (Measuring tape dimensions: 1.5 m). 

Table 2 - Properties of studied bimrock melanges. 

The aerial block proportion of the Red Flysch bimrocks changed drastically with increasing LC 
values, especially for those greater than 5m, as blocks larger than 1.5-2 were scarce in the shear 
zones of the Red Flysch. This was anticipated, as these bimorcks didn’t exhibit scale independency. 

4. Discussion 

Block in matrix rocks are complex natural systems and concepts such as scale dependence should 
not be used without any further consideration. Even though melanges such as the Franciscan exhibit 
scale independence (Medley, 1994), no such statement can be claimed for the Pindos melanges. The 
ophiolitic complex containing limestone olistostromes is a potential candidate, but further 
investigation is needed. 

The adopted Characteristic Engineering Dimension (LC) value has a profound effect on the bimrock 
analysis. When measuring the LBP, all blocks falling under the 0.05LC value are classified as matrix. 

 
Location UCSblock (MPa) 

UCSmatrix (MPa) 
LBP (%) 

R
ed

 F
ly

sc
h 

2 

Siltstone: 20  

Sandstone: 32 

Average: 21.8 

7 

43.2 
45.38 
52.4 

Average: 47 

4 

Siltstone: 20  

Sandstone: 32 

Average:  22.4 

8 

50.4 
40.4 (x2) 
38.4 
31.3 
20.4 
Average: 36.9 

O
p

h
io

li
te

s 10 34 4 
58.94 
43.2 
Average: 51.1 

11 38 9 
62.1 
48 
Average: 50 
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Accordingly, during image analysis, these blocks are treated the same. Even if these minor blocks 
are considered as matrix, their impact upon the strength of the bimrock can be substantial and has 
not been thoroughly studied. 

Parameters such as the Matrix Complexity are subjective by nature. Thus, some experience is 
necessary and also their relative importance compared to other parameters such as the strength of 
the blocks/matrix should be smaller. 

Although melanges are often encountered throughout the globe there is still a lack of understanding 
of their implication upon the engineering design and construction. Due to the nature of bimrocks, an 
appropriate characterisation of the materials requires a significant appreciation of geology. As 
melanges lack stratigraphic continuity, a simplistic approach of treating bimrocks as stratified 
materials is highly erroneous. Thus, qualified professionals such as engineering geologists, or 
experienced geotechnical engineers with substantial geologic background should be tasked with 
dealing with such geologic materials. 
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Abstract  

The active geothermal waters of Kızıldere, Bayındır, and Salihli in the continental rift 

zones of the Büyük Menderes, Küçük Menderes and Gediz represent typical examples 

in the study area. The meteoric waters in the drainage areas of the rift zones percolate 

at NE-SW and/or NW-SE trending fault zones and permeable clastic sediments into 

the reaction zone of the roof area of a magma chamber situated in a probable depth 

of up to 5 km where meteoric fluids are heated by the cooling magmatic melt and 

ascend to the surface due to their lower density caused by convection cells. The 

volatile components of CO2, SO2, HCl, H2S, HB, HF, and He out of the magma reach 

the geothermal water reservoir where an equilibrium between altered rocks, gas 

components, and fluids performs. Thus, the geothermal waters ascend in the 

tectonical zones of weakness at the continental rift zones of the Menderes Massif in 

terms of hot springs, gases, and steams. These fluids are characterized by high to 

medium CO2, H2S and NaCl contents. 

Keywords: Turkey, Menderes Massif, continental rift zones, active geothermal waters, 

geothermal modeling. 

1. Introduction 

The tectonic position of the eastern Mediterranean area between the Eurasian and African plates is 

controlled by the Anatolian and Aegean micro plates. The plate tectonic development results in the 

uplift of the Menderes Massif showing a dome shaped structure due to compressional tectonic 

features from Oligocene to Middle Miocene (Figure 1; Okay, 2001). From Early to Middle Miocene, 

the continental rift zones of the Büyük Menderes, the Küçük Menderes and the Gediz were formed 

by extensional tectonic features (Figure 2; Bozkurt, 2001), which strike E-W generally and are 

represented by a great number of geothermal waters, epithermal mineralizations, and volcanic rocks 

of Middle Miocene to recent age. The present-day geothermal waters, epithermal Hg, Sb and Au 

mineralizations and young volcanoes are related to faults which strike preferentially NW-SE and 

NE-SW and locate diagonal to general strike of the rift zones. These faults are probably generated 

by compressional tectonic stress which leads to the deformation of uplift between two extensional 

rift zones (Özgür, 1998; Özgür et al., 1998a). 

In addition to earthquake activities and heat flow anomalies in the continental rift zones of the 

Menderes Massif, the important localities of calc-alkaline towards basic towards acidic volcanic 

rocks were mapped which are distinguished by an Rb/Sr age of 15,0 ± 0,2 Ma in Karaburç, an K/Ar 

age of 16,7 ± 0,5 Ma in Yenişehir (Özgür et al.,1997; Özgür, 1998) and an 7,5 Ma age of 20.000a 

in Kula (Ercan et al., 1992) and can be classified into Middle Miocene. These volcanic rocks are 
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considered as products of continental crust due to isotope analyses of 87Sr/86Sr and 143Nd/144Nd and 

come into consideration as heat source for the geothermal waters in the rift zones of the Menderes 

Massif (Özgür, 1998). Therefore, we have selected three geothermal fields of Kızıldere, Bayındır 

and Salihli which are located in the rift zones of the Büyük Menderes, the Küçük Menderes and the 

Gediz and were investigated circumstantially (Figure 1). The aim of this paper is to present the 

hydrogeological, hydrogeochemical and isotope geochemical features of the geothermal waters in 

the rift zones of the Menderes Massif in combination with the origin and evolution of these waters 

and to make a hydrogeological modeling of the geothermal waters. 

 

Figure 1 - Geological map of the of the Menderes Massif and continental rift zones with 

investigated active geothermal systems (modified from Okay, 2001). 

 

Figure 2. N-S schematic cross section through the Menderes Massif (Bozkurt, 2001). 

2. Geologic setting 

The present-day geothermal waters of Kızıldere, Bayındır and Kurşunlu are located in the rift zones of 

the Büyük Menderes, the Küçük Menderes and the Gediz within the Menderes Massif (Figure 1 and 

2). The Menderes Massif is one of the oldest basements in Turkey and consists of (i) gneiss-core 

surrounded by a schist and marble envelope and (ii) an intensely deformed volcano-sedimentary 

sequence with incipient HP/LT metamorphism (Dora et al., 1995). The rift zones with present-day 

geothermal waters are the results of an extension which is believed to be closely related to the 
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northward movement of the Arabian plate in the east pushing Anatolia westwards through the North 

Anatolian and East Anatolian Faults. The southerly bending of the North Anatolian Fault in the 

northern Aegean and Greece prevents the escape of the Anatolian plate further westwards placing the 

system in a locking geometry (Dewey and Şengör, 1979). This creates an E-W compression in the 

Menderes Massif which is relieved by N-S extension. The driving force of extension in the Aegean is 

believed to be subduction along Hellenic Trench (McKenzie, 1978). 

Firstly, the geothermal field of Kızıldere and environs consists of Paleozoic metamorphic rocks and 

Tertiary to Quaternary sediments (Şimşek, 1985; Özgür, 1998, 2003). The metamorphic rocks are 

of gneisses, mica schists and İğdecik formation composed of mica schists, quartzites and marbles. 

The gneisses are located in NW part of the investigated area and show an immediately change with 

high metamorphic mica schists. The tourmaline contents in gneisses are remarkable which plays 

together with biotites an important role for high boron contents in geothermal waters. The mica 

schists overlie the gneisses and are considered as garnet-muskovite-biotite-schist. The İğdecik 

formation, which forms the last upper sequence in the geothermal field of Kızıldere, consists of an 

alternation of mica schists, quartzites and marbles and shows light metamorphic features. It is 

traversed by ruptures and fissures and forms the second reservoir with a temperature of 216C 

(Şimşek, 1985). The Pliocene sediments are of continental lacustrine and overlie metamorphic 

basement. The sedimentation inserted in Late Miocene and continues up today. These sediments can 

be divided stratigraphically as follows: 

(1) The Kızılburun formation consists of basic conglomerates, which are made up of good rounded 

gravels of metamorphic origin, clay stones, fine-graded sandstones and marls. This indicates a total 

thickness of about 300 m and forms in the field a morphological monad lock due to high degree of 

consolidation. Because of the high clay contents, the Kızılburun formation forms a ceiling of an 

aquiferous layer. The Kızılburun formation can be considered as good rocks for the formation of 

geothermal waters due to high contents of clay minerals. 

(2) The Sazak formation stands particularly in contrast to other sediment formations due to its 

distinctly high carbonate contents. It consists of limestones predominantly which is more clayey and 

sandy in dependence upon facies. Moreover, a little amount of marls and sandstones can be 

compared additionally. The total thickness of the Sazak formation is varying between 150 and 400 

m. Tectonically, this formation is the hardest in geothermal field due to hydrothermal alteration of 

silification and reacts brittle and jointed outermost. This is a reason for the accumulation of block 

debris in valleys in which the tectonical and physical erosion is faster than the chemical. The Sazak 

formation is strong fractured, porous to pitted and thereby an excellent reservoir. Therefore, it forms 

the first reservoir in the field of Kızıldere with a temperature of 198C. Due to its particular features, 

the Sazak formation as a reservoir of geothermal waters has been located in the center of the 

continental rift zone (Guidi et al., 1990; Özgür, 2010). Sözbilir (1995) indicates an age of Late 

Miocene to Pliocene for the Sazak formation. 

(3) The Kolonkaya formation consists of marl, siltstone, sand with gravels and weak cemented sands 

which displays the features of typical fan delta. There are a great number of sedimentary soft 

deformation structures in medium grained, weak cemented sands, silts and marls especially. In this 

formation, load prints, drop structures, fire structures, debris intrusions, disrupted layer, slump 

structures and synsedimentary faults can be observed. This has a thickness of 500 m and is 

distinguished by a local hydrothermal alteration of silification ± hematitization at the outlets of 

geothermal waters and steams. 

(4) As a youngest, Pliocene to Plio-Quaternary sediment formation, the Tosunlar formation in the 

geothermal field of Kızıldere shows an insignificant degree of consolidation, differs from the 

Kolonkaya formation scarcely and forms an alternation of sandstones, gravel stones, fine-graded 

sandy and clayey marls and limestones. It changes into Quaternary alluvium and is cultivated partly. 

This has a thickness of 500 m. 
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The Pliocene sedimentary rocks in the geothermal field of Kızıldere show already from distance intense 

colored zones. Near the surface, the marls and limestones of the Kolonkaya and Tosunlar formations 

vary from pale white to yellow, orange and brown to dark red colored shapes. Responsible for the 

colors are iron mineralizations, but the fading is a result of the phenomena of carbonatization (Özgür 

et al., 1998b). In this process, the carbonic acid in geothermal waters determines whether these waters 

will dissolve carbonates (limestones and marls) or precipitate them as follows: 

                                erosion 

CaCO3   + H2CO3                                Ca2+ + 2HCO3
- 

Solid       solution deposition solution solution 

In contrast to other type of hydrothermal alteration, it is a formation of carbonate paragenesis by 

introduction of CO3
2- which is able to fix metal ions such as Mg2+, Fe3+, Ca2+, and Mn2+. Therefore, 

many different kinds of carbonatization can be discriminated. Dolomitization of limestones by 

magnesium metasomatism is a simple base-exchange process and one of them. Two and more 

different types of carbonates can occur in the same alteration zone depending upon the chemical 

composition of the rocks and the solutions. In Kızıldere, the carbonates of Kolonkaya formation are 

dissolved at one place and precipitated at another by hydrothermal solutions which can be explained 

by the changes of physicochemical parameters of hydrothermal fluids. 

(5) In Middle Miocene, the continental rift zone of the Büyük Menderes forms, which shows a E-W 

trending general strike. Tectonically, the geothermal waters in Kızıldere and environs are associated 

with the faults in NW-SE or NE-SW directions which are located diagonal to general strike. These 

subsequent faults can be generated by a compression situation, which leads to a deformation of two 

horst areas lying between two extension rifts. The rift zone of the Büyük Menderes is associated with 

geothermal waters in Kızıldere and other localities and volcanic rocks in Denizli, Söke und Selçuk. 

The volcanic rocks in Denizli show an Upper Pliocene age, during the volcanic rocks of Kula in the 

rift zone of the Gediz have an age varying from 7,5 Ma to 18.000a (Ercan et al., 1992). 

Within the Menderes Massif, the geothermal field of Bayındır is located in the northern part of the 

rift zone des Küçük Menderes and in southwestern part of Permokarboniferous and autochthonous 

alternation of phyllite, muscovite-quartz-schist and marble (Özgür, 1998). It stretches from Bayındır 

in the rift zone of the Küçük Menderes to Salihli in the rift zone of the Gediz overthrusted on the 

autochthonous schists as core rocks of the Menderes Massif, is considered as Bayındır formation 

(Dürr et al., 1995). This overthrust is distinguished by the 100 to km extending Bozdağ overthrust. 

The area is characterized by E-W trending rift faults and NE-SW or NE-SW trending younger faults. 

The one of these NE-SW trending faults is Ilıca Dere fault, which corresponds with Ilıca stream and 

is distinguished by the hot springs in Dereköy. In this village of Dereköy, the geothermal waters are 

produced by production wells and used for balneological purposes. 

The Permokarboniferous metamorphic intercalation of mica schist, quartzite and marble forms the 

basement in the study area. Stratigraphically, the quartzites form the oldest rocks und are distinguished 

by an exemplary developed fracture system, which is very important for the formation of reservoir of 

geothermal waters. The thickness of this rock sequence is varying between 50 and 100 m. The rock is 

composed from 60 to 70 percent of quartz, 23-35 percent of muscovite and 5 percent of opaque 

minerals. As accessory components, it contains feldspar, tourmaline, chlorite, calcite, rutile and zircon. 

The opaque components are graphite, hematite, pyrite and iron hydroxide. The mica schists show an 

alternation with quartzites and marbles and display a fine to mm-sphere reaching schistosity. The mica 

schists are composed from 25-65 percent of muscovite, 20-30 percent of quartz, 15-20 percent of 

secondary constituents, zoisite and clinozoisite and tourmaline, feldspar, biotite, hematite and zircon 

as accessory minerals. The mica schists are impermeable and play an important role for the formation 

geothermal water reservoir in quartzites and marbles with good fracture system; thereby, mica schists 

can be considered as impermeable cap rocks as well as basement. The marbles occur in mica schists 

as an alternation and have a thickness from 10 to 200 m. These rocks show a good developed fracture 

system which is of very good importance for the formation of reservoir of geothermal waters. The 
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marbles are composed from 50-85 percent of calcite, 15-35 percent of quartz, muscovite and up to 10 

percent of opaque components such as graphite, magnetite and limonite. As accessory minerals, 

chlorite, zoisite, zircon and pyrite occur in the rocks. 

The geothermal fields of Kurşunlu and Çamurlu at Salihli in the rift zone of the Gediz are composed 

of Permokarboniferous metamorphic rocks, Miocene to Pliocene sedimentary rocks and Quaternary 

alluvium. The Precambrian to Cambrian gneisses are located in the southern part of the geothermal 

field, form the basement in the study area and overlined by mica schists. The mica schists show an 

alternation of phyllites, quartzites and marbles. Thereby, quartzites and marbles have good 

developed fracture system and can be, therefore, considered as reservoir rocks. These impermeable 

mica schists play a role of cap rocks and basement. The mica schists separate by a detachment fault 

from the Miocene to Pliocene sedimentary rocks (Hetzel, 1995; Özgür, 1998). 

3. Hydrogeological features 

In the study area of Kızıldere, the groundwaters flow northwards at the northern side of the 

continental rift zone of the Büyük Menderes within the Buldan Horst, where the geothermal waters 

are supplied immediately (Figure 3). The distance from the watershed to the geothermal waters is 

about 10 km. Consequently, the drainage area occupies an area from 100 to 150 square kilometer. 

With an annual precipitation of 430,15 mm and average annual temperature of 17,6C, the region of 

Kızıldere has semiarid climatic conditions. A great part of the precipitation takes place in the winter 

months from December to March, during aridity is predominant in the remainder of the time. The 

time of aridity leads to a deficit of groundwater; therefore, the surface waters play a secondary role 

for the feeding of geothermal waters only. In the study area, two geothermal power plants exist. The 

first one was installed 1984 with a capacity of 17.5 MWe. The second one has been installed in the 

beginning of 2000 with a capacity of 80 MWe. Up to 2018, the third one with a capacity of 100 

MWe will be installed. The geothermal waste waters are reinjected into the reservoirs. The river of 

the Büyük Menderes is a watercourse which springs as karst spring at Dinar near Isparta, flows past 

by Sarayköy, Aydın and Söke and leads into Aegean Sea at Akköy. The discharge rate of river is 

15-20 m3/s in winter and 2 m3/s in summer. 

The geothermal waters of Kızıldere show two different reservoirs, namely the first reservoir of Sazak 

formation in depth of about 400 m and the second reservoir of Igdecik formation in depth from 1000 

to 2500 m. Thereby, the second reservoir consists of Paleozoic schists, quartzites and marbles and 

forms the main reservoir for the explotation of geothermal waters in Kızıldere. The reservoir 

temperatures lie in the range from 148 to 198C in the Sazak formation and in the range from 200 to 

250C in the İğdecik formation. According to Şimşek (1985), the gneisses in further depth form a third 

reservoir with temperatures from 250 to 260C. A lowering of the pressure of geothermal waters in the 

reservoir can be established due to extremely productions. Moreover, there are hits for the shift of 

points of steam outlets from higher areas to lower located areas today. This shows disappear of the old 

points of steam outlets. It shows, that a distinct lateral movement of the fields of steam outlets to 

catchment area of the geothermal power plant took place. The lowering of the steam outlet level of 

about 100 up to 150 m is a decrease of pressure of about 15 bar. The surface temperatures show 96-

100C in Kızıldere, 62-88C in Tekkehamam and Babacık, 37-55C in Pamukkale and Karahayıt and 

40-54C in Yenice I and II, during Na/K-thermometer (Fournier, 1979) give reservoir temperatures of 

220-248C in Kızıldere, 211-234C inTekkehamam and Babacık, 260-313C in Pamukkale and 

Karahayıt and 251-288C in Yenice I and II. 

Groundwaters flow in the drainage area of geothermal field in Bayındır is southwards on the northern 

part of the rift zone of the Küçük Menderes in Bozdag Horst, where geothermal water reservoir is 

supplied by meteoric groundwaters; thereby, the Ilıca creek plays an important role (Figure 4). The 

distance from the northern watershed is about 10 km. The drainage area occupies an area of 50-100 

square kilometers. With an average annual precipitation of 652 mm and an average annual temperature 
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of 17,4C, the study area has a semiarid climatic conditions. A great part of precipitation is the result 

of months from December to March, during aridity of the time is predominant else. This aridity of the 

time leads to a groundwater deficit; therefore, the deep holes in the rift zone of the Küçük Menderes 

for irrigation applications. In summer time, the agricultural irrigation leads to shortage of groundwater 

additionally. The Küçük Menderes is watercourse which springs at Bozdağ near Kiraz, flows by 

Ödemiş and Bayındır and leads into Aegean Sea near Selçuk. 

 

Figure 3 - Simplified model of the geothermal waters of Kızıldere in the rift zone of the 

Büyük Menderes within the Menderes Massif (Özgür, 1998). 

 

Figure 4 - Simplified model of the geothermal waters of Bayındır in the rift zone of the 

Küçük Menderes within the Menderes Massif (Özgür, 1998). 

 

Figure 5 - Simplified model of the geothermal waters of Salihli in the rift zone of the Gediz 

within the Menderes Massif (Özgür, 1998). 

In Salihli, groundwaters flow in the drainage area of the geothermal fields of Kurşunlu and Çamurlu 

is northwards on southern part of the rift zone of the Gediz; thereby, the geothermal water reservoir is 

supplied by groundwater dominantly in meteoric origin (Figure 5). The distance from the watershed in 

Bozdağ Horst to geothermal fields of Kurşunlu and Çamurlu is about 10 km. The drainage area of the 
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geothermal fields occupies a total area of about 150 km2. With an average annual precipitation of 652 

mm and an average annual temperature of 16,6C, the drainage area of both geothermal fields have a 

semiarid climatic conditions. The Gediz is a watercourse which springs in the northern part of Kula, is 

supplied by a system of tributaries and leads into Aegean Sea in the northern part of İzmir. The 

discharge rate of the Gediz is at 20-25 m3/s in winter and 3-5 m3/s in summer. 

4. Hydrogeochemical features 

During the present study, the outflow of 20 geothermal springs, 12 drill holes, 16 groundwater 

springs were sampled in different seasons from 1992 up to now. Additionally, we have collected 

about two hundred rock samples (Özgür, 1998). Generally, the geothermal waters of Kızıldere, 

Bayındır and Salihli can be classified as Na-(SO4)-HCO3 type (Fig. 6). In the drainage area of 

Kızıldere, the geothermal waters of Kızıldere, Tekkehamam and Babacık Pınarı can be classified as 

Na-(SO4)-HCO3 type exchange waters, during the geothermal waters of Pamukkale and Karahayıt 

show Ca-Mg-HCO3 type exchange waters (Özgür, 1998). The origin of Na+ in the geothermal waters 

is linked to metamorphic rocks in substratum, while carbonate rocks in the reservoirs form the origin 

for Ca2+ and Mg2+. 

The high-temperature geothermal waters of Kızıldere demonstrate TDS (total dissolved solids) 

values from 5000 to 5500 mg/l and high mineralization rate (Özgür, 1998). Before the separator, the 

pH values of these waters range from 6 to 7, which correspond with the pH values of natural 

geothermal springs in the environs. The HS- ions in Babacık Pınarı show values up to 5 mg/l. In 

comparison, the geothermal waters of Kızıldere show HS- values below 0,02 mg/l. The magmatic 

sulfur promotes as a source for H2S, H2 and SO4
2- (Hattori and Cameron, 1986). The entry in sulfur 

compound can be assimilated and transported to the surface which could be observed in reinjection 

wells in Tekkehamam in depth of 2000 m and in Kızıldere in depth of 2261 m (Özgür, 1998, 2013). 

HS- or H2S ions in geothermal waters, which are either magmatic origin or can be dissolved from 

sulfides by weathering, can be oxidized and ascend to the surface and set sulfur free (Özgür, 1998, 

2013). In the carbonate-bearing sediments, which are associated with geothermal springs 

immediately, gypsum efflorescences could be observed. The formation of gypsum stand in contrast 

to carbonatization thereby (Özgür et al., 2004). It indicates thereby, that the sulfur system carrys the 

principal responsibility; thereby, the existence of water is assumed. 

 

Figure 6 - Geothermal waters of the geothermal fields of Kızıldere, Bayındır and Salihli 

within the Menderes Massif (Özgür, 1998). 

Hydrogeochemically, the geothermal waters of Kızıldere and environs are distinguished by (i) an 

enrichment of F-, Si4+ and B3+, (ii) an enhancement of trace metals such as As3+ and Sb3+ and (iii) a 

depletion of base metals in combination with Fe2+ and Mn2+ (Özgür, 1998). B3+ occurs in the 

geothermal waters with values of up to 30 mg/l (Özgür, 1998, 2001). The origin of enriched B3+can 

be linked to the solubility product by fluid-rock interaction in the reservoir; thereby, the magmatic 

origin can not be ruled out completely. 
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According to the tendency, the volatile components of CO2, HS- and NH3 indicate a magmatic input; 

this could be confirmed by isotope analyses of 11B/10B conditionally.  In connection with fluid-rock 

interaction, the boron contents in geothermal waters can be leached from mineral phases such as 

tourmaline and biotite in metamorphic rocks and boron minerals in sedimentary rocks. The 

experimental leaching tests of different rocks from Kızıldere show, that gneiss and mica schist play 

an important role as boron source. The geothermal waters in Kızıldere and environs represent 

fluorine contents up to 35 mg/l (Özgür, 1998). On the one hand, these high contents can be led to a 

magmatic origin as volatile component; on the other hand, the increasing value of fluorine in 

geothermal waters depends upon Ca2+ contents, because there must be a corresponding Ca2+ offer in 

the environment in order to precipitate a corresponding amount of F-. Otherwise, fluorine ions 

remain released, and the fluid is enriched with F-. In depending upon temperature, fluorine and boron 

show a close correlation in geothermal waters of Kızıldere and environs (Özgür, 1995). Accordingly, 

fluorine and boron show an approximating positive correlation which is probably based on (i) 

interconnection of thermodynamic control process, (ii) applicability of boron as tracer and (ii) 

substitution of both elements in boron-bearing minerals. 

The geothermal waters of Kızıldere represent average Si4+ contents of 115 mg/l (Özgür, 1998) which 

have been leached from the silicates in reservoir at a temperature of about 200 C by fluid-rock 

interactions conditionally. Solubility equilibrium of Si depends upon the modification of amorphous 

silica, which allow high concentrations. The separation, where the geothermal waters are separated 

as steam and fluid phase, gives rises to a 25 percent water loss in terms of water steam, a CO2 leakage 

and a Si enrichment in the fluid on 150 mg/l. Thereby, the CO2 leakage causes a pH increasing on 9 

at a temperature of 100C. At a temperature of 45C, the geothermal waters in drainage basins 

represent average Si contents of 150 mg/l and a pH value of 9. The geothermal waste waters of 

geothermal power plant of Kızıldere should be reinjected, in order to supply the geothermal water 

reservoir constantly and remove agricultural danger for citrus fruits in the rift zone des Büyük 

Menderes in view of environmental aspects. The precipitation of Si as precipitates represents a 

danger potential for the reinjection system as documented by thermodynamic and kinetic results 

(Giese, 1997). Thereby, the Si precipitates occur in the reinjection well in depending upon time with 

regard to ion strength of pH values and temperature (below 100C). 

The geothermal waters in Kızıldere represent As values up to 1,08 mg/l and Sb values up to 0,21 mg/l 

(Özgür, 1998). Die both elements of As and Sb in geothermal waters show a close correlation in 

depending upon temperature which is case in the rocks as well. The rocks of the geothermal field of 

Kızıldere have Au contents up to 6 ppb and Sb contents ranging from 194 ppb to 1373 ppb. The cap 

rocks which are close connected with geothermal water reservoirs represent high Ag contents of 1,21 

ppm; thereby, these high Ag contents in the metamorphic rocks are represented by a high background 

value of 0,5 ppm. It shows, that the metamorphic rocks form a formerly source for Au and Ag. The 

carbonate and silicate precipitates show Au contents up to 3,5 ppm and Ag contents up to 194 ppb. 

The base metals in the geothermal waters show distinct low contents as expected. 

The geothermal waters of Bayındır are distinguished by a temperature of 46C, a pH value of 6,9, 

an Eh value of -94 mV, an average EC value of 1015 µS/cm and an average TDS value of 1399 mg/l 

(Özgür, 1998, 2001, 2002) and differ from the surface waters and groundwaters in respect with 

hydrogeochemical composition and standardization distinctly. In comparison to Kızıldere, the 

geothermal waters of Bayındır show relative poor fluid-rock interaction in low- temperature spheres, 

how is generated a light paragenesis of alteration minerals. 

In the geothermal fields of Salihli, there are five geothermal springs of Kurşunlu and Çamurlu and 

eight production wells (Özgür, 1998). Four of the geothermal springs are located in Kurşunlu with 

temperatures from 96 to 36C. One of them is situated in Çamurlu. The first well located near the 

geothermal spring has a depth of 42,5 m, a surface temperature of 96C, a surface pressure of 5,5 to 

6,0 bar and a flow rate of 20 l/s. The second well is located in the northern part of the first well and 

represents a depth of 70 m, a surface temperatures of 96C and a flow rate of 45 l/s. Thereby, the first 
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20 m depth consists of alluvium, the depth between 20,00 and 68,80 m is an alternation of mica schist 

and marble, and the depth between 68,80 and 70,00 m consists of marble. The third well is located in 

the northern part of the geothermal field of Kurşunlu and shows a depth of 117 m, a surface temperature 

of 96C, a surface pressure of 5,5 to 6,0 bar and a flow rate of 80 l/s. Drill log of this third well 

comprises Quaternary alluvium between 0 and 5 m, Pliocene Sedimentary rocks in a thickness from 5 

to 83 m, Miocene conglomerate in depth from 83 to 92 m, Paleozoic marble in depth from 92 to 104 

m and Paleozoic alternation of mica schist and marble in depth from 104 to 117 m. 

In the geothermal field of Salihli, the geothermal waters differ from the groundwaters and surface 

waters hydrogeochemically (Özgür, 1998). The geothermal waters of Salihli are of Na-K-HCO3 type 

exchange water during the groundwaters show Ca-HCO3 type. In comparison to Kızıldere, the low 

contents of F-, SO4
2-, As3+ and Sb3+ and the high contents Mg2+ and Ca2+ in geothermal waters of 

Salihli are conspicuous distinctly. The low contents of F- can be indicated with the increasing Ca2+ 

offer, because the both elements in fluids can be precipitated as CaF2. The 3H isotopes in geothermal 

waters of Salihli show the existence of mixing water; therefore, the components of anions and 

cations are diluted in comparison to Kızıldere and occur in present concentrations. 

The geochemical thermometer show reservoir temperatures of 147-170C (quartz), 140160C (quartz 

with steam loss), 120-145C (chalcedony), 205-220C (Na-K), 195-215C (Na-K-Ca), 35-135C (Na-

K-Ca-Mg), 240-260C (Na-Li), 120-155C (Mg-Li) and 100-120C (K-Mg), thereby, the 

thermometers of Na-K, Na-K-Ca and quartz correspond with Özgür (1998) and are more suitable. 

In order re-examine the calculated reservoir temperatures, an enthalpy versus SiO2 mixing model 

was used with respect to Fournier (1977; Figure 7). In the process, the used enthalpy values reflect 

surface temperatures and have been gathered from Henley et al. (1984). In this diagram, the mixing 

line cuts through quartz solubility curve which connects samples with meteoric groundwaters and 

geothermal waters at an enthalpy value at 880 kj/kg indicating a reservoir temperature of 205C. 

This temperature estimation is based on the assumption that the steam originated by the boiling was 

not separated from the residual liquid phase before mixing with cold groundwaters. When the steam 

loss takes place before the mixing with the cold groundwaters, the enthalpy accepts the value of 

waters at temperatures of steam phase of 96C; in this process, the initial enthalpy value lies at 620 

J/g which corresponds to a reservoir temperature of 148C. 

 

Figure 7 - Silica versus enthalpy mixing model of geothermal waters from Kurşunlu and 

Çamurlu in Salihli. 
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Figure 8 - Cl- versus enthalpy mixing model of geothermal waters from Kurşunlu and 

Çamurlu in Salihli. 

A reliable calculation of temperature of geothermal water reservoir of Kurşunlu can be realized by using 

enthalpy versus Cl- mixing model according to Truesdell and Fournier (1975; Figure 8). In this process. 

the boiling point of geothermal waters is connected with a temperature of 97C and Cl- contents of 72,2 

mg/l. In this diagram, the boiling point of geothermal waters has an enthalpy value of 2670 kj/kg and an 

Cl- contents of 0 ppm. Firstly, the groundwater sample with geothermal water samples from Kurşunlu 

was drawn in the diagram. These are Cl- contents and measured surface temperatures. There, the mixing 

line affects boiling line at an enthalpy value of 500 kj/kg which corresponds a reservoir temperature of 

120C. Finally, this leads to the reservoir temperatures of 148 to 205C, which corresponds to the 

calculated temperatures of quartz, Na-K, Na-K-Ca.  The modeling indicates a pH values from 5,0 to 5,5 

of the reservoirs of the geothermal waters in Kurşunlu and Çamurlu. 

By using indicator matters, such as Cl-, B, Li, and temperature, mixing ratio of geothermal waters 

and groundwaters can be calculated relatively. At Çamurlu, there is a moderate mixing ratio of 42,5 

percent geothermal waters and 57,5 percent groundwaters. In comparison, 83,0 percent geothermal 

waters are connected with 17,0 percent groundwaters in Kurşunlu. 

 

Figure 9 - Plot of 2H versus 18O of geothermal waters of Kızıldere, Bayındır and Salihli 

(Özgür, 1998). 
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5. Isotopic signatures 

The geothermal waters of Kızıldere, Bayındır and Salihli can be considered meteoric water due to 

isotope ratio of 18O and 2H (Figure 9). The 3H contents in investigated geothermal waters are 

attributed to atmospheric and anthropogenic effects. They indicate, that the geothermal waters of 

Bayındır and Salihli can be considered as mixing water. The geothermal waters of Kızıldere show 

scarcely mixing of young groundwaters, because 3H contents are below the detection limit. The ratios 

of 13C in groundwaters, mixing waters and geothermal waters reveal, that the origin of CO2 can be 

linked to a magmatic activity by a subvolcanism in basement and to reactions with carbonate rocks. 

The 3He surplus in geothermal waters of Kızıldere reveal interactions of these fluids with basic to 

intermediate still cooling volcanic rocks of mantel and the existence of a subvolcanic intrusion (Özgür, 

1998). The CO2 production in connection with carbonate rocks in reservoir dilutes 14C in geothermal 

waters, by which the age determination with 14C is impossible almost. 

6. Discussion: hydrogeological modeling of the geothermal waters 

In the geothermal fields of Kızıldere in the rift zone of the Büyük Menderes, Bayındır in the rift 

zone of the Küçük Menderes, and Salihli with areas of Kurşunlu and Çamurlu in the rift zone of the 

Gediz, there are excellent conditions for the formation of geothermal waters. Firstly, the Paleozoic 

marbles and quartzites and Miocene limestones in Kızıldere, the Carboniferous to Permian marbles 

and quartzites in Bayındır, and the Paleozoic marbles and quartzites in Salihli play an important role 

for the formation of geothermal reservoirs. Secondly, the Pliocene Kızılburun formation, Kolonkaya 

formation and Tosunlar formation in Kızıldere and the Paleozoic mica schsits in Bayındır and Salihli 

can be considered as impermeable basement and cap rocks for the formation of geothermal 

reservoirs. Thirdly, the study areas of Kızıldere, Bayındır, and Salihli are of very active from the 

views of tectonical points. By the plate tectonical development, the Menderes Massif showed a dome 

shaped structure due to compressional tectonic features from Oligocene to Middle Miocene. From 

Early to Middle Miocene, the continental rift zones of the Büyük Menderes, the Küçük Menderes 

and the Gediz were formed by extensional tectonic features, which strike E-W generally and are 

represented by a great number of geothermal waters, epithermal mineralizations of Hg, Sb, and Au, 

and volcanic rocks of Middle Miocene to recent. The geothermal waters are related to faults which 

strike preferentially NW-SE and NE-SW and locate diagonal to general strike of the rift zones.  

 

Figure 10 - Simplified presentation of geothermal model of the geothermal waters in the rift 

zones of the Büyük Menderes, Küçük Menderes and Gediz within the Menderes Massif 

(Özgür, 1998). 

These faults are probably generated by compressional tectonic stress, which leads to the deformation 

of uplift between two extensional rift zones. This can be corroborated by the intensively earthquake 

activities in the study area. Lastly, some intrusive in the continental rift zones of the Menderes 

Massif, calcalkaline and basic to intermediate rocks exist which are generated from Middle Miocene 
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to recent. The volcanic rocks are of products of continental crust based on isotope analyses of 
87Sr/86Sr and 144Nd/143Nd and can be considered as heat source for the heating of geothermal waters 

in the rift zones and elsewhere. 

In active geothermal fields of Kızıldere, Bayındır and Salihli, groundwater flow takes place in 

drainage areas from higher spheres around the watershed in horst to the lower located continental 

rift zones where the groundwaters find the watercourse ultimately (Figure 10). 

These meteoric waters in the drainage area percolate at fault zones and permeable clastic sediments 

into the reaction zone of the roof area of a magma chamber situated in a probable depth of up to 5 

km where meteoric fluids are heated by the cooling magmatic melt and ascend to the surface due to 

their lower density caused by convection cells. The volatile components of CO2, SO2, HCl, H2S, 

HB, HF, and He out of the magma reach the geothermal water reservoir where an equilibrium 

between altered rocks, gas components, and fluids performs. Thus, the geothermal waters ascend in 

the tectonical zones of weakness at the continental rift zones of the Menderes Massif in terms of hot 

springs, gases, and steams. These fluids are characterized by high to medium CO2, H2S and NaCl 

contents. It is very important, that the fluids indicate a reduced pH-neutral environment after 

equilibrium adjustment with hard rocks in the reaction zone, namely in the roof area of magma 

chamber (Giggenbach, 1992). In superficial areas, i.e. beneath a depth of 550 m in Kızıldere with a 

pressure of 50 to 100 bar, a temperature of 200 to 220C and a pH value of lesser than 5,0, it comes 

to boiling by decrease of pressure; thereby, CO2 and H2S rich steams are splitted off from geothermal 

waters which can lead to formation of sulfate rich waters after condensation and surface oxidation. 

The geothermal waters are exploited for various uses consequently, i.e. for geothermal energy, 

balneology, and green houses. 
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Abstract 

The hydrochemical character of the Zacharo basin groundwaters and their suitability 

for drinking and irrigation purposes are evaluated in this paper. The Pindos karst 

aquifer, the Neogene and the alluvial aquifer are the three most important aquifers of 

the study area. 46 water samples were taken from wells, boreholes and spring and 

they analyzed for the physicochemical parameters (pH, EC and TOC), major ions 

(Ca2+, Mg2+, Na+, K+, NH4
+, HCO3

-, Cl-, F-, SO4
2- and NO3

-) and trace metals (B, Fe, 

Mn, Cr, Pb, Se, Ni). The suitability of groundwaters for drinking and irrigation is 

evaluated by the calculation of Water Quality Index and the indices SAR, %Na, RSC 

and KR. The water of the karstic and alluvial aquifer is of “excellent” quality for both 

uses. On the other hand, the Neogene aquifer shows serious problems in respect with 

the degradation of water quality, since 20% of the samples are of “poor” and 

“extremely poor” quality for drinking purposes and 33% are “unsuitable” for 

irrigation. The degradation of water quality is attributed to natural processes of 

enhanced ion-exchange, since the cation exchange capacity of the aquifer materials 

is increased due to the presence of clay minerals and organic matter. 

Keywords: aquifer, hydrochemistry, water quality index, ion-exchange. 

Περίληψη 

Στην παρούσα εργασία εξετάζονται ο υδροχημικός χαρακτήρας των υπόγειων νερών 

της λεκάνης της Ζαχάρως και αξιολογείται η καταλληλότητα τους για υδρευτική και 

αρδευτική χρήση. Οι τρεις σημαντικότεροι υδροφόροι ορίζοντες της περιοχής είναι ο 

καρστικός της ζώνης Πίνδου, ο Νεογενής και ο αλλουβιακός. Ελήφθησαν 46 δείγματα 

νερού από πηγάδια, γεωτρήσεις και πηγές και αναλύθηκαν ως προς τις φυσικοχημικές 

παραμέτρους (pH,  EC και TOC), τα κύρια στοιχεία (Ca2+, Mg2+, Na+, K+, NH4
+, 

HCO3
-, Cl-, F-, SO4

2- and NO3
-) και τα ιχνοστοιχεία (B, Fe, Mn, Cr, Pb, Se, Ni). Η 

καταλληλότητα των υπόγειων νερών για ύδρευση και άρδευση εξετάστηκε με τον 

υπολογισμό του Δείκτη Ποιότητας Νερού και των δεικτών SAR, %Na, RSC και KR.  Το 

νερό του καρστικού και του αλλουβιακού υδροφόρου είναι «εξαιρετικής» ποιότητας για 

όλες τις χρήσεις. Αντίθετα, ο Νεογενής υδροφόρος παρουσιάζει σοβαρά προβλήματα 
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υποβάθμισης της ποιότητας του νερού αφού το 20% των δειγμάτων είναι «πτωχής» και 

«εξαιρετικά πτωχής» ποιότητας ως προς την υδρευτική χρήση ενώ το 33% των 

δειγμάτων του αξιολογούνται ως «ακατάλληλα» για αρδευτική χρήση. Η υποβάθμιση 

της ποιότητας του νερού συνδέεται με φυσικές διεργασίες έντονης ιοντανταλλαγής, αφού 

η ικανότητα ανταλλαγής των υλικών του υδροφορέα είναι αυξημένη λόγω της 

παρουσίας αργιλικών ορυκτών και οργανικού υλικού. 

Λέξεις κλειδιά: υδροφόρος ορίζοντας, υδροχημεία, Δείκτης Ποιότητας Νερού, 

ιοντοανταλλαγή. 

1. Introduction 

The study area occupies part of the Neogene basin of Zacharo, SW Peloponnesus, covering 98.5 

km2 area with a population of 9,000 inhabitants. According to the data of the local meteorological 

station, the mean annual rainfall height and temperature is 813 mm and 17.9oC, respectively 

(hydrological period 2007 - 2015). The rainiest period is between December and January, whereas 

the period of lowest precipitation is between July and August. Zacharo is an agricultural area with 

olive trees and vineyards while tourism plays important role for the local economy during the 

summer period. As a result, water resources are progressively stressed during last decades due to the 

increased water demands for drinking and irrigation purposes, especially in the dry summer season. 

The groundwater quality of the study area is influenced by both human activities and natural 

processes of geological origin. The combination of several water quality indexes has been proved 

as an effective tool for planners and decision makers in selecting appropriate groundwater 

management practices (Vasanthavigar et al., 2010; Ravikumar et al., 2013; Amiri et al., 2015). The 

aim of this paper is the evaluation of the suitability of groundwater for drinking and irrigations as 

well as to find out the possible sources of contamination that may affect the water quality in Zacharo 

basin. 

2. Geology and Hydrogeology 

The geological and hydrogeological regime of the study area was assessed from the Geological map 

of I.G.M.E. and in situ observations (Fig. 1). The geological bedrock of Zacharo basin consists of 

limestones and radiolarites of Pindos zone. The carbonate sediments comprise a very productive 

karst aquifer, which is used for covering the drinking demands of Zacharo municipality. Large 

springs are formed in the contact of limestones with the impermeable radiolarites. In the northern 

part of Kaiafas area, the carbonate bedrock of Tripolis zone has been emerged and constitutes a very 

important aquifer but its use is limited to therapeutic thermal baths due to its high temperature and 

salinity (Kallergis and Lambrakis, 1992). 

The Pliocene sediments overlies the carbonate bedrock and consist of compact conglomerates which 

alternate with fine-grained and coarse-grained sandstones and grey-yellow marls. The sequence 

includes locally thin coal seams, usually 3-5 cm thick. The Neogene sediments form confined 

aquifers due to the presence of impermeable marly beds. This aquifer is used mainly for irrigation 

because of the degraded water quality. 

Finally, the alluvial deposits occupy the coastal area and consist of sand, pebbles, fluvial deposits 

and terraces, cobbles and loams. This formation is more finely grained in the wider Kaiafas lake 

area showing a lacustrine origin. On the other hand, the formation is more coarsely grained and has 

a thickness of 40 m (Panagopoulos and Lambrakis, 1999) in the Neda river basin near Giannitsochori 

village (Fig. 1). These sediments host an extensive unconfined aquifer which is used for covering 

both drinking and irrigation demands. 
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Figure 1 - Simplified hydrogeological map of the Zacharo basin. 

The piezometry of all aquifers was studied by water table measurements carried out in a network of 

60 boreholes and wells. A general NE-SW groundwater flow direction was figured out for all aquifer 

systems (Fig. 1) which coincides with the major normal fault trend of the study area. 
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3. Materials and Methods 

3.1. Sampling and Analytical Techniques 

Groundwater from the three aquifers (alluvial, Neogene and karstic) from 46 public and private 

wells, boreholes and springs was sampled and analyzed seasonally during April 2013 and October 

2013 (wet and dry season respectively). The samples were analyzed for major ions (Ca2+, Mg2+, Na+, 

K+, NH4
+, HCO3

-, Cl-, F-, SO4
2- and NO3

-) and Total Organic Carbon (TOC) in the laboratory of 

Geology for Aquatic Systems, T.E.I. of Western Greece. Trace and heavy metals (B, Fe, Mn, Cr, 

Pb, Se, Ni) were determined in the laboratory of Hydrogeology, University of Patras. The unstable 

parameters of water like temperature, electric conductivity (EC) and pH were measured in situ. The 

standard analytical procedures as recommended by APHA (2005) were employed. Based on the 

results of chemical analyses, irrigation quality parameters like SAR, %Na, RSC, KR, PI, were also 

calculated. The results are presented in Table 1. 

3.2. Water Quality Index 

Water Quality Index (WQI) is defined a rating method that provides the composite influence of 

individual water quality parameters on the overall quality of water for human consumption (Poonam 

et al., 2013). The computation of WQI includes three steps. In the first step, each of the 20 

parameters (pH, EC, TOC, Ca2+, Mg2+, Na+, K+, NH4
+, HCO3

-, Cl-, F-, SO4
2- and NO3

-, B, Fe, Mn, 

Cr, Pb, Se, Ni) has been assigned a weight (wi) according to their perceived effects on human health 

and their relative importance in the overall quality of water for drinking purposes (Table 2). The 

highest weight of 5 was assigned to parameters that have a major effect on water quality (NH4
+, F-, 

NO3
- and the heavy metals Mn, Cr, Pb, Se and Ni). A weight of 3 was assigned to parameters with 

a moderate effect on human health (pH, EC, TOC, Na+, Cl- and SO4
2-) while a weight of 2 was 

assigned to parameters with the lowest effect respectively (Ca2+, Mg2+, K+, HCO3
-, B and Fe). In the 

second step, the relative weight is computed from the following equation: 

𝑊𝑖 = 𝑤𝑖 𝑤𝑖

𝑛

𝑖=1

 

where Wi is the relative weight, wi is the weight of each parameters and n is the number of 

parameters. 

In the third step, a quality rating scale (qi) for each parameter is assigned by dividing its 

concentration in each water sample by its respective standard value (DWS) according to the 

guidelines of European Union (Table 1) and then, the result is multiplied by 100: 

𝑞𝑖 =  
𝐶𝑖
𝑆𝑖
 𝑥100 

where qi is the quality rating, Ci is the concentration of each chemical parameter in each water 

sample in milligrams per liter and Si is the European drinking water standard for each chemical 

parameter. 

Finally, for computing the WQI, the water quality sub-index (SIi) has to be calculated according to 

the equation SIi = Wi∙qi, which is then used to determine the WQI as per the following equation: 

WQI = 𝑆𝐼𝑖

𝑛

𝑖=1
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Table 1 - Hydrochemical data of Zacharo basin aquifers (April 2013). 

Parameter Unit DWS 

Karstic Alluvial Neogene 

Mean 

% 

exceed Mean 

% 

exceed Mean 

% 

exceed 

pH  8.5 7.31 0 7.27 0 7.55 10 

EC μS/cm 2500 583 0 843 0 1260 5 

TOC mg/L 2 0 0 0.45 10 5.76 62 

Ca mg/L 75 95.4 80 101.9 65 96.5 67 

Mg mg/L 50 6.2 0 24.0 5 25.8 24 

Na mg/L 200 14.1 0 30.2 0 129.8 10 

K mg/L 12 1.1 0 2.8 0 3.2 0 

NH4
+ mg/L 0.5 0.055 0 0.112 5 3.411 95 

HCO3
- mg/L 500 319 0 306 5 508 43 

Cl- mg/L 250 12.1 0 39.3 0 106.0 10 

SO4
2- mg/L 250 8.5 0 88.8 5 63.5 0 

F-
 mg/L 1.5 0.11 0 0.01 0 0.45 10 

NO3
- mg/L 50 3.9 0 26.3 20 4.7 0 

B μg/L 1000 46.0 0 72.6 0 735.4 14 

Fe μg/L 200 304.7 100 361.0 90 352.1 71 

Mn μg/L 50 1.6 0 54.1 25 109.4 48 

Cr μg/L 50 1.4 0 1.9 0 3.0 0 

Pb μg/L 10 0.7 0 0.3 0 1.7 5 

Se μg/L 10 0.5 0 1.9 0 1.5 0 

Ni μg/L 20 0.5 0 1.6 0 1.9 0 

4. Results 

The Piper plot (Fig. 2) shows that the water type of all samples of the karst aquifer belong to Ca-

HCO3 water type. These waters are fresh and the hydrochemical figure derives from the calcite 

dissolution, which is present in limestones. The alluvial aquifer includes Ca-HCO3 and Ca-Mg-

HCO3 water types due to calcite and dolomite dissolution, which are the dominant minerals of the 

aquifer. On the other hand, the Neogene aquifer shows a clear trend towards the Na-HCO3 water 

type, indicating thus a freshening process of the aquifer through intense ion-exchange phenomena 

(Appelo and Postma, 1993). The dominant exchange is Ca2+ for Na+ with a parallel increase in 

HCO3
-. This is explained because when Ca2+ exchanges for Na+ the water becomes undersaturated 

for calcite and dissolution results. The ion-exchange process is enhanced in the Neogene aquifer 

because of the increased adsorption capacity of the materials which is linked to the clay content, 

clay minerals, organic matter and oxide or hydroxide content (Appelo and Postma, 1993). 

The WQI (Table 2) of the karst aquifer shows that all groundwater samples belong to the “excellent” 

class and, consequently can be used for drinking safely. The alluvial aquifer samples fall into the 

“excellent” category for the 75% of the total, while 20% of the samples are of “good” quality and only 

5% have “medium” quality. There are no samples with “poor” or “extremely poor” quality in this 

aquifer. The relative lower quality of the alluvial aquifer is related with manmade activities (fertilizers, 

septic tanks, etc) as the water table is near to surface and contamination is likely to occur. On the other 

hand, the water samples of the Neogene aquifer appear to all the quality classes from “excellent” to 

“extremely poor”. About half of the samples (52.4%) are of “excellent” and “good” quality, 28.6% are 

of “medium” quality and the remaining 19% of the samples have “poor” and “extremely poor” quality. 

The degradation of the groundwater quality is attributed to natural processes and intense ion-exchange 

phenomena linked to the increased content of organic matter in the coal seam beds of the area. 
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Figure 2 - Piper plot of the Zacharo basin aquifers. 

Table 2 - Groundwater quality classification based on WQI. 

Rank WQI Water quality Alluvial Neogene Karstic 

No. of 

samples 

% No. of 

samples 

% No. of 

samples 

% 

1 <50 Excellent 15 75,0 3 14.3 5 100,0 

2 50-100 Good 4 20,0 8 38.1 0 0,0 

3 100-150 Medium 1 5,0 6 28.6 0 0,0 

4 150-200 Poor 0 0,0 2 9.5 0 0,0 

5 >200 Extremely poor 0 0,0 2 9.5 0 0,0 

The irrigation water quality parameters, i.e. SAR (Table 3), Percent sodium (Table 4), Residual 

Sodium Carbonate (Table 5) and Kelly’s ration (Table 6) indicate that the groundwater of the karstic 

and alluvial aquifer is of “excellent” quality, and thus it can be used for irrigation safely. On the 

contrary, the groundwater of the Neogene aquifer is unsuitable for irrigation in a percent varying 

between 5% and 33%. According to SAR values (Table 3) 4.8% of these samples are unsuitable for 

irrigation. The Percent sodium index (Table 4) increases the unsuitability of the samples to 15% 

while 10% are doubtful for irrigation Finally, the RSC index and the Kelly’s ratio illustrate that the 

33% of the samples are unsuitable for irrigation. The problematic character of the Neogene aquifer 

for irrigation purposes is attributed to the enhanced ion-exchange processes that take place, which 

result in the increased content of sodium in the groundwater due to its exchange with calcium and 

other bivalent cations. 
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Table 3 - Irrigation water quality classification based on SAR1. 

Ran

k 

SAR Quality Alluvial Neogene Karstic 

No. of 

samples 

% No. of 

samples 

% No. of 

samples 

% 

1 0-10 Excellent 20 100.0 18 85.7 5 100.0 

2 10-18 Good 0 0.0 2 9.5 0 0.0 

3 18-26 Fair 0 0.0 0 0.0 0 0.0 

4 >26 Poor 0 0.0 1 4.8 0 0.0 

1𝑆𝐴𝑅 =
𝑁𝑎+

√𝐶𝑎
2++𝑀𝑔2+

2

, units in meq/lt 

Table 4 - Irrigation water quality classification based on Percent sodium (%Na)2. 

Rank %Na Quality Alluvial Neogene Karstic 

No. of 

samples 

% No. of 

sample

s 

% No. of 

samples 

% 

1 <20 Excellent 16 80.0 3 15.0 5 100.0 

2 20-40 Good 4 20.0 10 50.0 0 0.0 

3 40-60 Permissible 0 0.0 3 15.0 0 0.0 

4 60-80 Doubtful 0 0.0 2 10.0 0 0.0 

5 80-100 Unsuitable 0 0.0 3 15.0 0 0.0 

2 %𝑁𝑎 =
𝑁𝑎+

𝐶𝑎2++𝑀𝑔2++𝑁𝑎++𝐾+
𝑥100, units in meq/lt 

Table 5 - Irrigation water quality classification based on RSC3. 

Ran

k 

RSC Quality Alluvial Neogene Karstic 

No. of 

samples 

% No. of 

samples 

% No. of 

samples 

% 

1 <1.25 Safe/good 20 100.0 14 66.7 5 100.0 

2 1.25-2.50 Marginal 

/doubtful 

0 0.0 0 0.0 0 0.0 

5 >2.50 Unsuitable 0 0.0 7 33.3 0 0.0 

3 RSC = (CO3
2- + HCO3

-) – (Ca2+ + Mg2+), units in meq/lt 

Table 6 - Irrigation water quality classification based Kelly’s ratio (KR)4. 

Ran

k 

KR Quality Alluvial Neogene Karstic 

No. of 

samples 

% No. of 

samples 

% No. of 

samples 

% 

1 <1.0 Suitable 20 100.0 14 66.7 5 100.0 

2 >1.0 Unsuitable 0 0.0 7 33.3 0 0.0 

4 𝐾𝑅 =
𝑁𝑎+

𝐶𝑎2++𝑀𝑔2+
, units in meq/lt 
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5. Conclusions 

The hydrogeological and hydrochemical study that took place in the Zacharo basin showed that the 

karstic aquifer is the most important aquifer body with extensive reserves and excellent quality for 

both drinking and irrigation purposes. The alluvial aquifer can be used safely for irrigation but in 

some sites is contaminated due to anthropogenic activities, which limit its use for covering the 

drinking demands. Finally, the enhanced ion-exchange phenomena that take place in the Neogene 

aquifer as a result of the increased clay and organic matter content have deteriorate the groundwater 

quality for all uses. Especially, the increased concentration of sodium which replaces calcium 

renders the groundwater of this aquifer unsuitable for irrigation for the 33% of the sampling sites. 
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Abstract 

This paper describes the results of the preliminary surface geothermal exploration 

conducted by IGME in the basin of Katerini (Northern Greece). It mainly regards 

temperature measurements at the wellhead of 73 wells and in the interior of five 

boreholes, as well as sampling and chemical analyses from 18 selected sites. Based 

on the collected data, three sub-regions of geothermal interest can be distinguished, 

the most important of which is the area of Kato Agios Ioannis (to the south of the 

basin), with temperatures around 27oC at the depth of 340m. Nonetheless, the detailed 

geothermal investigation of this basin requires further systematic research as well as 

the drilling of at least one deep geothermal exploration borehole. 

Keywords: exploration, temperature, geothermal gradient, isotherms. 

Περίληψη 

Η παρούσα εργασία περιγράφει τα αποτελέσματα της προκαταρκτικής γεωθερμικής 

έρευνας που διενεργήθηκε από το ΙΓΜΕ στην λεκάνη της Κατερίνης (Β. Ελλάδα). Οι 

ερευνητικές εργασίες κατά κύριο λόγο περιελάμβαναν θερμομετρήσεις στην κεφαλή 73 

υπαρχουσών υδρογεωτρήσεων, μέτρηση της θερμοκρασίας σε συνάρτηση με το βάθος 

στο εσωτερικό πέντε (5) γεωτρήσεων και χημικές αναλύσεις 18 δειγμάτων από 

επιλεγμένες θέσεις. Με βάση τα στοιχεία που προέκυψαν από την κατανομή των 

θερμοκρασιών, διακρίνονται τρεις επιμέρους περιοχές γεωθερμικού ενδιαφέροντος. Ως 

σημαντικότερη κρίνεται αυτή του Κάτω Αγίου Ιωάννη (νότια τμήμα της λεκάνης), όπου 

μετρήθηκαν θερμοκρασίες της τάξης των 27oC σε βάθος 340m. Εν τούτοις, για τη 

λεπτομερή διερεύνηση των γεωθερμικών συνθηκών στη λεκάνη Κατερίνης, απαιτείται 

περαιτέρω συστηματική έρευνα και κατασκευή τουλάχιστον μίας ερευνητικής 

γεωθερμικής γεώτρησης μεγάλου βάθους. 

Λέξεις κλειδιά: γεωθερμική έρευνα, θερμοκρασία, βαθμίδα, ισόθερμες. 

1. Introduction 

The geothermal exploration in Greece has revealed the significant geothermal potential of the 

country, attributed mainly to its specific geotectonic conditions. High enthalpy geothermal systems 
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have been discovered in the active South Aegean Volcanic Arc, whereas the systematic geothermal 

research has identified numerous low and medium enthalpy fields around the country. 

The exploitation of geothermal energy has proved to bring significant economic and environmental 

benefits. The heating of buildings, agricultural and spa facilities, pools, etc., could be achieved with 

low cost by utilizing low enthalpy (25-90oC) geothermal fluids. In addition, the use of the ground-

source heat pumps (GSHP) facilitates the exploitation of lower temperature fluids (< 25oC) from 

shallow reservoirs in many of the above applications. 

The basin of Katerini constitutes basically a rural region, with 38% of the total area being agricultural 

land. On the other hand, the coastal places are a well-known tourist destination, so, the most 

important economic activities are related to the agricultural and tourism sectors. For that reason, the 

investigation of the geothermal conditions in the area could signify several possibilities for 

effectively exploiting the available geothermal energy in relative applications, which, in turn, could 

considerably support the local economy and result in positive socioeconomic impacts. 

2. General characteristics of the study area 

The basin of Katerini belongs to the Pieria Prefecture and forms the southern part of the broader 

Thessaloniki basin (Central Macedonia, Northern Greece). It is bounded to the north by Aliakmon 

River, southwards by the alluvial fans of Mt. Olympus, to the east by Thermaikos Gulf and to the 

west by Pieria Mt. (Fig. 1). 

Based on the topography, three elevation zones can be distinguished: (i) the mountainous (>500m), 

(ii) the hilly (100-500m), and (iii) the coastal plain (0-100m) areas. The plain terrains cover almost 

40% of the basin, while the coastline is more than 70km long. The geothermal investigation focused 

on the hilly and coastal zones. The hydrographic network is well developed with numerous branches. 

Its structure is controlled by the local geologic conditions and is indicative of the tectonic activity 

in the area. 

The climate in the broader area of Katerini basin is mild with cold winter and dry hot summer 

(Kottek et al., 2006). The climatic conditions are more temperate near the coast, but severe winters 

are common in the western (mountainous) parts of the basin. The mean annual air temperature at the 

basin is 15.5oC in the plain areas and changes by 0.61oC/100m (Tzimourtas, 2001). 

3. Geological and Tectonic setting 

The basement of the study area is formed by the metamorphic rocks of Almopia sub-zone, which is 

mainly characterized by the presence of Upper Jurassic ophiolitic formations as well as by deep-sea 

sedimentary and volcano-sedimentary series (Mountrakis, 1985). Pelagonian metamorphic 

formations (schists, gneisses, and marbles with overthrusting ophiolitic complexes) are found at the 

western margin of the basin. 

The investigated area is covered by Neogene and Quaternary deposits of 1000-1500m thickness that 

progressively filled up the basin. The Neogene formations consist of alluvial, fluvial, lacustrine and 

fluvio-lacustrine sediments, such as conglomerates, lignites, clay, marls, sand and limestones, that 

occupy the central hilly part of the basin. According to Sylvestrou (2002), the Neogene sediments 

can be classified in eight (8) formations, based on lithologic data and paleontological evidence: (1) 

Elatochori Fm, (2) Moschopotamos Fm, (3) Sykea Fm, (4) Ryakia Fm, (5) Lagorachi Fm, (6) 

Sfendami Fm, (7) Makrygialos Fm, and (8) Lofos Fm (Fig.1). The Formations of Sykea, Ryakia, 

Lagorachi and Sfendami occupy the largest part of the basin, whereas Elatochori and 

Moschopotamos Formations outcrop only its south-western border. The most recent Formations 

(Makrygialos and Lofos) are found at the northern and southern part of the basin, respectively. The 

detailed Neogene lithology has been described by Sylvestrou (2002). 
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Figure 1 - Geologic map of Katerini basin (modified from Sylvestrou, 2002). 
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The Quaternary sediments cover the plain part of the basin and mostly consist of sand and clay with 

coarse material (gravels and pebbles). They have been deposited in unconformity over the Neogene 

sediments and their thickness ranges from 15 to 60m (Benda and Stevens, 1981; Sylvestrou, 2002). 

The basin is generally characterized by recent and intense tectonic activity. Small NW-SE ‘en 

echelon’ faults have been found at the WSW boundaries, while normal NE-SW dislocation faults 

have affected the area southwards of Moschopotamos. At the north part of the basin (Kolindros area) 

the main faults follow the NE-SW to ENE-WSW, NW-SE and E-W directions. 

The significant change in the flow direction of the main streams in the central part of the basin is 

most probably attributable to the activity of an important ENE-WSW fault, as well as to the existence 

of minor NW-SE conjugate faults. Near the coastal area of Makrygialos (eastern part of the basin), 

the NE-SW and NNW-SSE faults have dislocated the layers of Makrygialos Fm up to 10m 

(Sylvestrou, 2002), indicating their post-Pliocene activity. In the same area, a strike-slip fault has 

been identified by Faugeres (1975), while Sylvestrou (2002) detected two major NE-SW and NW-

SE faults, which have affected all recent deposits. In the area of Methoni, a NE-SW normal fault, 

that was active during Lower Holocene (Faugeres, 1975), affected the Quaternary sediments. 

4. Geothermal Investigation 

The preliminary-reconnaissance geothermal investigation in the basin of Katerini mainly regarded 

temperature measurements at the wellhead of 73 water wells during pumping (Fig.2). The 

geothermal gradient was calculated by temperature measurements in the interior of five (5) 

boreholes and from available temperature data from past measurements in three (3) water wells. 

Water sampling and chemical analyses from 18 selected sites was also conducted. 

The most important aquifers in the basin are found inside layers with coarse material, e.g. 

conglomerates and gravels, whereas the discharge from fine-grained sandy aquifers is significantly 

lower. The flow-rate from the wells in the central part of the basin (Alykes Kitrous-Korinos-

Katerini-Kallithea) ranges from 20 to 150m3/h, depending on the aquifer characteristics. The depth 

of the wells in the hilly zone is 30-416m. In this area, the aquifers are located inside layers of sand 

or pebbles and in limestones, with generally lower water discharge (20-100 m3/h). 

4.1. Wellhead temperatures 

The exact location of the measured wells and the corresponding isothermal curves are illustrated in 

the maps of Fig. 2 and Fig. 3, respectively. Based on the distribution of wellhead temperatures and 

the shape of the contours, three (3) sub-regions of geothermal interest can be defined: (a) Kato Agios 

Ioannis, (b) Sevasti, and (c) the area between Kitros-Alykes Kirtou-Makrygialos. 

The maximum recorded temperature in the area of Kato Agios Ioannis was 24.8oC (Table 1) in the 

ΛΘ-23 well, which is located 300m northwards of the settlement. The isothermal curves generally 

trend NNW-SSE (Fig.), however, the thermal anomaly probably extends to the ENE of the village, as 

it is indicated by the temperatures of ΛΘ-27 and ΛΘ-29 wells. This is probably related to the existence 

of a W-E fault, which crosses through the village and continues to the east (Mettos et al., 1986). 

The geothermal anomaly near Sevasti village extends to the NNE, SE, S and SW of the settlement, 

as well as in the area between Sevasti and Nea Trapezounta. The wellhead temperatures vary from 

18.0 to 20.7oC (Table 1). 

The temperatures in the region Kitros-Alykes Kitrous-Makrygialos do not exceed 18.3oC (Table 1). 

However, according to past measurements in the interior of the well ΑΛ-1 (located very close to 

ΛΘ-63), the temperature at the depth of 108m was 19.6oC (3.79C/100m). The distribution of 

temperatures in this region is determined by the local tectonic regime, as it is suggested by the shape 

and trending of the 18oC contour, which follows the direction of two parallel NW-SE faults between 

Kitros and Thermaikos coast (Mettos et al., 1986). 
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Figure 2 - Topographic map indicating the measured water wells (source: Kolios et al., 2005). 
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Table 1 - Wellhead temperatures in the 3 regions of geothermal interest (well depth >150m). 

Well 
Depth 

(m) 

Wellhead 

Temperature 

(οC) 

Well Depth (m) 

Wellhead 

Temperature 

(οC) 

Kato Agios Ioannis Sevasti 

ΛΘ-20 248 23.5 ΛΘ-28 170 19.2 

ΛΘ-21 180 21.8 ΛΘ-26 138 18.0 

ΛΘ-22 245 21.0 ΛΘ-64 150 18.3 

ΛΘ-23 416 24.8 ΛΘ-65 260 20.7 

ΛΘ-24 238 23.2 ΛΘ-66 198 20.7 

ΛΘ-27 150 21.1 ΛΘ-67 190 19.7 

ΛΘ-29 300 21.3 ΛΘ-68 210 18.4 

ΛΘ-39 314 22.0 ΛΘ-77 197 19.7 

ΛΘ-81 187 20.7 ΛΘ-78 260 20.4 

ΛΘ-84 238 23.5  

Kitros- Alykes Kitrous-Makrygialos 

ΛΘ-34 120 18.2 ΛΘ-63 167 18.3 

ΛΘ-62 200 18.0  

4.2. Geothermal gradients 

The geothermal gradients in the study area have been calculated by temperature measurements 

inside five (5) boreholes (Fig. 4) and from available literature data. According to the recordings from 

the meteorological station of Katerini for the period (1951-1996) (Tzimourtas, 2001), the mean 

annual air temperature that has been taken into account for the gradient calculation, is 15oC for the 

plain areas and 14.1-15.0oC for the hilly zone. 

The wells ΛΘ-12 and ΛΘ-15 are located at the northern borders of the basin, south-eastern wards 

of Aeginio town. The temperature recorded at the bottom (129m) of the artesian well ΛΘ-15 is 

18.8°C and the resulting geothermal gradient is 2.56°C/100m. The temperatures up to the depth of 

10m in the well ΛΘ-12 are very low, reflecting the influence of cold superficial aquifers. For that 

reason, the geothermal gradient was calculated for the depth interval 20-75m and is 3.09°C/100, i.e. 

similar to the mean value. 

The bottomhole (2475m) temperature in the hydrocarbon exploration borehole AEGINIO-1 is 

79.5oC (S.P.E.G., 1982b) and the average geothermal gradient is 2.58oC/100m; it should, however, 

be mentioned that the gradient for the interval 0-1814m is much lower, i.e. 1.74oC/100m. The 

temperature recorded at the depth of 385m in the well KAT (southern wards of Aeginio town) is 

23.6oC, indicating a geothermal gradient of 2.1oC/100m. 

The well ΛΘ-48 is located at the northern part of the hilly zone. The temperature at the depth of 

285m is 18.7oC. Temperature inversion is observed up to the depth of 50m, attributable to lateral 

intrusion of cold water. The geothermal gradient that corresponds to the interval 50-285m is 

1.7oC/100m. 
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Figure 3 - Temperature contours based on wellhead temperatures (well depth >150m). 

The well ΛΘ-47 is located about 6km southern wards of ΛΘ-48, at elevation 233m. According to 

the temperature logs (Kolios et al., 2005), 24.0oC have been recorded at the depth of 380m. The 

temperature inversion that is observed at the depth interval 60-85m is attributed to the lateral inflow 

of cold water from the screen casing between 72-78m. The slope of the temperature curve changes 

after the depth of 230m, indicating different rates of increasing temperature with respect to depth, 

i.e. 0.92oC/100m (100-230m) and 3.0oC/100m (230-280m), with the latter being considered as the 

characteristic gradient for the specific well. 

The calculation of geothermal gradient in the area of Sevasti is based on the temperatures in the ΛΘ-

44 well. The maximum recorded value was 24.7oC at the depth of 270m. According to the 

temperature profile, three individual curve parts are observed, which correspond to the depths 50-

150m, 150-250m and 250-270m. The rate of temperature increase with depth is 0.5oC/100m, 

7.1oC/100m and 2oC/100m, respectively. The average gradient for the total depth is 3.6oC/100m. 

In the area near the village Kato Agios Ioannis, a rough estimate of the geothermal gradient is based 

upon past measurements in the well ΛΘ-23, according to which, the temperatures at the depth of 

340m was 26.7oC. Taking into account the mean annual air temperature at 15.5oC, the geothermal 

gradient is calculated at 3.3oC/100m. Similarly, for the area Kitros-Alykes Kitrous, the temperature 

at the depth of 108m in the well ΑΛ-1, indicates a geothermal gradient of 3.8oC/100m. 
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Figure 4 - Temperature profiles from wells in Katerini Basin. 

5. Geochemical investigation 

In the area eastwards of Aeginio (Figure 2), waters at temperatures of 18.0-20.5oC are classified as 

Mg, Ca-HCO3, Na-HCO3 and Na-HCO3Cl types (Figure 5A). They have TDS contents of 0.84-1.81 

g/l and show pH values of 7.59-7.94 (alkaline waters). The water sample ΛΘ-14 is of the Na-

HCO3Cl type and is characterized by higher TDS level (1.81 g/l). It is rich in Na+ (600 mg/l) and Cl- 

(583.6 mg/l), which indicates the influence of sea water. The neighbouring wells ΛΘ-11 and ΛΘ-

15 yield waters of Na-HCO3 and Mg, Ca-HCO3 types respectively, with lower salinities. 

The water samples southwards of Aeginio are classified as Ca, Mg, Na-HCO3, Na, Mg-HCO3, Ca-

HCO3 and Ca-HCO3 types (Figure 5B). The analyses of the samples from the wells that are located 

in the lowland and hilly areas of the basin (ΛΘ-20, ΛΘ-21, ΛΘ-22, ΛΘ-24, ΛΘ-25, ΛΘ-26, ΛΘ-30, 

ΛΘ-31, ΛΘ-32, ΛΘ-33 and ΛΘ-34), indicated groundwater of the Ca, Mg, Na-HCO3 type. The 

wellhead temperatures vary from 16.5 to 23.5οC. The TDS is in the range of 0.47-0.73 g/l and the 

pH of 7.29-7.96 (alkaline waters). Ca2+, Mg2+ and Na+ contribute by 21.8-51.4%, 29.1-47.4% and 

18.4-42%, respectively, to the total cationic charges (in meq/l). Their concentrations have been 

determined to be 45.7-96.2 mg/l Ca2+, 29.1-47.4 mg/l Mg2+ and 53-108 mg/l Na+. The dominant 

anion is HCO3- (370.9-539.2 mg/l) constituting 62.9-77.5% of the total anionic charges. The SiO2 

contents range from 14.2 to 30.8 mg/l. 

The water samples from ΛΘ-23(ΑΓ-1), ΛΘ-27, ΠΕΛ-1 and AΛ-1 belong to the Na, Mg-HCO3 type. 

Their temperatures range from 19.6-24.8oC. They have low TDS (0.42-0.54 g/l) and alkaline 

character (pH=7.45-7.88). Na+ and Mg2+ contribute to the total cationic charges (in meq/l) by 33.5-

58.5% and 23.3-48.8%, respectively. The corresponding Na+ and Mg2+ concentrations are 70-110 

mg/l and 22.4-54 mg/l. The dominant anion is HCO3- (341.6-386.7 mg/l), contributing by 64.7-

81.6% to the total anionic charges. The samples ΛΘ-23(ΑΓ-1) and ΛΘ-27 are plotted on the 
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boundary line between Na, Mg-HCO3 and Ca, Mg, Na-HCO3 types. The well ΑΛ-1 yields water of 

Na, Mg-HCO3 type, despite its vicinity with the sea. 

In the western part of the basin, close to the village of Ryakia, the wells ΛΘ-45 and ΛΘ-46 yield 

waters of Na-HCO3 and Ca-HCO3 types, respectively (Figure 5B). The temperature of the ΛΘ-45 

well is 18.1oC. The water is slightly alkaline pH (7.6) with TDS at 0.39 g/l. The water from the ΛΘ-

46 well has low temperature (14.8oC), low TDS (0.39 g/l) and neutral pH (6.96). The dominant 

cation is Ca2+ (124.9 mg/l, 82.2% of the total cationic charge). This sample can be considered as the 

most representative cold water in the basin that comes from a shallow aquifer. 

 

Figure 5 - Piper (1944) trilinear diagram of groundwaters from (A) the Aeginio - Nea 

Agathoupoli area and (B) southwards of Aeginio. 

The composition of groundwater is defined by geochemical processes and factors, such as the 

dissolution of carbonate, silicate and clay minerals, feldspars and mica. The cold waters of the wider 

area are enriched in Ca2+ and Mg2+, due to their circulation in shallow aquifers composed of sandstones, 

sands and pebbles. The increased Ca2+ and Mg2+ concentrations in shallow and cold waters can be 

attributed to the dissolution of carbonate minerals, which constitute the cement of the clastic sediments. 

Fluctuation of Ca2+ concentrations in the groundwater is either attributable to different residence time 

within the sediments or to the lithological differentiation of the formations through which the 

groundwater has circulated. The Na+ cations are derived from the dissolution of the plagioclase 

feldspars and clay minerals. Waters coming from deeper aquifers (sands and pebbles), which are 

interbedded among clayey sediments, show higher Na+ contents. Hence, the water samples from the 

wells located in the lowland and hilly areas of the Katerini basin belong to the Ca, Mg, Na-HCO3 and 

Na, Mg-HCO3 types. The increased concentrations of Na+ and HCO3
- can be attributed to the combined 

effect of calcite/dolomite dissolution and the Ca-Na ion-exchange controlled by the presence of clay 

minerals. These geochemical processes result in the formation of Na-enriched waters. The correlation 

diagrams show that the concentrations of various chemical species (Na+, K+, SiO2, Cl-, Ca2+, HCO3
-, 

CO3
2-, NH4

+, SO4
2-, Mg2+, Β, F- και Br) is not associated to the water temperature. 

6. Discussion-Conclusions 

The results of the reconnaissance geothermal investigation in the basin of Katerini suggest three 

individual sub-regions of geothermal interest, which, in order of priority, are: (i) the area of Kato Agios 

Ioannis, (ii) the area of Sevasti, and (iii) the area between Kitros-Alykes Kitrous and Makygialos. 

The maximum temperatures were recorded near the village of Kato Agios Ioannis, where 26.7οC 

were recorded at the depth of 340m. The geothermal gradient of 3.29oC/100m in this area is slightly 

higher than the mean earth value. The temperature contours generally trend NNW-SSE, but, 

evidently, the thermal anomaly is extending to the east, probably due to the existence of a W-E fault. 
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The calculated geothermal gradient near Sevasti is 3.67oC/100, based upon measurements in only 

one well. Nevertheless, the wellhead temperatures, which vary from 19.2-20.7oC, are lower than in 

the region of Kato Agios Ioannis, where they reach 24.8oC. 

The area between Sevasti and Nea Trapezounta seems less promising, with the wellhead 

temperatures not exceeding 20.4oC. The wellhead temperatures in the area Kitros-Alykes Kitrous-

Makrygialos are 18-18.2oC; however the temperature of 19.6oC at the depth of 108m, which was 

measured in one well, indicates a geothermal gradient (3.8oC/100m) above the mean earth value. 

The chemical analyses showed that the groundwater of Katerini basin is classified as Ca, Mg, Na-

HCO3 and Na, Mg-HCO3 water. No correlation between ions and temperature could be established, 

which means that the chemical character of the groundwater in this area mostly depends on the local 

lithology and mineral composition. 

The geological structure and the stratigraphy of the basin specify the thickness of the Neogene 

sediments to more than 1000m, which benefits the drilling of deep exploration boreholes. Given the 

estimated geothermal gradients, significant temperatures could be encountered before entering the 

bedrock formations. 

The available data suggest that the systematic geothermal and drilling exploration should initially 

focus on the area of Kato Agios Ioannis. On the other hand, the exploitation of the shallow and high 

yield aquifers from existing water wells (by using geothermal heat pumps), which could be 

immediately realised, constitutes an efficient and cost effective solution for the heating and/or 

cooling of a building, pool, greenhouse, etc. 
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Abstract 

The aim of the work is to investigate and analyze the hydrodynamic and 

hydrochemical status of the karstic aquifer of Orfana-Iperia in West Thessaly before 

the application of its artificial recharge. The works of the artificial recharge, which 

is under construction, will be achieved by the divertion of a portion of the flow of 

Enipeas River. Regarding the geology and hydrogeology of Orfana-Iperia site, the 

geological and hydrogeological maps of the area, along with the depiction of the 

hydro-graphic network were constructed by means of GIS and are presented. 

Moreover, the hydrological analysis of the Enipeas river basin is included. The 

analysis was made using the hydraulic software “Hydrognomon”. The piezometric 

analysis of the area is performed via piezometric maps produced using GIS and the 

"Surfer" software. The water table measurements of the aquifer system were provided 

by the Geology and Mineral Investigations Institute and by local organizations of 

reclamation. Furthermore, water sampling has been done in the area and after 

analysis, hydro-chemical diagrams were constructed by “Aquachem” software. 

Finally, the proposed method of the artificial recharge is described. The 

hydrogeological and hydrochemical analysis of the karstic aquifer before application 

of ground water recharge is very important for the future qualitative and quantitative 

comparison of groundwater today drawing conclusions. 

Keywords: hydrogeology, hydrological analysis, hydro-chemical diagrams, 

"Hydrognomon", GIS. 

Περίληψη 

Αντικείμενο της εργασίας είναι η διερεύνηση του υδροδυναμικού και υδροχημικού 

καθεστώτος του καρστικού υδροφορέα Ορφανών-Υπέρειας Δυτικής Θεσσαλίας πριν την 

εφαρμογή τεχνητού εμπλουτισμού. Ο εμπλουτισμός θα γίνεται μέσω εκτροπής μέρους 

της χειμερινής παροχής του Ενιπέα ποταμού και τα προκείμενα τεχνικά έργα είναι υπό 

κατασκευή. Οι γεωλογικές και υδρογεωλογικές συνθήκες της περιοχής διερευνήθηκαν 

και περιγράφονται, ενώ σχεδιάστηκε ο γεωλογικός και υδρογεωλογικός χάρτης όπως 

και ο αντίστοιχος του υδρογραφικού δικτύου με τη χρήση GIS. Ακόμη, παρουσιάζεται η 

υδρολογική ανάλυση της λεκάνης του ποταμού Ενιπέα για την οποία χρησιμοποιήθηκε 

το υδρολογικό πρόγραμμα "Υδρογνώμων". 
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Πιεζομετρικοί χάρτες σχεδιάστηκαν με τη χρήση GIS και του λογισμικού "Surfer". Οι 

σταθμημετρήσεις παραχωρήθηκαν από το ΙΓΜΕ και τους ΤΟΕΒ της περιοχής. 

Επιπλέον, πραγματοποιήθηκε δειγματοληψία νερού στην περιοχή και μετά από 

ανάλυση, κατασκευάστηκαν οι καμπύλες φυσικών χαρακτηριστικών και χημικών 

συστατικών του υπόγειου νερού της περιοχής, καθώς και υδροχημικά διαγράμματα με 

τη χρήση του λογισμικού “Aquachem”. Τέλος,  περιγράφεται η μέθοδος του τεχνητού 

εμπλουτισμού που θα εφαρμοστεί. Η ανάλυση του υδροδυναμικού και υδροχημικού 

καθεστώτος του καρστικού υδροφορέα πριν την εφαρμογή τεχνητού εμπλουτισμού είναι 

πολύ σημαντική για την μελλοντική ποιοτική και ποσοτική σύγκριση των υπόγειων 

νερών σήμερα, με τα υπόγεια νερά της περιοχής μετά τον εμπλουτισμό και την εξαγωγή 

συμπερασμάτων. 

Λέξεις κλειδιά: υδρογεωλογία, υδρολογική ανάλυση, υδροχημικά διαγράμματα, 

"Υδρογνώμων", GIS. 

1. Introduction 

The increase of cultivated areas in Orfana-Iperia site and generally in Thessaly during the past few 

years and the forecast for further future increase, resulted the increase of the water pumping amount. 

This fact causes the significant drawdown of the water table elevation, despite the enrichement of 

the aquifers in this region. It is representative of the situation, the ground water level in Hellinikon, 

as it is described in Table 2. 

The application of artificial recharge of the aquifers was proposed in the area, considering that there 

are surface upsurges of the karstic aquifer of the region. The research about the artificial recharge in 

the karstic aquifer was studied by Mariolakos I. (July 2000), who elaborated a related research 

project in collaboration with the Kapodistriako University of Athens. The final study of the recharge, 

elaborated by technical companies in April of 2006, was based on Mariolakos' study. 

1.1. Geology-Hydrogeology of Orfana-Iperia 

The entire Thessaly plain consists a large tectonic submersion within the mountain of Pindos at the 

South-Southwest and Olympos, Ossa and Mavrovounio mountains at the Northeast. The Orfana-

Iperia site is part of the wider basin Thessaly, which is subdivided into two smaller basins; the one 

at the Eastern site (Larissa) and the other at the Western part of Thessaly. Also, it is important to 

mention that each one of the sub-basins consists of partial hydro-geological units, which locally 

show a merged hydraulic connection, while in other parts are completely independent (Mariolakos 

I., July 2000). 

Noteworthy is the surface upsurge of the karstic aquifer of the region, in Fillion Mountain and in 

Chtouri hill. These two “karstic tanks” are surrounded by an aquifer consisting of microgranular 

materials. The karstic aquifer and the microgranular aquifer are connecting hydraulically. 

Regarding the geology and hydro-geology of Orfana-Iperia site, the geological and hydro-geological 

maps of the area, along with the depiction of the hydro-graphic network were developed by means 

of GIS. 

2. Hydro-Meteorological Analysis, Hydrognomon Software 

The main source of recharge in the area comes from the precipitation, so the climatic characteristic

s of the area were evaluated. The climate of flay Thessaly is characterized by a relative uniformity,

 as far as the geographical distribution of the mean monthly temperatures is concerned, although di

ssimilarity is observed for precipitation across the area. In fact, the distribution of precipitation gen

erally reveals an increase from the East to the West. Particularly, during the summer period the am

ount of rainfall appears to be decreased in the area of Trikala than in the area of Karditsa.
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Figure 1 - Geological map of Orfana-Iperia site. 

 

Figure 2 - Depiction of the hydro-graphic network of Orfana-Iperia site. 
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The same distribution is valid for relative humidity. However, quite interesting is the fact that 

summer rainfalls are actually quite dense. Nevertheless, the former do occur mostly in the form of 

storms. 

Firstly, the precipitation of the hydro-geological basin, which is traversed by through Enipeas River, 

was estimated. However, at this point it is important to add that prior to analysing the precipitation 

data of the observatory stations, the checking of the quality and completeness of the collected sample 

was significant too. For that reason, inspection of the homogeneity, completion and extension for 

63 years (10/1950-9/2013) of the rainfall and temperature timeseries was recorded. This analysis 

was done using the hydraulic program “Hydrognomon”. 

Then, the potential evapotranspiration was estimated with the Blaney-Criddle method and the 

monthly runoff was calculated based on the rain-runoff model “Zygos”. Infiltration was estimated 

too, based on the foregoing data. Finally, from the calculation of the water balance, it is estimated 

that a portion of 72.9% per year (426.3*106 m3) of precipitations is evapotranspirated, while a 

portion of 16.8% per year (98.4*106 m3) runoffs in the surface. The remaining portion of 10.3% per 

year (59.5*106 m3) is attributed to the infiltration of rainfall in the aquifer. 

According to Mariolakos' research, the average annual quantity of Enipeas River runoff that can be 

used for recharge in order not to disturb the normalcy of the river is about 16.7*106 m3. For the same 

reason the water intake must not be done during the dry season of the year (May till September) in 

order not to disturb the operation of the river. According to the same study, 4.5*106 m3 of the total 

amount of precipitation that infiltrates in the basin of the Enipeas River, infiltrates directly into the 

"karstic tank" of Fillion Mountain. Also, this karstic aquifer is enriched with an additional 19.1*106 

m3 of water, which infiltrates through the granular aquifer. The whole of the above quantities of 

water that will enrich the karstic aquifer are estimated in about 40.3*106 m3. 

The hydrological analysis is important because the resulting information in conjunction with the 

information that is derived from the piezometric analysis will help to draw conclusions about the 

recharge that will be applied. 

Table 1 - Meteorological Station Data. 

 

 

 

 

Figure 3 - Position of Meteorological Stations.  

 

Name 

 

Basin 

 

Altitude (m) 

Karditsa Pinios River 106.7 

Anavra Pinios River 196.3 

Loutropigi Pinios River 722.1 

Skopia Pinios River 444.7 

Zappeio Pinios River 172.3 
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3. Piezometric Analysis 

For defining the piezometric condition of the area, piezometric maps for May and September of 

2005, June and September of 2006 and April of 2007 were developed, using data from Geology and 

Mineral Investigations Institute’s studies. This analysis was done using the GIS and the “Surfer” 

software. From the developement of these maps, useful results concerning the piezometry of the 

area were extracted. Also, results of Sideri (2008) piezometric analysis in the neighboring area of 

Stavros-Farsala were noticed and comparisons with the results of this study were made. 

In general, the piezometric surface implies a decreasing trend, mainly due to the overpumping of the 

aquifer. This trend though was interrupted from a period of balance of the groundwater level, which 

was recorded in the period 1999 to 2006. 

According to Mariolakos' research, the annual increase in the deficit of the karstic aquifer is about 

2.1*106 m3. 

The piezometric maps were drawn by the “Surfer” software and the piezometric maps of Sideri’s 

thesis (Athens, 2008) are also presented below. In these maps it is clear the status of the groundwater 

level in the territory. 

 

Figure 4 - Piezometry of Orfana-Iperia site (Level measurements provided by the Geology 

and Mineral Investigations Institute). 

4. Groundwater Quality Factors and Findings 

The described research was later complemented with the water sampling from seventeen (17) 

drillings in Orfana-Iperia site. The chemical analyses were performed in the relevant lab of the 

School of Mining and Metallurgical Engineering and in the Chemistry Laboratory of the 

Technological and Cultural Park of Lavrio of National Technical University of Athens (NTUA). 

Following the chemical analyses, the hydro-chemical diagrams were drawn via Aquachem software 

(Figure 6-10). Observations of the main chemical compositions of groundwater were made and the 

suitability of the water for potable and irrigation use was examined. 

The main results of the tests are presented in the Table 2. 
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Figure 5 - Piezometric maps of Orfana-Iperia site (Sideri, 2008). 

 

Figure 6 - Water Level in Hellinikon. 
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Table 2 - Chemical analysis results in Orfana-Iperia site. 

Site 
Drilling 

Code 
pH T (oC) 

EC 

(μS/cm) 

Na+ 

(mg/l) 

K+ 

(mg/l) 

Ca++ 

(mg/l) 

Mg++ 

(mg/l) 

Cl- 

(mg/l) 

HCO3- 

(mg/l) 

NO3- 

(mg/l) 

SO4- 

(mg/l) 

Polyneri 

LB13 6.754 13.3 880 88.2 1.9 78 41 81 427 19.7 27 

LB51 6.648 11.0 662 28.5 0.6 82 37 18.1 305 28.8 27 

LB57 6.813 12.8 820 130.2 1 45 24 36.1 305 10 37 

ΕΛ7 6.885 13.5 582 72 0.6 47 28 16.7 366 9.7 9 

ΕΛ9 6.716 12.5 651 38.9 0.4 65 22 38.1 366 1 20 

ΕΛ30 6.779 13.1 603 90.4 0.7 42 18 28.2 305 6.3 15 

Stavros - 

Katochori 

LB1 6.688 12.6 704 51.2 0.5 111 75 25.1 549 4.1 25 

LB47 6.684 12.9 616 33.8 0.7 92 45 7.7 305 39.2 21 

LB64 6.797 14.0 577 44.9 0.5 82 32 19.4 366 7.4 11 

LB69 6.903 14.4 700 46.9 0.4 98 61 37.3 305 4.4 23 

ΕΛ3 6.903 14.4 703 40.6 0.6 82 41 34 305 26.6 21 

SR9 6.644 13.0 633 28.1 0.6 101 53 21 427 20.4 20 

Fillio 

Oros 

ΚΒ139 6.863 14.3 657 40.1 1.1 94 49 16 427 18.5 32 

ΚΒ140 6.685 12.7 619 35.1 0.9 78 48 17 305 20.4 22 

ΕΚ12 6.706 13.5 601 30.2 1.4 88 45 14 366 26 20 

ΕΚ16 6.722 14.0 604 28.9 1.3 71 32 15 305 19.6 21 

ΕΚ17 6.846 14.5 609 31.2 1.4 71 24 9 366 23.5 20 

The results of the above chemical analyses revealed high levels of Magnesium (Mg) and Nitrates 

for the groundwater of the study area. High levels of Magnesium (Mg) were detected due to the soil 

texture of the alluvial deposits and the presence of ultramafic rocks. In addition, the increased 

concentrations of nitrates are a direct consequence of the intensive usage of fertilizers and pesticides 

in the area for agriculture purposes. The hydrochemical diagrams are presented below: 

 

Figure 7 - Durov diagram.    Figure 8 – nPiper diagram. 
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Figure 9 - Schoeller diagram.   Figure 10 - Wilcox diagram. 

 

Figure 11 - Ludwig Langelier diagram. 

5. Artificial Ground Water Recharge, Recharge Site Fillion Mountain 

Artificial ground water recharge at Orfana-Iperia will be achieved by the divertion of a portion of 

the flow of Enipeas River in the Karstic aquifer of Fillio Mountain. A diversion dam is already built 

on Enipeas River and the water will be conveyed through a ditch to the recharge site. There, ground 

water recharge will be made through a tunnel with recharge holes. The flow that has been calculated 

for the design of the water transportation constructions for artificial enrichment is Q= 5m3/sec. 

However, during the construction of the tunnel, it has been confirmed that there has been excessive 

use of concrete for the construction of the holes, which obviously will cause the reduction of the 

desired infiltration. This is something that should be taken into consideration in order not to affect 

the profitability of the project. 
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Figure 12 - Hydrochemical map of Mg and NO3 destribution in Orfana - Iperia. 

 

Figure 13 - Future Artificial ground water recharge constructions. 

6. Results and Conclusion 

Initially, it was argued that the largest section of the Thessaly aquifer is under a sever 

overexploitation regime as there is constant and systematic depression of water levels year after year. 

Nevertheless, it was found that the volume of overexploitation varies across the local area. The same 
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is true as for the timing that the sudden decrease in the groundwater level begun, without any action 

taken for its substitution. 

The study led to the following conclusions: 

 The area that is cultured exceeds 100.000 acres and is irrigated with boreholes. 

 The depletion of groundwater is a major problem and the application of artificial ground water 

recharge is vital for the substitution of the aquifers. 

 The artificial recharge will be achieved using water from Enipeas' river runoff by diversion. 

The maximum amount of Enipeas’ river water that will be diverted is 16.700.000 m3/y. The 

water intake must be done during the wet season in order not to disturb the operation of the 

river. 

 The amount of water that is going to enrich the karstic aquifer is sufficient both to compensate 

the annual increase in the deficit of the karstic aquifer and for the gradual equalization of the 

total deficit that has been created due to overexploitation for years. 

 As shown by the chemical analysis, the quality of water of the region is good and suitable for 

irrigation. 

 The artificial ground water recharge constructions must be done according to the 

specifications of the final study of the project in order to avoid the reduction of the infiltration 

that is needed. That is important for the profitability of the project. 
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Abstract 

The overexploitation of groundwater and groundwater salinization cause quantitative 

and qualitative degradation of the water resources. The objectives of this research 

are to identify and investigate the extent of seawater intrusion and nitrate pollution 

into the coastal plain of Marathon in Eastern Attica, Greece. In the frame of this, 25 

groundwater samples were collected in October 2014 from the study area and 

analyzed regarding the main parameters that indicated salinization of the aquifers. 

Specifically, water chemical analyses were carried out and statistical analyses 

regarding spatial distribution were performed. The results demonstrated increased 

values of the parameters which can be associated with seawater intrusion. 

Considering and evaluating the results from the chemical analyses it is obvious that 

seawater intrusion takes place in the area. Furthermore, the average concentration 

of NO3
- was 44.16mg L-1 and this can be attributed to overexploitation of coastal 

aquifer for agricultural activities. 

Key words: Hydrochemistry, Hydrogeology, Pollution, Groundwater. 

Περίληψη 

Η υπεράντληση των υπογείων υδάτων και η υφαλμύριση οδηγεί σε ποσοτική και 

ποιοτική υποβάθμιση των αποθεμάτων νερού. Οι στόχοι αυτής της μελέτης είναι να 

εντοπιστεί και να διερευνηθεί το φαινόμενο της υφαλμύρισης και νιτρορύπανσης στην 

παράκτια πεδιάδα του Μαραθώνα στην Ανατολική Αττική. Για το σκοπό αυτό, 25 

δείγματα υπόγειων υδάτων συλλέχθηκαν κατά την περίοδο του Οκτωβρίου 2014 από 

την περιοχή μελέτης και αναλύθηκαν ορισμένες παράμετροι που σχετίζονται με την 

υφαλμύριση των υδροφορέων. Συγκεκριμένα, διεξήχθησαν χημικές αναλύσεις υδάτων, 

στατιστική επεξεργασία και χάρτες χωρικής κατανομής. Τα αποτελέσματα έδειξαν 

αυξημένες τιμές των παραμέτρων που μπορούν να αποδοθούν στη διείσδυση 

θαλασσινού νερού. Από την ανάλυση και κατανόηση των χαρακτηριστικών της 

ποιότητας των υπόγειων υδάτων του Μαραθώνα, είναι σαφές ότι η περιοχή βρίσκεται 

υπό καθεστώς θαλάσσιας διείσδυσης. Επιπλέον, η μέση συγκέντρωση NO3 ήταν 44.16 

mgL-1 και αυτό μπορεί να αποδοθεί στην υπερεκμετάλλευση των παράκτιων 

υδροφορέων για γεωργικές δραστηριότητες. 

Λέξεις κλειδιά: Υδροχημεία, Υδρογεωλογία, Ρύπανση, Υπόγεια νερά. 
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1. Introduction 

Water management of coastal aquifers is one of the major challenges of the modern world, because 

it is inextricably linked to the economy of the coastal areas. The phenomenon of seawater intrusion 

constitutes a special case of salinization which affects the quality of coastal aquifers. Almost all the 

cases of seawater intrusion that are recorded were caused by human activities and especially by the 

intense over pumpingin coastal areas. The overexploitation of groundwater results in the quantitative 

and qualitative degradation of the water reservoirs. 

This study investigates the phenomenon of seawater intrusion into the coastal plain of Marathon, 

Eastern Attica, Greece. The research area shows great interest because it is a typical case of intense 

human intervention. It is located in the Northeastern part of the province of Attica and is bordered 

to the North by the mountainous regions of Kotroni, Strati and Terokorfi, to the West by Mountain 

Penteli, to the East by the mountainous regions of Drakonera and Mytikas, and to the Southeast by 

the Kynosoura peninsula (Figure 1). 

 

Figure 1- Location of the study area. 

2. Materials and Methods 

2.1. Geology - Hydrogeology 

In Eastern Attica, and more specifically, in the wider Marathon area, there are four different 

geological units (Pavlopoulos et al., 2002). These are (from the lowest to the highest): 

 Almyropotamos unit that constitutes the indigenous unit of the area, 

 Unit of Recent Greek Tectonic Cover. 

 Unit of Afidnon - Tourkovounia. 

 Unit of Mavrinoras – Katsimidiou. Regarding the Lithology, the area is consisted by marbles, 

schists, quaternary and Neogene deposits. The marbles cover almost all the hilly and mountainous 

area and the quaternary sediments cover most of the growth in the plain of Marathon. 

In the area of interest, two types of aquifers are developed, the karstic and alluvial aquifers. In 

carbonate formations, the flow of groundwater is through karst pipes and cracks and is always 

controlled by impermeable schists occurrences, that interfere in the entire carbon mass. In recent 

deposits, a circulation of the groundwater via the porous grains is observed, where the stratigraphic 

structure allows. The schists, mainly, and Neogene marl deposits are practically impervious 

 

N 
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formations. The presence of schists controls the groundwater flow in carbonate formations and thus 

they are creating either partially, or completely isolated carbon units, or in combination with faults, 

new routes of karstic water. 

The karstic aquifers in marble unit of Almyropotamos may be linked to the aquifer of the lower 

marble of Penteli. The marbles of Almyropotamos unit are showing intense karstification. The 

aquifer is located far from the sea. Also, it is possibly due to the interference of schist intercalations 

in marbles the development of some local individual water storage, but the main discharge of the 

karst system is through the Makaria spring of Kato Souli. 

2.2. Meteorological Data 

The climate of Marathon basin is typically semi-dry Mediterranean. Mostly, rainfall is observed during 

the cold season, as in the summer there are many drought periods. Meteorological data from the water 

supply company (Athens Water Supply and Sewerage Company -EYDAP S.A.) was evaluated from 

the nearest station in the study area: Marathon (in the period 1986-1997). The average annual rainfall 

was estimated at about 588.9 mm. During the period from June to September, the average monthly 

rainfall is lower than 20 mm per month resulting in negligible natural recharge of the aquifers. The 

average annual temperature is 17.4˚C. Figure 2 shows the temperature - precipitation diagram resulting 

from a combination of precipitation and temperature data. From this diagram, it seems that the wet 

season starts from mid-October and ends mid-March, while the dry season starts from mid-March and 

ends in mid October. The temperature - precipitation diagram confirms the dry climate of the region 

with relatively low rainfall and high temperatures during the dry season. 

 

Figure 2 - Temperature - Precipitation diagram from Marathon station (in period 1986-1997). 

2.3. Sampling and Analysis 

Sampling of groundwater was carried out in October of 2014. This is the last month of the dry 

season, as the natural recharge is decreased. During the summer season, groundwater pumping for 

agricultural and potable uses is intense, so the water table is expected to be lower. Sampling sites 

were selected based on anthropogenic activities, in plain of Marathon. 

Two water samples were taken from each site or well. One sample was used for the analyses of 

major anions and cations. This sample was stored in a vial polyethylene, which was flushed first 
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with deionized water, and this was rinsed several times with the water sample, it was preserved in a 

cool, dark place, until it was transferred to the laboratory. The second sample was related to in situ 

measurements of unstable physicochemical parameters of water, as electrical conductivity 

measurements (EC), pH and temperature. These measurements were done with the portable 

instruments of the Laboratory of Engineering Geology and Hydrogeology, School of Mining 

Engineering - Metallurgy of the National Technical University of Athens. Totally 25 samples were 

collected in winter time. 

3. Results and Discussions 

3.1. Composition of major ions 

The descriptive statistics of various chemical constituents and the ionic ratios for the 25 samples are 

presented in table 1. As shown in the table, all samples have values of EC> 1000 μS cm-1, which 

means that all measurements are over the limits of fresh water in accordance with Directive the 

European Union. The seawater intrusion is also indicated by the high concentrations of Cl- and Na+. 

Specifically, the average concentrations of Cl- were >500 mg L-1 when the usual values are < 10 mg 

L-1 in wet areas and < 100 mg L-1 in dry areas (Kallergis, 2000) and the average concentrations of  

Na+ were> 200 mg L-1 when the usual values are < 20 mg L-1. The nitrate concentrations are also 

considered high and over the acceptable limits of 50 mg L-1. The spatial distribution of nitrates is 

higher in the areas that agricultural activities are taken place. Finally, ionic ratios Na / Cl and BEX 

(Base Exchange Index) confirm the seawater intrusion regime in the Marathon Basin. Specifically, 

all values of the ratio Na / Cl are < 0,876 indicating salinization in the aquifer. BEX is proposed by 

Stuyfzand (1986, 2008) and is given by the formula: 

BEX = (Na++K++Mg2+) - 1.0716 x Cl- (all in meq L-1) 

When the index value is positive, it indicates recharge process and when it is negative, it indicates 

salinization conditions. Almost all values are negative. Koumantakis et al. (1993), Melissaris and 

Stavropoulos (1999) and Fotopoulos (2004) have confirmed the seawater intrusion inthe study area. 

Specifically, the average values of all parameters are higher in the period of October 2003 (Table 1), 

according to the study of Fotopoulos (2004). The elements which are associated with seawater 

intrusion (EC, Cl-, Na+) show a slight decrease in their concentration, while the nitrate pollution has 

decreased considerably. As shown, the qualitative situation of coastal aquifer in Marathon basin has 

improved in recent years. 

The correlation coefficient of the studied parameters is shown in Table 2. A significant correlation 

is observed between EC and Cl- (0.942) and between Na+ and Cl- (0.956), due to seawater intrusion. 

There are strong correlation between EC - Cl- and Na+ - Cl- as it is shown in the Figure 3. From the 

data obtained, concentration of calcium ions is much lower compared to chloride ions which can be 

an indication of calcium removal as a result of calcite precipitation. Precipitation takes place during 

the cation exchange process which is the later effect from the seawater intrusion into the aquifer: 

Ca2+ in the aquifer matrix is exchanged with Na+, the water becomes supersaturated with respect to 

calcite. The good correlation between Ca2+ and Mg2+ (0.926) is attributed to geogenic association 

and to the dissolution of calcite and dolomite. The main inputs of SO4
2- and also NO3

 - into 

groundwater are derived from anthropogenic activities. 
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Table 1 - Descriptive statistics of samplings in the period of October 2014 (EC in μScm-1, Cl-, 

NO3
-, Na+,Ca+2, Mg+2, HCO3

-, SO4
-2 inmgL-1 and ionic ratios of Na/Cl and BEX are unitless). 

Parameter October 2014 (25 samples) 

 EC Cl- NO3
- Na+ Ca+2 

Mg+

2 

HCO

3
- SO4

-2 

Na/

Cl 

BE

X 

Mean 

2558.9

2 

508.5

6 44.16 214 

202.3

6 34.2 

309.5

4 

146.3

2 0.63 

-

3.08 

Stdev1 

1067.1

6 

325.2

3 45.17 

147,5

5 90.48 

17.3

1 

185.3

5 88.14 0.14 3.01 

Max 4720 1220 175 494 382 69 763 340 0.84 0.36 

Min 1025 75 4 38 102 11 67 41 0,33 

-

12.8

9 

Quartile 1 1675 265 17 113 132 20 

204,7

5 59 0.55 -4.2 

Median 2380 380 24 144 171 32 265,5 155 0.7 -2.6 

Quartile 3 3340 725 52 355 273 42 

413,2

5 208 0.74 

-

1.18 

Skewness 0.39 0.72 1.72 0.5 0.84 0.61 1,05 0.39 -0.59 

-

1.84 

Kurtosis 2.11 2.49 5.3 1.71 2.37 2.2 3.56 1.99 2.29 7.32 

October 

2003(Mea

n)2 

2972.1

1 

699.6

1 

140.5

9 

425.6

1 

256.7

5 

54.7

6 

318.6

4 

167.3

9 - - 
1 Standard deviation 
2 Fotopoulos (2004) 

Table 2- Correlation matrix for all data. 

 EC Cl- NO3
- Na+ Ca+2 Mg+2 HCO3

- SO4
-2 

EC 1        

Cl- 0.942 1       

NO3
- 0.254 -0.053 1      

Na+ 0.877 0.956 -0.221 1     

Ca+2 0.758 0.549 0.770 0.365 1    

Mg+2 0.867 0.711 0.626 0.558 0.926 1   

HCO3
- 0.105 -0.209 0.895 -0.333 0.668 0.537 1  

SO4
-2 0.911 0.825 0.351 0.760 0.756 0.874 0.271 1 
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Figure 3 - Correlation diagrams of EC -Cl- and Na+- Cl- for the sampling period of October 

2014. 

3.2. Spatial Distribution 

The spatial distribution of some parameters is presented in figure 4. The statistical analysis of water 

sampling is shown in table 1. As it is observed by the parameters EC, Cl-, Na+ and the ionic ratios 

Na+ / Cl- and BEX (Figure 4), high values exceeding the acceptable limits, indicate seawater 

intrusion that are presented in the eastern part of the study area. On the west part of Marathon plain, 

concentrations and ionic ratios values are presented lower and it is likely to happen because the 

sampling locations are farther away from the coastline and on the other hand, there is possible 

recharge from the karstic mountain masses. The concentrations of nitrates are considered high, since 

they are over the indicative and the permissible limits of literature (~50 mg L-1). In figure 4 (medium 

Correlation diagram of E.C. and Cl for the sampling period of October in 2014
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right), the spatial distribution of nitrate shows a specific point source pollution which spatially 

corresponds to an agricultural area. The intense agricultural activities are probably the main source 

of nitrate pollution in the research area. 

  

  

  

Figure 4 - Spatial distribution maps of EC in μS cm-1(upper left), Cl- in mg L-1(upper 

right),Na+mg L-1(medium left), NO3in mg L-1 (medium right), Na/Cl (lower left), BEX (lower 

right)for the period of October 2014. 

3.3. Piper, Schoeller and Wilcox diagrams 

As it is shown in Piper diagram in the lowland area of Marathon, two groups of water samples are 

distinguished. The first group (in the blue circle in Figure 5) is characterized as Ca-Na-Cl-HCO3 up 

to Na-Ca-Cl that definesthese samples as subsaline. The anions dominants are Cl-, while the 

corresponding cations are Na+. The second group is consisted of geoalkaline natural waters. More 

specifically, the water ischaracterized as acid carbonate - sulfates of formula Ca-HCO3-Cl. The 

anions dominants are HCO3, while the Ca2+ are in cations. The values of EC and chloride are very 

high in the coastal zone of the study area. 

As it is observed in the Schoeller diagram, high concentrations of anions Cl- are distinguished, as 

seawater intrusion takes place in coastal and plain of Marathon. 
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Figure 5 - Hydrochemical diagrams of Piper and Schoeller. 

The United States Department of Agriculture (USDA) (1954) classifies irrigation water with respect 

to SAR. SAR is calculated from the following formula, all concentrations expressed in milli-

equivalents per litre: 

2

Na
SAR

Ca Mg




 
The waters having SAR values less than 10 are considered excellent, 10-18 as good, 18-6 as fair, 

and above 26 are unsuitable for irrigation use (US Salinity Laboratory Staff, 1954) (Table 3) (Fig. 

6). Wilcox (1955) diagram (Fig. 6) is widely used and is especially implemented to classify 

groundwater quality for irrigation (Ebraheem et al., 2012; Banoeng-Yakubo et al., 2009; Ganyaglo 

et al., 2011; Swarna Latha and Nageswara Rao, 2012; Mtoni et al., 2013). The calculated SAR 

values range from 0.86 to 7.55 in groundwater in the study area and almost all samples fall into 

excellent class (Table 3). The USDA (1954) has also classified irrigation waters on the basis of 

electrical conductivity (EC) as indicated in Table 3. 

According to USSL diagram (US Salinity Laboratory Staff, 1954), which is widely used for rating the 

irrigation waters, water can be grouped into 16 classes. It uses SAR (vertical axis) and specific 

conductance (horizontal axis) (Fig. 6) (Table 4). The conductivity (horizontal axis) is classified into low 

(C1), medium (C2), high (C3) and very high (C4) salinity zones. These zones (C1-C4) have the value of 

EC < 250, 250-750, 750-2.250 and >2.250 μS cm-1, respectively. The SAR (vertical axis) is subdivided 

into four classes, with decreasing limiting values as EC increases: low (S1), medium (S2), high (S3) and 

very high (S4) sodium hazard. Significance of classes in relation to EC and SAR is presented in Table 4. 

The results show that 44% of all samples from the study area were graded as suitable for irrigation use, 

while 36% as unsuitable. 20% of samples were regarded as suitable under specific conditions. 

Groundwater samples classified as C3S1, C4S1 and C4S2 were the dominant classes. 
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Figure 6 - Groundwater suitability for irrigation in the study area. Assessment was 

conducted using Wilcox (1955) diagram. 

Table 3 - Classification of irrigation water according to USDA (1954). 

Parameter Range Waterclass Noof samples %  

 <10 Excellent 25 100 

 10 - 18 Good 0 0 

SAR 18 - 26 Doubtful 0 0 

 >26 Unsuitable 0 0 

 100-250 Lowsalinitywater 0 0 

EC 

 (μS cm-1) 250-750 Mediumsalinitywater 0 0 

 750-2250 Highsalinitywater 11 44 

 >2250 Veryhighsalinitywater 14 56 

Table 4 - Summary of groundwater classification based on USSL diagram. 

No Category Noofsamples Salinity/sodiumhazard Statusforirrigation 

1 C3-S1 11 

High salinity hazard - low 

sodium hazard Suitable 

2 C4-S1 5 

Very high salinity hazard - 

low sodium hazard Suitableinspecificcondition 

3 C4-S2 9 

Very high salinity hazard - 

medium sodium hazard Unsuitable 
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4. Conclusions 

In the basin of Marathon, Eastern Attica, Greece, a hydrogeological research carried out in the period 

of October 2014. The hydrogeological and hydrochemical study in Marathon basin shows that the 

area is under seawater intrusion regime. The qualitative characteristics of groundwater haven’t 

changed significantly during the last decades, as it is described in previous studies (Koumantakis et 

al., 1993; Melissaris and Stavropoulos, 1999). Summarizing, EC expresses the total concentration 

of salts in the water and it is a measure of the quality of groundwater. The EC measured values range 

from 1025 μS cm-1 to 4720 μS cm-1. All samples show EC > 1000 μS cm-1, the minimum value is 

bigger than the target value of the European Union (~ 400 μS cm-1). The presence of Cl- usually 

reveals seawater intrusion into the aquifer and is directly connected with the high values of EC. The 

concentrations of Cl- in the Marathon coastal plain are considered high, making explicit the 

qualitative degradation of the groundwater reserves in the study area. The normal Na+ concentrations 

in groundwater are < 20 mg L-1. However, concentrations of Na+ in the study area are ranging from 

38 mg L-1to 494 mg L-1. The increased concentration is probably due to contamination by seawater 

intrusion and possible ion exchange of Ca2+ and Na+ because of seawater intrusion. Spatially, the 

sampling locations were close to the sea - in the east of the study area - showing the highest values 

of EC, Cl- and Na+. In addition, the spatial distribution of ionic ratios Na / Cl and BEX show high 

values in the eastern part of the study area, confirming the salination conditions. 

The nitrates (NO3
-) are derived from nitrogen compounds through complex processes such as 

ammonification and nitrification. These processes take place above groundwater level, especially in 

the soil where there are abundant organic material and oxygen. The nitrate is one of the forms of 

dissolved nitrogen which is highly mobile in groundwater. NO3
- is the most prevalent contaminant 

and the large spread occurs due to agricultural activities such as nitrogen and nitrate fertilizers. 

Average value of NO3
- was 44.16 mg L-1, while 36% of collected samples exceeded the maximum 

permitted level (~ 50 mg L-1). The concentrations of NO3
- are considered high, but their detection is 

expected in the areas where there are agricultural crops. On the spatial distribution map of NO3
-, a 

large point of source pollution is presented, which corresponds to agricultural area. West of the 

polluted area, an abrupt qualitative change is observed, which is likely due to natural recharge from 

meteoric water, while at the coastal region, of the Eastern region of the map, Neogene formations 

containing organic material contribute to the reduction of nitrate ions concentrations. 

The hydrogeochemical results show that several processes determine major ionic composition of 

groundwater in the study area. The distribution pattern of major ions shows compositional variation 

in the groundwater samples. In general, the concentration of cations decreases in the order Na+> 

Ca2+>Mg+ and of anions in the order Cl-> HCO3
-> SO4

2-> NO3
-. However, HCO3

- dominates over 

Cl- in some samples. Correlation analysis indicates that most of the ions are positively correlated. 

The reasonably good correlation among the ions, especially Na+ and Cl-, indicates that such ions are 

mainly derived from the same source of saline waters. This implies that the groundwater salinization 

process of the study area occurs near to the coastline associated with seawater. 

In conclusion, the coastal plain of Marathon lies under seawater intrusion presenting high values EC, 

Cl-, Na+ and ionic ratios Na / Cl and BEX, as well as increased values of NO3
- because of extensive 

farming activities (fertilizers, pesticides). The area is characterized from the overexploitation of the 

aquifers by overpumping because of irrigation land use. The salinity and sodium hazards of 

groundwater in Marathon basin were mainly classified as C3S1, C4S1 and C4S4, i.e., high salinity 

with low and medium sodium problems. 
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Abstract 

The purpose of this research is to present all the technical details, but also the 

scientific criteria according to which there is the possibility to make a borehole for 

the extraction of the saline water and channeling of brine in another borehole. This 

methodology has purpose to prove that this way of extraction of saline water (or sea 

water) through the borehole and the channeling of the remain into another one has 

multiple assets comparing to the classical method of the direct extraction and return 

of the residue into the sea. These assets are considered to be better because of the 

extraction which may be in the inland, hypsometrically more advantageous. Also, the 

channeling of the brine disposal in a nearby borehole is safer from an environmental 

point of view because it does not disturb the flora and fauna in the benthic zone of the 

marine space, but also a less expensive solution than channeling it straight into the 

sea. In any case, it is a necessary presumption that the hydrogeologic conditions in 

the area where the work is taking place to ensure a high factor of permeability and 

hydraulic connection with the sea area. The application of this technique was 

completed with some success in the case of Agistri Island (and homonymous 

municipality) which is located in the Saronic Gulf, southwest of Salamis Island. 

Although the distance between the two boreholes should be larger in order to prevent 

the risk of dynamic input of brine disposal to the borehole extraction because of the 

radius of influence, which would destroy the osmosis membranes. After the 

appropriate evaluation of the test pumping elements, this was ensured by placing the 

appropriate sensors of salinity. 

Keywords: Pumping Boreholes Radius of Influence, Osmosis Membranes, 

Desalination Technique. 

Περίληψη 

Η εργασία αποβλέπει στην παρουσίαση όλων των τεχνικών λεπτομερειών αλλά και 

επιστημονικών κριτηρίων, βάση των οποίων υπάρχει δυνατότητα να κατασκευαστεί μια 

υδρογεώτρηση για απόληψη υφάλμυρου νερού και την διοχέτευση του αλμόλοιπου σε 

άλλη υδρογεώτρηση. Η μεθοδολογία αυτή επιδιώκει να αποδείξει ότι η τεχνική της 

απόληψης υφάλμυρου (ή και θαλασσινού νερού) μέσω υδρογέωτρησης και η διοχέτευση 

του υπολείμματος σε άλλη υδρογέωτρηση έχει πολλαπλά προτερήματα σε σχέση με την 
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κλασική μέθοδο της απευθείας απόληψης και της επιστροφής του υπολείμματος στον 

θαλάσσιο χώρο. Τα προτερήματα αυτά συνοψίζονται στο ότι η θέση απόληψης μπορεί 

να βρίσκεται στην ενδοχώρα και  υψομετρικά σε θέση αρκετά ευνοϊκή. Επίσης η 

διοχέτευση του υπεράλμυρου υπολείμματος σε παρακείμενη υδρογεώτρηση είναι 

ασφαλέστερη από περιβαλλοντικής άποψης γιατί, δεν διαταράσσει την χλωρίδα και την 

πανίδα στην βενθική ζώνη του θαλάσσιου χώρου αλλά και οικονομικότερη  λύση απ’ 

ότι η διοχέτευση να γίνεται απευθείας στο θαλάσσιο χώρο. Σε κάθε περίπτωση 

απαραίτητη προϋπόθεση είναι οι υδρογεωλογικές συνθήκες στη περιοχή του  έργου να 

εξασφαλίζουν υψηλή υδροπερατότητα και υδραυλική επικοινωνία με τον θαλάσσιο 

χώρο. Η εφαρμογή αυτής της τεχνικής πραγματοποιήθηκε με σχετική επιτυχία στην 

περίπτωση της νήσου Αγκίστρι (και ομώνυμου Δήμου)  που βρίσκεται στον Σαρωνικό 

Κόλπο ,νοτιοδυτικά της νήσου Σαλαμίνας. Παρόλο που η απόσταση μεταξύ των δύο 

υδρογεωτρήσεων θα έπρεπε να ήταν μεγαλύτερη, έτσι ώστε αποτραπεί λόγω ακτίνας 

επίδρασης  ο κίνδυνος δυναμικής εισροής αλμόλοιπου προς την γεώτρηση απόληψης με 

συνέπεια την βλάβη των μεμβρανών όσμωσης, μετά  την αξιολόγηση των στοιχείων  της  

δοκιμαστικής άντλησης αυτό διασφαλίστηκε με τη τοποθέτηση των κατάλληλων 

αισθητήρων αλατότητας. 

Λέξεις Κλειδιά: Ακτίνα επίδρασης γεωτρήσεων άντλησης, μεμβράνες όσμωσης, τεχνική 

αφαλάτωσης. 

1. Introduction 

Brine disposal at sea is the subject of ongoing research particularly in large desalination plants 

because of the impact on flora and fauna. The flow through a bundle is considered to be a significant 

factor in terms of hydraulic and hydrochemical in combination with the mobility of the sea water 

and the morphology of the seabed in every case. 

The research, this paper refers to, was carried out in 2013-2014 in order to solve the problem of the 

water needs of Agistri municipality, which up to that time were covered by water transport ships 

with more than triple cost. In the area of desalination plants two (2) boreholes (one spare in case of 

need) were constructed for the abstraction of saline water. The “host” borehole, where the brine 

disposal would be channeled, was built in the east side 353m away from the spare one. The technical 

specifications and the hydrogeological environment, where the boreholes were built, were 

determined in details according to the technical report of IGME (Fotiadis, Sabatakakis and Stefouli, 

2010, Library IGME). 

Because the municipality had no other private property in the area where desalination plants would 

be built, borehole operations were necessarily executed at predetermined positions regardless of the 

radius of influence of borehole extraction. That was the reason, the relevant pumping test was done 

to determine precisely the radius of influence. 

The work of pumping test was held on 03.07.2014 under the supervision of the technical unit of 

IGME, technical support from the Manufacture Company and technicians of the municipality. The 

collected data from these operations are presented in the following chapters and conclusions. 

2. Topography Info 

Agistri Island belongs to the Region of Attica and geographically is one of the Saronic Gulf islands, 

which is included in the topographic sheet "AGKISTRION" (Fig. 1). 

The total area of the island is 11.8 square kilometers. The locations of boreholes which were 

constructed are shown in the orthophotomap extract of the NATIONAL CADASTRE bellow (Fig. 2). 
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Figure1 - Satellite Image of Agistri island. 

 

Figure 2 - Research area. 
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In the recreation area, two boreholes were constructed for extraction with the purpose one of them 

to act as a backup. 

The distance between the two pumping drillings is 19 m. 

The position of the “host” borehole for the discharge of brine disposal (Brh3), was constructed on a 

site east of these two boreholes, specifically near the bed stream. The distance between Brh3 and 

the positions of boreholes Brh1 and Brh2 is approximately 353m (field measurement). 

Table 1 - Coordinates of Boreholes. 

ID               X              Y USE 

Brh3 443164,807491 4173253,744265 Host Borehole  

Brh 1 442724,672943 4173378,789831 Borehole Extraction  

Brh 2 442732,712088 4173413,626123 Borehole Extraction 

3. Geological Conditions 

Based on geological mapping carried out under the IGME (Fotiadis, 2010) which is included in the 

Geological Map Sheet “AGKISTRION” (ver. IGME). The area of Agistri island belongs Tectonic-

stratigraphically to the Tectonic zone of Sub-Pelagonian zone, spreading from NW to SE and 

structured by the Greek mountain ranges and structured consecutively by Triassic-Jurassic to 

Doggerium age medium bedded to thin bedded carbonate rocks (Fig. 3). The stratigraphic thickness 

of these formations is estimated between 250 to 500 m. (approximately). The tectonic structures of 

tectonic horsts which form the morphology of the island is characterized by two main tensile systems 

of tectonic streak: 

 With a main tensile N-S direction forming faults directed to the east-west side (newer age) 

 An older tensile phase with direction N-NE / S-SW, forming faults directed N-NW / S-SE. 

These normal faults with a visible jump where in some areas of the island are more than 150 

m (based on field observations). Around the coastal zone, especially in the northern part of 

the island, marine formations of Neogene, Pleistocene and alluvial deposits of limited 

thickness are respectively developed, which derive from scree and debris and small talus 

cones as well. 

On the site where desalination plants and the two boreholes extraction exist, geological conditions 

are formed by Quaternary deposits. On the other hand, geological conditions at the site where 

drilling has been made for brine disposal through the desalination process are identified by the 

appearance of the Trinity - Jurassic limestones. 

The thickness of Neogene and Pleistocene formations in the area of Brh2 and Brh3 pumping drillings 

was precisely determined from the data obtained during the perforation. 

Particularly in Brh1, the thickness of Holocene and Pleistocene deposits was determined at 38 m. 

These deposits consist of conglomerates, mixed materials of sand-clay-gravel and alternations of 

conglomerate intercalations slightly consolidated. The Neogene materials whose depth was drilled 

from 38 to 75m., are consisted of alternating sands and sandy-marls. The carbonate rocks 

(limestones bedded), were found deeper than 75m and up to 105m, where the perforation stoped. 

They are fractured and sometimes karstified. 

The stratigraphic column of Brh2 perforation, consisting of the following: 

0-32 m. from Pleistocene deposits, 

32-60 m. from Neogene materials 
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60-104 m. from fractured limestone and karstified. 

In Brh3 borehole drilled entirely limestones from the surface of the ground up to 100 meters depth. 

 

Figure 3 - Geological Map of Agistri Island. 

4. Aquifer Features 

Taking into account the dense pine vegetation that covers the area of Agistri island, which further 

enhance the infiltration of rainwater, as well as the stream flows which exist in the area do not 

indicate steady or periodic runoff, but only occasional one after heavy rainfall and this is partly due 

to the small extent of the basin and the other to the high permeability of carbonate formations that 

is structured throughout the island. 

At a short distance away and west of the site which has been chosen for the position of host borehole 

(C3), pass through the stream flow bed “Skala” (Fig. 4). In that bed, no runoff occurs, either steadily 

or periodically throughout the year, but only after intense rainfall (based on information given by 

the municipality). Along the side of this stream flow bed, there is a natural restoration and there 

haven’t been done any artificial works. 

The geological conditions of the island, as mentioned above, are determined by the dominant 

carbonate formations spread throughout the island, except for the coastal zone, where in some areas 

thick Quaternary but limited deposits are identified. 

Because of the high permeability of carbonate formations and their thickness, which allows them to 

grow deeper from the sea level in all areas of the island, the hydrogeological conditions were 

assessed to be negative. As a result, the underground aquifer will be brackish throughout the island 

(Fig. 6). 
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Figure 4 - Three dimensional representation of Borehole construction. 

The major coastal discharges, based on satellite analysis which was presented earlier, are found 

mainly in the south and east coast. This suggests that the bulk of brackish aquifer drains to the 

mentioned coastline (fig. 5) 

The limited Quaternary deposits, particularly in the area of interest, where the spreading is the most 

important of any other part of the island, are capable of forming a very shallow but limited aquifer 

supply, which was used in the past for water pumping and irrigation. 

The two boreholes, which will be used for the abstraction of seawater, will be drilled to a depth 

multiple of thick Quaternary deposits, in order to identify the carbonate formations (Fig. 6). The 

depth of both perforations is expected to detect underground water equivalent to the hydrochemical 

composition of the sea water. The technical specifications of these drillings and hydraulic relation 

with both the hydrogeological and marine environment are described in the next chapter. 

The water that is pumped from the two boreholes (Brh1 and Brh2) is almost sea water that comes 

from the intense brackish karstic limestone aquifer and is mixed with a very small amount of fresh 

water which comes from the limited capacity of granular aquifer formations. 

5. Test Pumping 

The ground water level at (3) boreholes was measured and calculated to be the same as the sea level. 

In relation to the topographical height of each post the depth level was estimated to 19.68 m, 18,33m. 

32.05 respectively on Brh1, Brh2, Brh3. The pumping duration in summer is continuous. From the 

beginning of the operation until now there has not been noticed any increase of salinity in the 

pumped water from the two boreholes (Brh1 and Brh2). This fact is controlled by an automatic 

monitoring system that measures the conductivity and the pressure in the osmosis membranes. This 

system ensures safety so that any complications will be prevented from the increase of salinity. This 

event might cause the capture of hypersaline water because of the radius of influence, which will be 

spread to the place where brine disposal will be channeled through a closed pipe at the position of 

Brh3, as it will be shown below. The procedures which were conducted, were a test pumping in 

Brh1 with constant flow (about 35 M3 / h) and monitoring of level changes in Brh3. The distance 

as mentioned above, between Brh1 - Brh2 is 19m and the one between Brh1 - Brh3 is 352m. 



944 

 

 

Figure 5 - Potential coastal discharges. 

The altitude of Brh2 was approximately found one meter lower than that of Brh1. 

The water extraction was taken from Brh1 with a constant flow of 35 m3 / h with simultaneous 

monitoring of the level changes in Brh1 and Brh3. 

At non equilibrium flow conditions the THEIS equation can be applied. 

s = Q / nT. W (u) 
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Figure 6 - Schematic hydrogeological section. 

The result coming up from this mathematical formula is that the growth of the conical depression 

and the radius of influence is analogous of borehole discharge (Q) and inversely analogous to the 

transmissivity (T). 

Similarly in the case of steady flow in a confined aquifer, DUPUIT - THIEM can be applied: 

s1 – s2 = Q1n (r2 /r1) / 2πT and h22 – h12 = Q1n (r22 /r12) / πK. 

In both cases of the test pumping, the stabilization was achieved within 75 min. 

The depth of the station where the water extraction was pumped from, was 36m that is to say 

opposite to the blind pipes. 

The monitoring of the level in both Boreholes Brh1 and Brh3 showed that the drawdown was about 

one (1) meter and 0.43 m respectively for a time period of 75 minutes, where it was stabilized. 

Changes in borehole 1 are shown in Figure 7. 

To estimate the distance where the falling level in Borehole 3 is zero used two ways were used: the 

graphical resolution of the level drop (s) - distance (r) (Fig. 8) and the formula (Walton, 1970): 

R = 1,5 √ K. H. t / Pe. 

For "K" and "Pe" figures were used the ones according to the Tables of US-PWRS (1981) and 

JOHNSON (1967) respectively. The "K" was set at 103 m / day and the figure of "Pe" at 0.1. The 

"H" was determined based on the thickness of limestone which was perforated 30m. As far as the 

figure of "t" was determined to 75min (i.e. 1.25 hours). Solving the above equation shows that the 

R equals to 592m. From the graph (Fig. 8), the figure was determined to 625 m. It means that the 

formula can be applied to the specific conditions. The small deviation is due to the fact that figures 

out of field measurements were introduced into the equation. 

The figures above indicate that the host borehole Brh3 in which the brine disposal from desalination 

was channeled, has been drilled within the radius of influence. That fact was confirmed during the 

test pumping, where the level of Brh3 drop to 0,43m lower. 
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Figure 7 - Variance of water level at Boreholes. 

 

Figure 8 - Graphical analysis of the drawdown level. 

6. Dispersion of Brine Disposal 

Brine disposal is a major issue and is the subject of ongoing research. Nowadays, recipients under 

conditions are considered to be the followings: surface water, waste water disposal and biological 

treatment station, drilling, evaporation ponds, sink basins, maritime space (Who, 2007). The water 

flow jet outcome from the brine disposal is a complex hydraulic process. The high flow rate of the 

kinetic energy, which gradually is lost due to the contact with the sea water, is the factor which 

produces the desired dissolution of the brine (Alberston et al., 1950). The buoyancy force, the 
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opposing force of gravity due to increased weight of the brine as well as the characteristics of the 

impulse and the outflow geometry affect the water flow in the near zone (Tsanis and Valeo, 1994). 

Whereas, stratification and horizontal movements dominate in the intermediate zone (Akar and 

Jircan, 1991), in contrast to the near vertical mixing zone. In case of channeling into drilling as in 

Agistri, where the recipient of the brine disposal is seawater, but this is an almost static hydrostatic 

surface and mobility conditions of sea currents do not apply. So the cast of the brine and the 

accumulation will follow the conditions shown in the intermediate zone described above. These 

hydraulic conditions will also affect the speed of hydrochemical mixing of the brine with seawater 

which is expected to be slower. In such cases, there should be constructed an observation borehole 

in the intermediate distance between drilling and deliverability drilling rejection. 

As far as the dispersion of the brine disposal which is taken from the desalination and then channeled 

into Brh3, taking into account the hydro-lithological conditions under which the water is channeling, 

it is important to stress the following remarks: 

a) The process of "dispersion" is an unstable, irreversible mixing process, since the injected brine 

disposal (pipeline approx. 74,000 mS / cm) will be dispersed into the water (sea). 

b) The channeling of the residue into a hydrogeological formation (limestone), which may be 

considered as a "homogeneous" material for the scale of the project. 

c) The borehole Brh3 is the destination of the residue by desalination, which is chemically can be 

mixed with seawater. 

d) The level of the seawater at the position where Brh3 is located is about 32m. deep (it was 

determined at 32.05 m. during the test pumping). 

e) The dispersion process takes place in conditions of "free aquifer". In this case, as it is known, the 

dispersion is proportional to the transmissivity (T) and inversely proportional to the storage capacity, i.e. 

α = Τ / Sy. 

In the place where the Brh3 has been constructed, as mentioned above, limestones predominate. But 

in case, they are considered as a homogenous material, as mentioned above, then the dispersion as 

to the hydrostatic surface (two-dimensional dispersion) should take the form of almost concentric 

circles. Considering all elements of research, it was not possible to determine at what distance from 

the injection point (Brh3), occurs complete mixing. For this detection required further observation 

points (boreholes). Obviously, the same applies to the lateral dispersion. 

7. Conclusions 

The abstraction of brackish or seawater through a borehole aiming to the desalination in coastal karst 

areas which have ''an open'' hydraulic connection with the sea and also the channeling of brine into 

a borehole which is in the same geological formations, is a better solution and perhaps more 

economical and safer from an environmental point of view than the direct channeling into the sea 

area. And that's because it is possible the water extraction and channeling to be done 'in situ'' of the 

process facilities. Therefore, the construction of a large pipeline at a specific depth, where the brine 

will be channeled into the sea considering the existence of shallow waters, especially in the Northern 

part of the island, will be avoided. In addition, the channeling of the brine in the host borehole will 

not be reason for further deterioration of underground water due to the existence of unusable 

brackish waters in the island. Similarly, in the case of the surface soil, where the brine channeled 

indirectly in the sea area through the limestones. 

The distance of the host borehole has to be longer than the radius of influence so that the ''capture'' 

of brine disposal, which may cause damage to the osmosis membranes, will be prevented. Howeve

r, as far as the distance is concerned, apart from the radius of influence, the dispersion of brine, wh

ich definitely increases even more the safety distance, should be taken into account. 
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Abstract 

The present paper presents the conceptual ground model for coastal cliff retreat and 

instability. Cliff instability has been intensified due to climate change in the last years, 

especially by sea level change and high windstorms. A case study of cliff instability in 

the SW coast in the UK is presented.  The stability of the cliffs is primarily controlled 

by the presence of tensile cracks parallel to the cliff face and intersecting fractures as 

well as undercutting of cliff base due to wave action. The cliff instability mechanisms 

were identified for different locations along the shoreline and the cliffs were classified 

according to the cliff behaviour unit approach. 

Keywords: Coast, slope stability, chalk, erosion. 

Περίληψη 

Στην παρούσα εργασία παρουσιάζεται το γεωλογικό - γεωτεχνικό προσομοίωμα για την 

οπισθοχώρηση των παράκτιων πρανών. Η αστάθεια των παράκτιων πρανών έχει 

επιδεινωθεί λόγω της κλιματικής αλλαγής την τελευταία δεκαετία, ειδικά λόγω της 

μεταβολής της στάθμης της θάλασσας και της εκδήλωσης έντονων καταιγίδων. 

Παρουσιάζεται ένα παράδειγμα από την ΝΔ ακτογραμμή της Αγγλίας. Η ευστάθεια των 

πρανών καθορίζεται κυρίως από την παρουσία των εφελκυστικών ρωγμών παράλληλα 

στο πρανές, και το βαθμό ρωγμάτωσης καθώς και την ύπαρξη υποσκαφής στη βάση του 

πρανούς λόγω της κυματικής διάβρωσης. Οι μηχανισμοί αστάθειας προσδιορίστηκαν 

για κάθε θέση κατά μήκος της ακτογραμμής και ταξινομήθηκαν με βάση τη μέθοδο της 

συμπεριφοράς του πρανούς. 

Λέξεις κλειδιά: Παράκτια, αστάθεια, πρανή, διάβρωση. 

1. Introduction  

Coastal erosion is a significant geological phenomenon with enormous economical and social 

impacts for the areas that are subjected to this process. Small and Nicholls (2003) estimated that 

almost one quarter of the global population lives in near shore areas and Emery and Kuhn (1982) 

stated that approximately 80% of the world’s shoreline located on rock formations. It is well studied 

that from the ancient times people use to develop residential and commercial areas close to the 

coastline. In the United Kingdom the problem of the shoreline retreat is of concern since the late 

18th and early 19th centuries, when the first defence structures appeared. Coastal erosion is defined 

as the removal and the loss of material from the coast due to wave and tidal energy (BGS, 2012). 

Cliff instability of a coastal cliff comprises mass movements and slope failures that might result in 

the heave and deposition of debris on the beach and foreshore. It should be noted that some large 

scale landslides are extended to a significant distance inland and offshore, and below the beach level. 

mailto:alexandroudimitrios@gmail.com
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Cliff instability can be summarized in a four-stage process according to Moore et al. (2010). These 

four stages can be considered as one erosion cycle which involves the detachment of the particles 

or blocks of the failed material, their transport through the cliff system, their deposition on the 

foreshore area and finally their removal by wave and tidal action (Moore et al., 2010). 

Cliff recession is the landward retreat of the cliff profile, from cliff toe to cliff top, which is an 

outcome of cliff instabilities and erosion processes. The cliff recession is a non-linear and non-

uniform process in space and time and is affected by a variety of factors that regulate the rates of 

detachment and transport (Moore et al., 2010). The recession rates, the retreat mode and the erosion 

mechanism are site specific (Naylor et al., 2010), depending on the geological variation in both 

vertical and horizontal direction (Castedo et al., 2012; Rosser et al., 2013), the changes in the pore 

water pressure conditions (Rosser et al., 2013) and seepage erosion (Lee and Clark, 2002), the rock 

strength (Sunamura, 1982; Collins and Sitar, 2008), the structure of the material (Allison and Kimber, 

1998), the orientation and the potency of the environmental forces (Adams et al., 2002), the presence 

of beach sediments which act as a barrier (Limber and Murray, 2011) and the climate (Castedo et 

al., 2012). 

2. Conceptual ground model 

2.1. General 

In the case of cliff instability and cliff recession, the conceptual ground model should include the 

concept of time scale and summarise the controlling factors of cliff instability and cliff recession 

processes. The concept of time scale is significant as it describes the evolution of the phenomenon. 

The model should be able to capture and predict vertical and lateral variations of the analysed 

formation in the future, taking into account its behaviour and form of failure in the past. 

The conceptual ground model should describe the range of processes that can modify the 

geotechnical properties of the initial rock type (weathering, tectonic activity, erosion, solution, sea 

level changes, etc) and the effects on the geotechnical parameters. A conceptual ground model for 

the description of the cliff erosion processes is illustrated in Figure 1 (Castedo et al., 2012). 

 

Figure 1 - Conceptual ground model of coastal cliff unit, representing geo-

morphological and erosive processes. 
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2.2. Factors influencing the coastal cliff system 

The most significant factors that influence the coastal cliff system are illustrated in Table 1 (modified 

after Carpenter, 2014). 

It has been divided in different sub-systems and correlated with the associated factors. This is not 

always possible due to the complexity of the coastal cliff system, the interactions and overlapping 

between the different sub-systems. 

Table 1 - Main sub-systems and factors influencing the coastal cliff system. 

Sub-System  Role/Description Cliff Features 

Under 

Influence 

Associated Factors 

Geotechnical, 

Geological, 

Hydrogeological 

The internal controls 

of the cliff system 

which ultimately 

determine its shear 

strength 

Cliff face and 

talus 

• Geology, lithology, structure 

• Groundwater, pore water 

pressure, seepage erosion 

• Cliff geometry 

• Strain softening, progressive 

failure 

Sub-Aerial Processes acting on 

the earth's surface 

Cliff face and 

talus 

• Vegetation 

• Weathering 

Coastal and 

Marine 

Processes acting on 

the earth's surface 

Shore platform, 

beach 

and talus 

• Wave energy 

• Presence of fronting beach 

• Shore platform 

Meteorological 

and Climatic 

Atmospheric drivers 

and potential changes 

to the system as a 

result of climate 

changes 

Indirect 

influence 

through other 

subsystems 

• Rainfall 

• Sea level, tide level 

• Storms and storm 

surges 

Human Anthropogenic 

intervention of the 

cliff system 

Cliff face and 

beach 

• Defence structures 

• Other activities 

2.3. Process - Response systems 

A number of processes-response systems exist in literature e.g. from Lee et al. (2001) and Castedo 

et al. (2012). These conceptual models have been developed considering a series of different factors 

and interactions, trying to capture the natural variability of the cliff system. The factors in both cases 

have been broken down into key components and key processes in order to demonstrate a holistic 

approach to the problem. 

A processes-response system is considered by Lee and Clark (2002) as the base for the assessment 

of a “Cliff Behaviour Unit” which will comprise all the controlling factors and will provide a 

constant feedback for the majority of the processes. A limitation of these theories most of the times 

is the lack of geographical definition. The geographical position of the study area determines the 

leading mechanisms of the weather, which will be different in a tropical climate in respect to a 

temperate one. Furthermore, the style of failure is also difficult to be taken into account. The model 

from Castedo et al. (2012) tries to comprise a limit equilibrium approach. However, the complexity 

of these systems cannot be analysed from general approaches but only with site specific analysis. It 

usually leads to oversimplifications in the geometry, geology or style of failure. 

One of the key features in these systems, which require constant feedback, is the geotechnical 

parameters of the system. They are controlling a variety of factors such as the rate of the toe erosion, 
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the critical shear strength, and style of failure, depth of the failing mass and the erodibility of the 

talus material which provides temporary protection of the cliff toe. 

2.4. Cliff Behaviour Unit (CBU) 

The difficulties in understanding the conditions and the processes that function on the cliffs, behind 

the cliffs as well as on the foreshore area, have led to the development of a conceptual model for 

cliff recession prediction. This concept is the “Cliff Behaviour Unit” and its purpose is to provide a 

“powerful tool for cliff management”. 

The Cliff Behaviour Units (CBUs) have been developed in order to bridge the nearshore processes 

with the cliff top processes and connect them with the neighbouring CBUs in a framework that is 

provided by the coastal process units. Cliffs are considered as open sediment transport systems that 

consist of inputs, throughputs and outputs of material (Lee and Clark, 2002). The development of 

the evolution model is founded on geomorphological, geotechnical and historical evidences and data. 

These evidences and data provide the basis for understanding past and recent behaviours of the cliff 

units. Furthermore, a variety of characteristic CBUs have been developed and divided in four main 

categories according to their complexity, type of failure and storage of sediments within the system 

(Lee and Clark, 2002). These are: a) simple cliffs, b) composite cliffs, c) Complex cliffs, d) relict 

cliffs. 

3. Case study 

3.1. Introduction 

The project area is located in South West England in the county of Dorset. More specifically, it is 

located at the eastern end of the Isle of Purbeck in the peninsula between Swanage Bay and Studland 

Bay and consists mainly of chalk cliffs. This site has been chosen due to the variety of failure 

mechanisms that are present in a very narrow area. Furthermore, no human activities have taken 

place in the site that could alter the recession cycle. 

 

Figure 2 - Isle of Purbeck – Case study area (Google Earth, 2014). 

The site is part of World Heritage Site as declared by UNESCO in 2001. The activities in the area 

of Dorset are mainly agricultural, touristic, mineral and petroleum extraction (Barton et al., 2011). 
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3.2. Geology 

The area of Dorset has been affected by several different events and sediments had been deposited 

in a variety of environments. The investigation of the geological history of the region led to a better 

understanding of the processes that are taking place nowadays and how the geology and the tectonic 

settings of the area affect the type of failure. Nowadays, the major processes that are affecting the 

area of Dorset are soil erosion, alluvium deposits, coastal erosion and cliff recession (Barton et al., 

2011). 

According to Mortimore et al. (2001) the section of Chalk cliffs between Swanage and Studland can 

be divided in three parts. This peninsula was formed by the sea erosion which broke the narrow 

Chalk ridge that connected this area with the Isle of Wight. 

The first section outspreads from Swanage Bay until Ballard Point. This section exposes the 

sequence between the contact of Chalk Group and Upper Greensand until the lower part of Lewes 

Nodular Chalk Formation. The upper Lewes Nodular Chalk Formation is forming the Headlands 

and its thickness is about 13 m. Furthermore, the Grey Chalk Subgroup (Zig Zag Formation) rests 

in this area on a glauconitic Basement Bed. The second section extends from Ballard Point until Old 

Harry Rocks. It consists of Geological Conservation Review sites and includes the Ballard Point 

Fault and the Upper Campanian section. The last section is extended from Old Harry Rocks to 

Studland Bay and consists of the Studland Chalk and Palaeogene deposits (Mortimore et al., 2001). 

The most important structure that is exposed on the east side of the cliffs is the Ballard Point or 

Ballard Down Fault. The plane of the fault forms a curve and dips parallel to the Upper Cretaceous 

Chalk. The rock mass has been subjected to large tectonic deformation which developed thrust faults 

in the mass of the chalk. In addition, the peninsula constitutes part of a monocline structure and it is 

located very close to the Purbeck fault. Furthermore, unmapped minor faults should be expected in 

the chalk which will affect the discontinuity frequency. Based on this it is evident that the frequency 

and spacing of discontinuities will be affected from the past tectonic activity, resulting in an irregular 

pattern which controls the type of cliff failure. 

3.3. Geotechnical conditions of chalk 

The most common classification for the chalk is based on density and porosity. Although, some 

doubts have been expressed, the measurement of the density is the simpler way to describe intact 

material (Warren and Mortimore, 2003). Chalk is considered as a homogeneous material but in 

reality is a very complex sedimentary formation with various physical properties. Furthermore, the 

complex nature of the material is derived from processes like bioturbation, diagenesis, 

sendimentation and the region’s structural history (Mortimore et al., 2004; Duperret et al., 2005).  

Mortimore et al. (2004) conducted a series of different experiments in order to establish a reliable 

classification of chalk. Generally, they determine a reduction of strength (angle of friction and 

cohesion) as the degree of saturation increases. The critical role of the water contained either in the 

pores or the fissures in the stability of chalk cliffs was confirmed (Mortimore et al., 2004). 

4. Cliff instability 

4.1. Introduction 

The study area was divided in three sections based on the type of cliff failure and the cliff behaviour 

unit approach, as shown in Figure 3. The first section is facing north and located in the Studland 

Bay. The rates of erosion in this area are lower because the cliffs are not susceptible to great wave 

energy due to their orientation. Moreover, the existence of shore platform in front of the cliffs is 

reducing the wave energy. Also, the wave energy had produced, in some cases, under-cutting or 

over-steepening of the cliffs’ toe. 
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The second section is facing east, towards the Isle of Wight. In this area, the rates of erosion are 

expected to be greater. In various cases, the existence of notch as well as structurally controlled 

failures has been observed. The third section is facing south and located in the Swanage Bay. A 

completely different type of failure is taking place in this area, mainly due to different bedding 

orientation (vertical) and the lower quality of the rock mass. The instability conditions of sections 1 

and 3 are presented in the next paragraphs. 

 

Figure 3 - Study area divided in 3 sections based on the Cliff Behaviour Unit approach. 

4.2. Cliff instability conditions 

4.2.1. Section 1 

The bedding in section 1 is near-horizontal (8°) and dips towards North. The height of the cliffs has 

a range between 15 m and 20 m. The chalk can be possibly divided in two subunits. 

The border line between these units is most of the times a yellow band parallel to the bedding. The 

pattern of the fractures in the upper part is very dense and creates blocks of a rectangular or even 

triangular shape. The bedding is thinner than the bedding in the lower part. The lower part has not 

only thicker bedding, but the rock mass is also less fractured. Furthermore, the yellow band was 

used in almost all cases as a reference bed. The conditions are summarised as follows: 

 The shore platform and the orientation of the Studland Bay reduce the wave energy. 

 Fronting beach is protecting the cliffs. 

 Clear evidence of notch formation on the right side of the photo. The rate of notch 

formation cannot be calculated. 

 Very weathered upper part of chalk. Thinner bedded. 

 Minor instabilities in the upper part of the Chalk. Joint controlled failures. 

 Generally stable. Phase 1 of the recession cycle. 

 Increase of vegetation height and surface area, shows stable conditions. 

In terms of CBU, this section is characterised as “simplified cliff – topples and falls”. In specific 

sites, it was observed that the failures follow a characteristic and repeatable type of failure. In order 

to determine the retreat rates of the section, a longer observation period was necessary as whole 

cycles of recession need to be observed. 
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Figure 4 - Section 1, a) photo b) cliff stability block chart. 

4.2.2. Section 3 

The bedding in this section is almost vertical. The height of the cliffs ranges between 80 m to 110m. 

The type of failure is different from that in the other two sections. The main reasons are the different 

orientation of the bedding, the lower quality of the rock mass and the orientation of the site against 

wave action. Three different types of failure have been identified. In some cases, more than one 

failure mechanism was identified in one cliff instability. For example, a failure starts as a single rock 

fall and consequently destabilises a bigger mass, which is underneath, and causes debris fall 

involving larger rock mass. In this area, the triggering factors are mainly the low quality of the rock 

mass and the vertical bedding, the wave energy and the extreme weather events. 

A general ground model of section 3 is presented in Figure 5, illustrating the various geo-

morphological features, the mechanisms and types of cliff instability in this area. 

The conditions in characteristic points (1 to 4 in Figure 5) along the cliff are described. In point 1 

they are summarised as follows: 

 High rates of retreat. Significant changes in 5 years. 

 No protection from wave energy. Generally unstable. 

 Phase 1 of the recession cycle on the left: Under – cutting. 

 Phase 4 of the recession cycle on the right: Debris removal 

 Structurally controlled instabilities 

 Height from the sea level ≈ 90 m 

 Seasonal vegetation shows only temporary stability 

In point 4 they are summarised as follows: 

 High rates of retreat. No protection from wave energy. 

 Rotational landslide. Unstable due to constant toe undercutting. 

 Constant instabilities. Rock falls and under-cutting of the failed mass. 

 Phase 4 of the recession cycle on the right: Debris removal. 

 Structural controlled instabilities in the upper part of the slope. 

 Height from the sea level ≈ 100 m. 

 Seasonal vegetation shows only temporary stability. 
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Section 3 was divided in three sub-sections (Figure 5) according to the type of failure that has been 

observed. The first sub-section is located in the western part and consists of a large rotational 

landslide. Close to the toe of the landslide, some remaining features of and older and smaller 

landslide can be identified. This area is slowly eroded by wave action and can be characterised as 

an earlier stage of the sub-section 2 (middle part). The main triggering factors are the under-cutting 

of the toe of the landslide due to wave erosion, the freeze-thaw action and the wind erosion. In terms 

of recession cycle it can be identified that the sub-section 1 is at the last stage (debris removal). 

The second sub-section consists of multiple debris fans at the lower part of the slope. Some of these 

fans are probably the remaining part of older landslides. In terms of recession cycle, the events in 

sub-section 2 are similar to the one of subsection 1 but less intense. This is probably due to the fact 

that sub-section 2 is a later stage of sub-section 1 and the volume of the fallen material is lower. 

 

 

Figure 5 - Section 3, a) photo b) cliff stability ground model (block chart). 

Sub-section 2 

Sub-section 1 

Sub-section 3 
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The last sub-section is situated at the eastern part of the section 3. In this section the vertical bedding 

of the Chalk is outcropping and forms almost vertical cliffs approximately 70 m high. In this sub-

section the Chalk has higher quality than in the other two sections. The rates of retreat are also 

significantly lower and only topple failures and small debris falls have been identified. 

In terms of CBU, the first and second sub-section are characterised as “complex cliffs, deep-seated 

landslide with failure at more than one level”. The third sub-section, which has similar types of 

failures, is identified in the category “simple cliffs”. Moreover, in this section, a long period of 

observation would be beneficial. The data from a longer period of observation can add information 

for the type of failure, the number of the events, the rate of over-steepening formation and erodibility 

of the debris. This information will give more data for the recession cycle and the period of the cycle, 

as well as the retreat rates. 

5. Discussion 

The coastal cliff which was studied was found ideal for the observation of different mechanisms of 

cliff instability. It also demonstrates clearly the cliff behaviour unit approach and its importance in 

the determination of the retreat of coastal cliffs. 

All the failures in the selected site were found to be related with natural processes only as there is 

no human activity in the area. The outcome of this work should be compared only to sites, where no 

coastal protection works have been constructed along the coastline and were similar quality of rocks 

mass exists (in terms of rock strength and frequency of fracturing). 

It was found difficult to calculate accurately the rate of cliff retreat in the study areas. The rates have 

been calculated from historical. The need of accuracy in the calculation requires the use of good 

quality aerial photos. A preliminary assessment of cliff instability was performed and presented in 

Figure 6. The unstable areas are identified in red, while the stable areas in green colour. The areas 

that seemed stable during the site investigation but are categorised as areas of potential higher 

instability denoted in orange. 

 

Figure 6 - Coastal cliff instability map. 
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Abstract 

This study refers to hydrogeological conditions that dominate in the closed basin of 

Vagia of Viotia with emphasis on groundwater quality. It highlights the environmental 

problem of the region, associated with floods, phenomenon which occurs every year 

and lasts throughout the wet season. This, results in flushing undesirable substances 

from the territories of intensely cultivated area and the penetration into the 

groundwater of Neogene- Quaternary and carbonates aquifers. Qualitative charge of 

groundwater is reflected in the high concentrations of the ions Na+:22,2-133,4 mg/l, 

K+:0,3-12,0mg/l, SO4
2-:2,1-68,9mg/l, Cl-:24,8-241,1mg/l, NO3

-:13,6-67,0mg/l, 

NH4
+:0,01-1,75mg/l, PO4

3-:0,03-0,94mg/l as well as the strong presence of heavy 

metals (Fe, Mn, Zn, Ni, Co, Cu and Cr). Qualitative charge of groundwater is 

attributed to natural (geogenic) and anthropogenic factors. 

Keywords: Hydrogeology, Groundwater Quality, Water Degradation. 

Περίληψη 

Η εργασία αναφέρεται στο υδρογεωλογικό καθεστώς που επικρατεί στη κλειστή 

υδρολογική λεκάνη των Βαγίων, με ιδιαίτερη έμφαση στην ποιοτική σύσταση των 

υπόγειων υδάτων. Αναδεικνύει το περιβαλλοντικό πρόβλημα της περιοχής που 

σχετίζεται με το πλημμυρικό φαινόμενο, το οποίο παρατηρείται κάθε έτος και διαρκεί 

όλη την υγρή περίοδο. Αυτό έχει ως αποτέλεσμα την έκπλυση ανεπιθύμητων ουσιών από 

τα εδάφη της έντονα καλλιεργούμενης περιοχής και την διείσδυσή τους στa υπόγεια νερά 

που φιλοξενούνται εντός των τεταρτογενών και νεογενών ιζημάτων και στους 

καρστικούς ανθρακικούς σχηματισμούς του υποβάθρου. Η ποιοτική επιβάρυνση 

αντικατοπτρίζεται στις υψηλές συγκεντρώσεις των κύριων στοιχείων και ιχνοενώσεων 

Na+:22,2-133,4mg/l, K+:0,3-12,0mg/l, SO4
2-:2,1-68,9mg/l, Cl-:24,8-241,1mg/l, 

NO3
-:13,6-67,0mg/l, NH4

+:0,01-1,75mg/l, PO4
3-:0,03-0,94mg/l, καθώς επίσης στην 

έντονη παρουσία των βαρέων μετάλλων (Fe, Mn, Zn, Ni, Co, Cu και Cr). Η ποιοτική 

επιβάρυνση των υπόγειων υδάτων αποδίδεται τόσο σε γεωγενείς, όσο και σε 

ανθρωπογενείς παράγοντες. 

Λέξεις κλειδιά: Υδρογεωλογικό καθεστώς, ποιοτική υποβάθμιση νερών. 

1. Introduction 

Vagia basin is extension of Thiva basin to the west. It is of special hydrological-hydrogeological 

interest as it is closed hydrological basin resulting rainwater to accumulate and overwhelm an 

important part of the plain during wet season. This situation creates serious problems in the 

intensively cultivated plain, with corresponding effects on the economy of the region. To reduce the 
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volume of runoff, two artificial projects were constructed, in the south-east and north-west region. 

In the southeastern hilly region, the surface waters from the slopes are collected in a channel and 

they are diverted to the stream Kanavari, flowing through the basin of Thebes, towards Yliki Lake. 

The northwestern channel was constructed at the foot of the Sfiga Mt. and it drains part of surface 

water flooding the northwest part of the valley. The surface waters are diverted to Kopais basin 

through a pumping system because of the altitude difference between Vagia and Kopais basin. This 

pumping system is out of order at the present time and it cannot discharge the accumulated surface 

water and soil drainage water, contributing to the appearance eutrophic conditions in the channel. A 

significant volume of water floods the plains of the basin throughout the period of the wet season. 

Inorganic and organic chemical compounds of natural and anthropogenic origin wash out from the 

territories of the region and they are transferred through the infiltration into aquifers, resulting in 

their qualitative degradation. In this study, geological, hydrogeological and hydrochemical 

characteristics of the area are presented. The purpose of the survey is to highlight the problem of the 

region and the serious impact on the quality of groundwater, which is heavily exploited in order to 

satisfy irrigation and water supply needs. 

2. Study area 

The study area is a closed hydrological basin which extends between the basin of Thebes in the east 

and the basin of Copais to the west (Fig. 1). The biggest part of the above area is the Vagia basin 

that extends to elevation between 90 and 100 amsl. In the south of Vagia basin appear hilly 

elevations (Megali Rachi 300 m) while to the north, east and west appear mountainous. 

 

Figure 1 - Geological map of study area and the points of groundwater sampling. 

The highest mountains in the region are the Sfiga Mt. to the north (620 m) and Patima Mt. northeast 

(350 m). These hilly elevations delimit the physical boundaries Vagia’s closed basin. The geological 

structure of the above area consists of lithological formations deposited during Cenozoic era 

(Neogene- Quaternary) (younger) and during the Mesozoic era (Upper Triassic-Jurassic-Cretaceous) 

(older formations). The underlying formations belong to the wider zone of Eastern Greece 

characterized by layers deposited continually during Cenomanian transgression up to Eocene. The 

south hilly area and the basin of Vagia are made up by two groups of post-alpine sediments. At the 
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top, loose formations of Pleistocene and Holocene sediments occur, while Pleistocene sediments are 

probably represented at some depth. The Pleistocene is represented by lacustrine and torrential 

sediments mainly clays, marls, sandstone, gravels and pebbles and the Pliocene by mainly lagoon 

sediments. These materials come from the erosion of carbonate, flysch and shale-chert formation of 

the area which is at the margin of the basin. The thickness of the neogene sediments, in the central 

part of the basin, is over than 100 m. The mountainous masses consist of Triassic-Jurassic carbonate 

rocks which are folded, intensively tectonic stressed and karstified. The carbonates are medium to 

thin-bedded, microcrystalline and bituminous and the thickness of them is hundreds of meters. The 

shale-chert formation (Lower Jurassic) conformation occupies a small area in the northern part of 

the region and consists of clays, sandstones, conglomerates, cherts and ophiolites serpentines. The 

thickness of it is tens of meters. Vagia basin is a neotectonic graben which formed in the Tertiary 

period. For many faults, the direction of the strike is towards of NE-SW, NW-SE and E-W. 

Characteristic of the geological structure of the region is the up thurst of Jurassic limestone over the 

formations of the whole complex of the Eastern Greece zone (Tataris et al., 1970). 

3. Hydrology 

The area of Vagia is a closed hydrological basin 67 km2 which occupies the central part of the 

prefecture of Viotia and extends between the basin of Kopais in NE and the basin of Thiva eastwards. 

30 km2 of the above area are irrigated. Climate is a typical Mediterranean, with average annual 

temperature of 16.9°C and mean annual precipitation 485 mm (average value of adjacent rainfall 

stations 1980-2001 Aliartos: 544 mm, Thisvi: 433 mm and Kalithea: 474 mm, (Hellenic National 

Meteorological Service). Precipitation on the basin is 32.5*106 m3. Supposing that 

evapotranspiration is about 65%, the volume of water corresponding to the evaporation is about 

21.1*106 m3. Based on the extent of geological formations in the area and the average values of 

infiltration (carbonates 22.1 km2 and 40% infiltration, alluvium 28.74 km2 and 15% infiltration, Plio-

pleistocene deposits 14.5 km2 and 13% infiltration and shales-cherts 1.5 km2 and 5% infiltration) 

the estimated volume of total infiltration is 7.4*106 m3. The surface water volume is 4*106 m3 and 

corresponds to 11% of precipitation. In the north-eastern part of Vagia community has built an 

artificial channel, through which surface water of about 1*106 m3, is discharged to the torrent 

Kanavari flowing through the basin of Thiva. This artificial channel contributes to reducing the 

volume of surface water, which is concentrated in the lowest topographic area of Vagia valley and 

covers the northwest part of the valley between the Sfiga Mt. and the provincial road of Thiva-

Levadeia. Surface waters stagnate in this part of the plain with negative effects, both on crops and 

quality degradation of groundwater, due to transport of pollutants (fertilizers, pesticides, etc.) from 

the territories of the region. The largest volume of stagnant water drains through a sinkhole located 

at the foot of the Sfiga Mt. (Figure 1), while the rest infiltrates into the loose formations. Obviously, 

a percentage of this water is transferred to the karstic formations. 

4. Hydrogeology 

In the study area there two groups of rocks with distinguished hydrogeological characteristics such 

as mechanism of groundwater flow and potential of aquifer. The first group includes granular 

formations as alluvial deposits and Plio-Pleistocene sediments while the second group comprises 

limestone and shale-chert formation. An upper unconfined aquifer exists in the loose Neogene - 

Quaternary sediments showing in places confined conditions. Deep wells were tapped this upper 

system in the past while nowadays deep irrigation boreholes exist. In deeper layers, intensively 

karstified carbonates rocks exist showing a rich karstic aquifer which discharges in the Yliki Lake 

and in the coast of north Evoikos Gulf. The thickness of the Neogene-Quaternary sediments is over 

a hundred meters and show varied composition, as a result the aquifers exhibit anisotropy on both 

the horizontal and vertical plane. In the northern plains of the basin, alluvium deposits overlay the 

autochthonous carbonate rocks, resulting in a hydraulic connection between these two individual 

aquifers. Conversely, in the southern part the underlying formations of alluvium are the Plio-
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Pleistocene deposits; so aquifer is poor. Most of the boreholes reach the depth of 150 m and exploit 

the upper and the lower aquifers at a time. Discharged rate from drilled wells, in the upper aquifer, 

ranges between 30 and 40m3/h with high drawdown and very low specific capacity. Conversely, 

discharged rate from drilled wells in the karstic aquifer is higher than a 100 m3/h. The total number 

of the boreholes is over 200. Two of these wells located northern of the municipality Vagia cover 

the water needs of residents. Piezometric level is the same (both in upper and lower aquifer) and 

ranges between 65 and 70 m amsl (Pagounis et al., 1980). Groundwater flow in the central plain of 

the basin has a principal direction from SE to NW of the basin, where discharges in the carbonate 

mass at the foot of Sfiga Mt. In southern parts of the basin, the groundwater flow direction is towards 

south. An important role in differentiating the groundwater flow is the tectonic structure of the 

region. Recharge of the upper aquifer is derived from precipitation. Recharge of the lower aquifer 

comes from both precipitation and lateral inflow from Neogene- Quaternary deposits. 

5. Materials and Methods 

In order to monitor the quality of groundwater, water sampling was held in 18 boreholes 100 – 300 

m deep and 3 springs, in August 2012. In situ, temperature (Τ οC), electrical conductivity (EC 

μS/cm), pH were measured using the gauges WTW/LF330/SET and WTW/330i. Ions Ca2+, Mg2+, 

Na+, K+, HCO3
-, Cl-, SO4

2-, NO3
-, NH4

+, PO4
3-, heavy metals Cd, Co, Cu, Fe, Mn, Ni, Pb, Crtot, Zn 

total and carbonate hardness were analyzed in the laboratory of Mineralogy and Geology in 

Agricultural University of Athens, using the methods of titration, spectrophotometry (HACK, 

DR/3000), flame photometry (Flame photometer ΙΝTECH/420) and atomic absorption 

(GBC/908AAS). Sampling and analyses were conducted to investigate the quality of groundwater 

in Vagia basin and to interpret the geogenic and anthropogenic origin of the chemical elements 

(Davou 2014). Table 1 presents the results of chemical analyses. 

6. Groundwater Quality 

The composition of groundwater in Vagia basin varies widely. Figure 2 shows the average values 

of the main elements from Quaternary, Neogene and carbonate aquifers. The biggest variation was 

found in groundwater of Plio-Pleistocene and Quaternary sediments. This phenomenon is evidence 

of coexistence water in the natural replenishment area and water affected mainly by anthropogenic 

factors. These waters are located in boreholes of the flat part of the basin, where the cultivation is 

intense. The waters are characterized by wide variation of concentration of salts (TDS:580-974mg/l), 

high hardness values (ΤΗ:16,0-32,0 0dH), strong presence of elements Na+:29,3-133,4mg/l, 

Cl-:56,7-241,1mg/l, SO4
2-:2,1-68,9 mg/l, in places high concentrations on substances mainly 

anthropogenic origin as NO3
-:13,6-67,0mg/l, NH4

+:0,01-1,75mg/l and PO4
3-:0,03-0,36mg/l. The 

presence of all these elements reflects the varied geogenic and anthropogenic effects on the 

exploitation of aquifers. Concentrations, in the larger proportion of samples, exceed the upper 

permissible limits of Directive EE98 / 83 and declare unfit for human consummation. Based on the 

Piper diagram (Fig. 3) these waters are classified as geoalkaline/bicarbonate with a high proportion 

of alkali. In this category the dominant hydrochemical types are Ca-Mg-Na-HCO3-Cl, Mg-Ca-Na-

HCO3-Cl and Na-Ca-Cl-HCO3. Generally, in these waters there is no dominant anion or cation and 

indicate waters exhibiting mixing processes being in a hydrochemical evolution. Diagram Durov 

shows this evolution (Fig. 4). It is obvious that these waters come from a mixing process of different 

aquifers occurred in the loose Plio-Pleistocene sediments and the infiltrated water as well. The 

presence of high concentration of ions Na+, Cl- and SO4
2- is attributed to anthropogenic factors 

(fertilizers and pesticides) as well as the residual salts, as the Pliocene deposits of the region consist 

mainly of sediments of lacustrine and lagoon origin. In the diagram Hounslow (Hounslow, 1995) 

(Fig. 5) it is shown ionic ratios Ca/Ca+SO4 against Na/Na+Cl which finds that the higher percentage 

of the water samples is shown in the area of mixing waters. In particular, all samples from the 

aquifers of Neogene and Quaternary sediments are displayed in this area of the diagram. 
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Table 1 – Statistical analysis of the results of chemicals analyses. 

Parameter Springs 

(Quaternary Deposits) 

(3probe) 

Boreholes 

(Neocene sediments) 

(11probe) 

Boreholes 

(Carbonate sediments) 

(7probe) 

 min max aver. min max aver. min max aver. 

Temperature oC 13.2 18.1 16.4 17.5 24.0 19.4 17.5 20.1 18.1 

pH 7.3 8.1 7.7 7.6 8.2 7.8 7.5 8.3 7.7 

EC μS/cm 463 698 591 612 1334 840 586 855 657 

TDS mg/l 487 562 531 580 974 699 527 660 602 

Total Hard.odH 15.1 19.6 16.9 16.0 32.0 19.1 14.4 17.9 16.5 

Carb. Hard. odH 14.6 16.8 15.7 12.8 18.0 14.9 12.8 16.2 14.3 

Perm. Hard. odH 0.3 2.8 1.2 1.4 14.0 4.3 0.0 3.9 2.5 

Ca2+ mg/l 49.6 105.0 82.5 51.2 115.2 83.6 35.2 104.0 81.3 

Mg2+ mg/l 9.1 39.1 23.1 21.7 73.4 32.3 11.3 49.6 22.2 

Na+ mg/l 12.5 30.7 22.1 29.3 133.4 60.2 22.2 70.0 45.1 

K+ mg/l 1.5 2.0 1.7 0.3 12.0 3.5 0.3 11.4 3.6 

HCO3
- mg/l 317.2 366.0 341.7 280.6 390.4 325.1 280.6 353.8 311.1 

Cl- mg/l 24.0 35.0 27.9 56.7 241.1 110.7 49.6 106.3 67.7 

SO4
2- mg/l 6.2 17.0 13.1 2.1 68.9 31.8 3.3 57.0 31.1 

NO3
- mg/l 1.6 22.0 9.2 13.6 67.0 29.9 8.0 41.3 25.0 

NH4
+ mg/l 0.01 0.15 0.08 0.01 1.75 0.21 0.02 0.54 0.17 

PO4
3- mg/l 0.08 0.25 0.15 0.03 0.36 0.21 0.06 0.94 0.34 

SiO2 mg/l 29.0 29.0 29.0 13.1 55.8 22.7 9.3 37.0 18.9 

Fe ppm 0.007 0.112 0.046 0.001 0.125 0.075 0.001 0.262 0.110 

Mn ppm 0.001 0.035 0.020 0.001 0.132 0.047 0.001 0.160 0.060 

Zn ppm 0.014 0.032 0.024 0.018 0.149 0.116 0.038 0.440 0.195 

Ni ppm 0.001 0.011 0.007 0.001 0.029 0.009 0.001 0.631 0.127 

Cu ppm 0.001 0.010 0.006 0.001 0.286 0.069 0.001 0.022 0.005 

Cr ppm 0.001 0.009 0.006 0.001 0.001 0.001 0.001 0.009 0.002 

Cd ppm 0.009 0.011 0.010 0.001 0.014 0.005 0.001 0.022 0.005 

Co ppm 0.001 0.008 0.005 0.001 0.094 0.009 0.001 0.033 0.007 
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Figure 2 - Average values of the main elements from Quaternary, Neogene and carbonate 

aquifers of Vagia basin. 

The water of the springs is mainly from low aquifer of Pleistocene sediments. They classified at the 

category of geoalkaline calcium-bicarbonate-waters and the hydrochemical type is Ca-HCO3 και 

Ca-Mg-HCO3. In Durov diagram (Fig. 4) they are projected into the first field indicating fresh water 

from natural replenishment area. Comparing these waters with the pumping waters, the determined 

elements have lower concentration. Generally, they are slightly alkaline and do not show significant 

anthropogenic charges. The waters of the deep wells that exploit the karstic aquifer are classified at 

the category of geoalkaline-bicarbonate waters with a high percentage of alkali. 

 
 

Figure 3 - Classification of groundwater in 

the Piper diagram (●: Boreholes in 

Neocene and Quaternary deposits, ●: 

boreholes in carbonate sediments, ▼: 

Springs). 

Figure 4 - Classification of groundwater in 

the Durov diagram (●: Boreholes in 

Neocene and Quaternary deposits, ●: 

boreholes in carbonate sediments, ▼: 

Springs) 
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They show slightly alkaline nature and moderate hardness. The predominant hydrochemical types 

are Ca-Mg-HCO3, Ca-Mg-Na-HCO3-Cl and Mg-Ca-Na-HCO3-Cl. The wide range of concentrations 

of ions Na+:22,2-70,0mg/l, K+:0,3-11.4mg/l, Cl-:49,6-106,3mg/l, SO4
2-:3,3-57,0mg/l, NO3

-:8,0-

41,3mg/l, NH4
+:0,02-0,54mg/l and PO4

3-:0,06-0,94mg/l reflects the qualitative charge of carbonate 

aquifer. The presence of these compounds in carbonate water is attributed to the mixing of water 

from the upper Plio-Pleistocene sediments with the infiltrated water from surface through the 

sinkholes and generally the open karstic channels. 

 

 

Figure 5 - Προβολή των ιοντικών σχέσεων μεταξύ 

Ca/Ca+SO4 καιNa/Na+Cl (mmol/l) στο Hounslow 

Diagram (●: Boreholes in Neocene and 

Quaternary deposits, ●: boreholes in carbonate 

sediments, ▼: Springs). 

Figure 6 - Προβολή των ιοντικών 

σχέσεων μεταξύ Cl+SO4 και Na+K 

(%meq/l) στο διάγραμμα Ludwig-

Lancelier (●: Boreholes in Neocene 

and Quaternary deposits, ●: 

boreholes in carbonate sediments, ▼: 

Springs). 

From the diagram Hounslow (Fig. 5) it is apparent that the qualitative differentiation of pumping 

water is affected by superficial factors as their points are projected into the field of mixing water, in 

the same way as the water of the wells that exploit the aquifers of the Plio-Pleistocene sediments are 

plotted. Similar observations are observed to arise from the diagram Ludwig-Langelier (Fig. 6) 

which shows the strong differentiation of the three qualitatively distinct groups of groundwater in 

the study area. According to the geochemical simulation of the groundwater Sylvite (KCl), Halite (

NaCl), Anhydrite (CaSO4), Quartz (SiO2), Feldspar (NaAlSi3O8), Dolomite (CaMg[HCO3]2) and 

Calcite (CaCO3) are the main minerals that participate in the rocks of the study area and are dissolv

ed in groundwater. Characteristic of groundwater in the region is the presence of heavy metals which 

in many cases exceed the limits of the EU directives (EΕC 98/83 1998) and WHO (1984) that 

concerns water for human use. Their presence into the water is attributed to geogenic and human 

factors due to intensive agriculture. The presence of shale-chert formation and ophiolites are the 

main feeder to heavy metals. It is likely, that the existence of Fe-Ni deposits in the underlying 

formations and in the wide area, feed the water with heavy metals. The higher values of 

concentrations are Fe: 0.001-0.262ppm, Mn: 0.001-0.132ppm, Zn: 0.014-0.440ppm, Ni: 0.001-

0.631ppm and Cu: 0.001-0.286ppm whereas the rest elements have very low values. 
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7. Conclusions 

The study of the hydrogeological conditions of the closed basin of Vagia concluded to the following: 

 The study area is built up from two aquifer systems: the karstic one hosted in the 

autochthonous and the upper which is developed in the wide area, in clastic Neogene-

Quaternary formations. The resources are significant and offer exploitation possibilities. 

 Groundwater hosted in Neogene-Quaternary sediments is characterized by alkaline nature, 

medium to high hardness and high concentration of total dissolved solids. It is mixing water 

and indeterminate hydrochemical type, as the geochemical processes are in evolution. 

Predominant hydrochemical types are Ca-Mg-Na-HCO3-Cl, Mg-Ca-Na-HCO3-Cl and Na-

Ca-Cl-HCO3. The water quality shows anthropogenic effects, except individual cases. The 

found increased values of chloride, sodium and sulfates ions are attributed to the existence 

of residual salt. In places, there is a strong presence of anthropogenic origin compounds such 

as nitrate, ammonium and phosphate. The local presence of intense anthropogenic 

compounds and heavy metals make the use of such water unfit for human consumption. 

 Karstic waters have slightly alkaline character and low concentrations of total salts. In places, 

present effects by surface water related to direct infiltration into the karstic mass by surface 

water through sinkholes and open karstic channels. Predominant hydrochemical types are 

Ca-HCO3 and Ca-Mg-HCO3, except some samples that characterized Ca-Mg-Na-HCO3-Cl 

and Mg-Ca-Na-HCO3-Cl, indicating water from overlaying aquifers. In places, dominate 

karstic waters of good quality that can be used for human consumption. 
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Abstract 

The geological structure of Thriassion Plain is generally complex and has been affected 

at different times by many tectonic activities. The last ones are the neotectonic, which 

caused horsts and grabens structures. Geologic and tectonic structures have influenced 

the hydrogeological conditions and the groundwater flow. Hydraulic characteristics of 

Plio-Pleistocene deposits differ throughout their extent. In this study, pumping tests in 

Plio-Pleistocene deposits are represented and the hydraulic characteristics 

transmissivity T, storativity S and hydraulic conductivity K are assigned. Pumping tests, 

in 8 totally wells, were conducted in the dry period. Methods as Cooper-Jacob’s, 

Theis’s, Papadopoulos-Cooper’s and Neuman’s and last the Recovery method, are used 

to assign the hydraulic characteristics. These tests highlighted the Recovery method as 

the most reliable. Transmissivity T: 18-279.1 m2/d, storativity S: 2.5*10-3-3*10-2and 

hydraulic conductivity K: 0.4-25.1 m/d. Specific capacity is also determined ranging 

between 16-360 m3/d/m. This study contributes, essentially, in the approach of 

hydrogeological conditions of Thriassion Plain. 

Keywords: Quaternary sediments, Groundwater pumping test. 

Περίληψη 

Η γεωλογική δομή της ευρύτερης περιοχής του Θριασίου Πεδίου είναι σε γενικές 

γραμμές πολύπλοκη και έχει επηρεασθεί σε διάφορες περιόδους από σύνθετες 

τεκτονικές δράσεις και τελευταία από την νεοτεκτονική, η οποία έχει δημιουργήσει πολύ 

σύνθετες δομές κεράτων και βυθισμάτων. Η γεωλογική και τεκτονική δομή έχει 

επηρεάσει τις υδρογεωλογικές συνθήκες και την κίνηση του υπόγειου νερού. Τα 

υδραυλικά χαρακτηριστικά των πλειο-πλειστοκαινικών ιζημάτων διαφέρουν από θέση 

σε θέση. Σε αυτό το άρθρο παρουσιάζονται αποτελέσματα αντλητικών δοκιμασιών που 

πραγματοποιήθηκαν στις πλειο-πλειστοκαινικές αποθέσεις και προσδιορίσθηκαν τα 

υδραυλικά χαρακτηριστικά τους. Οι αντλήσεις πραγματοποιήθηκαν σε 8 πηγάδια και 

εφαρμόσθηκαν οι μέθοδοι Cooper-Jacob, Theis, Papadopoulos-Cooper, Neuman και 

η μέθοδος της Επαναφοράς. Οι αντλήσεις αυτές ανέδειξαν την μέθοδο της Επαναφοράς 

ως την πλέον αξιόπιστη. Η μεταβιβαστικότητα T κυμαίνεται μεταξύ 18-279.1 m2/d, η 

αποθηκευτικότητα S μεταξύ 2.5*10-3-3*10-2 και η υδραυλική αγωγιμότητα Κ μεταξύ 

0.4-25.1 m/d. Επίσης, προσδιορίσθηκε η ειδική ικανότητα, η οποία κυμαίνεται μεταξύ 

16-360 m3/d/m. Η έρευνα αυτή συμβάλλει, ουσιαστικά, στην προσέγγιση των 

υδρογεωλογικών συνθηκών που επικρατούν στο Θριάσιο Πεδίο. 

Λέξεις κλειδιά: Τεταρτογενή ιζήματα, δοκιμαστικές αντλήσεις. 



968 

 

1. Introduction 

Estimation of groundwater potential of an area is achieved by the determination of the 

hydrogeological regime as well as the calculation of hydraulic characteristics of the aquifers, 

transmissivity T, storativity S and hydraulic conductivity K. Specific capacity Q/s is of great value 

as well. The most reliable way to determine hydraulic parameters of the aquifer is pumping tests. In 

this way it is obtained an average value of these parameters as it is assumed that water moves through 

the total porosity (primary and secondary). The results from pumping tests outline the actual 

groundwater flow. This method is more accurate than the estimation of hydraulic parameters from 

laboratories measurements. These samples are never undisturbed (Driscoll, 1986). Many methods 

are used to analyze and evaluate pumping test data. Determination of the hydraulic characteristics 

is based on mathematical equations and analytical solutions. They are based also on the knowledge 

of geological structure and the processes that form aquifers as well as hydrogeological conditions 

that influence the variation of the piezometric level during the tests. These aquifers tests can also 

predict: a) the effect of new withdrawals on existing wells, b) the future drawdown in a well, c) the 

radius of influence of a well (Driscoll, 1986). In this article pumping tests in Plio-Pleistocene 

deposits of Thriassion Plain are represented. Hydraulic characteristics transmissivity T, storativity 

S and hydraulic conductivity K are assigned, using several methods and taking into account the 

average values (Driscoll, 1986; Kruseman et al., 1990). This study refers to the research of 

geohydraulic characteristics of the aquifers in Plio-Pleistocene deposits of Thriassion Plain for a 

better approach of hydrogeological conditions of the above area. Pumping test data are part of the 

doctoral thesis that is carried out in the above area (Hermides, 2016). 

2. Study area 

The geological structure of Thriassion is generally complex and has been affected at different times 

by many tectonic activities. The last ones acted in Pleistocene which caused horsts and grabens 

structures. 

 

Figure 1 - Geological map of study area and points of pumping wells (IGME, Katsikatsos et 

al., 1986). 
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The wide area consists of Palaeozoic volcano sedimentary complex of: a) clastic materials such 

argillaceous shales and sandstones, which alternate with grauwackes and conglomerates b)basic-

igneous volcanic rocks c) limestones, Triassic limestones and dolomites, Cretaceous limestones, 

Paleocene flysch, Plio-Pleistocene deposits of Pliocene marls, sandstone, marly limestone and 

Pleistocene argyles, sands, gravels, torrential fans of loosely and cohesive conglomerates and to the 

top alluvial deposits of argyles, loams, sands and gravels. The largest percentage of the wider area 

is mountainous with steep slopes and deep ravines, plains grow at altitudes from 0 to 100m, in 

Thriassion Plain, area of approximately 100 km2 presented by diluvium (Figure 1). This is a tectonic 

sinking which formatted during the Neogene and filled with terrestrial, lacustrine and marine 

deposits which thickness is over than 400m. Geologic and tectonic structures have influenced the 

hydrogeological conditions and the groundwater flow. Hydraulic characteristics of Plio-Pleistocene 

deposits differ throughout their extent. Pumping tests have been conducted by a few researchers in 

the past, in limestone and in quaternary deposits. 

3. Materials and Methods 

Pumping tests were carried out following most of the rules that required producing accurate data 

and determine as much as possible more actual values of the hydraulic characteristics of wells and 

the aquifer. The piezometric surface was at the normal static level, the discharge rate was constant 

and the water was piped far enough from pumping well, water level was recorded at regular intervals, 

the measuring of the drawdown was taken carefully, the measuring device was the same each time. 

Unsteady-state flow methods were used for both confined and unconfined aquifers. Theis’s (1935) 

Cooper-Jacob’s (1946), Neuman’s (1972), Papadopulos-Cooper’s (1967) methods were used as well 

the method of Recovery. The duration of pumping tests ranges between 6-12 hours, however, 

transmissivity is accurately determined. The methods presented in this article are based on the 

following assumptions (Theis, 1935): 

1 The aquifer is confined and has an infinite extent. 

2 The aquifer is homogeneous and isotropic and of uniform thickness around the area 

influenced by the pumping test. 

3 Before the test, the piezometric surface is horizontal or nearly horizontal in the area 

affected by the test. 

4 The aquifer is pumped at a constant discharge rate during the test. 

5 The well penetrates the entire aquifer and receives water from the entire saturated 

thickness of the aquifer. 

6 Water is been removed instantaneously from the aquifer by the pumping. 

7 The aquifer is not supplied from any source during the test. 

8 The flow towards the pumping well is horizontal. 

9 The parameter u, in the Cooper-Jacob’s method, must be smaller than 0.01. 

10 The well diameter is small (not for Papadopoulos-Cooper method). 

The main problem in the area of Thriassion focuses on the fact that the geological structure is 

complex and actual thickness of the aquifers cannot be accurately determined, because of the 

following: 

 There are not several lithological cross-sections of wells in the area. 

 None of such a well has penetrated the whole aquifer system. 

 The thickness differs from site to site. 

Therefore the following assumptions were adopted: 

 The wells penetrate the entire thickness. This is not far from reality because thicknesses are 

small in general and one to three aquifers often is pumped. 

 The total thickness of all aquifers is the sum of the individual aquifer thicknesses. 
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 The thickness is uniform in the area influenced by the test, which is largely true. 

For Cooper-Jacob’s method the condition u<0.01 is rather rigid. For 5 or 10 times higher value 

u<0.05 or u<0.1 the error introduced in the result is less than 2% or 5%, respectively. For practical 

purposes it is suggested using u<0.05 (Driscoll, 1986) or u<0.1 (Kruseman et al., 1990). Specific 

capacity was calculated using the predicted drawdown s, after extension to 24 hours pumping, using 

the equation of the line regression from the graph or using the equation 1 of theoretical drawdown: 

Equation 1 theoretical drawdown s 

s = 0.183*
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In aquifers of Thriassion, pumping tests were conducted in the wells: 

 Ν54, Ν86, Ν128, Ν129, Ν131, Ν154, Ν154 Π-2, Ν176 by the writer 

 in the group of the wells E (4 wells) by IGME 

Many graphs were accomplished and all pumping data were analysed with all the methods and 

finally an average result of the calculations is presented to obtain as the most accurate values as 

possible (Kruseman et al., 1990). 

4. Results 

4.1. Evaluation of pumping test data 

4.1.1. Well Nr54 

The test was conducted on 05/29/2012, the duration of it was 12 hours and the drawdown was 0.86 

m. Thickness of the aquifer is 5m data were analysed with all methods and finally, Papadopoulos’s, 

Neuman’s and the Recovery methods were chosen (Figure 2). The aquifer which is tapped by well 

Nr 54 is unconfined. This is proved from the fact that the annual water level fluctuation is about 

0.45m. The conditions around the well Ν54-Π1 at distance 65m faraway show confined aquifer and 

the well Νr54-Π2 at distance 125 m faraway show semiconfined aquifer, as the storativity value 

deduced from analysis of the observing wells Π1 and Π2 ranges between 2.8*10-3 and 9.8*10-3, 

respectively (Figure 3). 

 

Figure 2 - Analysis of pumping test data of well N54 after Papadopulos-Cooper’s and 

Neuman’s method. 

In Figure 3 it is shown a clear example of a transient steady-state flow. For an hour the drawdown 

of the two observation wells P1 and P2, located 60 m between them, have the same rate without 

reaching the equilibrium. In Figure 4 is shown pumping test data of the observation well P2 analyzed 

with Theis’s method. In the same Figure 4 it shown a typical case where it could be given incorrect 

interpretation because it is displaced the phenomenon of pseudo-transmissivity where data are 

affected by storage effects (the first segment in Figure 3) and recharge effects (the horizontal 
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segment) (Worthington, 1981). The value of transmissivity deduced after Papadopulos-Cooper’s 

method was T=132.7 m2/d, after Neuman’s method was T= 125.6m2/d and by the Recovery method 

was T=129.1m2/d. It is strongly obvious that T=129.1m2/d Storativity around the well Nr 54 is 

S=6.2*10-3revealing a semiconfined aquifer, hydraulic conductivity was K=25.1 m/d and specific 

capacity was calculated Q/s=294m3/d/m. 

4.1.2. Well Nr 86 

The test was conducted on 10/19/2011, the duration of it was 6 hours and the drawdown was 1.12m. 

Thickness of the aquifer is 15m Data were analysed using all methods and finally, Papadopoulos-

Cooper’s, Cooper-Jacob’s and the Recovery methods were chosen. In Figure 5 it appears a clear 

example of pumping test data where the storage effect in the well affected the discharge rate and if 

it is not been taken into account the estimation of transmissivity will be erroneous. 

 

Figure 3 - Pumping test data for the observation wells Π1-Π2 and development of a transient 

steady-state flow (Cooper-Jacob’s method). 

 

Figure 4 - Pumping test data of the observation well P2 and detection of pseudo-

transmissivity (Theis’s method). 

The value of transmissivity deduced after Papadopulos-Cooper’s method was T=270.7 m2/d, after 

Cooper-Jacob’s method was T= 287.5m2/d and by the Recovery method was T=279.3m2/d. It 

is remarkable that the average value of transmissivity T=279.1m2/d coincides with the Recovery 

value. Storativity around the area of well Nr 86 is S=5.3*10-3 revealing a semiconfined aquifer, 



972 

 

hydraulic conductivity was K=23.25 m/d and specific capacity was calculated at Q/s=300 m3/d/m. 

Storage effects in the pumping well has been analysed by Schafer’s equation 2 (Schafer, 1978). 

Equation 2 Schafer’s equation of calculating time t when storage in the well is negligible 
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Where: 

tc= time when storage effect in the well becomes negligible in minute 

dc = diameter of unscreened well in mm 

dp = outside diameter of pump pipe in mm 

Q/s= specific capacity in m3/d/m 

 

Figure 5 - Pumping test data of the pumping well Nr 86 (Cooper-Jacob’s and Papadopulos-

Cooper’s method). 

4.1.3. Well Nr 128 

The test was conducted on 10/28/2008, the duration of it was 6 hours and the drawdown was 6.77m. 

Thickness of the aquifer is 15m. Data were analysed using all methods and finally, Papadopulos-

Cooper’s, Neuman’s, Cooper-Jacob’s and Recovery methods were chosen. The value of 

transmissivity deduced after Theis’s method was T= 25.5 m2/d, after Neuman’s method was T= 

22.5m2/d (Figure 6), after Papadopulos-Cooper’s method T=34.7m2/d and by the Recovery method 

was T=30.1m2/d (Figure 7). Transmissivity value is finally T=30.1m2/d. Hydraulic conductivity 

calculated at the value of K=2 m/d and specific capacity at the value of Q/s=52 m3/d/m. 

Papadopulos-Cooper’s method gave a value of storativity S= 1.9*10-2. This value reveals an 

unconfined aquifer; however the aquifer is under pressure in general, which is proved by the high 

piezometric level of +9.5 m and the annual fluctuation of about 5 m. The answer in this discrepancy 

of results is that the time of pumping in October the aquifer behaved as unconfined due to the 

generally drawdown of the piezometric surface. 

4.1.4. Well Nr 129 

The test was conducted on 10/29/2008, the duration of it was 5 hours and the drawdown was 6.77m. 

The thickness of the aquifer is about 15 m. The estimated value of transmissivity taking into account 

the Theis’s, Cooper-Jacob’s and Recovery methods was T = 18 m2/d. This value of transmissivity 

combined with the large drawdown of about 10 m reveals an aquifer of low capacity and it is very 

likely to locate at the border of the Plio-Pleistocene deposits. Hydraulic conductivity calculated at 

the value of K=0.4 m/d and specific capacity at value Q/s=16m3/d/m. 
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Figure 6 - Pumping test data of well Nr 128 (Cooper-Jacob’s and Neuman’s method). 

4.1.5. Well Nr 131 

The test was conducted on 10/28/2008, the duration of it was 5 hours and the drawdown was 2.44m. 

The thickness of the aquifer is about 15 m and pumping test data have been taken only by the 

recovery phase. Transmissivity value was estimated at the value of T =32.52m2/d (Figure 8a). 

Drawdown was 4.66 m after 5 hours pumping. Discharge rate was Q = 408 m3/d. Aquifer is 

confined and the piezometric level is at +9 m. Specific capacity was estimated at the value of Q/s= 

50 m3/d/m. 

4.1.6. Well Nr 154 

The test was conducted on 04/05/2009, the duration of it was 6 hours and the drawdown was 1.31m 

The thickness of the aquifer is about 10 m. Transmissivity value obtained after Theis’s method was 

T=104.6 m2/d, after Cooper-Jacob’s method was T=104.7m2/d, by the Recovery method was T 

=105.4 m2/d and after Neuman’s method T=108.3m2/d. The average value was T= 105.8m2/d. 

Drawdown was 1.31 m after 6 hours pumping. The aquifer is unconfined and storativity obtained 

after Papadopulos-Cooper’s method S = 2.8*10-2. Hydraulic conductivity K= 10.58 m/d (Figure 

8b). Specific capacity was calculated at the value of Q/s= 247 m3/d/m. 

 

Figure 7 - Pumping test data of well Nr 128 (Recovery, Papadopulos-Cooper’s methods). 

4.1.7. Well Nr 154-Π2 

The test was conducted on 04/05/2009, the duration of it was 3 hours because the pump was broken 

and the drawdown was 1.29 m. Transmissivity value obtained after Papadopulos-Cooper’s method 
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was T=228 m2/d, by Recovery method T =238.6 m2/d and Neuman’s method T=228.3m2/d. The 

average value T= 231.6m2/d. Drawdown was 1.255 m after 3 hours pumping. The aquifer is 

unconfined and storativity is S = 3*10-2. Hydraulic conductivity K= 15.44 m/d. Discharge rate was 

Q=516 m3/d (Figure 9). Specific capacity was estimated at the value of Q/s= 360 m3/d/m. 

4.1.8. Well Nr 176 

The test was conducted on 10/02/2000, the duration of it was 5 hours and the drawdown was 3.86m. 

Transmissivity value obtained after Papadopulos-Cooper’s method was T=57.3 m2/d, after 

Recovery method T =56.7 m2/d and Neuman’s method T=52.1m2/d. The average value was 

T=55.4m2/d. Drawdown was 3.86 m after 5 hours of pumping. The aquifer is confined and 

storativity is S = 2.5*10-3. Hydraulic conductivity K= 11.08 m/d. Discharge rate was Q=720 m3/d 

(Figure 10). 

 

Figure 8 a, b - Pumping test data of well Nr 131 and Nr 154 (Recovery and Cooper-Jacob’s 

method respectively). 

 

Figure 9 - Pumping test data of well Nr 154-P2 (Recovery and Papadopulos-Cooper’s 

method respectively). 
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Figure 10 - Pumping test data of well Nr 176 (Recovery and Papadopulos-Cooper’s method 

respectively). 

Table 1 summarizes the hydraulic characteristics of 8 wells that have been pumped in Thriassion 

Plain. 

Table 11 - Summary of hydraulic characteristics of wells in Plio-Pleistocene deposits of 

Thriassion Plain. 

5. Conclusions 

This study presents pumping tests in wells in Plio-Pleistocene deposits of Thriassion Plain of Attica 

which conducted in the period 2008-2012 and one test in 2000. None of important changes in 

climatic conditions or other environmental impacts occurred during this period that could affect the 

hydraulic characteristics of Triasssion Plain. Concluding after all these data, it is obvious that the 

aquifers, in the above mentioned area, are under unconfined, confined and semi confined conditions. 

These results are actually reasonable in terrestrial Pleistocene deposits within there are clay layers. 

The values of transmissivity T ranges from 8-279.1 m2/d, storativity S ranges from 2.5*10-3 -3*10-

2, hydraulic conductivity K ranges from 0.4-25.1 m/d and specific capacity Q/s ranges from 16-360 

m3/d/m. 

6. References 

Cooper, H.H.Jr. and Jacob, C., 1946. A generalized graphical method for evaluating formations 

constants and summarizing well-field history, Trans. Amer. Geophysical Union, 27, 526-534. 

Well Nr Τ (m2/d) S K (m/d) 
Calculated 24 h

 Q/s (m3/d/m) 

N54 129.1  25.1 294 

N54-Π2  2.8*10-3   

N86 279.1 5.3*10-3 23.25 300 

N128 30.1 1.9*10-2 2 52 

N129 18  0.4 16 

N131 32.52  2.17  

N154 105.8 2.8*10-2 10.58 247 

N154-Π2 231.6 3*10-2 15.44 360 

N176 55.4 2.5*10-3 11.08 186 

average 110.2  11.25 207.86 



976 

 

Driscoll, F., 1986. Groundwater and wells 2nd edition, 1089 pp., Johnson Div. publication. 

Hermides, D., 2016. Hydrogeological conditions of the Thriassion Plain Basin with emphasis on the 

geohydraulic characteristics of the aquifers and the groundwater quality, (In print). 

IGME, Katsikatsos, G., Mettos, A., Vidakis, M., Dounas, A., Pomoni, F., Tsaila-Monopolis, S. and 

Skourtsi-Koroneou, V., 1986. Geological map of Greece, Sheet of Thriassion, IGME 

publication, Athens. 

Kruseman, G. and de Ridder, N., 1990. Analysis and Evaluation of Pumping test Data, 2nd edition, 

377 pp. 

Neuman, S.P., 1972. Theory of flow in unconfined aquifers considering delayed response of the 

water table, Water Resources Research, 8, 1031-1045. 

Papadopoulos, I.S. and Cooper, H.Jr., 1967. Drawdown in a well of large diameter, Water Resources 

Research, 3, 241-244. 

Paraschoudes, B., 2002. Hydrogeological study of Westrern Attica, Ministry of Agricultural 

Department of Geology and Hydrology, unpublished report Athens. 

Schafer, D.C., 1978. Casing Storage can affect Pumping Test Data, Johnson Drillers' Journal, 

Jan/Feb, Johnson Division, UOP Inc, St. Paul, Minnesota. 

Theis, C.V., 1935. The relation between the lowering of the piezometric surface and the rate and 

duration of discharge of a well using ground water storage, Trans. Amer, Geophysical Union, 

16, 519-524. 

Worthington, P.F., 1981. Estimation of the transmissivity of thin leaky-confined aquifers from 

single-well pumping tests, Journal of Hydrology, 49, 19-30. 

  



977 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 977-986 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

 Bulletin of the Geological Society of Greece, vol. L, p. 977-986 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

DISTRIBUTION OF RARE EARTH ELEMENTS IN 

METAMORPHIC ROCKS OF PLATTENKALK GROUP AT 

CENTRAL CRETE, GREECE 

Stathogianni F.1, Manoutsoglou E.1, Staboliadis I.2, Pantelaki O.2 and 

Kallithrakas-Kontos N.1 

1Technical University of Crete, School of Mineral Resources Engineering, University Campus, 

GR-73100 Chania, Greece, emanout@mred.tuc.gr 

Abstract 

Within the metamorphic rocks of the Plattenkalk Group, in an occurrence at Tallaia 

Mountains, central Crete, light rare earth elements Cerium and Lanthanum are found. 

The studied rare earths are seen in an epidote group mineral, allanite. Scanning 

Electron Microscopy of the samples showed clearly the crystals of allanite (pre-

kinematic crystals) and their grain size. Mineral processing was conducted for the 

size fractions: (<10 µm), (10-212 µm) and (212-1000 µm), according to the magnetic 

properties and grain size of allanite. After magnetic separation of the fraction (<10 

µm) and (212-1000 µm) rare earths Ce and La were observed to have higher 

concentrations in the magnetic products. In conclusion, (according to the microscopic 

and mineral processing data) the optimum grain size for the beneficiation of allanite 

is the size fraction (10-212 μm). 

Keywords: Cerium, Lanthanum, Allanite, Crete. 

Περίληψη 

Εντός των μεταμορφωμένων πετρωμάτων της Ομάδας των Πλακωδών Ασβεστολίθων 

των Ταλαίων Ορέων της κεντρικής Κρήτης εμφανίζονται ελαφρές σπάνιες γαίες 

(δημήτριο και λανθάνιο). Τα στοιχεία των σπανίων γαιών περιέχονται σε ένα ορυκτό 

της ομάδας του επιδότου το οποίο ονομάζεται αλλανίτης. Κατά την εξέταση μέσω του 

ηλεκτρονικού μικροσκοπίου σάρωσης εντοπίστηκε ο αλλανίτης (προκινηματικοί 

κρύσταλλοι) και καταγράφηκε η κοκκομετρία του. Στη συνέχεια, πραγματοποιήθηκαν 

δοκιμές εμπλουτισμού για τα επιλεγμένα δείγματα στα κοκκομετρικά κλάσματα (<10 

µm), (10-212 µm) και (212-1000 µm), σύμφωνα με τις μαγνητικές ιδιότητες και το 

μέγεθος των κόκκων του αλλανίτη. Μετά από μαγνητικό διαχωρισμό των κλασμάτων 

(<10 µm) και (212-1000 µm) φάνηκε ότι οι σπάνιες γαίες (Ce, La) παρουσιάζουν 

υψηλότερες συγκεντρώσεις στα μαγνητικά προϊόντα. Από τις μικροσκοπικές 

παρατηρήσεις καθώς και τις δοκιμές εμπλουτισμού πρόεκυψε ότι η ιδανική 

κοκκομετρία εμπλουτισμού του αλλανίτη είναι (10-212 μm). 

Λέξεις κλειδιά: Δημήτριο, Λανθάνιο, Αλλανίτης, Κρήτη. 

1. Introduction 

Rare earth metals are used in the modern industry in numerous technological fields, such as catalysts, 

electronics, glasswork, ceramics, special alloys and superconductors. Recently, the application of 

rare earths has focused on various research purposes, like geochronology and geochemical mapping, 

mailto:emanout@mred.tuc.gr
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which is considered to play an important role in environmental research, geological mapping and 

mineral resources research. In addition, rare earths are used as geochemical tracers for hydrological, 

hydrogeological and oceanographic researches. 

Recently, accessory LREE (Light Rare Earth Elements) bearing minerals have been investigated in 

eastern Crete, Greece, in a sequence of Palaeozoic amphibolite facies metapelites which were 

overprinted by Alpine low-T metamorphism (~300 °C). The series is dominated by Al, Ca rich 

metapelite layers, which contain Palaeozoic allanite, secondary Alpine monazite with low Y 

contents (<0.6 wt.%) or rhabdophane (Krenn and Finger, 2007). LREE-bearing minerals are also 

found within the metamorphic marine siliciclastic of Sisses and Fodele beds of the Plattenkalk Group 

(Manutsoglu, 2008). Mineral processing was conducted for the size fractions: (<10 μm), (10-212 

μm) and (212-1000 μm), according to the magnetic properties and grain size of allanite. 

Table 1 - Occurrences of allanite in Greece (updated until 2009). 

Occurrence of allanite Location Author 

Accessory mineral in amphibolites  Samos Mezger and Okrusch (1985) 

In andesitic rocks Poros, NE Peloponnese Mitropoulos P (1987) 

Accessory mineral in Miocene I-

type granitoids  
Cyclades  Henjes-Kunst et al. (1988) 

Accessory mineral in migmatites Central Rhodope Kotopouli et al. (1991) 

In skarn formation Serifos, Cyclades 
Perdikatsis and Papastavrou 

(1993) 

In granitoid rocks  Thessaly Kotopouli et al. (2000) 

Accessory mineral in Augen 

migmatite  
Naxos, Cyclades Keay et al. (2001) 

Accessory mineral in quartz diorite  Delos, Cyclades Pe-Piper et al. (2002) 

In metamorphic rocks  Ikaria, Cyclades Iliopoulos Ι (2005) 

In magmatic epidote of the Sithonia 

pluton 
Sithonia, Chalkidiki Keramidas et al. (2005) 

In phengite-rich eclogite  Syros, Cyclades Putlitz et al. (2005) 

In granodiorite Tinos, Cyclades Mastrakas Ν (2006) 

Accessory mineral in tonalites and 

granodiorites  
Sithonia, Chalkidiki Christofides et al. (2007) 

Accessory mineral in metapelites Eastern Crete Krenn and Finger (2007) 

In metapelites and metasandstones Central Crete Manutsoglu E (2008) 

Accessory mineral in mélange Syros, Cyclades Miller et al. (2009) 

Accessory mineral in granites Fanos,  Northern Greece Šarić  et al. (2009) 

In metapelitic garnets 
Rhodope, Northern 

Greece 
Mposkos et al. (2009) 

The rare earths studied are seen in an epidote group mineral called allanite. Allanite occurs in 

metamorphic rocks between Sisses and Fodele beds of the Plattenkalk Group. There have been several 

references since the middle 80’s about the allanite occurrences in Greece. Allanite occurs mainly as an 

accessory mineral in a variety of geological environments. Most of the studies are located at Cyclades 

(Aegean region). Allanite is found in skarn at Serifos, in migmatites at Naxos, in plutonic rocks at 

Delos, in eclogites and mélange rocks at Syros, in granodiorite at Tinos. Other occurrences of allanite 

are reported in metamorphic rocks from Ikaria, in amphibolites from Samos, in andesitic rocks from 

Poros, in metapelites from East Crete and in some areas in Northern Greece (in plutonite from 

Chalkidiki, in migmatites and gneiss from Rhodope, in granites from Fanos) and in granitoids from 
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Thessalia (Table 1). The four‐year (2009-2013) ProMine project (Arvanitidis and Goodenough, 2014) 

has provided a well documented knowledge base of Europe's non‐energy raw material resource 

potential, which is completed by various research outcomes regarding LREE distribution patterns (e.g. 

Melfos and Voudouris, 2012 and Papadopoulos et al., 2015). 

2. Geological settings 

The Plattenkalk Group (Permian-Oligocene) represents the lowermost tectonic unit under a nappe pile 

of metamorphic and non metamorphic units of the External Hellenides and has undergone a prograde 

metamorphism ranging from anchimetamorphic to high pressure/low temperature facies conditions 

(Manutsoglu, 1990). The generally acceptable aspect for their depositional conditions has been derived 

from lithological comparisons with the succession of the Ionian Ζone. It represents a transition from 

very shallow to deeper pelagic sedimentation. The older part of the Plattenkalk Group includes marine 

siliciclastic sediments and carbonates of late Permian to early Triassic age. These rocks are overlain 

conformably by a thick sequence of neritic carbonates with stromatolites of Upper Triassic-Liassic age. 

The next level comprises the sequence of platy limestones with bedded and nodular chert of Jurassic-

Eocene age, which corresponds to the «Posidonia Schist» and «Viglaes facies» of Ionian zone. The 

uppermost stratigraphic level includes the transitional beds to a siliciclastic succession known as 

«Vathia Beds» on Peloponnes and “Kalavros Beds” on Crete, of Upper Eocene-Oligocene age. The 

Plattenkalk Group has been metamorphosed during Oligocene-Miocene (Manutsoglu, 1990). The 

discovery of extended colonies of lithistid demosponges in the middle parts (Jurassic-Eocene) of the 

chert-bearing metamorphic platy limestones from the Taygetos Mountains on the Peloponnes to the 

Ida Mountains on Crete allows the deduction of the sedimentary depositional conditions (Manutsoglu, 

et al. 1995; Soujon et al., 1995 and Manutsoglu et al., 1998, 2003). 

3. Materials and Methods 

Five samples were collected from the study area (Figure 1), two metasandstones and three schists 

(calc-schist, yellow and white schist). Mineralogical study through powder X-Ray diffraction (XRD) 

of these samples showed no evidence of allanite (Table 2). Thin section microscopy study showed 

microcrystals of allanite within crystals of albite. Scanning electron microscopy of the samples 

showed clearly the crystals of allanite (pre-kinematic crystals) and their grain size (approximately 

30-100 μm) (Figure 2). 

Table 2 - X-Ray Diffraction investigation of the initial samples. 
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Metasandstone (1) ++ + + - - + - - 

Metasandstone (2) ++ + + - + - - - 

Schist (calc-schist) + - + ++ + - + - 

Schist (yellow) ++ + + - + - - - 

Schist (white) ++ + ++ + - - - + 
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Figure 1 - Geological map of Talaia Ori (after Kock et al., 2007; modified by Epting et al., 

1972). (1) Cities (2) Tectonized blocks (slivers), (3) Galinos beds (4) Fodele beds (5) Sisses 

beds (6) stromatolites-dolomites (7) Plattenkalk group (8) Phyllite-Quartzite nappe (9) 

Vasilikos marbles (10) red sediments (pre-Tortonio), (11) Tortonio-Pliocene (12) Trace of the 

stratigraphic section (13) Stratigraphic contact (14) Thrust fault (15) Roads. 
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Figure 2 - Backscattered Electron (BSE) image of allanite (1) and mica minerals (4). 

4. Sample preparation - Results 

The original five samples (two metasandstones and three schists) went through crushing (using a 

jaw crusher) and then grinding in order to reduce their particle size. Next, each sample was 

homogenised. Using the Mozley hydrocyclon (2"), each homogenized sample was classified in two 

fractions <10 μm and >10 μm. The underflow (>10 μm) and overflow (<10 μm) of the hydrocyclon 

were collected separately and dried. Dry-sieving was carried out in the underflow in order to obtain 

the fractions (10-212 μm) and (212-1000 μm). 

Table 3 includes weight (%) and concentration in Ce, La of each sample after hydroclassification 

and dry sieving. 

4.1. Magnetic Separation - Results 

Magnetic separation was conducted in the five original samples for the size fractions (<10 μm), (10-

212 μm) and (212-1000 μm). The fine fraction (<10 μm) was separated using the wet high intensity 

magnetic separator (Carpco), whilst the fractions (10-212 μm) and (212-1000 μm) were separated 

using the high intensity induced roll magnetic separator (MIH 111-5, Carpco). The results for each 

fraction are shown in Tables 4, 5 and 6. 
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Table 3 - Results after hydroclassification and dry sieving. 

Sample Size fraction (μm) Weight (%) La (ppm) Ce (ppm) 

Metasandstone (1) 

212-1000 83,48 7,95 14,56 

10-212 7,88 6,87 8,39 

<10 8,64 44,94 92,12 

Total 100,00 11,90 22,96 

Metasandstone (2) 

212-1000 77,61 8,68 16,52 

10-212 6,22 8,29 13,48 

<10 16,17 26,18 47,88 

Total 100,00 10,92 19,60 

Schist (calc-schist) 

212-1000 53,26 15,12 23,80 

10-212 21,27 17,08 25,62 

<10 25,47 13,38 35,00 

Total 100,00 11,34 23,80 

Schist (yellow) 

212-1000 61,92 33,32 58,10 

10-212 12,84 8,83 17,36 

<10 25,24 61,04 106,68 

Total 100,00 25,20 50,40 

Schist (white) 

212-1000 59,14 34,44 82,32 

10-212 15,13 46,06 104,30 

<10 25,73 12,91 47,46 

Total 100,00 37,66 84,74 

Table 4 - Magnetic separation results for the fine fraction (<10 μm). 

Sample Product Weight (%) La (ppm) Ce (ppm) 

Metasandstone (1) 

Magnetic 14,38 49,70 107,80 

Non magnetic 85,62 42,98 88,76 

Total 100,00 44,94 92,12 

Metasandstone (2) 

Magnetic 7,03 39,06 94,08 

Non magnetic 92,97 21,00 49,42 

Total 100,00 26,18 47,88 

Schist (calc-schist) 

Magnetic 2,61 45,08 138,18 

Non magnetic 97,39 13,80 48,30 

Total 100,00 13,38 35,00 

Schist (yellow) 

Magnetic 6,63 54,88 105,56 

Non magnetic 93,37 58,80 119,56 

Total 100,00 61,04 106,68 

Schist (white) 

Magnetic 1,53 152,60 358,40 

Non magnetic 98,47 9,49 37,80 

Total 100,00 12,91 47,46 
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Table 5 - Magnetic separation results for the fraction (10-212 μm). 

Sample Product Weight (%) La (ppm) Ce (ppm) 

Metasandstone (1) 

Magnetic 20,73 14,36 35,91 

Intermediate 18,91 4,94 10,28 

Non magnetic 60,36 5,10 5,18 

Total 100,00 6,87 8,39 

Metasandstone (2) 

Magnetic 36,08 13,72 26,68 

Intermediate 19,80 7,36 8,85 

Non magnetic 44,12 4,05 6,99 

Total 100,00 8,29 13,48 

Schist (calc-schist) 

Magnetic 17,05 27,60 54,04 

Intermediate 28,73 15,54 25,90 

Non magnetic 54,22 11,37 18,20 

Total 100,00 17,08 25,62 

Schist (yellow) 

Magnetic 44,33 39,74 80,31 

Intermediate 17,17 18,90 33,32 

Non magnetic 38,50 12,75 21,70 

Total 100,00 8,83 17,36 

Schist (white) 

Magnetic 21,84 108,23 230,85 

Intermediate 21,71 39,20 93,66 

Non magnetic 56,45 28,42 62,86 

Total 100,00 46,06 104,30 
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Table 6 - Magnetic separation results for the fraction (212-1000 μm). 

Sample Product Weight (%) La (ppm) Ce (ppm) 

Metasandstone (1) 

Magnetic 8,50 6,35 17,66 

Intermediate 15,50 4,56 7,90 

Non magnetic 76,00 5,25 7,55 

Total 100,00 7,95 14,56 

Metasandstone (2) 

Magnetic 19,22 10,07 17,35 

Intermediate 21,17 3,72 12,45 

Non magnetic 59,61 5,66 9,98 

Total 100,00 8,68 16,52 

Schist (calc-schist) 

Magnetic 2,29 28,64 71,72 

Intermediate 7,92 17,36 24,50 

Non magnetic 89,79 12,56 18,06 

Total 100,00 15,12 23,80 

Schist (yellow) 

Magnetic 20,76 33,44 71,78 

Intermediate 19,11 31,78 65,66 

Non magnetic 60,13 24,92 51,94 

Total 100,00 33,32 58,10 

Schist (white) 

Magnetic 16,80 73,03 165,34 

Intermediate 15,88 33,46 70,00 

Non magnetic 67,32 34,16 70,00 

Total 100,00 34,44 82,32 

5. Conclusions 

The abundance of allanite in the Sisses Beds, strengthens the paleobathymetric/depositional model, 

which is proposed from Dornsiepen et al. (2001) according to which, the Permian Triassic sequence 

of the Plattenkalk Group was fine grained, well sorted siliciclastics of a marine deltaic environment, 

on the southern margin of the Palaeothethys belonging to Gondwana. 

Metasandstone (1), metasandstone (2) and yellow schist samples show higher rare earth (Ce, La) 

concentrations in the fraction (<10 μm). Lower rare earth concentrations were found in the fraction 

(10-212 μm) of the metasandstone (1) and the yellow schist. The calc-schist sample does not seem 

to have notable rare earth concentrations in any fraction. The white schist sample has higher rare 

earth concentrations in the fraction (10-212 μm), and lower concentrations in the fractions (212-

1000 μm) and (<10 μm). 

The magnetic separation of the fraction (<10 μm) showed that the rare earth concentrations are 

higher in the magnetic products of all the initial samples, except from the yellow schist. 

In the fraction (10-212 μm) rare earth concentrations are clearly higher in the magnetic products of 

all samples. 

On the other hand, rare earth concentrations in the fraction (212-1000 μm) are higher in the magnetic 

products of metasandstone (1), metasandstone (2) calc schist and white schist, whereas there are no 

notable concentrations in the yellow schist separation products.  

In conclusion, (according to the microscopic and mineral processing data) the optimum grain size 

for the beneficiation of allanite is (10-212 μm). A systematic petrologic study for the understanding 

of the origin/formation of allanite within the particular metamorphic rocks of the Plattenkalk Group 

would also provide useful results to optimize the mineral processing methodology. 
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Abstract 

A correlation between the non-dilational friction angle (φm) of rock discontinuities 

and the constant mi of the Hoek and Brown criterion for intact rock is investigated, 

using the results of a focus oriented laboratory program. The program consisted of 

two types of laboratory tests: a series of triaxial compression  tests on intact rock 

samples for the determination of  the constant mi and an independent series of direct 

shear tests on tensile fractures of the same rock types for the determination of the rock 

joint friction angle φm. Four typical rock types from Northern Greece were used: a 

granite, a sandstone, a limestone and a marble, covering a range of mi between 8 and 

34, and an unconfined compressive strength between 60 and 120 MPa. Apart from the 

certain range of parameters that is presented for this specific rocks, the experimental 

results show that the non-dilational friction angle of the rock fracture determined by 

direct shear testing (φm) decreases logarithmically with the value of the constant mi. 

Keywords: mi constant, direct shear tests, triaxial compressive strength, rock joints, 

laboratory testing, Hoek and Brown criterion. 

Περίληψη 

Στην παρούσα εργασία διερευνάται η συσχέτιση μεταξύ της μη - διαστολικής γωνίας 

τριβής (φm ) ασυνεχειών και της σταθεράς mi του κριτηρίου Hoek and Brown για τον 

άρρηκτο βράχο, με τη χρήση των αποτελεσμάτων ενός προσανατολισμένου 

προγράμματος  εργαστηριακών δοκιμών. Το πρόγραμμα περιλαμβάνει δύο τύπους 

εργαστηριακών δοκιμών: μια σειρά από δοκιμές τριαξονικής θλίψης σε ακέραια 

δείγματα πετρωμάτων για τον προσδιορισμό του mi και μια ανεξάρτητη σειρά δοκιμών 

άμεσης διάτμησης ασυνεχειών σε επιφάνειες ασυνεχειών, που προέκυψαν από 

εφελκυστική αστοχία από τα ίδια πετρώματα για τον προσδιορισμό του φm. 

Χρησιμοποιήθηκαν τέσσερις αντιπροσωπευτικοί τύποι πετρωμάτων από τη Βόρεια 

Ελλάδα: ένας γρανίτης, ένας ψαμμίτης, ένας ασβεστόλιθος και ένα μάρμαρο, 

καλύπτοντας ένα εύρος τιμών mi μεταξύ 8 και 34, και αντοχής σε  ανεμπόδιστη θλίψη 

μεταξύ 60 και 120 MPa. Εκτός από το εύρος των παραμέτρων που παρουσιάζεται για 

τα 4 αυτά συγκεκριμένα πετρώματα, τα πειραματικά αποτελέσματα δείχνουν ότι η χωρίς 

διαστολή γωνία τριβής της ασυνέχειας βράχου που προσδιορίζεται από τη δοκιμή 

άμεσης διάτμησης (φm) μειώνεται λογαριθμικά με την τιμή της σταθεράς mi. 
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Λέξεις κλειδιά: σταθερά mi, δοκιμές άμεσης διάτμησης, τριαξονική θλιπτική αντοχή, 

ασυνέχειες πετρωμάτων, εργαστηριακές δοκιμές, κριτήριο Hoek and Brown. 

1. Introduction 

The Hoek-Brown (Η-Β) failure criterion is used extensively in practice to describe the mechanical 

behavior of an intact rock and a rock mass (Hoek and Brown, 1980, 1970) (Hoek et al., 1992, 2002

). In this criterion, the mi constant is an important factor which defines the slope of the initial portion 

of σ1-σ3 curve. This parameter is very approximately analogous to the angle of friction, φ, of the 

conventional Mohr-Coulomb failure criterion (Hoek, 1983). The estimation of mi is based on triaxial 

tests under confining pressures in the range 0-0.5σc, where σci is the unconfined compressive 

strength. In the absence of such tests, its value is estimated from a table of values provided by Hoek-

Brown depending on rock type (Hoek and Marinos, 2000). From this table it can be concluded that 

the value of mi is higher for silicate rocks (granites and sandstones) than for carbonate ones 

(limestones and marbles). 

On the other hand, there is adequate evidence that the friction angle (φm) of flat rock surfaces resulted 

from sand-blasted, rough-sawn and residual surfaces is higher for carbonate rocks than for silicate 

rocks (for example see Barton, 1976). Based on this remark, an investigation of the possible 

correlation between the friction angle of rock joints and the mi constant is hereby presented. 

The determination of the parameter mi Hoek (1983) requires a data acquisition process from triaxial 

tests in the range 0≤σ3≤0.5σci, as well as, data from tensile tests to anchor the envelope. The correct 

adjustment of the envelope and the determination of mi constant requires at least five equally spaced 

triaxial data points covering a confining pressure range from 0 to 0.5σci. The nonlinear failure 

criterion by Hoek et al. (2002) in the generalized format is given by equation 1. 

Equation 1: Hoek and Brown criterion for intact rock 

α

ic

3
ici31 )1

σ

σ
m(σσσ ++=        (1) 

where  

σ1  is the major principal stress 

σ3  is the minor principal stress, 

σci  is the uniaxial compressive strength of the intact rock material 

mi  is constant which depends on  the texture and internal structure of the rock 

a  is a constant which controls the curvature of the envelope and depends on the properties o

f the rock. This constant is often assumed to be equal to 0.5 

The determination of the friction angle of the rock wall material (φm) was based on the Papaliangas’ 

criterion (Papaliangas, 1995). For each shear test the measured peak shear strength is analyzed in 

two components of shear strength: a) The dilational (geometrical) component, which arises from 

overriding of asperities at an angle determined by the slope of the asperities. b) The non-dilational 

component, which arises from the shearing resistance rock contacts. The peak shear strength 

criterion used for the analysis of the experimental results is given by the following expression: 

Equation 2: Peak shear strength of rock joints  

)ψφtan(στ mnp +=          (2) 
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Equation 3: Dilation angle of rock joints 
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Where: 

τp is the peak shear stress 

σn  is the normal stress 

φp  the peak friction angle of the rock joint 

φm  the friction angle of the rock wall material under high normal stress and 

ψ  the instantaneous dilation angle corresponding to the peak shear strength. 

ψ0  the maximum dilation angle which is approximately equal to maximum asperity slope angle 

σn0  is the normal stress under no-damage normal stress 

σnΤ  is the normal stress where the dilation is fully suppressed 

The friction angle φm is different from the “basic friction angle” (Barton, 1971), and its relevance 

to the field shear strength of rock surfaces has been demonstrated elsewhere (Papaliangas et al., 

1996, 1997). The non-dilational component of shear strength is for an effectively planar yet naturally 

textured surface and, for design, it can be used with a low shear strength factor of safety as a lower 

bound (Hencer, 1995). 

2. Laboratory test results 

The testing program consisted of a series of laboratory direct shear tests on artificially generated 

joints and a series of triaxial compression tests of intact core rock specimen in marble, sandstone, 

limestone and granite. Each rock type was from a different site of Northern Greece. The Kavala 

marble and Demati (Ioannina) sandstone were supplied by a local stone supplier, limestone was 

sampled from the quarry of Lafarge Beton at Messaio village, Kilkis and granite was sampled from 

the area of Arnaia, Chalkidiki. It is important to mention that, for each rock type, the specimens used 

for the direct shear tests and the triaxial compression tests were prepared from the same block. All 

laboratory tests were conducted at the Laboratory of Geomechanics of the Department of Civil 

Engineering TE of the Alexander Technological Educational Institute of Thessaloniki. 

2.1 Direct shear tests 

Four sets of samples were used. One set of each rock type (marble, sandstone, limestone, granite) 

comprises 6 samples of artificial surfaces generated by fracturing of larger samples subjected to 

bending tests till failure. The resulted surfaces represent the highest degree of surface roughness 

since they resulted from tensile failure. Each sample was subjected to multistage direct shear testing 

(6 different normal stresses, including one under their self weight which represents a normal stress 

of approximately 5 kPa). At the end of each stage, the sample was unloaded, the surfaces were 

examined and photographed and the loose debris was removed. The sample was then reset at its 

original position prior to changing the normal load for the next stage. The resulting total number of 

direct shear tests was 138. 

All samples having a length 8-12 cm, were first tested under their self weight (negligible surface 

damage), so that the maximum dilation angle ψο could be determined. This is considered to represent 

the maximum asperity angle of the sample. Following this “zero normal load” test, the samples were 

subjected to shearing under higher normal stresses up to a maximum of 2.0 MPa for the joints. All tests 
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were performed using a purpose-built direct shear box, capable of accommodating samples as long as 

1.20 m and applying a maximum shear load of 300 kN and a maximum normal load of 250 kN. 

For each data pair of shear (τ) and normal (σ) stress the non-dilational shear and normal stress (τ1 

and σ1) was determined using the instantaneous dilation angle (ψ). These stresses represent shearing 

along a plane surface with natural texture, i.e. shearing without dilation (in other words shearing 

under constant volume conditions). This method is presented by Hencher and Richards (1989) and 

is based on the assumption that shearing of a dilating joint is equivalent to a shear movement along 

an inclined plane, having a slope angle equal to the instantaneous dilation angle. Analysis of stresses 

along the inclined plane (τ1) and its perpendicular direction (σ1) results in the following relations: 

  

  

Figure 1 - Results of direct shear tests on rock joints showing the non-dilational friction line 

for the investigated rocks. 

Equation 4: Shear stress acting on the inclined plane 

ψcos)ψsinσψcosτ(τ1 =        (4) 
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Equation 5: Normal stress acting on the inclined plane 

ψcos)ψsinτψcosσ(σ1 +=        (5) 

The results presented as shear strength τ1 vs. normal stress σ1 diagrams for all the investigated rock 

types are presented in Figure 1. 

1.2. Triaxial compression tests 

The triaxial compression testing program included at least eight specimens per rock type. More 

specifically, ten triaxial and one uniaxial for Arnaia granite, ten triaxial and two uniaxial, for Kavala 

marble nine triaxial and two uniaxial for Demati sandstone and eleven triaxial and one uniaxial 

compressive test for Messaio limestone. The total number of triaxial compression tests was 42 

including 4 uniaxial compression tests. The specimens were cylindrical, with a diameter of 54cm 

and a ratio diameter/height of 1:2. The confining pressure used for all rock types were in the range 

0 to 70 MPa, however only the range between 0 and 0.5σci was used to determine the value of mi. 

All tests were carried out according to E103 - 84(6) and ASTM D7012 - 14A. 

The results presented as axial strength σ1 vs. confining pressure σ3 diagrams for all rock types are 

presented in Figure 2, with the Hoek-Brown fit curve and parameters σci and mi shown on each 

diagram. The values of mi were all within the ranges suggested by Marinos and Hoek (2000) except 

for the Mesaio limestone that was found to be marginally above the upper limit (15.9 vs. 15). 

3. Correlation between friction angle and constant mi 

The values of the non-dilational friction angle and the constant mi of the Hoek-Brown criterion for 

intact rock are given Table 1. 

Table 1 - Friction angle of rock joints φm and constant mi. 

Rock type Kavala marble Messaio limestone Demati sandstone Arnaia granite 

φm 39.0° 37.2° 34.3° 35.5° 

mi 8.6 15.9 18.9 34.0 

The correlation between the two parameters in graphical form is presented in Fig.3. A logarithmic 

curve described by Equation 6 has been found to fit the data satisfactorily. 

Equation 6: Relation φm -mi 

𝜑𝑚 = −2.79𝑙𝑛𝑚𝑖 + 44.44        (6) 

The friction angle φm appears to be independent of the normal stress and decreases from about 39° 

for the carbonates Kavala marble and Mesaio limestone ( mi=8.9 and 15.9 respectively), to about 3

5° for the silicates Arnaia granite and Demati sandstone ( mi=34.0 and 18.9). The higher values of 

φm observed for the carbonates of this study as compared to those of silicates are in line with the va

lues reported by Barton (1976) for the same rock types and are attributed to the difference in the fri

ction angle of the corresponding rock-forming minerals. From the values of mineral friction report

ed by Horn and Deere (1962), it is clear that the friction angle of calcite, the mineral constituent of 

marble and limestone, is clearly higher than that of quartz and feldspar, the main constituents of gr

anite and sandstone. 
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The value of mi can be determined if φm is known by Equation 7. 

  

  

Figure 2 - Axial strength vs. confining pressure diagrams for the four investigated rocks. 
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Figure 3 - Correlation between the friction angle of rock joints and the constant mi of the 

Hoek-Brown criterion. 

Equation 7: Relation mi-φm  

𝑚𝑖 = 𝑒
44.44−𝜑𝑚

2.79           (7) 

4. Conclusions 

The aim of  th is  paper  was to  invest igate  exper imental ly the relat ion between 

the friction angle of rock surfaces determined by direct shear testing and the constant mi of the Hoe

k and Brown criterion for intact rock. Four different rock types were used in two types of laborator

y tests: a series of triaxial compression tests on intact rock samples for the determination of the con

stant mi and an independent series of direct shear tests on tensile fractures of the same rock types f

or the determination of the rock joint friction angle φm. 

The laboratory tests suggest that the constant mi of the Hoek and Brown criterion increases logarith

mically with decreasing friction angle of the rock wall material (φm). The relation can be used to es

timate the constant mi from the angle φm, which is determined from direct shear testing of discontin

uities and vice-versa. However, the main utility of the method is the indirect determination of the c

onstant mi using a series of direct shear tests on discontinuities from the same rock, when suitable t

riaxial compression test results are not available. It should be noted that the correct determination o

f mi constant requires at least five cylindrical specimens for the production of five equally spaced t

riaxial data points covering a confining pressure range from 0 to 0.5σci. On the other hand, for the d

etermination of φm a multi-stage direct shear test on a single rock joint sample of any shape tested 

under three different normal stresses is acceptable (ISRM, 2014). 

Another important contribution of this method is the estimation of mi for weathered rocks. Direct s

hear test on weathered rock joints can be carried out without any experimental difficulty, whereas c

ylindrical specimens for triaxial testing require coring from weathered rock pieces, which is quite d

ifficult. Therefore, the decrease in the value of mi for a weathered intact rock sample can be estima

ted by this method. 
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The relation between the two parameters described earlier resulted from only four different rocks t

ypes which covered the range of constant mi between 8 and 34. Consequently, the equation gives o

nly a trend and not an accurate estimate of the constant mi from φm. To establish a more accurate e

xpression, a number of additional different rocks types needs to be used. Moreover, for further deta

iled investigation of the correlation, specimens subjected to triaxial compressive tests can be used a

fterwards for direct shear testing. 
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Abstract 

Floods are one of the most common natural hazards in global range and could threat 

the human life, health, environment and infrastructure. The aim of this paper is the 

estimation and the delimitation of the likely flood hazard zones, for different rainfall 

intensities in the upper part of Gallikos river basin (central Macedonia) according to 

the European directive 2007/60. For the analysis of the meteorological data and the 

construction of flood zone maps, HYDROGNOMON, HEC-HMS, HEC-RAS free 

software packages were used. The thematic maps were constructed with ESRI GIS. 

The results are depicted in flood inundation maps, delimitating and visualizing the 

scale of the flood hazard effect in the area. The construction of flood prediction 

models is a very useful tool towards the direction of the design of an efficient flood 

management framework. 

Keywords: Mapping, Natural hazards, Flood management, Vulnerability maps. 

Περίληψη 

Οι πλημμύρες αποτελούν μια από τις πιο κοινές φυσικές καταστροφές σε παγκόσμια 

κλίμακα που μπορούν  να απειλήσουν την ανθρώπινη ζωή και τις υποδομές. Στόχος της 

παρούσας εργασίας είναι ο προσδιορισμός και η εκτίμηση των πιθανά πλημμυρισμένων 

εκτάσεων για διαφορετικές εντάσεις βροχόπτωσης στον άνω ρού της λεκάνης απορροής 

του Γαλλικού ποταμού (κεντρικής Μακεδονίας), σύμφωνα με την Ευρωπαϊκή οδηγία 

2007/60. Για την ανάλυση της μετεωρολογικής πληροφορίας και τη σχεδίαση χαρτών 

πλημμύρας, χρησιμοποιήθηκαν τα ελεύθερα λογισμικά HYDROGNOMON, HEC-HMS 

και HEC-RAS σε συνδυασμό με το λογισμικό ESRI GIS. Τα αποτελέσματα 

απεικονίζονται σε χάρτες πλημμυρικής κατάκλισης, οριοθετώντας και ποσοτικο-

ποιώντας έτσι το μέγεθος του προβλήματος στην περιοχή. Η δημιουργία μοντέλων 

πρόβλεψης με τα παραπάνω λογισμικά αποτελούν ένα σημαντικό και χρήσιμο εργαλείο 

στον σχεδιασμό ενός αποτελεσματικού πλαισίου διαχείρισης των πλημμυρών. 

Λέξεις κλειδιά: Φυσικές καταστροφές, Διαχείριση πλημμύρας, Χάρτες τρωτότητας. 
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1. Introduction 

Climate change has contributed to the increase of extreme weather events worldwide. The dominant 

scientific opinion on climate variability is that it will increase the frequency of heavy rainstorms, 

causing high devastation risk from floods for many communities (Karl, 2009; Domakinis et al., 

2014). According to global range insurance organizations, such as the Munich Re (2002), for the 

period 1950-2002 floods corresponded to 26% of the large scale disasters, 8% of human death rate 

and 27% of the economic cost caused by natural disasters. According to Kleinen and Petschel-Held 

(2007) approximately 20% of the global population lives in drainage basin areas, which are more 

likely to be affected by an increase of flood hazard in the future. As a result, based on this climate 

variability trend, an increase of the natural disaster costs around the globe (Rosenzweig et al., 2007) 

is expected, which would mostly affect the flood-prone areas.  

Therefore, only an effective flood hazard management framework can reduce an upcoming flood 

hazard increase. The most modern management techniques include hydro-informatic applications, 

such as flood forecast modeling (Golian et al., 2010), flood hazard, and flood risk mapping in order 

to achieve an accurate assessment of the flood zones and vulnerable areas (Stefanidis and Stathis, 

2013; Kazakis et al., 2015). This paper focuses on the flood hazard assessment and the detection of 

the flood hazard zones in the upper part of the Gallikos river basin. The meteorological and 

hydrological data were evaluated with the HYDROGNOMON Software package. The HEC-HMS, 

HEC-RAS free software packages were also used, whereas the flood plain maps are illustrated in 

GIS environment. 

2. Study Area 

The upper and largest part of the Gallikos river basin, administratively belongs to Kilkis Prefecture 

(Northern Greece), with a small downstream part of the watershed belonging to Prefecture of 

Thessaloniki. The river originates from Kroussia mountain range, flows through Kilkis and 

Thessaloniki valleys and finally discharges into the Thermaikos Gulf, western wards of Thessaloniki. 

The entire river basin covers an area of 950 Km2. The river length is 65 Km and the annual mean 

flow is estimated at 39.5 m3/s (Poulos et al., 2000). The basin has a pear-like shape with NNE-SSW 

orientation. In the last fifty years, due to the significant anthropogenic interference, especially during 

the ’70s (FRA report, 2012), the river had seasonal flow only in the downstream part. According to 

Mattas (2009), during the summer months Gallikos had no flow at the upper part, whilst in some 

dry years had no flow at all. There is no significant recharge of the river from springs that discharge 

in the riverbed. Despite the low flow rate of the river, large floods have occurred over the last years, 

causing disasters in the vulnerable areas. The most recent noteworthy events were recorded during 

the years 2004, 2014 and 2015. 

The study area is delimited by the borders between the Prefectures of Kilkis and Thessaloniki (Fig. 

1) and covers an area of 845.95 (Km2). The perimeter is 135.62 (Km) and the maximum width 25 

(Km). The mean altitude and slope are 353 (m) and 14.2 (%), respectively. The slope is significantly 

higher at the north mountainous part of the basin. The hydrographic network is very dense and well 

developed. It follows the dendritic pattern and is characterized by torrential flow. The length of the 

main branch is approximately 48 (Km). The riverbed depth is low, which, in combination with the 

extreme heavy storms, favours the flood phenomena. 

The basin belongs to the Circum Rhodope geotectonic zone and Serbo-Macedonian massif (Mercier 

1966; Mountrakis 1985). The pre-alpine formations mainly consist of paleozoic gneisses, schists, 

amphibolites and quartzites (Mercier, 1966). Limestones of Triassic and Jurassic age outcrop at the 

central-southern part of the basin. The Quaternary deposits comprise lacustrine, terrestrial, fluviatile 

and fluviatile-torrent sediments, with sands, clays and conglomerates (Meladiotis, 1984). The non-

irrigated arable land, along with the agricultural land covered by mixed natural vegetation and 

pastures, prevail in the area. Circumferentially, and especially at the NNE part, the land is covered 
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by mixed forest areas. Artificial surfaces, such as industrial areas, occupy the smallest area in the 

basin (EEA-Corine CLC, 2000). Αccording to the 2011 census (National Statistical Service of 

Greece), the population is 40,207. The majority of the inhabitants are employed in the agricultural 

and the livestock farming, which are the two main occupation sectors at the areas along the Gallikos 

River. The industrial sector corresponds to small and medium size enterprises near the city of Kilkis, 

which is the biggest urban center of the basin (Mattas, 2014). The area is characterized as an 

impervious small roughness basin, due to the relatively impermeable ground surface, the developing 

husbandry, the lack of significant forested land, the agroforestry practises, and the fact that the 

agriculture activity involves only annual crops. Such conditions favour the surface runoff. 

 The main aquifer system is developed in the Quaternary deposits and the groundwater level is near 

to the ground surface. The depth of the boreholes is relatively small (ranges from 15 to 20 m). The 

boreholes that have been drilled near the river bed, show the highest yield (mean value 90 m3/h). 

The limestones cover a small area and the aquifers developed in them are of high importance since 

they cover the drinking demands of many villages in the area. The intensive tectonic activity in the 

area created a secondary porosity in the pre-alpine formations (paleozoic gneisses prevail in the 

study area). Due to this porosity low potential aquifers developed in these originally impermeable 

rocks. 

 

Figure 1 - The study area of Gallikos river basin. 
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3. Materials and methods 

3.1 Methodology and materials 

The methodology followed in this paper concerns two basic sections, the hydrologic modelling and 

the hydraulic modelling. The Intensity-Duration-Frequency (IDF) curves were used for the 

hydrologic modelling, which resulted in the production of three different unit hydrographs. The unit 

hydrograph that estimates the highest discharge was used for the hydraulic modelling. The result is 

the flood hazard assessment by means of the flood zones delimitation. The flood hazard of the basin 

was examined for two different return periods (50 and 100 years). The procedure involves several 

software products and is described in detail in the following paragraphs. 

The boundary of the basin was digitized with ArcGIS 10.2.2, based on 1:50,000 scale topographic 

maps. The following data were used: (i) a high resolution Digital Elevation Model (DEM) provided 

by the National Cadastre & Mapping Agency S.A. (2012), (ii) digital geological maps based on the 

relative maps of the IGME, and (iii) the Corinne land cover/use maps (EEA-Corine CLC, 2000). 

3.2 Rainfall analysis 

Due to the lack of measurements, regarding rainfall and flood discharge data, the “Design Storm” 

method was used (VICAIRE, 2003). For the implementation of this method the IDF curves were 

constructed using the HYDROGNOMON 4.1 software, which is appropriate for the analysis and 

processing of hydrological data, mainly in the form of time series (Kozanis et al., 2010). The 

maximum annual rainfall values were used as the required initial hydrologic data for the construction 

of the IDF curves. The data were derived from the rainfall station Ano Theodoraki (OTME et al., 

1985), which is located at the north part of the basin (Fig. 1). The resulted IDF curves are depicted 

in Fig. 2. 

 

Figure 2 - IDF curves for the station Ano Theodoraki. 

The rainfall is characterized by a constant intensity over its duration, which is at least equal to the 

time of concentration in the “Design Storm” method. The basin’s concentration time was estimated 

at 14.5 hours, using the formula of Giandotti (Voudouris, 2013). The intensity is calculated to be 

6.13 (mm/h) for 50 years and 7.14 (mm/h) for 100 years return period. Based on the calculated 

intensities two corresponding design precipitation hyetographs (Fig. 3) (mm/Δt), were drawn, with 

the use of the Areal Reduction Factor (Koutsoyiannis and Χanthopoulos, 1999), which was 

calculated to be 0.876, and the Alternate Block Method (Papamihail, 2004). 
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Figure 3 - Design precipitation hyetographs for 50 years return period (left) and 100 years 

return period (right). 

3.3 Hydrologic modelling 

The rainfall-runoff modelling was realised with the HEC-HMS 3.5 software, which has been 

developed by the US Army Corps of Engineers (USACE) Hydrologic Engineering Center (HEC). 

It aims to simulate the precipitation runoff processes of watershed systems and includes different 

components, such as runoff volume, baseflow, and channel flow (USACE, 2010). 

The hydrologic modelling of the basin regards the construction of the unit hydrographs. In order to 

achieve the latter, several hydrologic multi-analysis pre-processing and main processing operations 

upon the DEM were required, using the ARC Hydro 2.0 and the geospatial extension HEC-GeoHMS 

10.2 in ArcGIS 10.2 environment. The chosen method for the watershed losses is a USDA Natural 

Resources Conservation Service development, the runoff Curve Number (CN). The CN is a 

dimensionless empirical parameter for predicting runoff or infiltration from rainfall excess (USDA, 

1986). It ranges from 30 to 100, with large numbers indicating high runoff potential. The separation 

of the soil groups was achieved by data based on the geological maps of the area. The Corine Land 

cover classes, integrated with different CN tables (Miliani et al., 2011), were used for the land cover 

modelling. The CN classifies the AMC (Antecedent Moisture Condition) in three different classes: 

dry (I), average (II) and moist (III). The soil moisture condition was calculated for AMC II (average 

conditions) and, as a result, for the sub-basins W250 and W260 (depicted in Fig. 1), the CNII is 73.21 

and 74.17, respectively. 

For the routing it was used the Muskingum - Cunge method (Cunge, 1969) for two reasons. First, 

the parameter that this method uses can be calculated based on flow and channel characteristics and 

second, because it makes possible the extensive channel routing in ungaged streams with a 

reasonable expectation of accuracy (Ponce, 1989). For each return period, the flow was examined 

using three different synthetic unit hydrograph methods: Clark (Ponce, 1989), Snyder and SCS 

(Papamihail, 2004). The two hyetographs that were produced in the precedent step with 

Hydrognomon were used as time-series data. The results are given at Table 1. 

Table 1 - Peak discharges from hydrograph methods on return periods 50 and 100 years (all 

values are in m3/s). 

 

Sub-

basin 

Clark 

(50 years) 

Clark 

(100 years) 

Snyder 

(50 years) 

Snyder 

(100 years) 

SCS 

(50 years) 

SCS 

(100 years) 

W250 181.1 243.8 187 251.8 459.8 619.7 

W260 59.6 79.8 50.6 67.7 127.1 170.3 

Outlet 218.9 294.1 226.8 304.8 561.6 755.3 

https://en.wikipedia.org/wiki/USDA
https://en.wikipedia.org/wiki/Natural_Resources_Conservation_Service
https://en.wikipedia.org/wiki/Natural_Resources_Conservation_Service
http://ponce.sdsu.edu/textbookhydrologyp291.html
http://ponce.sdsu.edu/textbookhydrologyp291.html
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The time-series from all hydrograph methods extended with null values till the elimination of the 

discharge. The SCS hydrograph required 48 hours. The extension for Clark and Snyder hydrographs 

was up to 72 hours. The most unfavourable case scenario is given by the SCS hydrographs (Fig. 4) 

for both return periods, therefore the hydraulic modelling is conducted with these hydrographs. 

 

Figure 4 - SCS hydrographs for 50 years return period (left) and 100 years return period 

(right). 

3.4 Hydraulic modelling 

The hydraulic modelling of the river was realised with the HEC-RAS 4.1 software. HEC-RAS is 

hydraulic modelling software developed by the US Army Corps of Engineers (USACE) Hydrologic 

Engineering Center (HEC). It performs one-dimensional steady flow/unsteady flow, sediment 

transport/mobile bed computations, and water temperature modelling (USACE, 2010b). The 

hydraulic modelling of the basin results to the hydraulic analysis of the river and the delimitation of 

the flood zones. The hydraulic analysis in this paper focused between the area of  Gallikos and Nea 

Filadelfia settlements (Fig. 1), because according to the authors experience this area is considered 

to be one of the most vulnerable for flooding phenomena in the basin for three reasons: (i) this part 

drains the water from the entire basin as a downstream area, (ii) because the river in this part has 

very low bed depth (approximately 1.5 m height), (iii) the technical interventions at this area have a 

significant impact in flooding phenomena although they were not taken into consideration at the 

hydraulic modelling. 

HEC-RAS model requires data such as topography, Manning’s roughness coefficient, flow data, etc. 

The topographic data were derived from the DEM archive, with the use of geographic river analysis 

extension HEC-GeoRAS 10.2 in ArcGIS 10.2 environment. The analysis included the construction 

of several thematic lines such as stream centerlines, flow path lines, bank lines and cross sections 

(Fig. 5). At the exact points of the different thematic lines a digital topographic map of the area, was 

used as background. 

As it is mentioned before, the basin is characterized as a low roughness area. The estimation of 

Manning’s roughness coefficient was based on the Corine Land cover data and photos of the area. 

In situ survey for the verification of the Corine data took place. Additional information for open 

channels roughness values was derived from Chow (1959) and USGS tables (Phillips and Tadayon, 

2007). Along a cross section the coefficient varies a lot, depending on the significant land cover 

differences. The roughness coefficient for the entire river bed ranges between 0.03 and 0.07, 

depending on the vegetated segments of the river. The hydraulic modelling conducted for unsteady 

flow conditions using the SCS hydrographs (of 48 h duration) that produced in the precedent step 

with HEC-HMS. The boundary conditions represent the input and output flows from the upstream 

to the downstream part. 
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Figure 5 - Thematic lines on topographical (left) and google (right) base map at the outlet 

area of the basin [the blue line is the river and the green lines are (CS) cross sections]. 

For the investigated main channel of Gallikos river, the hydrograph of sub-basin W250 was used as 

input boundary condition and the hydrograph of sub-basin W260 as a lateral inflow (Fig. 1). In the 

area near to the exit of the basin, the normal depth was used as boundary condition. The mean friction 

slope of the river, was calculated to be 0.0059. The hydraulic modelling showed that the Froude 

number ranges from 0.14 to 0.77 along the river, a value that indicates the subcritical condition of 

the flow which is consistent with the nature of the river due to the low river bed slope. 

4. Results 

As a result from the hydraulic simulation of the investigated area, the most vulnerable region for the 

manifestation of flooding phenomena is the Nea Filadelfia village (for both return periods). A large 

area of agricultural land near the villages Gallikos, Panteleimon and Mpakeika are of high 

vulnerability too (for return period of 100 years). It is estimated from the analysis that near the 

settlement (cross section-CS.3, Fig. 6) for return period 100 years the maximum flow is 656 (m3/s), 

the maximum channel depth was estimated at 2.54 (m) and top width of the flood at 395 (m). For 

the 50 years return period scenario, the maximum flow is 486 (m3/s), the maximum channel depth 

at 2.09 (m) and top width of the flood at 346 (m). The two different profiles of the settlement’s cross 

section with the water surface elevation (WSE) and the rating curves are given in Fig. 6. 

The visualisation of the flood plain zones was conducted in the ArcGIS 10.2 environment in 

combination with Google Earth Pro 7.1 map (Google, 2015) using WGS84 coordinate system (Fig. 

7). As it is shown, the extent of the floodplains is proportional to the return periods. The 50 years 

return period floodplain covers an area of 10.42 (Km2) and the 100 years an area of 13.23 (Km2). 

Both flood case scenarios are verified indirectly (regarding the depth and width of the water in the 

study area) from the residents testimonies (Vice, 2014), the news reports 

(http://www.iefimerida.gr/news/182764/laspi-kai-homa-ti-afise-piso-tis-i-kakokairia-ston-galliko-

potamo-vinteo-eikones), personal communication and especially from photos of human 

constructions (Fig. 8), from the historical floods such as the flood in 1966 till the latest in February 

2015. 

5. Conclusions-Discussion 

The hydraulic analysis of the Gallikos river basin showed that the settlement Nea Filadelfia is 

vulnerable at both flood events (50 and 100 years) because a part of the settlement is constructed 

inside the banks of the river. Also, a large part of agricultural land of the studied area is vulnerable 

especially on the 100 years return period flood, due to the fact that the area is plain. An additional 

reason that causes these extensive floods is that the roughness coefficient is higher inside the river 

than in the area outside of it, due to the heavily vegetated river bed. The construction and 

http://www.iefimerida.gr/news/182764/laspi-kai-homa-ti-afise-piso-tis-i-kakokairia-ston-galliko-potamo-vinteo-eikones
http://www.iefimerida.gr/news/182764/laspi-kai-homa-ti-afise-piso-tis-i-kakokairia-ston-galliko-potamo-vinteo-eikones
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conservation of embankments along the river on these vulnerable areas is a critical issue. The 

implementation of agro-forestry techniques will increase the roughness coefficient outside the river 

and will be effective for the prevention of such phenomena. 

 

 

Figure 6 - Cross section (CS.3) at Nea Filadelfia settlement and the rating curves in 50 years 

return period (above) and 100 years return period (below). 

 

Figure 7 - Floods in Gallikos river basin for return periods (T) 50 years and 100 years. 
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Figure 8 - Indicative damages caused by floods in Gallikos river basin. 
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Abstract 

The site investigated is the Amyntaio basin where a productive semi-confined aquifer 

is developed at the quaternary deposits. In the present study, the piezometric curves 

which have been extracted before the beginning of the mine activity (1992), were 

compared with the recent ones (2015), aiming to study their diachronic changes. 

From the subtraction of the two aforementioned piezometric surfaces, a significant 

ground water drawdown that reaches 70 m near the mine was observed. This 

drawdown, during the last decades, proves that the aquifer has been overexploited by 

both the mine of PPC -to protect the slopes and to prevent the water outflow in the 

mine- and the wells for irrigation purposes. The level drop extends, on the west, to the 

villages of Valtonera and Anargyroi and the underground water flow directs towards 

the mine. The Amyntaio mine can be described as a well with a diameter up to a few 

kilometers. The interaction of the groundwater level drawdown with the intense 

fragmentation and the geotechnical characteristics of the geological formations of the 

region triggered extensive land subsidence phenomena damaging numerous villages, 

infrastructures and extensive farmlands. 

Keywords: Overexploitation of aquifers, Opencast mines, Land subsidence. 

Περίληψη 

Η περιοχή διερεύνησης είναι λεκάνη Αμυνταίου στην οποία αναπτύσσεται υδροφόρος 

ορίζοντας εντός των τεταρτογενών αποθέσεων. Στη παρούσα μελέτη, οι πιεζομετρικές 

καμπύλες που είχαν δημιουργηθεί πριν την έναρξη του ορυχείου (1992) συγκρίθηκαν με 

τις πρόσφατες (2015) με σκοπό να μελετηθούν οι διαχρονικές αλλαγές. Από την 

αφαίρεση των δύο πιεζομετρικών επιφανειών παρουσιάζεται μία σημαντική πτώση 

στάθμης η οποία φτάνει τα 70 μέτρα στη περίμετρο του ορυχείου. Αυτή η πτώση, 

αποδεικνύει ότι κατά τις τελευταίες δεκαετίες ο υδροφόρος ορίζοντας υπεραντλείται 

τόσο από τη λειτουργία του ορυχείου της ΔΕΗ (για την προστασία των πρανών καθώς 

και για την αποφυγή εκροής νερού στο ορυχείο) όσο και από τις υδρογεωτρήσεις για 

αρδευτικούς σκοπούς. Η πτώση στάθμης, εκτείνεται δυτικά έως τους οικισμού των 

Βαλτονέρων και Αγ. Αναργύρων και η κατεύθυνση ροής των υπογείων υδάτων είναι 

προς το εσωτερικό του ορυχείου. Το ορυχείο μπορεί να περιγραφεί ως ένα τεράστιο 

φρέαρ διαμέτρου μερικών χιλιομέτρων. Ο συνδυασμός της πτώσης στάθμης με τον 

έντονο κατακερματισμό της περιοχής αλλά και των γεωτεχνικών χαρακτηριστικών των 

σχηματισμών πυροδότησαν εκτενής εδαφικές υποχωρήσεις προκαλώντας ζημιές σε 

χωριά, υποδομές και γεωργικές εκτάσεις. 
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Λέξεις κλειδιά: Υπεράντληση υδροφόρου ορίζοντα, Επιφανειακά ορυχεία, Εδαφικές 

υποχωρήσεις. 

1. Introduction 

Every mining activity has an impact on the nearby environment, causing the so-called mining 

hazards. Active mining operations are usually well monitored by the owners and by the mining 

authorities. 

This study focuses on the land subsidence phenomena caused by the overexploitation of the ground 

water for the dewatering of the open pit coal mines. These large-scale geohazards are related both 

to hydro-geological and geotechnical factors, and they slowly affect extensive areas around the 

opencasts (Hill and Price, 1983; Donnelly, 2000; Kim et al., 2006; Galloway and Burbey, 2011). 

The area taken into consideration is the one belonging to the basin of Amyntaio and its aquifer has 

been over pumped during the last decades by the PPC and farmers. 

Τhis drawdown changes the stress field of the loose Quaternary deposits. These conditions combined 

with their mechanical properties have caused strong land subsidence. More specifically, the 

overexploitation of the aquifers has triggered, since 2005, extensive land subsidence phenomena. 

These phenomena extend 3-4 km around the mine causing damages to two villages so far: Anargiroi 

and Valtonera (Loupasakis et al., 2014). 

The purpose of this study is to investigate the relationship between the intense drawdown of the 

aquifer with the operation of the mine and irrigation activities. This is considered as important 

because the drawdown is a causal factor of subsidence. 

1.1. Study area 

The study area is located in West Macedonia at Florina prefecture (Figure 1), and surrounded by the 

mountain ranges of Vermio on the east and Askio on the west; the basin of Amyntaio extends to 

Chimaditida lake on the south and to the mountain range of Kleidi on the north. This area includes 

the villages of Anargyroi, Valtonera, Aetos, Fanos, Χino Nero, Amyntaio and Sotiras. The area is 

characterized by rich surface water as it includes four lakes- Cheimaditida, Zazari, Petron and 

Vegoritida- which communicate with each other either naturally or artificially. Finally, a part of the 

region is occupied by the PPC lignite mine of Amyntaio. 

1.2. Geological setting 

The wider Florina-Ptolemaida basin is a part of the Pelagonian geotectonic zone, consisting of 

crystalline-schist bedrock overlapped by Neogene and Quarternary sediments. The bedrock 

formations are either members of the Triassic-Jurassic carbonate cover or upper Cetaceous pelagic 

sediments, of the Pelagonian zone lithostratigraphic series (Loupasakis et al., 2014). 

The Neogene sediments were deposited after the creation of large tectonic trench which extends 

from Servia Kozanis, on the south, to Yugoslavia, on the north. These deposits are distinguished in 

three series (lower, the lignite and upper). 

The upper series overlying the lignite series, consists of two different layers of different graded 

sediment. The thickness varies in the range of about 100 meters. 

The lignite series comprises of the upper and the lower lignite layer and the one between those two 

layers, the intermediate line, of the so-called ‘‘sterile’’ layer, consisting of light grey marls up to 15 

m. The total thickness of the lignite series is more than 150 m. 

The lower series is divided into an upper and a lower part. The upper part consists of ash clay loam, 

locally sandy with lenticular intercalations of marly limestones. The low portion is composed of 

sandy clays with marly intercalations. Its thickness is more than 200 metres. 
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The maximum total thickness of the Neogene deposits exceeds the 450 m (Koukouzas et al., 1979, 

1981). 

 

Figure 1 - Satellite images (Google) demonstrating the position of the study area inside 

Greek territory. 

After the deposition of the Neogene sediments and the creation of lignite in the early Pleistocene, 

there were new tectonic disruptions which caused vertical movements of the basin's parts. This 

tectonic activity divided the initial basin in new sub-basins. Weathering processes supplied the sub-

basins with Quaternary fluvial-stream deposits and alluvial fans. Aquifers are formed in almost 

every quaternary formation of the wider region up to Florina.  

The Quaternary deposits are divided (from the recent to the older ones) into the following 

formulations: 

The Anargyroi Formation: Fluviotorrential deposits of the Middle-Pleistocene, which, as mentioned 

in the geological map (IGME, 1997), consists of clayey sands or thin sands which in places show 

clay layers or lenses with angular fragments. 

The Perdikas' Formation: Lake and river sediments of the Low- Middle Pleistocene age (IGME, 

1997). Across the basin, Perdikas' formation consists of intercalations of fine sand with alternating 

layers of sandy clays, clays and marls, as well as lenticular intercalations of conglomerates with 

small sized pebbles (Koukouzas et al., 1979). 

The Proastio Formation: Fluvial-stream deposits of the Low-Middle Pleistocene age (IGME, 1997), 

which overlie uncomfortably over the lignite Neogene deposits. Generally, throughout the basin, 

this formation consists of alternating loose sands to clayey sands and conglomerates with red clays 

(Κoukouzas et al., 1979). 

The neotectonic activity of the area is controlled by an extensional strain field, active from Middle-

Upper Miocene till now, affecting the wider northern Greek territory (Pavlides, 1985; Pavlides and 

Simeakis, 1988; Mountrakis et al., 1998, 2006). The initial large Florina-Ptolemaida basin was 
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shaped by normal faults extended from NW-SE to NNW-SSE direction, while a second group of 

NE-SW to ENE-WSW direction faults was contemporary formed. The faults of the second group in 

combination with their antithetic faults form successive basins along a N-S axis (Pavlides, 1985; 

Atzemoglou et al., 2003). 

The basin of Amyntaio is bordered by two main tectonic lines. At first, the fault of Vegoritida, which 

starts from the northern side of the lake (village Agios Spyridon), passes through the Ag. 

Panteleimon reaches the Vegora and continues in the basin. The direction is NNE - SSW and the 

length of the northwest side of the lake, which defines, is about 12 km. It is a typical normal fault 

with neotectonic activity. Continuing to the fault of Vegoritida, with a shift to the southeast, locates 

the fault of Anargiroi which has the same address direction to the Vegoritida’s one. It passes through 

the village of Anargiroi and is developed to the southwest bordering Lake Cheimaditida. The 

continuity of the fault detects also within the mine of Amyntaio (Loupasakis et al., 2010). 

1.3. Hydrogeological setting 

The aquifer of Amyntaio is formed in the quaternary deposits and during the past it was exploited 

mainly for irrigation and water supply. These sediments display satisfactory porosity in their mass 

and store important groundwater reserves. The area of the mine of Amyntaio is surrounded by a 

significant part of the aquifer. Its thickness reaches approximately the 120m under the surface 

(Stamos and Giannoulopoulos, 2010). The limits and its extent are shown in the attached 

hydrogeological map (Figure 2). The aquifer is fed by both the precipitation and the filtration of the 

water coming of the streams. 

Their systematic exploitation started taking place after the exsiccation of the swamp, extending at 

the northeast of the Chimaditida Lake and the re-allotment of the land, in 1974. Since then, several 

wells were bored as buck up sources of irrigation water, supporting the canals system. The beginning 

of the lignite mining activities, in 1989, changed radically the hydrogeological status of the study 

area, as it was combined with the construction of numerous wells for the protection of the opencast 

slopes. Although that most of the water pumped out of the opencast was led to the irrigation canals 

surrounding the mine, the aquifers were not recharged and the ground water level kept on falling. 

Besides the mining activities, the overexploitation of the aquifers in the wider basin is also amplified 

by the increasing number of farmers’ irrigation wells. 

The contribution of these wells in the ground water level drawdown cannot be estimated as no 

records exist about the irrigation water consumption (Loupasakis et al., 2014). 

Finally, as it was proved at the research of Stamos and Mathaiopoulos (2010), the aquifer is over-

pumped and its water is used in both agriculture and industry (PPC). After evaluating the hydraulic 

grade status of the aquifer in the area, by measuring existing drillings, it was found that during the 

last decades the groundwater drawdown is around 35 m in a radius of about 300 m to the west and 

northwest of the mine Amyntaio, whereas the level is more than double (70 m) next to the mine. As 

a result, the water reserves of the aquifer have been reduced near the mine having also a direct impact 

on the quantities available for irrigation. Moreover, this drawdown changes the geostatic stress field 

of the loose quaternary sediments. 
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Figure 2 - Hydrolithological map of the study area made by Stamos and Giannoulopoulos 

(2010). 

1.4. Methods 

For the purpose of this study, the geological and hydrogeological conditions of the study area were 

evaluated. In addition, the piezometric curves were processed in a chronological order aiming to 

determine what the aquifer level was before and during the mining activity. Then two ground water 

level measurement field campaigns were conducted to the study area at September 2014 and May 

2015. The drill network used for the campaigns was based on formerly established networks, mainly 

by IGME, but also several new drills were added. The destruction of several old network drills as 

well as changes on the land use forced these additions. After measuring the ground water level, 

surfer and Arc GIS 10.1 were launched in order to construct the necessary piezometric maps. 

2. Hydrogeological setting -Diachronic changes of the piezometry at the study 

area 

The effect of the overexploitation of the ground water can be easily examined by comparing 

successive isopiezometric contour lines. This procedure was applied at first at the paper of 

Loupasakis et al. (2014) that compared the isopiezometric lines drawn by Dimitrakopoulos (2001), 

based on measurements conducted in May 1992 (Figure 3), with contour lines based on 
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measurements conducted by the Laboratory of Engineering Geology and Hydrogeology of the 

NTUA, in April 2011. The actual ground water drawdown is clearly presented in the drawdown 

contour lines map of Figure 4, drawn by subtracting the two aforementioned piezometric surfaces. 

In this map, it is clearly presented that the depression cone formed at the west of the mine extents to 

the Chimaditida Lake and the maximum drawdown, next to the mine, is more than 40 m. 

 

Figure 3 - Isopiezometric contour lines based on measurements taken in Μay 1992 

(Dimitrakopoulos, 2001). Note that the extent of the opencast presented at the satellite image 

does not present the extent of the opencast during 1992. 

It should be noted that the Anargiri Fault forms an impermeable barrier by bringing the permeable 

Quaternary deposits, located at the descending segment, right next to the impermeable Neogene 

marly formations, of the ascending segment, as it presents more than 100 m offset. Actually, because 

of the faults offset, Perdikas formation is absent from the lithostratigraphic column of the formations 

extending SE of the Anargiri fault (Loupasakis et al., 2014; Koukouzas et al., 1981). 

Based on the data collected during the two ground water level measurement campaigns, at October 

2014 (end of dry period) and May 2015 (end of wet period) the following illustrations presenting 

the isopiesometric contour lines were designed. Both images clearly present the drawdown cone 

extending at the perimeter of the mine. Furthermore, the isopiezometric curves of May 2015 indicate 

a dynamic drawdown cone at the south of Valtonera, probably caused by the pumping applied for 

irrigation purposes. 

Finally, drawdown contour lines were designed by subtracting the two aforementioned piesometric 

surfaces referring to the periods May 1992 (Dimitrakopoulos, 2001) and May 2015 (Figure 7). This 

figure presents a significant groundwater drawdown towards to the mine. Its maximum value 

exceeds the value of 70 m, next to the perimeter of the mine. 

 



1012 

 

 

Figure 4 - Drawdown contour lines map drawn by subtracting the piezometric surfaces of May 

1992 (Dimitrakopoulos, 2001) from the ones of April 2011 (Aggelitsa, 2012; Loupasakis et al., 2014). 

 

Figure 5 - Isopiezometric contour lines based on measurements taken in October 2014. 
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Figure 6 - Isopiezometric contour lines based on measurements taken in May 2015. 

 

Figure 7 - Drawdown contour lines map drawn by subtracting the piezometric surfaces 

(from May 1992 to May 2015). 



1014 

 

3. Conclusions 

The piezometric surface drawdown observed by comparing the ground water level between 1992 

and 2012 is clear that it is diachronically increasing. Particularly, this drawdown increases at the 

perimeter of Amyntaio mine from 45m in 2012 to 70m at 2015. 

Moreover, by observing the piezometric curves, it is concluded that the flow of the groundwater is 

directed to the mine. So, former studies (Loupasakis et al., 2014) claiming that the mine operates as 

an oversized well-draining the plain and forming an excessive depression cone around it, are 

confirmed. 

It has to be mentioned that some small scale depression cones are also observed due to the operation 

of irrigation wells. 

 In general, the variations in the level of groundwater during the years show a steady downward 

trend with seasonal fluctuations. The steady downward trend can be attributed to the continuous 

flow of the underground water towards the mine, while the seasonal variations happen due to the 

precipitation and the seasonal pumping of wells for irrigation purposes.  

As all surface raptures are confined within the limits of the depression cone it is clear that the 

groundwater drawdown is responsible for the land subsidence phenomena observed both in 

Anargyroi and in Valtonera villages. 
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Abstract 

The granular aquifer system of the western Chalkidiki peninsula covers an area of 

667 Km2 occupying Neogene and Quaternary sediments. The present study deals 

with the hydrogeological and hydrogeochemical characterization of the granular 

aquifer system for the purposes of efficient utilization and management of 

groundwater resources. It is a multilayered formation, composed of 

unconsolidated to semi-consolidated sands, gravels, conglomerates, sandstones 

and marly limestones with intercalated impermeable to semi-permeable beds of 

clays, marls or mixed with pebbles and sands. The aquifer system is characterized 

by medium to moderate hydrocapacity and the pumped groundwater consumptions 

are 74*106 m3/yr. Piezometric studies carried out in the period of 2003-14, 

conclude that the piezometric surface decline is located in the S and SE parts of 

the aquifer system, while in the rest Central and NW parts there is a noticeable 

rising of the groundwater table. Groundwater is generally characterized by a good 

quality; however, groundwaters of the broader Triglia area, have excessively high 

contents of As (10 to 3400 μgr/l) and B (1.5 to 4.0 mg/l). Other natural pollutants 

are Fe and Mn. Salinization and high values of nitrate are mainly detected in water 

boreholes of Moudania-Portaria, Akrotiri-Epanomi and Agelochori areas. 

Keywords: Hydrogeological parameters, piezometric study, groundwater quality. 

Περίληψη 

Το κοκκώδες υδροφόρο σύστημα Δ. Χαλκιδικής καλύπτει έκταση 667 km2 και 

φιλοξενείται σε Νεογενή και Τεταρτογενή ιζήματα. Η μελέτη αυτή αναφέρεται στα 

υδρογεωλογικά και υδροχημικά χαρακτηριστικά του υδροφόρου συστήματος. Οι 

υδροφορείς συνίσταται από επαλληλία χαλαρών έως ημι-συνεκτικών ιζημάτων από 

άμμους, χαλίκια, κροκάλες, ψαμμίτες και μαργαϊκούς ασβεστόλιθους με παρεμβολές 

αδιαπέρατων έως ημιπερατών στρωμάτων από αργίλους, μάργες ή μίγματα αργίλων με 

άμμους, χαλίκια και κροκάλες. Το υδροφόρο σύστημα χαρακτηρίζεται από μέτρια έως 

ενδιάμεση υδρο-δυναμικότητα και οι καταναλώσεις από αντλήσεις ανέρχονται σε 

74x106m3/έτος. Από πιεζομετρικές μελέτες που πραγματοποιήθηκαν στο 

διάστημα 2003-14 προέκυψε ότι η πιεζομετρική  επιφάνεια υποχώρησε στο N-NA 

τμήμα, ενώ στο κεντρικό και ΒΔ τμήμα παρουσίασε ακόμη και άνοδο. Η ποιότητα των 

mailto:nikosveranis@gmail.com
mailto:mnimfo@thes.igme.gr
mailto:christidisc@hotmail.com
mailto:alexchrysafi@hotmail.com
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υπόγειων νερών είναι γενικά καλή, με εξαίρεση την περιοχή Τρίγλιας όπου 

εντοπίζονται αυξημένες τιμές σε As (10-3400 μgr/l) και Β (1.5-4.0 mg/l) καθώς και σε 

μερικές θέσεις αυξημένες συγκεντρώσεις σ ε Fe, Mn, ΝΟ3. Υφαλμύρινση των 

παράκτιων υδροφορέων παρατηρείται κύρια στις περιοχές Μουδανιών-Πορταριάς, 

Ακρωτηρίου Επανομής και Αγγελοχωρίου. 
Λέξεις κλειδιά: υδρογεωλογικές παράμετροι, πιεζομετρία, ποιότητα υπόγειων νερών. 

1. Introduction 

Groundwater is a critical resource for 65000 permanent inhabitants living in the west Chalkidiki 

area. In addition, 180000 tourists and seasonal inhabitants during summer season use it as potable 

water, in agriculture, farming and manufacture. Previous hydrogeological studies only refer to some 

parts of the aquifer system (e.g. Loehnert and Papakonstantinou, 1988; Xefteris, 2000, 

unpublished reports of IGME). 

This work deals with the hydrogeological and hydrogeochemical characterization of west 

Chalkidiki granular aquifer system aiming to contribute t o  a n  efficient utilization and management 

of groundwater resources. The methodology involves the analysis and interpretation of existing 

data as borehole logs, pumping tests, static water level measurements, meteorological data, surface 

water supply measurements, groundwater consumption and chemical analyses of the ground waters 

samples collected in the period 2004-10 by the Institute of Geology and Mineral Exploration 

(IGME), (Veranis et al., 2010) and from local authorities in the period 2011-14. 

2. Geomorphology and land uses 

The west Chalkidiki aquifer system covers an area of 667 km2 and is extended from the Megalo 

Emvolo to the northern part of Kassandra Peninsula and along the west part of the Chalkidiki 

peninsula. The main part of the aquifer system is plain, with hilly (200-500 m) and semi- 

mountainous (500-638 m) areas. The average elevation of the area is 110 m ranging from 0 to 638 

m. The relief is mature with elongated, U-shaped, dry valleys of crosscutting torrents (Syrides, 

1990). Karstified limestones of Mesozoic age, are located in the Katsika mountainous area. They 

cover a total area of 15 km2 and represent a very intense geomorphologic relief in contrast to the 

surrounding hilly and flat coastal area. Most part of the area is characterized by a smooth relief, with 

small to moderate soil slopes (2-5% S-SW) in the larger part of the area. This fact, has 

predominantly favored the infiltration process rather than the run off, which only occurs after 

intense rainfalls. The hydrographic network is of dendrite type and consists of sub-parallel 

torrents of NNE-SSW general direction. Olynthios river is located in the E part of the aquifer 

system, being the only stream where the run off occurs for 9 to 10 months per year, with mean water 

supply of 1400 m3/h. According to CORINE, from a total area of 667 km2, the agricultural land 

occupies 534 km2 (80.06%). The forest, semi-forest and pasture areas occupy 100.0 km2 (15.0%), 

about 32 km2 (4.7%) are covered by the settlements and 0.8 km2 (0.12 %) are occupied by wetlands. 

3. Geology 

The study area geologically belongs to the Peonia zone and consists of Quaternary and Neogene 

sediments (Figure 1) with a depositional environment varying from land-river to delta, lake and 

land type. The total thickness of the sediments ranges from 150 to 500 m in the higher topographic 

reliefs and increases to 1000-1500 m or more (max=3500 m) in the coastal areas (Syrides, 1990). 

Holocene alluvial sediments are located along the torrent beds and coastal valleys. They consist of 

sands, clay-sands, clays, conglomerates, pebbles and their intercalations. Pleistocene deposits of 

red-clays are located in the Moudania area and travertines as hot spring aprons are found in Eleo- 

choria area. Pleistocene terrace deposits of unconsolidated recent or old scree and lateral deposits 

of boulders, conglomerates, clays and their intercalations are located in other places (Figure 1). 
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Neogene sediments are divided in: (a) Lacustrine limestones and hard marls. They are found in 

the W part of Katsika mountain and constitute the upper horizons of the sandstone-marl series. (b) 

Sandstone-marl series overlie the red clay beds and dominate most of the W and Central part of 

the W Chalkidiki peninsula. The stratigraphic succession of the beds is not constant and generally 

consists of alternating beds of sands, clayey marls, clays, marl-clays with intercalations of semi- 

unconsolidated sandstones, river-bank deposits and sandstone grit. (c) Red clay series, covers the 

Central and S-SE parts of the aquifer system and consists of red to brick bed clays with mica and 

fine grained quartz. In places they include lenticular intercalations of sands, marls, travertine, 

marly limestones and conglomerates. (d) Basal conglomerates series, located at the north margins 

of the study area, were deposited unconformably to the basement pro-Neogene rocks and usually 

consist of loose to semi-consolidated conglomerates with intercalations of red beds. 

Figure 1 - Simplified geological-hydrogeological map of west Chalkidiki aquifer system. 

In the NE part of the aquifer system many boreholes are found penetrating the basal conglomerate 

series. 

The basement rocks (gneisses, schists, ophiolites, limestones, granites) of Paleozoic and Mesozoic 

age are located in the upper topographic parts along the northern margins of the aquifer system. 

From the hydrogeological point of view, the most interesting are the Mesozoic karstified limestones 

of Katsika mountainous area (15 km2). Satellite picture interpretation concludes that the faults have 

NNW-SSE, NE-SW and N-S directions. 

4. Hydrolithology and hydrogeological parameters 

The aquifer system is a multilayered system that is composed of unconsolidated to semi- 

consolidated sands, gravels, conglomerates, sandstones, as well as marly limestones or travertine 

lenses and among them intercalations of impermeable to semi-permeable beds as red clays, silts, 

green-gray clays,  marls or mix of clays with sands, pebbles, gravels and conglomerates. The thick- 
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ness and permeability of the unsaturated zone are important parameters for the vulnerability 

assessment of the aquifer system to contamination sources. The lithological description of the 150 

borehole logs reveals that the thickness of unsaturated zone ranges from 10 to 195 m and the geo- 

metric mean value is 45 m. In most part (64%) of the aquifer system, the unsaturated zone consists 

of semi-permeable materials as clays, mixed with sands and gravels or intercalations of clay and 

sand beds. The rest 33% consists of impermeable materials like red clay beds, marls and 3% only 

consists of permeable sediments as gravels, pebbles, sands mixed with a small amount of clays. 

The percentage contribution of the aquifers in the total thickness of the drilled sediments ranges 

from 1.5 to 61% and the mean value is about 28%. The different aquifers range in thickness from0.5 

to 50 m and the total thickness of the aquifer system up to a depth of 500 m is 140 m, ranging from 

10 to 250 m. The boreholes (n=150) geometric mean values of yield is 40 m3/h (10-140), specific 

capacity (Sc) is 1.50 (m3/h)/m (0.05-33.3), transmissivity (T) is 5.0*10-4 m2/s (3.46*10-5-2.92*10-

2) and hydraulic conductivity (K) is 1.56*10-5 m/s (3.30*10-7-1.01*10-3) respectively. The most 

favorable hydrogeological conditions for groundwater resources are located in the area extended 

between the Epanomi and Agelochori village and the worst among Petralona, Scholari and 

Lakkoma village. The N part of the aquifer system extending among Krini, Scholari, Mesimeri, 

Lakkoma, Gonia, Petralona villages and N of Simandra village covers a total area of 160 Km2 

(Figure 1). It consists of red beds, basal conglomerates, clays, clay-sands, sands, lacustrine 

limestones with hard marl intercalations and clay-marls with sandstones intercalations. The 

hydraulic conductivity of these formations is very low (K≤10 -7 m/s) and the potentiometric surface 

is very low (>150 m from the surface). Even in the deep (320 m) boreholes, yields are very low 

(5-10 m3/h) associated with low values of specific capacity [0.05 (m3/h)/m]. There, the 

groundwater quality is inhibiting its use as drinking water.  

Pumping test data and the associated piezometric study revealed that the aquifer system is varied 

from semi-confined to confined. Intense permeability variations characterize different strata either 

in vertical or in horizontal dimension. This is attributed to grain size distribution of the materials 

and the varying degrees of diagenesis process. Permeable sediments such as unconsolidated deposits 

of sands and pebbles with hydraulic conductivity (k) ranging from 10-3 to 10-4 m/s, semi- permeable 

sediments as consolidated conglomerates, sands, sandstones and marly limestones have intermediate 

hydraulic conductivity ranging from 10-4 to 10-7 m/s. The marls, clays or mixtures of them with 

sands and pebbles have a very low permeability or are almost impermeable materials (k =10-7 to 10-

9 m/s). According to their hydrolithological behavior and hydrogeological potential the different 

geological formations of the study area are divided into the following classes (Figure 1). 

(a) Micro pore permeable alluvial formations covering large areas and h a v i n g  a low resource 

potential. They consist of alluvial fans, lake deposits of Holocene and Pleistocene river-torrent 

deposits that overlie the Neogene sediments and are crossing the area of the aquifer system. Sections 

across the alluvial fans show that they are lenticular in shape resulting in small thickness elongated 

layers along the direction of the watercourses. The grain size is continuously decreased from 

upstream to downstream and, in the same direction the thickness of the permeable strata is also 

decreased. Alternations of clays, silts, sands, pebbles, gravels or a mixture of them can be observed 

in these areas. Red clay beds, mixed with gravels, pebbles and sands (10-25 m in thickness) 

compose most part of this formation. Due to lateral changes in the grain size composition of the 

sediments and the presence of clay materials, the hydraulic conductivity of the formations varies 

from 10-4 to 10-7 m/s. The aquifers are mostly composed of gravels, sands and conglomerates, and 

are mainly located in the downhill parts of the streams. The aquifer materials have an effective 

porosity ranging from 10 to 22%. Their hydrogeological interest is considered important because 

they cover an area of 87 km2 and allow a high infiltration about 10-20% of the precipitation. They 

also provide favorable conditions for the development of groundwater potential in the underlying 

Neocene aquifers. They are recharged from direct percolation of precipitation (46-92 mm/yr) or 

by percolation of surface waters that were once stored within the alluvial formations moving 

downwards to deep Neogene aquifers. Shallow boreholes located in this hydrolithological 
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formation yield 10 to 30 m3/h, but due to over-pumping in the last decades the alluvial aquifers 

have been largely depleted in many places. 

(b) Micro to macro-porous semi-permeable Neogene formations of large area and moderate potential. 

They cover an area of 235 km2 in the Central and NW part of the aquifer system (Figure 1). The 

formations belong to sandstone-marl series and consist of alternating beds of clays, clay- sands, sands, 

clay-marls with intercalations of sandstones, conglomerates and marly limestones. The recharge of the 

aquifers is by infiltration of precipitation (46 mm/yr), surface water percolation along the torrent beds 

and lateral infiltration of karst aquifer of Katsika area. Τhe hydraulic conductivity of the different 

formations ranges from 10-4 to 10-7 m/s depending on the grain size and clay content. Borehole yields 

range from 20 to 140 m3/h with mean value of 40 m3/h. The specific capacity (Sc) values range from 

0.5 to 12 (m3/h)/m, transmissivity (T) ranges from 1.67*10-4 to 1.3*10-3 m2/s and aquifers hydraulic 

conductivity (K) from 3.30*10-6 to 8.0*10-5 m/s. 

(c) Impervious to low permeability Neogene and Pleistocene microporous formations covering a 

large area and of moderate to low potential in the underlying aquifers. These formations occupy 

an area of 348 km2 and are mainly situated in the Central, S and E part of the aquifer system (Figure 

1). They consist of red to brick bed clays and in places they include lenticular intercalations of sands, 

marls, travertine, marly limestones and conglomerates. The red beds have a grain size less than 

2μm in 50% of the material and the hydraulic conductivity is very low (k≤10-7 m/s). Borehole yields 

range from 10 to 80 m3/h with a mean value of 25 m3/h. The higher borehole yields (40-80 m3/h) 

are usually found in the coastal area where the Neogene aquifers are also recharged by runoff  

infiltration through the Quaternary deposits and the lower yields (10-25 m3/h) in the topographic 

uphill areas, close to contact with the basement rocks. The specific capacity (Sc) values range from 

0.05 to 1.75 (m3/h)/m with a geometric mean value of 0.4 (m3/h)/m (n=50). Transmissivity (T) 

ranges from 1.54*10-5 to 9.51*10-4 m2/s and the geometric mean value is 1.50*10-4 m2/s. Pumping 

tests revealed that correlation between T and Sc parameters is: T =1.09*(Sc)1,11, (R2 = 0.89, 

n=15), where T and Sc values are expressed in m2/day. This relationship for transmissivity values 

≤ 40 m2/day gives approximately similar results with the known empirical relationship of Logan 

(T=1.22*Sc), which is generally applied for confined granular aquifers. The average total thickness 

of the aquifers is 143 m (78-228). They comprise about 40% (28-59) of the drilled layers (200-

500 m). The aquifers average hydraulic conductivity (K) is 8.74*10-7 m/s, ranging from 9.1*10-

8 to 5.66*10-6 m/s. The water resource potentiality of this formation is considered relatively low 

when compared to neighboring areas in the NW portion of the aquifer system. 

5. Piezometry and hydrological balance 

Systematic piezometric measurements were carried out by IGME in intervals of the period 1983-

2000 on 27 irrigation boreholes and 2004-2008 on 99 irrigation boreholes respectively (Veranis et 

al. 2010). On the frame of this study, piezometric measurements were also conducted in October 

2014. The depth of the PS ranges from 0.9 to 195 m and the geometric mean value is 33.62 m. The 

higher depths (138-195 m) of the PS are found in the NE to E part (Agios Panteleimonas- Simantra-

Olynthos villages area) and in the N part (Lakkoma-Scholari-Petralona villages area) of the aquifer 

system and the lower depths (0.9-10 m) in the coastal areas. The PS ranges between -38 to +165 m 

a.s.l. and the geometric mean value is 0.35 m a.s.l. The inter-annual variation (ds) of the PS per 

borehole ranges from 0.43 to 15.0 m, the values also follow the lognormal distribution with a 

geometric mean value of ds=3.20 m (±2.2). The rate of the inter-annual fluctuations (ds) varies 

depending on the region. In order to estimate the mean value of ds we have estimated the area of 

influence for each borehole by Thiessen polygons. During the period 2004-08, no important decline 

was observed in the area (A), except in the Akrotiri coastal area of Epanomi. On the contrary, in 

the areas (B) and (C) we have estimated a decline of 0.2 m/yr and 0.6 m/yr respectively. In case that 
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we don’t take into account the PS decline which is attributed to abstractions of the permanent 

reserves, the real mean value of ds is 2.90 m (Table 1). 

Table 1 - Inter-annual real fluctuations of the potentiometric surface (period 2003-08). 

a/a Area Area (km
2

) Mean(m) Range(m) 

A Agelochori to Ag. Pavlos 140 1.70 0.5-6.0 

B Ag. Pavlos-Gonia to Ag. Panteleimonas- Flogita 150 3.3 0.9-15.0 

C Ag. Panteleimonas- Flogita-Moudania to 

Agios Mammas-Kalyvia 

220 3.4 1.3-9.0 

 Total area 510 X=2.9  

According to piezometric measurements conducted by IGME in the period 1986-2000, it resulted 

that PS underwent a constant downturn and the mean value was 0.72 m/yr (n=16 boreholes) ranged 

from 2.5 to 0.08 m/yr per borehole. In the period 2003-08, upwards trends have been noticed in 

many boreholes, mainly situated in the Central and NW part of the aquifer system, covering a total 

area of 285 km2 or 56% and the mean PS value is 1.10 m (n=54). On the contrary, in E-SE and 

partially in the Central parts, we noticed a decline of the PS with a geometric mean value 0,97 m 

(n=40 boreholes) covering an area of 235 km2 corresponding to 46% of the aquifer system with 

exploitable groundwater reserves (E=510 km2). 

Specifically, the areas where a decline of PS observed are: (a) Agios Pavlos- Kallikratia- Silata- 

Eleochoria, (b) Triglia-Agios Panteleimonas-Simantra-Dionysiou, (c) Agios Mammas-Olynthos- 

Kalyvia and (d) Akrotiri coastal area of Epanomi. These differences in the behavior of the PS are 

attributed to different pressures applied to the aquifers due to intense pumping of a considerable 

number irrigation and drinking water boreholes and differences in recharging rate. Static water level 

measurements carried out in irrigation boreholes in the S part of the aquifer system during the period 

2008-14, point to a gradual decline (0,5-1,5 m/yr) but data are not enough for the rest of the area 

of the aquifer system in this period. The reversal in the trend of the PS from reduction in the period 

1985-2000 to rising during 2003-08 in many boreholes could be explained by rainfall increase in 

the period 2003-08 in relation to the period 1986-2000 and de- crease in consumption of irrigation 

water (Veranis et al., 2010). 

According to the groundwater flow contours, the water flow approximately follows the slope of 

the topographical relief (Figure 1). The geomorphology directly affects the shape of the piezo- 

metric contours by shaping curved and concave forms. The convergent and divergent contours are 

also associated to the hydraulic characteristics of the aquifer system, the recharge and pressure of 

the abstractions. The aquifer system on a broader scale is considered to be homogenized regarding 

the hydraulic conductivity values in various directions and the directions of subsurface flow are 

plotted perpendicular to the piezometric curves. The piezometry shows a general flow direction 

from NE to SW for the larger part of the aquifer system (Figure 1). 

In the NW part of the aquifer system, extending between Ιraklia and Agelochori villages, the 

hydraulic gradient (i) is small and ranges from 0.002 to 0.0072. In this region, the piezometric con- 

tours are invariably parallel to each other and this is attributed to unchanging hydraulic properties 

of the aquifers. There doesn’t seem to be a strong influence on aquifer recharge by runoff percolation 

or discharge along the stream beds. Low values on the hydraulic head make the aquifer system 

vulnerable to the intrusion of seawater, and up to date the salinization was detected in Agelochori 

and Akrotiri Epanomi coastal areas. In Lakkoma, Agios Pavlos and Kallikratia area the hydraulic 

gradient is 0.005. Higher gradients (0.012- 0.015) are observed in the area between Agios Pavlos-

Kallikratia-Gonia and Silata area, as well as in the area between Triglia and Tenedos up to the 

coastal area of Flogita village. In this area the piezometric curves have shapes associated with 

the topographic relief. Along the stream valleys the hydraulic gradient has reduced due to water 

pumping from a considerable number of irrigation boreholes. The curved surfaces of contours in 

the area downhill of the Katsika are attributed to geomorphology and recharge from the karstic 
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aquifer by lateral infiltration (Figure 1). Within the coastal zone of Plagia and Flogita up to Tenedos 

area the contours are convex. This is attributed to the topographic relief and the numerous irrigation 

boreholes which caused the decline of the PS. The average hydraulic gradient of PS along the axis 

Agios Panteleimonas-Zografou villages is 0.010. Elevated values (i=0.013) are found in the hilly 

area (altitude 100-240 m) and lower (i=0.003) in lowland coastal area respectively. 

During the last decades, the pressures due to water pumping were particularly intense and resulted 

in PS decline, creating negative absolute elevations (max=-38 m a.s.l.) in the area of Portaria, 

Zografou, Dionysiou beach and Flogita villages, where we also have noticed a reverse direction of 

the hydraulic gradient (Figure 1). This procedure has resulted in aquifer contamination in the area 

between Zografou and Dionysiou Beach due to mixing with sea water up to a distance of 2.5 km 

from the coastline. In the E part of the aquifer system, the direction of groundwater flow is from 

NNW to SSE and is parallel to the bed of Olynthios river (Figure 1). The hydraulic gradient ranges 

from 0.013 to 0.015. Although the aquifer system is recharged by runoff percolation (5.5*106 m3/yr) 

along the bed of Olynthios river, due to great inclination of the main stream (25%0) and the pressures 

from the abstractions, the equal potentiometric curves are of concave form and salinization occurs 

in the coastal area aquifers of Agios Mammas and Kalyvia villages. 

Due to intense long time pumping in drinking water wells and in some of the irrigation boreholes, 

permanent cones of depression were created. Even after pumping stops, due to mingling of the 

clay or marl layers, a long time (ranging from 2 to 6 months or more) is required to restore 

the potentiometric surface to the former static level. The greater pressures to the aquifer system were 

applied by irrigation and drinking water wells during the summer season, the period when the 

aquifer’s recharge by the infiltration and run of percolation are low and simultaneously the PS is 

at lower level. This procedure favors in many places the intrusion of sea water (salinization) in the 

coastal areas and, thus deteriorating the groundwater quality. In some places (Agelochori, Akrotiri 

Epanomi, Agios Pavlos, Flogita-Moudania and Ag. Mamma-Kalyvia) the PS decline has caused a 

dramatic elimination or a total interruption of the previous aquifer natural discharge to the sea water. 

Figure 2 - Fluctuations of the piezometric surface in the period 1984-2008 of Triglia-

Moudania area of west Chalkidiki aquifer system. 

Inflows: The water balance study is referred to the period 2004-08, because systematic static level 

measurements of the 99 boreholes are available for this time interval only. Data interpretation of 

the broader area (Agios Mammas, Agios Pavlos, Mikra, Loutra Thermi and Polygyros) 

meteorological stations reveals that, the average annual precipitation of the aquifer system area 
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during the period 2002-08 is 458 mm and the mean annual temperature is 15.82 οC. Average 

annual real evapotranspiration represents 83 % of total annual precipitation and amounts to 380 

mm/yr. (Veranis et al., 2010). The sum of infiltration plus runoff is 78 mm/yr or 52.3*106 m3/yr. 

The mean value of the infiltration based on the distribution of the rock outcrops in the geological 

map and the coefficient of infiltration for each rock type (Soulios, 2004) is 41 mm/yr (9%). Runoff 

is calculated from the equation of water balance and is 37 mm/yr (8 %). Since limited amounts of 

surface water arrive to the coast, apart from the direct infiltration (27.4*106 m3/yr), the recharging 

of the aquifer system occurs through surface waters percolation of Olynthios river (5.5*106 m3/yr), 

along the streams beds located in the aquifer system (24.9*106 m3/yr) and from surface water 

(2.7*106 m3/yr) originating from the Vavdos mountainous area and crosscutting the aquifer sys- 

tem. The total surface water quantities infiltrated to the aquifers system are 31.2*106 m3/yr). The 

aquifer system also enriched by lateral subsurface filtration of the Katsika karst area with 3.0*106 

m3/yr. Irrigation water quantities returning to the aquifer system are estimated about 8.5*106 m3/yr 

and correspond to 10-15% of the abstractions. Total inflows to the aquifer system are estimated to 

be 72*106 m3/yr. 

Inflows were also estimated using the equation (1) for renewable reserves estimation: V=E*ds*ne, 

Where, E=the area of the aquifer system with productive boreholes, ds=mean value of the inter-

annual static water level fluctuations. According to data from the lithology description of 150 

borehole logs, the aquifers consist of unconsolidated to semi-consolidated sands, conglomerates, 

sandstones and less of marly limestones and travertine lenses. The cementing materials are fine 

sands, silts and clays. According to bibliography (Wolf, 1982) the mean value for the effective 

porosity (ne) of these materials are estimated about 5%. 

V=510km2*2.9m*0.05=74*106 m3/yr 

Water pumping: For drinking water purposes consumptions are 14.0*106 m3/yr, and for livestock 

and other uses 0.4*106 m3/yr. In earlier studies it was referred that, for the irrigation of 118.000 

acres (in the year 2001) the pumped groundwater quantities were about 69*106 m3/yr; this 

corresponds to 585 m
3
/acre/yr but 10-15% of the irrigation water returns back to the aquifers (ENM 

and Consulters 2008). The total water pumping reserves of the system are approximately estimated 

to be 74*106 m3/yr. Although inputs are approximately equal to outputs, due to differential 

recharge rates and pressures applied from water pumping in the different parts of the aquifer 

system, we observed a decline of the PS in some parts and rise in others respectively. The 

discharges of the groundwater to the sea are estimated 1.5*106 m3/yr and the inflows of seawater 

to the land about 1.0*106 m3/yr (Veranis et al., 2010). 

6. Groundwater quality and contamination 

In order to assess groundwater quality of the aquifer system, we evaluated hydrochemical data 

from previous studies carried out by IGME in the period 2003-10 (Veranis et al., 2010), while in 

the period 2011-14 chemical analyses were carried out by local authorities in samples collected 

from drinking water boreholes only. The water samples were collected in dry and wet periods and 

at least two samples correspond in each borehole. 

The pH values of the groundwater vary between 6.62 and 8.75 with an average of 7.84 which 

indicates the alkaline nature of groundwater of the study area. In about 96% of the collected 

samples, the pH values are within the permissible range of 6.5 to 8.5 established for drinking water 

by the Directive 98/83/EC/3. Electrical Conductivity (EC) ranges from 369 to 7182 μS/cm at 250C, 

with a geometric mean value of 887 μS/cm. In only 3% of the boreholes, the EC values were above 

the maximum permissible limit (2500 μS/cm) for the potable water. 
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The geometric mean value of the total hardness is 358 mg/l and ranges from 60 to 1536 mg/l (as 

equivalent CaCO3). In 3% of the boreholes, the values of total hardness are less than 150 mg/l 

(medium hardness waters), in 25% they range from 150 to 300 mg/l (hard waters) and in 72% they 

are more than 300 mg/l (very hard waters). High hardness values (> 500 mg/l) represent 18.5% of 

the analyzed samples and attributed to salinization process or mixing with geothermal waters of 

the karst. Elevated concentrations of calcium, magnesium, sodium and potassium are attributed to 

contamination by sea water or mixing with geothermal waters. The increased values of magnesium 

(60-180 mg/l) located in some of the coastal areas are associated with sea water contamination and 

in the NE part of the aquifer system are attributed to the ophiolites weathering products mixed 

with the sediments. 

The mean concentration of the cations is in the order Mg>Na>Ca+>K, while those of the anions i 

HCO3 >Cl > SO4 >NO3 respectively. The ratio HCO3/SiO2 ranges from 5.5 to 94 (n=121 

boreholes). In only 6 samples the values are less than 10, indicating ubiquitous weathering. In 

115 samples, the HCO3/SiO2 ratio ranges from 10 to 94 indicating the prevalence of carbonate 

rather than silicate weathering and the recharge zone is at a small distance (Hounslow, 1995). 

Depending on, (a) the local lithological variations, (b) ion exchange reactions, (c) the time of the 

groundwater remaining in contact with rock materials, (d) sea water or geothermal waters 

contamination, different types of groundwater are detected. Hydrochemical data interpretation 

using the software AquaChem indicated that the most dominant (41%) water-type is Na-Mg-Ca- 

HCO3±Cl.±SO4. In 21% of the analyzed samples the magnesium ions prevail and the water-type is 

Mg-Ca-Na-HCO3±Cl.±SO4. In 24% of the samples the calcium ions prevail and the water-type is 

Ca-Mg-Na-HCO3±Cl.±SO4.The water types as Ca-Mg-HCO3 or Mg-Ca-HCO3 corresponds to 10% 

of the samples indicating a meteoric origin of the groundwaters with small retention time. The rest 

4% of the samples correspond to different water-types, such as Mg-HCO3, Mg-Ca-Cl, Na-HCO3- 

Cl, Mg-Ca-Na-Cl and are usually associated with sea water contamination. Graphic chemistry 

presentation of the water samples by Piper and Durov diagrams is given in Figure 3. 

Chlorine content ranges from 14.1 to 3085 mg/l and the geometric mean value is 92.2 mg/l. In 

90% of the boreholes, the chlorine content is less than 250 mg/l (the upper permissible level for 

the drinking water). Elevated concentrations of chlorine (250-3085 mg/l) are attributed to 

contamination with sea water in the coastal areas of Agelochori, Akrotiri-Epanomi, Agios 

Pavlos, Moudania- Portaria and Agios Mammas-Kalyvia. High contents of chlorine (200-303 

mg/l) were also detected in the Tenedos -Triglia-Silata area and a r e  attributed to contamination 

by geothermal waters which laterally infiltrate from the Katsika karst area to the neighboring 

fresh water granular aquifers. Sporadic elevated values of chlorine (200-330 mg/l), which were 

determined in irrigation bore- holes of the Gonia area, are associated to the disposal of untreated 

waste of domestic origin or farming installations to hydrographic network. 

Nitrate (NO3) content ranges from 0.1 to 215 mg/l and the geometric mean value is 9.3 mg/l 

(n=220). In 25% of the boreholes, nitrate content is 3.97 mg/l, in 75% of the samples is 26.4 mg/l 

and values more than 50 mg/l correspond to 6%. In 21.6% of the sampled boreholes the nitrate 

values are exceeding the threshold value (ΤV)=(50+9.3)/2=29.6 mg/l NO3. In case that nitrate 

concentrations are more than the TV75 value (in our case TV 75=22 mg/l) as defined by EU 

2000/60 (article 17.2a & 17.2b) and the Daughter Guide 2006/118/EU measures must be taken in 

order to eliminate the nitrate increase (Veranis et al., 2010). 
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Figure 3 - Graphical representation of the chemistry of the water samples in Piper and 

Durov diagrams. 

Groundwater from potable and irrigation water boreholes was also analyzed for trace elements. The 

iron content usually is within the drinking water standards (<200 μgr/l). In 7% (n=17) of the 

sampled boreholes we observe a high iron content (210-5500 μgr/l). The manganese content in 

14.5% (n=33) of the boreholes ranges from 50 to 850 μgr/l, exceeding drinking water standards 

(50 μgr/l). Relatively increased values (1600-5600 μgr/l, n=45) of boron, exceeding drinking 

water standards (1000 μgr/l) were determined in the groundwaters of Triglia- Tenedos to Plagia- 

Sozopolis areas covering a surface of 100 km2. The arsenic content is usually low (<5 μgr/l) in 

general, however higher arsenic (11-3487 μgr/l) contents are found in the groundwaters of the 

same area as for high boron values. The elevated boron and arsenic values in the groundwaters are 

attributed to the contamination by geothermal waters (33-350C) from Katsika karst area. They 

have elevated contents of boron (4000-8000 μgr/l) and arsenic (500-3600 μgr/l) and infiltrate to 

the granular aquifers contaminating the fresh groundwater. The geothermal waters of Katsika karst 

area, besides the high values of B and As, contain also relatively high values of EC, Ca, Cl, HCO3, 

Na, K, F, U and Li (Veranis et al., 2010). The contents of other trace elements analyzed (Cr, Ni, Al, 

Co, Pb, Zn, Cu, Cd, Sb, Se, U, Rn) are within the permissible limits for the domestic water. The 

natural or anthropogenic contamination of areas in the aquifer system, have been defined by the 

hydrogeochemical research and these results must be taken into account for site selection of the 

drinking water boreholes. 

Since the main groundwater uses of the aquifer system are for irrigation water we have evaluated 

the water quality for irrigation purposes. The most important characteristics of water which deter- 

mine the suitability of groundwater for irrigation purpose are: Salinity, TDS, Relative Proportion 

of Sodium to other Cations (SAR), HCO3 content, Residual Sodium Carbonate (RSC), the values 

of sodium percentage (Na%). Permeability Index (P.I) and trace elements such as B, As, F, Cu, Fe, 

Mn, Mo, Al, Cr, Co, Li, Sb, Ni, V, Zn, Pb (EPA 2004). In 96% of the boreholes analyzed the waters 

are suitable for irrigation water purposes (Veranis et al., 2010). 

7. Conclusions 

The aquifer system of west Chalkidiki area (667 km2) is a multilayered system semi-confined to 

confined, consisting of unconsolidated to semi-consolidated sands, gravels, conglomerates, sand- 

stones and marly limestones with intercalations of impermeable to semi-permeable beds of red clays 

and marls or a mixture of them. The aquifer system hydrocapacity is of medium to moderate potential. 
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The geometric mean value of borehole (n=150) yields is 40 m
3
/h (10-140), specific capacity (Sc) is 

1.50 (m3/h)/m (0.08-33.3), transmissivity (T) is 5.0*10-4 m2/s (3.46*10-5-2.92*10-2) and hydraulic 

conductivity (K) is 1.56*10-5 m/s (3.30*10-7-1.01*10-3) respectively. The groundwater abstractions 

are 74*106 m3/yr. Based on data of piezometric studies carried out in the period 2003-14, it is 

concluded that the piezometric surface decline is located in Kalyvia-Agios Mammas, Portaria- 

Dionysiou, Akrotiri Epanomi and Agelochori coastal areas and resulted to salinization of the coastal 

area aquifers. In the rest Central and NW part of the aquifer system we have noticed a positive water 

balance relation between the aquifers recharge and water pumping quantities or the recharge is 

higher than the pumped water quantities. 

Groundwater has generally a good quality, with the exception of Triglia-Tenedos-Plagia- Sozopoli-

Silata area (100 km2) where the groundwater contains high values of As (3400-10 μgr/l), B (4.0-1.5 

mg/l) ± Cl (200-250 mg/l). Other common natural contaminants exceeding the recommended 

drinking water standards are iron (210-5500 μgr/l) and manganese (50-850 μgr/l) corresponding to 

7% and 14.5% of the analyzed samples respectively. High values of nitrate (50-208 mg/l) are 

located in some boreholes in Moudania-Portaria and Akrotiri Epanomi areas. 

From the total area of the aquifer system (667 km2), it can be concluded that exploitable groundwater 

reserves are found in 510 km2 and about 300 km2 contain potable groundwaters. Since the water balance 

in the most part of the aquifer system is negative, it is necessary to protect the groundwater reserves 

by constructing a dam in the Olynthios river in order to eliminate the groundwater consumptions. 
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Abstract 

The methodology of geological mapping in urban areas differs from the ordinary field 

research. An urban area has no outcrops, has a smooth surface, diverted water lines 

and covered geology. The data types commonly collected in urban areas are from few 

outcrops (if there are some), borehole records, geophysical prospecting data, 

geological maps, digital elevation models (DEM), shallow excavations, 

palaeoseismological trenches and publication archives. This research at subsurface of 

the city produces new thematic maps for the initial surface under the building area, the 

water network, the geology and finally the fault system. This paper demonstrates a 

methodology and provides a way to solve engineering geology problems in urban areas. 

Keywords: Neotectonics, active faults, boreholes, geology, DEM. 

Περίληψη 

Η γεωλογική χαρτογράφηση σε αστικές περιοχές διαφέρει από την συνηθισμένη 

χαρτογράφηση πεδίου. Η δομημένη περιοχή μελέτης δεν έχει επιφανειακές εμφανίσεις 

υπεδάφους, έχει ομαλοποιημένο ανάγλυφο, εκτροπές ρεμάτων και “καλυμμένη” 

γεωλογία. Τα δεδομένα που συνήθως συλλέγονται σε αστικές περιοχές είναι οι ελάχιστες 

επιφανειακές εμφανίσεις (αν υπάρχουν), γεωτρητικά αρχεία, γεωφυσικά δεδομένα, 

χάρτες, ψηφιακά μοντέλα εδάφους, ρηχές εκσκαφές, παλαιοσεισμολογικές τομές και 

βιβλιογραφικά δεδομένα. Ο συνδυασμός όλων αυτών δίνει νέους θεματικούς χάρτες του 

υπεδάφους. Στο Πολεοδομικό συγκρότημα της Θεσσαλονίκης η μεθοδολογία εστίασε 

τελικά στην χαρτογράφηση των ρηγμάτων κυρίως. Η έρευνα αυτή του υπεδάφους της 

πόλης, παρήγαγε νέους θεματικούς χάρτες για το αρχικό ανάγλυφο κάτω από την 

δομημένη επιφάνεια, το υδρογραφικό δίκτυο, τη γεωλογική δομή και τελικά την ενεργό 

τεκτονική. Η εργασία αυτή παρουσιάζει μία μεθοδολογία και δείχνει τον τρόπο επίλυσης 

γεωτεχνικών προβλημάτων σε αστικές περιοχές. 

Λέξεις κλειδιά: Νεοτεκτονική, ενεργά ρήγματα, γεωτρήσεις, γεωλογία, DEM. 

1. Introduction 

To understand the geological environment and geotechnical conditions of an urban area a specialized 

methodology is required. The usual methodology for an “open” area includes initially surface 

mapping, and then geological crosssections. In urban areas the initial surface has been shaped due 

to the rapid growth, in a way that covers the needs of the inhabitants of a region. The land surfaces 

have been built and sharpen artificially, roads have been constructed, and the hydrographic networks 

have changed and shaped, while natural surface have been fragmented and degraded, hence the 

constructed landscape is “poor” for geological study. With all the constructions, the initial data that 
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could provide the references for the tectonic regime have been lost (Chuang Xu et al., 2015). To 

study the subsoil geology data from excavations can be used at first, which are isolated and not 

mapped, and secondly from borehole data. Even those boreholes are shallow and serving the 

purposes which are made for. Only the water wells are deeper, but contain few useful geological 

data. Along with the drilling for creating geological profiles used geophysical data, which could 

provide geological evidence for deeper depths. 

Geologists have a long history of working in cities alongside engineers (e.g. Legget, 1973), while 

the term Urban geology appeared by Alfors et al. (1973) for the master plan for California (Natural 

disasters, Geology, Land use, Urban plan) published by California Division of Mines and Geology 

(University of California Libraries). Similar publications and methodologies can be found in the 

Urban Geology series of the Geological Survey of Japan, in McCall et al. (1996), in lectures like 

“The contribution of urban geology to the development, regeneration and conservation of cities” 

(Culshaw and Price, 2011), as well as in special issues like Engineering Geology and the 

Environment: Marinos et al. (1996, 2001). 

With 2D geological maps, digital elevation models (DEM) and archival publications such as old 

photographs and maps, new 3D models can be produced for an urban area, before its urbanization. 

New 2D geological maps for the underground geology can be produced, as well as 3D maps. With 

these maps, it is possible to track the tectonic structures. From these structures, the active faults, 

which can cause problems at the structured network of the city in a possible activation, can be 

separated. Finally, the geotectonically more vulnerable areas related to active tectonism, can be 

mapped. 

This paper focused on the inner city of Thessaloniki, where have been produced the 3D models with 

more detail processing. 

2. The case study of Thessaloniki 

Thessaloniki is an old historical city in northern Greece (Figure 2), with continues urbanization since 

315BC. The city extends in 65km2 at present days. 

 

Figure 1 - 3D Digital Elevation Model (SRTM) of the Mecedonia, Greece and Thessaloniki. 

For the original morphology, old topographic maps (1945) at the 1:5.000 and 1:50.000 scales have 

been used. Historical maps since 1784 such as old photographs and aerial photograph (1939), as 

well as archaeological and literature data were also used. From all those data, the hydrographic 

network of the area before the inhabitation, which is the natural stream courses in an area and is 

https://archive.org/search.php?query=subject%3A%22Natural+disasters%22
https://archive.org/search.php?query=subject%3A%22Natural+disasters%22
https://archive.org/search.php?query=subject%3A%22Geology%22
https://archive.org/search.php?query=subject%3A%22Land+use%2C+Urban%22
https://archive.org/details/university_of_california_libraries
https://books.google.gr/books?id=3LEYlzQSBhwC&pg=PA3437&lpg=PA3437&dq=McCall+G.J.H.,+De+Mulder+E.F.J.,+Marker+B.R.+1996,+%E2%80%9CUrban+Geoscience%E2%80%9D,+A.+A.+Balkema,+Rotterdam.&source=bl&ots=NAChRBlRSq&sig=o3hYsXboUoz3Obond-wi1lKQo9M&hl=el&sa=X&ved=0CBsQ6AEwAGoVChMI1YaK-9-ryAIVQrgUCh1MKgQ6
https://books.google.gr/books?id=3LEYlzQSBhwC&pg=PA3437&lpg=PA3437&dq=McCall+G.J.H.,+De+Mulder+E.F.J.,+Marker+B.R.+1996,+%E2%80%9CUrban+Geoscience%E2%80%9D,+A.+A.+Balkema,+Rotterdam.&source=bl&ots=NAChRBlRSq&sig=o3hYsXboUoz3Obond-wi1lKQo9M&hl=el&sa=X&ved=0CBsQ6AEwAGoVChMI1YaK-9-ryAIVQrgUCh1MKgQ6
https://www.google.gr/search?espv=2&biw=1680&bih=925&tbm=bks&q=inauthor:%22Paul+G.+Marinos%22&sa=X&ved=0CB4Q9AgwAGoVChMI1YaK-9-ryAIVQrgUCh1MKgQ6
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related to local geologic and geomorphologic features and history was composed. The main problem 

was the inability to map the original terrain in the walled ancient city, because of limited 

archaeological evidence. 

2.1. Water network – Initial surface 

Over the years due to continuous habitation of Thessaloniki city, the hydrographic networks crossing 

the new city are diverted, embankmented and undergrounded. At 1958 at the upper east part of the 

city the peripheral drainage channel (Sotiriadis, 2002) of Thessaloniki was constructed. This channel 

drained the stream waters, which flooded the new urban area, growth at early 20th century, and 

conducted outer of the new city. The covered torrents turned in to roads and parks. Borehole records 

from linear and parallel to shoreline projects, gave new evidence from streams without surface 

outcrop. With the aim of this methodology, the older streams before the inhabitation, the anaglyph 

and the shoreline were designed. In figure 2, maps of eight (8) streams were drawn with the 

correspondence hydrological basins (Zervopoulou, 2010). The original without interpolation stream 

embankments gives information about the geology and the faults, since the water follows existing 

structures. 

  

Figure 2 - Aerial photograph of 1939, with the water lines (Zervopoulou, 2010). 

2.2. Geology 

For the geological mapping in an urban area the collection and combination of many data is required. 

We started from geological and geotechnical maps. These maps are enhanced with excavation and 

borehole data. We collected more than 1500 borehole records from many projects, private and public. 

The main volume of data came from the Thessaloniki subway (Metro) construction (Zervopoulou, 

2010). These are the most exploitable data because the borehole records are detailed and have a 

linear dense extend. All borehole data are evaluated and “cleaned”, to minimize the number of errors 

that affect the quality of data (Dong et al., 2015). Finally, we created a database with elements of 

coordinates, elevation, project and use and depth, besides the geological and geotechnical data. 

From this procedure, we had difficulties to the classification of geological deposits, because of 

erroneous coordinates and drilling altitude or orientation with old street names. We found borehole 

records from very old projects (such as a Bank building from 1926). At these records we found only 

geotechnical description and no geological. For example in geological description, the color of a 

formation is a key factor separating the Neogene formations. Also in water well records, we have 

not at all geological description, but only the recording of rocky basement. The absence of an 

organized public database of the borehole records means that, there are areas with missing geological 

data or borehole records that are also missing. 

Finally, we organized the borehole data in 6 main geological units of Thessaloniki (Zervopoulou, 

2010). Those units shown in Figure 3 are: a) at the surface the archaeological or historical layer 
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(FILL) that contains human (man made) deposits with rubbles from the demolition of old 

constructions (Makedon et al., 2009) such as bricks, ceramics, tales, wood etc. in sands, clays, 

gravels and cobbles. Also contains organics and burn traces. Deeper we found b) the black organic 

clay with sand, extended parallel to the present seafront. This formation has low geotechnical 

parameters and contains also sea fossils (Vouvalidis et al., 2005) and bones. 

At c) Quaternary layers, we found at the west part of the city the riverine- torrential deposits with 

cobbles, gravels and sands. At the east part of Thessaloniki, we have a marsh - marine or fluvial - 

deltaic deposit that contains mostly silt and clay. At the inner city, the deposits are terrestrial and 

mixed up with the weathered layer of the Red Clay Series. 

    

Figure 3 - Geological map of Thessaloniki city and typical geological column (Zervopoulou, 

2010). 

At the Neogene layers, we found first the d) Sandstone - Marl Series with alternation of dense light 

color sands to sandstones to very stiff calcerous clay - marls that represent a shallow brackish marine 

- lacustrine environment. Deeper we found e) the Red Clay Series, that consists of brown - reddish 

stiff to hard clays with lenses of sands and breccias. Finally, the rocky bedrock of Thessaloniki found 

at the surface in the low hilly part of the city, consists of Thessaloniki Greenshists of Circum-

Rhodope zone. 
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Figure 4 - Synthetic map of the inner city of Thessaloniki. The boreholes with numbers, the t

wo geological units of black clay and rocky basement, and the faults of Ag. Dimitriou and Eg

natia streets are illustrated. 

This paper focused at the inner city of Thessaloniki for the 3D modeling of geology. The inner city 

is the older part of Thessaloniki city with continuous inhabitation since 315BC, surrounded from the 

Byzantine Wall fortification. For a more detailed study the best 200 boreholes and grouped in areas 

were selected (Figure 4). 

       NW                                           SE 

 

 

 

Anaglyph from sea level (0m) to 200m. 

Figure 5 - Topographic ground surface map (TIN) in the inner city of Thessaloniki and the 3

D Models of the major geological units. The layers present the bottom limit of the 

formations. 
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Figure 5a – The layers of Quaternary deposits and Black clay under the topographic map of 

the inner city of Thessaloniki. 

On the first produced geological map it was distinguished the topography of the center of 

Thessaloniki as it was mapped from aerial photographs of 1945. The lower part shown (Figure 5) at 

the north east is the old Quarry of Evaggelistria. The city extends from north - northeast low hills 

up south - southwest at Thermaikos bay. 

The mapped layer of black clay shows the change of the shifted shoreline (Vouvalidis et al., 2005). 

The shoreline shows a horizontal extension of 450 meters from the present artificial seaward. The 

historic center that is the southern Byzantine city (the fortification Walls demolished at 1866), was 

built 70 meters from the present seaward line. The Figure 5a (yellow circle) shows the increased 

depth of the layer of black clay at Aristotelous square area. 

The thickness of the fill deposits in Figure 5 have been calculated, and can reach the depth of 12.6m 

from the present ground surface (in Venizelou and Egnatia streets). These urban fill (historic 

deposits) have very heterogeneous thickness and composition in the center of Thessaloniki since 

they contains antique streets and buildings, old construction foundations, as well as antique tunnels 

and wells. All those betray very heterogeneous geotechnical characteristics to layer. 

At the layer of quaternary deposits (Figure 5 and 5a) appear a deeper line perpendicular to shoreline 

and another area over the old Roman - Byzantine Harbor (yellow lines). The first one we assume 

that is along Antigonidon Street, an (hydrographic) streamline. 

On a deeper level of the 3D model, we can see the rocky basement of Thessaloniki. At the north low 

hill part, the basement appears on the ground surface while after Ag. Dimitriou Street, parallel 

normal faults lower it down to southwest over 400 meters under the present surface at seafront. The 

depth of 400 meters measured with the aid of geophysical investigations vertically to the shoreline 

(Anastasiadis et al., 2001). At the inner city, a normal fault parallel to the fault of Ag. Dimitriou 

identified by borehole investigations on the Egnatia Street. While parallel possible faults have also 

drawn, which degrade the alpine basement of Thessaloniki towards the sea (Figure 4). 

In Figure 6 a characteristic geological column of the layers under the topsoil in the center of 

Thessaloniki is demonstrated. Similarly, the next cross section shows the development of the 

geological layers perpendicular to the coastline in the area of Aristotelous Square. 
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Figure 6 - Geological column of the inner city of Thessaloniki at Tsimiski street and A-B 

geological section from Fig.4 map. 

2.3. Structural geology 

The study of the geology of the city of Thessaloniki involves information about the tectonics regime. 

They identified the older faults, which gave the initial configuration of the city. These faults extend 

NW-SE, were activated at Pleiocene - L. Pleistocene and they are mainly located in contact with the 

bedrock (Ag. Dimitriou Fault). More important in this paper are the neotectonic faults with E-W 

direction. These faults have been found to affect the recent sediments in the eastern area of the city 

(Zervopoulou, 2010). Older mappings of fault structures were up to the limits of built-up areas 

(Tranos et al., 2003). Using this methodology, we found that they extended in the modern city area, 

like Pylea - Panorama Fault at Voulgari Street. 

 

Figure 7 - 3D model of the east part of Thessaloniki, shown the graben between the two 

faults of Kyverneio and Pylaia – Panorama (Zervopoulou, 2010). 

Apart from the cracks in the center of Thessaloniki, in the city's eastern region identified normal 

faults parallel in the streams Pediou Areos and Kyverneiou, as well as identified the Pylea - 

Panorama fault (Zervopoulou, 2010). These faults reveal the structure of the city at the east and 

create a lower-lying area, where most streams flowing (Zervopoulou et al., 2014). Finally, in a recent 

excavation for building construction, the Kalamaria normal fault was found (Zervopoulou, 2010). 

The Pylea - Panorama fault is the most important fault crossing the eastern city of Thessaloniki. It 

trends W-E, dips to the north and has maximum displacement more than 40 meters at Voulgari area 

across the homonym street. The fault is about 12 km long and characterized as active fault 

(Zervopoulou, 2010). The eastern part of the fault follows the Kyvernio streamline and shifts the 
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Elaiorema stream brunch at Panorama area. The western part of the fault extends parallel to Allatini 

streamline. 

 

Figure 8 - Tectonic map of the urban area of Thessaloniki (Zervopoulou, 2010). 

3. Conclusions 

Active faults across urban area are great potential threats. Their activity may cause severe damage 

to lifelines, critical facilities and local utility distribution systems. Most urban active faults become 

concealed faults with unknown trace, usually covert by quaternary unconsolidated sediments or they 

have disappeared their morphological traces. 

At these paper the geology of the city of Thessaloniki and in particular the area of the inner city 

(historic center) mainly was studied. Data such as borehole records, geophysical and excavation 

profiles have been used and assessed in combination with geological maps, topographic and archival 

publications led to the production of new thematic maps. In these thematic maps, shown in 3D 

models, the geology of the area below the build surface and the tectonics is illustrated. So identified 

faults hidden inactive and active/possible active. These 3D models, with further research, could 

assist to the production of thematic hazard maps and seismic risk maps. 

This methodology describes a detailed recording of geology in depth under a constructed area and 

thus the tectonic regime, while identifies areas that can present certain geotechnical problems. The 

natures of these problems are the potential liquefaction in areas with silty and sandy subsoil as well 

as in coastal black clay. Settlements at buildings founded in loose and heterogeneous soils such as 

the human fills (anthropogenic layers) in the center of Thessaloniki. But also, differing settlement 

on both sides of a fault, such as in Pylea - Panorama fault. At rocky faces appeared slope stability 

problems, such as in the Upper (old) city of Thessaloniki. 
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Abstract 

Drought is one of the most important factors of change. The epi-drops drought in one 

area are complex because they simultaneously affect many areas, such as climate, 

agriculture, the economy and in general the structure of society. This study deals only 

with the meteorological drought, particularly considering the phenomenon of drought 

through the index Standardized Precipitation Index (SPI). The Greece is 

characterized by frequent drought episodes that often exceed 10 consecutive days of 

drought (dry spells). Also, in recent years the area probably climate models have been 

used in a wide study of the impact of climate change in different regions on the planet. 

Rainfall data from five regional climate models (RCMs) have been used to calculate 

the SPI index in the Greek area, the reporting period and two subsequent periods by 

the end of the 21st century. All models show a decreasing trend of the SPI median 

during the period studied. For the first future period 2021-2050, there is a clear signal 

for a dry decade towards the end of the period that is most apparent in southern and 

island regions. On the other hand, in the second future period 2071-2100, there is an 

increasing trend resulting to normal or wetter years. 

Keywords: SPI index, climate regional models, Greece. 

Περίληψη 

Η ξηρασία αποτελεί ένα από τους σημαντικότερούς παράγοντες του κλίματος. Οι 

επιπτώσεις της ξηρασίας σε μία περιοχή είναι σύνθετες διότι επηρεάζουν ταυτόχρονα 

πολλούς τομείς, όπως είναι το κλίμα, η γεωργία, η οικονομία αλλά και γενικότερα τη 

δομή της κοινωνίας. Η παρούσα μελέτη ασχολείται μόνο με τη μετεωρολογική ξηρασία, 

και ειδικότερα μελετά το φαινόμενο της ξηρασίας μέσω του δείκτη Standardized 

Precipitation Index (SPI). Η Ελλάδα χαρακτηρίζεται από συχνά επεισόδια ξηρασίας τα 

οποία πολλές φορές ξεπερνούν τις 10 συνεχόμενες ημέρες ξηρασίας (dry spells). 

Επίσης, τα τελευταία χρόνια τα κλιματικά περιοχικά μοντέλα έχουν χρησιμοποιηθεί 

ευρέος στη μελέτη των επιπτώσεων των κλιματικών αλλαγών σε διάφορες περιοχές στο 

πλανήτη. Τα δεδομένα βροχόπτωσης από πέντε περιοχίκα κλιματικά μοντέλα (RCMs) 

έχουν χρησιμοποιηθεί για τον υπολογισμό του δείκτη SPI στην ελληνική περιοχή, για τη 

περίοδο αναφοράς και δύο μελλοντικές περιόδους έως το τέλος του 21ου αιώνα. Όλα τα 

μοντέλα δείχνουν μία τάση ελάττωσης της διαμέσου του SPI δείκτη στη διάρκεια της 

μελετώμενης περιόδου. Για τη πρώτη μελλοντική περίοδο, 2021 με 2050, υπάρχει ένα 

σαφές σήμα για μία ξηρή δεκαετία προς το τέλος της περιόδου που είναι πιο εμφανής 

νησιωτικές περιοχές. Αντίθετα, στη δεύτερη μελλοντική περίοδο, 2071 με 2100,υπάρχει 

αυξητική τάση του δείκτη που σημαίνει περισσότερα κανονικά ή υγρά έτη. 

Λέξεις κλειδιά: Δείκτης ξηρασίας SPI, περιοχικά κλιματικά μοντέλα, Ελλάδα. 
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1. Introduction 

One of the most hazardous phenomenon in climatology is drought, it can be observed at any place, 

with any duration and in any time. It is also be consider as a complex phenomenon related to many 

different meteorological parameters (rainfall, snowpack, streamflow or other water supply 

indicators). It is difficult to identify the first and the last day of a drought episode, because there is 

a lag between its appearance and the observation of no rain. Moreover, the drought catastrophic 

impacts often continued after the occurrence of rainfall in a region. For those reasons, it is difficult 

to find a uniform scientific definition for drought: generally different regions present different 

drought definitions depending on the climatology and topography of the study areas. Drought is 

defined differently from region to region and according to the purpose of each researcher (WMO-

World Meteorological Organization, 1975; Meteorological Office, 1991; Wilhite and Glantz, 1985). 

For that reasons, a drought episode can be considered unique with its own climatic characteristics 

and impacts. 

Several drought indices were established to measure how much precipitation for a given time period 

has deviated from historically mean values .Many studies are dealt with the calculation of these 

indices and their comparison. One of the most widely used drought index is the Palmer Drought 

Sever Index (PDSI) index for which there are some limitations on its application (Alley, 1984). 

Briffa et al. (1994) used the PDSI index analyzing dry and wet summers in Europe. Jones et al. 

(1996) related atmospheric circulation with PSDI index and Szinell et al. (1998) studied the drought 

in Hungary using PDSI index. Dalezios et al (1991) applied the PDSI index in the central and 

northern region of Greece, while Maheras (2000) studied the drought in the Mediterranean region 

by calculating the normalized monthly precipitation anomaly (Standardized Precipitation Anomalies, 

SPA). McKee et al. (1993) developed the Standardized Precipitation Index –SPI, a drought index 

that identifies emerging droughts months sooner than the Palmer Index and it can be computed on 

various time scales. SPI is applicable in many regions in world. Pita (2000) applied the SPI index in 

Andalusia, Lana et al. (2001) in Catalonia, Seiler et al. (2002) in Argentina and Zhai et al., (2010) 

in China. Anagnostopoulou (2003) studied drought in Greece using SPI for different time scales and 

related these indices with synoptic circulation patterns.  

The purpose of this study is to compare projections of drought in Greece for the late 21st century 

between five different RCMs using SPI index. All the RCM simulations being analyzed here are 

based on the same emission scenario (SRES A1B), are nested into the same GCM (ECHAM5) and 

are operated at the same grid spacing. The outline of this paper is as follows. Section 2 describes the 

data and the methods used in the analysis of the drought results, which are introduced in section 3. 

Results of the model evaluation in the Greek region are discussed in section 3.1and 3.2. The 

scenarios of drought are presented and interpreted in sections 3.3 to 3.5. Finally, section 4 

summarizes the results and draws conclusions. 

2. Material and Methods 

2.1. Material 

RCM data by the ENSEMBLE project provides a series of high-resolution regional climate change 

scenarios for precipitation in Europe. Five RCMs driving by the same GCM (ECHAM5) was 

selected for this study: DMI (Danish Meteorological Institute), ICTP (Abdus Salam International 

Centre for Theoretical Physics), KNMI (Koninklijk Nederlands Meteorologisch Instituut), MPI 

(Max Planck Institute for Meteorology) and SMHI (Swedish Meteorological and Hydrological 

Institute). Model rainfall simulations are available for the control period (1961–1990) and two future 

sub-periods (2021-2050) and (2071–2100) using the SRES A1B emissions scenario. The closest 

grid points to the stations were selected for the analyses (Figure 1). 
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Figure 1 - The twenty two Greek grid points used in the study. 

2.2. Methods 

The Standardized Precipitation Index (McKee et al 1993) is based on the cumulative probability of 

a given rainfall event occurring at a station or a grid point. Because gamma distribution is appropriate 

to most cases of analyzing rainfall records (Lana et al., 2001), the rainfall data of the station is fitted 

to it. This is done through a process of maximum likelihood estimation of the gamma distribution 

parameters, α and β allowing the rainfall distribution to be descripted by a mathematical cumulative 

probability function. Thus, the probability of rainfall being much smaller than the average rainfall 

will be low (0.2, 0.1, 0.01 etc), depending on the amount, while the probability of rainfall being 

equal to the average rainfall for that area will be about 0.5. Finally, the cumulative probability of 

gamma function transform into a standard normal random variable Z with mean of zero and standard 

deviation of one. This Z is the SPI index. SPI ranges from +3 to -3, with the -3 to be characterized 

as extremely dry conditions. More information on the mathematical background to the SPI can be 

found to Anagnostopoulou (2003). 

SPI can be estimated for different time steps, three months, six months, 12 months, etc. For example, 

in order to estimate SPI6 for May 1985, six months rainfall totals (from December 1984 to May 

1985) were used. In the present study only SPI12 was calculated using both datasets, once for station 

daily rainfall totals and secondly for the closer grid point to the stations of the five RCM models. 

3. Results 

3.1. Changes in Overall Dryness 

Climate projections of the central values (mean/median) for the SPI show that Greek region tends 

towards drier overall conditions. The analysis will be focused on median values because the results 

for the mean and median SPI are extremely similar in severity and statistical significance. Figure 2 

shows the agreement among selected RCMs combinations in the statistically significant direction of 

change for the median SPI12. Regions expected to become significantly (p < 5%) drier relative to 

the historical control period (1961-1990) include Cyclades, Attiki and nearly all of northern Greece. 
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Within the first future period 30 year period (2021-2050), this change is less detectable, with less 

than 60% of the models agreeing on a statistically significant change; however, by the end of the 

century (2071-2100), nearly all model projections show a statistically significant decrease in the 

median SPI. This is particularly noticeable for KNMI and ICTP climate models. 

 

Figure 2 - Model agreement (% of models) regarding a statistically significant change in the 

median SPI12 for the first (top) and second (bottom) future period. 

3.2. Changes in Variance (Wet and Dry Extremes) 

Changes in SPI variance means whether climate model project to become more extreme (more in 

the extreme tails of the SPI distribution), or less extreme (more near the normal conditions). This is 

based on the principle that SPI is normally distributed with a standard deviation of 1. The results 

show that SPI variance present a slight non statistical significant increase (not shown) across Greece. 

This suggests an increase towards more extreme events, with higher wet SPI values and lower dry 

SPI values. 
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Figure 3 - Spatial distributions of the SPI trends of (a) the first future period 2021-2050 and 

(b) the second future period 2071-2100 for the five RCMs models. The statistically significant 

negative trends (grey and blue squares) indicate an increasing frequency of dry years, and 

the statistically significant positive trends (yellow and orange squares). 

3.3. Trends of Dryness 

Among the five RCMs models, those with insignificant trends (white squares) are not shown. The 

negative and positive trends in SPI, which represent dryer and wetter trends, respectively, were 

detected by calculating the slope and level of significance using the generalized least squares (Figure 

3). 

Trend detection using SPI indicates increasing frequency of dry years (statistically significant 

negative trends) for all RCMs models in the majority of the stations for the first future period 2021-

2050. More than 85% of the stations (ICTP and SHMI) present statistically negative trends in the 

first future period. However, many fewer stations in DMI have statistically significant negative SPI 
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trends (less than 40%,), meaning that the uncertainty of the each regional climate model results into 

the drought frequency. Statistically significant positive trends (increasing frequency of wet years) 

were found in the second future period in Greece for all RCM models, with the exception of DMI. 

3.4. Future projection of drought, a case study for Athens and Thessaloniki 

Figure 4 show the temporal variance of SPI12 for Athens and Thessaloniki stations for the two time 

period (2021-2050 and 2071-2100, respectively). It is known that SPI with high time step (more 

than 12 months) present seldom drought events but they last longer. Another characteristic of the 

SPI12 is its time lag according to the presence or absence of rainfall. Generally SPI with low time 

steps (3 and 6) react fast in dry and wet changes meaning that the index influenced by the monthly 

rainfall totals. On the other hand, indices with higher time step (12 months or longer) are not 

influenced by the variance of rainfall resulting into foresee less drought episodes with longer 

duration. 

Comparing the temporal diagrams (Figure 4) of the 12-month SPI for Athens and Thessaloniki 

during the two future periods it is apparent that the frequency and variability of drought episodes 

varies from region to region and model to model. Characteristic, however, is the occurrence of dry 

events, in which the limits of drought episodes are clear. According to the index SPI 12, Athens 

show three distinct wet episodes during the first future period, at the beginning of 20s, 30s and 40s.It 

is noticeable that all five RCM model provide a clear dry episode at the end of the first future period. 

It starts after 2045 and it becomes gradually more intense in time. The station of Thessaloniki, 

according to the index SPI 12, shows characteristic change in the appearance of rainfall during the 

study periods. The beginning of the time period 2021 – 2050 could be characterized as normal for 

most of the models. During the start of 30s, all models present a moderate drought episode (SPI12<-

2.0). For the next decades, the variance of SPI12 index is high providing no significant signal and 

displaying periodically dry and wet periods. 

According to SPI12 results for the second future period 2071-2100, there are no major dry episodes 

for both stations. For Thessaloniki, the beginning of this study period is almost normal while after 

2090 the years are characterized as wet according to SPI12. On the other hand, for Athens, the end 

of the second future period can be considered drier than Thessaloniki’s one. The regional models 

that present the lowest variability of SPI12 (normal years) are ICTP and DMI. 

4. Conclusions 

This study shows the projected effects of climate change on meteorological drought at the Greek 

region using five RCMs forced with the ECHAM5 GCM projections. Drought is projected to 

increase throughout the Greek Region. These increases are due to a general shift towards a drier 

climate in the Mediterranean, which results in an overall increase in both moderate and severe 

drought frequency for the entire region, with significant increases in the number of drought events, 

and an increase in maximum drought duration for the Greek region. 

The predictions of a generally drier Greece are similar to previous studies on SPI12 using RCMs 

and stations data. (Oladipo, 1985; Wilhite et al., 2000). However, the analysis presented here which 

examines drought duration, frequency, and severity adds additional detail for both spatial resolution 

and drought metrics. 
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         1st future period (2021-2050)                2nd future period (2071-2100)               1st future period (2021-2050)               2nd future period (2071-2100)  

Athens    Athens    Thessaloniki   Thessaloniki 

 

Figure 4 - SPI12 for the station of Athens and Thessaloniki, first future period (2021-2050) and the second future period (2071-2100).  
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Abstract 

PM10 suspended particles were collected from the Kardia lignite mine (July 2009), 

the the campus of Technological Education Institution of Western Macedonia 

(December 2010) and the Kozani city centre (August 2005). The mineralogical 

composition and the amorphous materials content of the samples was determined by 

X-Ray Powder Diffraction method. All samples contain amorphous materials (43-66 

wt.%), calcite (13-37 wt.%), micas + clays (4-9 wt.%) and quartz (2-8 wt.%), while 

in three samples feldspars (2-11 wt.%) were detected. Anhydrite, which is a 

constituent of the fly ash and the bottom ash, was detected (6 wt.%) only in one sample 

from the area of Kardia mine. Gypsum was detected, in the Kardia mine (2 and 3 

wt.%), in the Kozani city centre (8 wt.%) and in the University campus (13 and 14 

wt.%). Gypsum is a constituent of the mined lignite, the stack-gas ash and the Saharan 

dust. That explains the higher concentrations of gypsum in the University campus on 

1st and 2nd of December 2010, where the influence of Saharan dust on the atmospheric 

particulate matter levels in Western Macedonia was reported. 

Keywords: Atmospheric pollution, Saharan dust, Lignite mining. 

Περίληψη 

Αιωρούμενα σωματίδια PM10 συλλέχθηκαν από το λιγνιτωρυχείο της Καρδιάς (Ιούλιος 

2009), το δώμα του κεντρικού κτιρίου του ΤΕΙ Δυτικής Μακεδονίας (Δεκέμβριος 2010) 

και το κέντρο της πόλης της Κοζάνης (Αύγουστος 2005). Η ορυκτολογική σύσταση και 

η περιεκτικότητα σε άμορφα υλικά προσδιορίστηκαν με την μέθοδο περιθλασιμετρίας 

ακτίνων Χ κόνεως. Όλα τα δείγματα περιέχουν άμορφα υλικά (43-66 %κ.β.), ασβεστίτη 

(13-37 %κ.β.), μαρμαρυγίες + αργιλικά ορυκτά (4-9 %κ.β.) και χαλαζία (2-8 %κ.β.), 

ενώ σε τρία δείγματα ανιχνεύθηκαν άστριοι (2-11 %κ.β.). Ο ανυδρίτης, ο οποίος είναι 

ένα συστατικό της ιπτάμενης τέφρας και της τέφρας εσχάρας, ανιχνεύθηκε (6 %κ.β.), 

μόνο σε ένα δείγμα από την περιοχή του ορυχείου Καρδιάς. Η γύψος ανιχνεύθηκε, στο 

ορυχείο Καρδιάς (2 και 3 %κ.β.), στο κέντρο της πόλης της Κοζάνης (8 %κ.β.) στο 

δώμα του κεντρικού κτιρίουτου ΤΕΙ Δυτικής Μακεδονίας (13 και 14 %κ.β.). Η γύψος 
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είναι ένα συστατικό του εξορυσσόμενου λιγνίτη, της τέφρας καπναερίων και της σκόνης 

της Σαχάρας. Αυτό εξηγεί τις υψηλότερες συγκεντρώσεις της γύψου στην περιοχή του 

ΤΕΙΔΜ στις 1 και 2 Δεκεμβρίου 2010, όπου αναφέρθηκε η επιρροή της σκόνης από τη 

Σαχάρα στα επίπεδα αιωρούμενων σωματιδίων στη Δυτική Μακεδονία. 

Λέξεις κλειδιά: ατμοσφαιρική ρύπανση, σκόνη Σαχάρας, εξόρυξη λιγνίτη. 

1. Introduction 

The region of Western Macedonia constitutes an interesting and distinct case as far as air pollution 

is concerned. The main coal mining area in Greece is the Lignite Centre of Western Macedonia 

(LCWM), in the Florina-Ptolemais-Kozani area. The LCWM produces approximately 50 million 

tons of lignite annually to feed 6 thermal power plants, with 18 lignite thermal units and with a total 

installed capacity of 4388 MW. The surface lignite mining requires the excavation of about 315 

million m3 of overburden and interbedded sediments per year. The surface mines occupy an area of 

160000 hectares. The quality of the lignite is related both to the quality of the organic matter and to 

the inorganic impurities of the lignite and the nature of the thin intermediate sterile layers, which are 

co-excavated. Silicates, carbonates, clays, sulphates and oxides dominate the mineral matter in 

lignite. During lignite combustion the mineral matter of lignite undergoes a series of physical and 

chemical changes. Some minerals contained in the lignite ashes (fly ash, bottom ash, stack-gas ash), 

are initial constituents of the mined lignite, while some others are formed during the combustion of 

the lignite or by the soaking of the fly and bottom ashes with water during its transportation by 

conveyor belt from the Power Plants to the ash disposal areas (e.g., Filippidis and Georgakopoulos, 

1992; Filippidis et al., 1992, 1996; Kassoli-Fournaraki et al., 1992; Kolovos et al., 2002; Kantiranis 

et al., 2005; Petrotou et al., 2012; Tsirambides and Filippidis, 2012; Nikolaidou, 2014). 

Mineral dust is a major contributor to aerosol loading. Varied agricultural and industrial activities 

constitutes a subject of great interest, mainly the atmospheric burden caused by suspended particles. 

The problem becomes more complex if we take into consideration the contribution of the urban 

sources of pollution and the influence of Saharan dust on the atmospheric particulate matter levels 

in Southern European countries. It is estimated that million tons of desert dust are transported over 

the Mediterranean sea (e.g., Bergametti et al., 1989; Avila et al., 1997; Rodriguez et al., 2001; Sciare 

et al., 2003; Moreno et al., 2005; Gobbi et al., 2007; Viana et al., 2007; Remoundaki et al., 2011; 

Samoli et al., 2011). The new limits of the directive for the quality of air in Europe for PM10 is 

determined to 50 μg/m3 (Directive 2008/50/EC). 

The climate of the area is generally considered to be continental with heavy rains and snowfall and 

many significant temperature fluctuations. Temperatures are particularly low in the winter, while 

the summer is cool in the mountains and hot in the plains. Humidity is lower in Kozani which lies 

on an extended plateau. On the part of the air temperature the coldest month is January and during 

the summer the hottest one is July. On the part of winds, their flow is forced to follow the topography 

of the area and the prevailing winds in the valley are generally either North-Northwest or South-

Southeast (Nikolaidou, 2014). 

The present paper reports on the mineralogical composition of PM10 suspended particles in the 

industrial axis of Western Macedonia (from north to south): Kardia lignite mine - University of 

Applied Sciences Western Macedonia campus - Kozani city centre. 

2. Materials and Methods 

The PM10 suspended particles were collected in teflon filters in three different places and three 

different periods. In the Kardia lignite mine the 2 samples were collected 17 and 31 July 2009, at 

the campus of Technological Education Institution of Western Macedonia the 2 samples were 

collected 1 and 2 December 2010 and at the Kozani city centre the 2 samples were collected 3 and 
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13 August 2005. During the dates of 1 and 2 December 2010 there was influence of Saharan dust 

on the atmospheric particulate matter levels of Greece and Western Macedonia. 

The PM10 suspended particles were selected by three different stable - portable collectors-stations, 

positioned in Kardia lignite mine, in the campus of Technological Education Institution of Western 

Macedonia and in the Kozani city centre. The conducted sampling concerns suspended particles of 

dust, specifically the ones called PM10 suspended particles having a diameter < 10μm. 

The mineralogical composition of the samples was determined by X-Ray Powder Diffraction 

(XRPD) method. The XRPD was performed using a Philips (PW1710) diffractometer with Ni-

filtered CuKa radiation. The randomly oriented samples were scanned over the 3-63o 2θ interval at 

a scanning speed of 1.2o/min. The XRPD conditions were exactly the same for all samples. Semi-

quantitative estimates of the abundance of the mineral phases were derived from the XRPD data, 

using the intensity of a certain reflection, the density and the mass absorption coefficient for CuKa 

radiation for the minerals present. 

In the XRPD patterns the presence of amorphous materials was clear as a broad background hump 

between approximately 10o and 50o 2θ. The semi-quantitative estimation of the percentage of total 

amorphous materials was achieved by comparing the area of each broad background hump, which 

represented the amorphous materials in each sample, with the analogous area of standard mixtures 

of minerals with different contents of natural amorphous material, scanned under the same 

conditions. The XRPD method is a very good, effective and useful tool for the determination of the 

percentage of amorphous materials contained in a natural or synthetic sample (Kantiranis et al., 2004, 

2005, 2006). 

3. Results 

The PM10 particles concentration and the semi-quantitative mineralogical composition of the 

samples are presented in Table 1. In all XRPD patterns the presence of amorphous materials was 

clear as a broad background hump between approximately 10o and 50o 2θ, as well as the reflection 

of the Teflon filter (Figure 1). 

4. Discussion and Conclusions 

All samples contain amorphous materials (43-66 wt.%), calcite (13-37 wt.%), micas + clays (4-9 

wt.%) and quartz (2-8 wt.%). The term “mica + clays” contains the clay minerals (kaolinite, illite, 

smectite, vermiculite, palygorskite) and fine micas. In five (5) samples gypsum was detected (2-14 

wt.%), in three (3) samples feldspars (2-11 wt.%) and in one (1) sample 6 wt.% anhydrite. 

The amorphous materials (organic and inorganic) are contained in the: a) mined lignite, b) fly ash, 

c) bottom ash, d) stack-gas ash and e) various industrial materials used by man (e.g., Kantiranis et 

al., 2004, 2005, 2006). 

Concerning the minerals of Table 1: a) The fly ash and the bottom ash contain mainly the minerals 

anhydrite, calcite, quartz, mica + clays and feldspars, b) The stack-gas ash contains mainly calcite 

and gypsum, c) The mined lignite contains the minerals calcite, mica + clays, quartz, feldspars and 

gypsum, d) The rocks, sediments, intermediate steriles, soils and building materials of the Florina-

Ptolemais-Kozani basin contain the minerals calcite, mica + clays, quartz and feldspars (e.g., 

Filippidis and Georgakopoulos, 1992; Filippidis et al., 1992, 1996, 1997; Kassoli-Fournaraki et al., 

1992, 1993; Triantafyllou et al., 2000; Kolovos et al., 2002; Mouhtaris et al., 2003; Kantiranis et 

al., 2004, 2005, 2006)and e) The minerals calcite, mica + clays, quartz, feldspars and gypsum, 

identified as suspended particles in the Canary Islands (Spain) and the city of Volos (Greece), 

originate from Sahara (Africa) (e.g., Alastuey et al., 2005; Kandler et al., 2007; Coz et al., 2009; 

Remoundaki et al., 2011; Kantiranis et al., 2012). 
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Figure 1 – X-Ray Powder Diffraction pattern of sample NP2348. 

Table 1 – PM10 concentration and semi-quantitative mineralogical composition. 

Sample No 

Sampling date 

Influence 

Sampling 

Place 

Amor

phous 

Wt.% 

Calcite 

Wt.% 

Mica+ 

Clays 

Wt.% 

Quartz 

Wt.% 

Gypsum 

Wt.% 

Feldsp

ars 

Wt.% 

Anhydri

te 

Wt.% 

NP2268 

Jul. 17, 2009 Kardia 

Lignite 

Mine 

51 37 5 2 3 2 - 

NP2348 

Jul. 31, 2009 
55 29 4 2 2 2 6 

NP2359 

Dec. 1, 2010 

Saharan dust University 

Campus 

43 28 7 8 14 - - 

NP2360 

Dec. 2, 2010 

Saharan dust 

46 26 9 6 13 - - 

NP861 

Aug. 3, 2005 Kozani 

City 

Centre 

50 29 8 5 8 - - 

NP876 

Aug. 13, 2005 
66 13 6 4 - 11 - 

The possible main sources of the minerals of Table 1 are the rocks, sediments, intermediate steriles, 

soils, building materials, mined lignite, fly ash, bottom ash, stack-gas ash and the Saharan dust. 

Calcite is a constituent of all sources, quartz, mica + clays and feldspars are constituents of all 

sources except the stack-gas ash. Anhydrite is a constituent of the fly ash and the bottom ash, while 

gypsum is a constituent of the mined lignite, the stack-gas ash and the Saharan dust. These explains 

the mineralogical composition of the Table 1, where anhydrite was detected only in the area of 

Kardia mine (31 July 2009), while gypsum presents the largest concentrations (13 and 14 wt.%) in 
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the University campus on 1st and 2nd December 2010, where the influence of Saharan dust on the 

atmospheric particulate matter levels in Western Macedonia was reported. 
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Abstract 

In the present study we are simulating the trans-Atlantic transport of dust from Sahara 

to the South-Central America, using the regional climate model RegCM4 and its 

online dust scheme, for the year 2007. The simulated horizontal and vertical 

distributions of the mineral dust optical properties were evaluated against the LIVAS 

CALIPSO satellite dust product. The Trans-Atlantic dust transport is simulated 

adequately with RegCM4, but there are some spatial discrepancies. Dust optical 

thickness is overestimated in the eastern Sahara throughout the year by 0.1-0.2, while 

near the gulf of Guinea is underestimated during winter and spring. Although 

RegCM4 dust plume is located southern on winter and spring, it doesn't spatially 

match the dust optical thickness of LIVAS. In summer and autumn the vertical 

distribution of dust between 3-4km during the Trans-Atlantic transport is simulated 

by the model adequately up to 30ºW-40ºW longitude. However, during winter-spring 

RegCM4 misplaces dust loading into higher altitude. Finally, we discuss some 

possible reasons and mechanisms that might be responsible for the differences 

between the model and the observations. 

Keywords: RegCM4, LIVAS, Aerosol. 

Περίληψη 

Στην παρούσα μελέτη προσομοιώνουμε την μεταφορά σκόνης από την Σαχάρα προς τον 

Ατλαντικό ωκεανό και την Νότια-Κεντρική Αμερική, χρησιμοποιώντας το περιοχικό 

κλιματικό μοντέλο RegCM4 για το έτος 2007. Εκμεταλλευόμενοι τις οπτικές ιδιότητες 

της σκόνης, αξιολογούμε την οριζόντια και κατακόρυφη κατανομή της με το 

δορυφορικό προϊόν LIVAS. Η μεταφορά της σκόνης πάνω από τον Ατλαντικό 

προσομοιώνεται επαρκώς από το RegCM4, πάραυτα εντοπίζουμε ορισμένες χωρικές 

διαφοροποιήσεις σε σχέση με τις παρατηρήσεις. Το οπτικό βάθος της σκόνης 

υπερεκτιμάται στην ανατολική Σαχάρα σε όλες τις εποχές του χρόνου κατά 0.1-0.2. 

Αντίθετα, κοντά στην κόλπο της Γουινέας το μοντέλο υποεκτιμά το οπτικό βάθος τον 



1053 

 

χειμώνα και την άνοιξη. Η μεταφορά σκόνης πάνω από τον Ατλαντικό 

πραγματοποιείται πιο Νότια τον χειμώνα και την άνοιξη από το μοντέλο, όμως η αλλαγή 

αυτή δεν επαρκεί για να ταυτιστεί η χωρική κατανομή της σκόνης του μοντέλου και του 

LIVAS. Το καλοκαίρι και το φθινόπωρο η κατακόρυφη κατανομή της σκόνης στο ύψος 

3-4km προσομοιώνεται επιτυχώς από το RegCM4, όμως τον χειμώνα και την άνοιξη 

το μοντέλο τοποθετεί μεγάλη ποσότητα σκόνης σε μεγαλύτερο υψόμετρο. Επίσης, 

προτείνουμε ενδεχόμενους μηχανισμούς που μπορεί να ευθύνονται για την 

διαφοροποίηση μεταξύ του μοντέλου και των παρατηρήσεων. 

Λέξεις κλειδιά: RegCM4, LIVAS, Αιωρούμενα σωματίδια. 

1. Introduction 

Mineral dust is the most abundant atmospheric aerosol in the atmosphere. Natural dust is emitted in 

episodic events over arid and semi-areas that are concentrated between 15º-30º latitude in both 

hemispheres. The largest source of mineral dust is the Sahara desert (Huneeus et al., 2011), a vast 

arid region in the Northern Africa that receives less than 200 mm year-1 of precipitation 

(Engelstaedter et al., 2006). Between the zone 40ºN-10ºS latitude, dust is transported by the easterly 

trade winds though the Atlantic ocean to the American continent affecting the radiation budget of 

the planet with numerous direct (Tegen, 2003) and indirect  mechanisms (Bangert et al., 2012). Dust 

that is deposited in the Atlantic and to Amazon forest provides crucial nutrients that are essential for 

the marine (Mahowald et al., 2005) and forest ecosystems (Bristow et al., 2010). Dust may also 

affect the growth and intensity of strong weather convective system near the equator, that eventually 

may evolve into tropical cyclones, known as easterly waves (Zipser et al., 2009). 

Dust particles size in the atmosphere ranges from 0.01μm to 100μm (Knippertz and Stuut, 2014). 

The atmospheric lifetime of dust particles controls the evolution of dust size distribution as they 

move downwind (Mahowald et al., 2014). Large particles, due to their size and weight, are 

concentrated close to the ground and they are quickly removed from the atmosphere through dry 

deposition processes. Since they have such a short atmospheric life, they are located mainly close to 

the source regions. On the other hand, small particles, usually smaller than 2.5μm, can be uplifted 

and remain on the mid-troposphere while they are being transported for thousands kilometers away 

from their source regions. Although size and density of dust particles are the key factors that force 

sedimentation, particle shape can have a big impact both on their deposition velocity and optical 

properties (Formenti et al., 2011). 

Previous researches have highlighted the almost constant dust plume that begins on the western coast 

of Sahara and floats over the North Atlantic ocean reaching the South-Central America (Chin et al., 

2014; Kim et al., 2014; Yu et al., 2015). Although the dust plume covers the largest part of the North 

Atlantic ocean all year long, it has some spatial-seasonal characteristics. Backscattering 

measurements of dust from the satellite instrument CALIOP showed that the dust transport peaks at 

summer and weakens in autumn. In both of these seasons dust concentration reach its highest point 

between 10ºN-20ºN latitude. Contrary in winter and spring dust transport shifts southward close to 

the equator between 0º to 10ºN latitude. These seasonally differences extend also on the vertical 

distributions of dust that looms over the North Atlantic (Yu et al., 2015). 

During the trans-Atlantic dust transfer Million tons (Tg) of dust emitted by Sahara are deposited 

over the North Atlantic and the South and Central America every year. Though the exact number of 

the deposited dust for these regions it is still debated (Kaufman, 2005; Koren et al., 2006; Ridley et 

al., 2012), partly because satellite products do not measure directly deposition fluxes and the ground-

based station network that actually measure dust deposition fluxes is spatially sparse, especially over 

the ocean. Moreover, the emitted dust from Sahara greatly differs between models by a factor of 

five (from 422 to 2025 Tg year-1) when average for the same region (Kim et al., 2014). Thus, 

deposition and transportation of simulated dust may not be representative. 
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2. Data 

2.1. RegCM4 

The Regional Climate Model (RegCM) is a space limited numerical model which was developed at 

the National Center of Atmospheric Research (NCAR) and the Abdus Salam International Center 

for Theoretical Physics (ICTP). In the present study we are using the 4th version of the model, 

RegCM4 (Giorgi et al., 2012). Land-Atmosphere interactions are analyzed with the Biosphere-

Atmosphere Transfer Scheme (BATS) (Dickinson et al., 1993), while there is a recently 

implemented alternative option to use the Community Land Model (CLM4.5) (Oleson et al., 2013). 

The radiation transfer scheme used on RegCM4 is based on the NCAR Community Climate Model 

version 3 (CCM3) (Kiehl et al., 1996) as introduced by (Giorgi et al., 1999). Recently the correlated-

k Rapid Radiation Transfer Model (RRTM) was implemented (Mlawer and Clough, 1997; Mlawer 

et al., 1997). 

The online dust emission scheme (Marticorena and Bergametti, 1995; Alfaro et al., 1997; Gong, 

2003; Zakey et al., 2006) depends on the simulated surface wind shear and surface attributes. Dust 

ascends from the ground when the surface wind velocity exceeds a specified wind speed threshold 

known as threshold friction velocity. Surface roughness and soil moisture, which are essential for 

the calculation of threshold friction velocity, are provided by the surface scheme BATS (Zakey et 

al., 2006). Following the calculation of the dust mass emission fluxes, the tracer transport equation 

is applied for each transported bin (Solmon et al., 2006). Removal processes through dry deposition 

and wet deposition (washout) are included in the model (Zakey et al., 2006). The optical properties 

of dust are calculated for every size bin and each spectral band of the radiation scheme in use (CCSM 

or RRTM) using Mie theory. The spectral band closer to 550nm (350-640nm in CCM3) is used for 

evaluation against most satellite derived aerosol optical depth and extinction products. 

The majority of climate models use a log-normal fitting to represent the particle size distribution of 

the transported dust bins. Though, it is favourable to use physical based characteristics to define the 

size groups of dust bins to improve the evaluation against observational data (Formenti et al., 2011). 

A physical based iso-gradient method was developed by (Foret et al., 2006) which aggregates dust 

size groups according to their deposition velocity. This iso-gradient method was implemented into 

RegCM4 that now simulates 12 transport dust bins. 

3. LIVAS 

LIVAS, which stands for “LIdar climatology of Vertical Aerosol Structure for space-based lidar 

simulation studies” (Amiridis et al., 2015), is an effort to derive a 3-dimentional global climatic 

dataset utilizing the CALIPSO measurements, funded by the European Space Agency (ESA). 

CALIPSO is capable to obtain high resolution profiles of the attenuated backscatter of aerosols and 

clouds at 532nm and 1064nm. It can retrieve aerosol optical properties below optically thin clouds, 

in clear skies and above clouds while it cannot detect aerosol layers below optically thick low-level 

clouds (Winker et al., 2009). The LIVAS database is available globally, in a mean monthly basis, 

over 1ºx1º horizontal resolution. The vertical resolution is the same as CALIPSO L2 vertical 

resolution and varies from 60m between -0.5km and 21km to 180m above 21km (Amiridis et al., 

2015). In this work we use the specialized LIVAS pure dust product, which includes the extinction 

coefficient of pure dust, calculated from the dust percentage of “dust” and “polluted dust” aerosol 

subcategories of CALIPSO (Amiridis et al., 2013). 

The LIVAS extinction dust product is corrected for the Lidar Ratio (LR) based on multi-year 

measurements performed by the ground-based lidar stations of the EARLINET lidar network. The 

LR value may vary a lot even for aerosols of the same group-type. The LR of dust particles depends 

on their refractive index. The refractive index values rely upon the composition of dust and most 

importantly on the relative proportion of clay-sized mineral illite in dust (Schuster et al., 2012). Thus, 

regions with different physiochemical dust characteristics lead to different LR values. The 0.3.1 
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version of LIVAS separates the globe into three regions depending on the LR assumption they use. 

The regions specified usually receive dust loading from known dust sources with specific 

physiochemical composition, hence similar LR value. 

4. Results 

Dust Optical Depth (DOD) and Dust EXtinction coefficient (DEX) for each layer of RegCM4 was 

assessed using the LIVAS dust product. Since those two datasets were produced based in different 

spatiotemporal considerations, some necessary pre-processing steps were required before the 

evaluation. The simulated spatial fields were firstly interpolated into the 1ºx1º grid of LIVAS in 

order to calculate directly the differences between the two datasets. Furthermore, since LIVAS was 

produced using the attenuated backscatter measurements of the CALIOP instrument upon the non-

geostationary satellite CALIPSO, the spatial-temporal fields are not consecutive. Dust optical 

measurements were available only when the satellite orbit and the cloud vertical distribution in the 

atmosphere were favourable. Thus, a spatiotemporal mask was produced using the exact UTC time 

and grid cell location specified in LIVAS. Τhe UTC times specified in the metadata of LIVAS were 

interpolated to the closest timestep of the model. The spatial-temporal mask of LIVAS was applied 

in the 6-hourly RegCM4 data and thereafter we have calculated the monthly, seasonal and yearly 

means. 

Figure 1 depicts the yearly DOD mean for 2007 as it was processed for LIVAS, simulated by 

RegCM4 and their difference. The model clearly exhibits some spatial discrepancies compared to 

LIVAS. It overestimates the DOD over the Eastern Sahara by 0.1-0.2 and underestimates it over the 

Northern Africa land mass located just above of the gulf of Guinea. On the other hand it simulates 

fairly well the dust plume extending from the western coast of Northern Africa towards Atlantic. 

 

Figure 1 - Dust optical depth for Livas at 532nm and RegCM4 at 550nm for the year 2007. 

As it was highlighted previously, the Atlantic dust plume is driven by some strong seasonal 

characteristics. Therefore, in Figure 2 we are exploring the seasonal DOD over our domain. The 

distinct underestimation close to gulf of Guinea highlighted in Figure 1 prevail over winter and 

spring while DOD is overestimated over Eastern Sahara all year long. During winter and especially 

spring, the Atlantic dust plume moves southward (Yu et al., 2015) closer to the equator, but most of 

the global/regional climate models cannot accurately simulate that change (Prospero et al., 2014). 

Although RegCM4 shows a slight southward transfer in winter-spring across the Atlantic compare 

to summer-autumn, it is not enough to accurately simulate the observed spatial pattern of LIVAS. 

Like most of the models, RegCM4 simulates the trans-Atlantic transport better during summer than 

in winter (Huneeus et al., 2011). 

In order to understand and evaluate the vertical distribution of dust during the Trans-Atlantic 

transport, we have calculated the mean vertical profiles over 10º longitude zones starting from 10º 

to 70º west as shows in Figure 3. These zones were limited between the latitude 10ºS and 35ºN, 

since most of the transported dust is located within this range. The analysis was concentrated over 

the different vertical patterns emerge between winter-spring and summer-autumn. 
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Figure 2 - Dust optical depth for Livas at 532nm and RegCM4 at 550nm for the year 2007. 

Top to end row winter, spring, summer, autumn are displayed respectively. 

Figure 4 and Figure 5 illustrate the vertical DEX distribution and its evolution across the Trans-

Atlantic dust transport in summer-autumn and winter-spring, respectively. Note that the upper row 

(first 3 plots) depicts the zones closer to the emission sources that bear higher DEX values, since 

dry deposition which is the dominant removal process for large particles didn't have the time to 

remove dust from the Atmosphere. The second row, depicts the zones closer to the central and south 

America, where most of the larger dust particles have been deposited into the Atlantic ocean, 

reducing therefore the DEX values. 

During summer-autumn, RegCM4 simulates remarkably well the vertical distribution of dust on the 

eastern Atlantic zones. If we exclude the values close to the surface, both the model and the 

observation show a maximum between 3-4km. The simulated DEX shows a slower decrease with 

height after the peak value, while LIVAS DEX rapidly declines to almost zero after 5-6km. 

Consequently, RegCM4 overestimates DEX above 5km, especially in the zones located in the 

western Atlantic ocean. The displacement of the simulated dust high in the mid-Troposphere may 

affect greatly the dry and wet deposition processes in the model as well as the trans-Atlantic transfer. 

In winter-spring the transport takes place in a lower altitude and DEX swiftly reduces from the 

ground up almost linearly till 5km. The slower decrease of DEX with height after 5km is taking 

place also winter-spring. According to LIVAS, more than 96% and 99% of DEX is found between 

200m-5000m in summer-autumn and winter-spring respectively. 
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Figure 3 - Subregions where the averaged DEX profiles have been calculated. 

 

Figure 4 - Summer-autumn vertical column profiles of Dust EXtrinction (DEX) coefficient 

for averaged regions over the Atlantic. Blue line depicts LIVAS and red RegCM4. The 

colored percentage numbers present the amount of DEX located between 0-5km, 5-10km 

and 10-20km respectively. The percentage bias (P. Bias) is also illustrated on the plot. 
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Figure 5 - Winter-spring vertical column profiles of Dust EXtrinction (DEX) coefficient for 

averaged regions over the Atlantic. Blue line depicts LIVAS and red RegCM4. The colored 

percentage numbers present the amount of DEX located between 0-5km, 5-10km and 10-

20km respectively. The percentage bias (P. Bias) is also illustrated on the plot. 

5. Discussion 

Our experiment with RegCM4 can simulate the Trans-Atlantic seasonal transport of dust fairly 

accurate but it differentiates from LIVAS on some key spatial features especially in winter and 

spring. The spring southward shift observed in satellite measurements emerges from various 

independent factors (Prospero et al., 2014). One of these factors is the seasonal changes of the active 

dust sources in Sahara. Based on a simulation of an offline dust model that uses the re-analysis 

database ERA-40 and ground-based measurements for several soil characteristics in Sahara, we 

know that emitted fluxes follow a marked seasonal cycle that peaks in spring over the eastern part 

of the desert and in summer on the western (Laurent et al., 2008). Eastern dust sources therefore 

play a major role over the Trans-Atlantic transportation, since most of the dust is produced on that 

side of the desert. According to DOD, RegCM4 dust production correlates with that spatial-temporal 

pattern, where western Sahara DOD peaks at summer and eastern at spring. More importantly during 

spring, the model is over-productive in the eastern Sahara, since it overestimates DOD when 

compared to LIVAS. Thus, the simulated seasonality of the dust sources in the Eastern Sahara are 

not responsible for the underestimation of the southward Trans-Atlantic transportation during spring. 

Nevertheless, this conclusion needs further investigation since it is based on DOD and not in actual 

emitting fluxes and the seasonality of the active dust sources varies from year to year (Prospero et 

al., 2002). 

A more probable cause for the underestimation of the southern Trans-Atlantic transport during 

spring-winter from RegCM4 might be the location of the Inter-Tropical Convergence Zone (ITCZ) 

that correlates with the western Africa monsoon in this area. The ITCZ controls the seasonal 

precipitation rates over the semi-arid Sahel area and more importantly the changes in large-scale 
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wind patterns. Both of these factors affect dust productivity and transport (Engelstaedter et al., 2006; 

Engelstaedter and Washington, 2007; Williams, 2008). 

According to CALIPSO measurements most of the global models underestimate DEX in lower levels 

close to the sources and overestimates it on higher altitudes above Atlantic (Koffi et al., 2012). Our 

simulation demonstrates the same behaviour. The vertical uplift of dust is forced by three processes in 

RegCM4, turbulence, wet convection and general dry advection of the atmosphere. The long-range 

Trans-Atlantic transport is affected mostly by the last two mechanisms. The Emmanuel convective 

scheme (Emanuel, 1991) used over ocean in our simulation accounts for vertical transport of aerosol 

tracers into a cumulus convection. Therefore, if we overestimate cumulus convection over the Atlantic, 

we might as well overestimate the dust vertical distribution especially in altitudes greater than 5km. 

Further research and extended cloud evaluation is necessary to answer this question. 

The continuation of this research can be summarized in four steps. (1) Confirm the seasonality of 

the emitted fluxes from the Sahara desert with the observational data, (2) evaluate the large scale 

wind and precipitation patterns on our domain (3) investigate the role of in cloud convective uplift 

on the vertical distribution of dust during transport and (4) calculate the dust loss frequency of the 

model, which is defined by the ratio of total removal rate to dust load, and compare it with previous 

studies (Kim et al., 2014). 

6. Conclusion 

RegCM4 is capable of capturing the Trans-Atlantic transport of dust from Sahara towards the South-

Central America. The model was evaluated with the pure dust satellite product LIVAS. Some 

localized discrepancies have been found. RegCM4 overestimates the DOD over the eastern Sahara 

in all seasons, while it underestimates over the gulf of Guinea during winter-spring. A 

misrepresentation of western Africa monsoon that controls the spatial-temporal evolution of ITCZ 

as well as the precipitation and the large scale wind patterns might be responsible for these biases. 

We found that RegCM4 overestimates DEX in altitudes greater than 5km in all seasons. On summer-

autumn the vertical distribution of dust between 3-4km during the Trans-Atlantic transportations is 

simulated by the model adequately till 30ºW-40ºW longitude. However, during winter-spring 

RegCM4 misplaces dust loading into higher altitude. 
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Abstract 

A parameter that affects significantly the local, regional and global climate system is 

land cover and the changes that may occur to it. During winter season, heavy 

precipitation assists vegetation growth of Mediterranean forests and woodlands, 

whereas during summer, absence of precipitation and severe heat waves result to arid 

and semiarid vegetation. For that reason, it was quite interesting to track the changes 

that may occur in the climate of the Mediterranean region due to land cover/land use 

changes on regional climate over the Mediterranean region. The main objective of 

the study is the assessment of the impacts of land cover/land use changes on regional 

climate over the Mediterranean region. The examined regional climate model used in 

the study is RegCM4.4.5. Its spatial resolution is 25x25km and different simulations 

were performed with changes in land cover/land use for the time period 1981-1990. 

The different simulated data were compared in order to examine the modifications 

that occur from land cover/land use changes in evapotranspiration and surface 

albedo to direct and diffuse radiation in the domain of study. 

Keywords: evapotranspiration, surface albedo, diffuse, direct, CORINE 2000. 

Περίληψη 

Μια παράμετρος που επηρεάζει σημαντικά το τοπικό, περιοχικό και παγκόσμιο κλίμα 

είναι η χρήση γης και οι αλλαγές που μπορεί να προκληθούν σε αυτή. Κατά τη διάρκεια 

του χειμώνα, οι έντονες βροχοπτώσεις βοηθούν την ανάπτυξη της βλάστησης στα 

Μεσογειακά δάση, ενώ κατά τη διάρκεια του καλοκαιριού, η απουσία των 

βροχοπτώσεων και τα έντονα κύματα καύσωνα έχουν σαν αποτέλεσμα ξηρή και 

ημίξηρη βλάστηση. Γι’ αυτό το λόγο, ήταν ιδιαίτερα ενδιαφέρον να εντοπιστούν οι 

αλλαγές που μπορεί να προκύψουν στο μεσογειακό κλίμα λόγω αλλαγών στη χρήση γης. 

Κύριος στόχος της παρούσας εργασίας είναι η εκτίμηση των επιπτώσεων των αλλαγών 

στη χρήση γης στο τοπικό κλίμα της Μεσογείου. Το περιοχικό κλιματικό μοντέλο που 

χρησιμοποιείται στη συγκεκριμένη εργασία είναι το RegCM4.4.5. Η χωρική του 

ανάλυση είναι 25x25km. Για τους σκοπούς αυτής της εργασίας, έγιναν διαφορετικές 

προσομοιώσεις με αλλαγές στη χρήση γης για τη χρονική περίοδο 1981-1990. Τα 

διαφορετικά προσομοιωμένα δεδομένα συγκρίθηκαν για να εξεταστούν οι μεταβολές 

που προκύπτουν από τις αλλαγές στη χρήση γης στην εξατμισοδιαπνοή και στη 

λευκαύγεια από άμεση και διάχυτη ακτινοβολία στην περιοχή μελέτης. 

Λέξεις κλειδιά: εξατμισοδιαπνοή, λευκαύγεια, άμεση, διάχυτη, CORINE 2000. 
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1. Introduction 

A parameter that has an important role in the local, regional and global climate system is land cover 

and the changes that may occur to it (Anav et al., 2010). Land cover/Land use changes affect 

significantly the surface albedo, fluxes of radiation and momentum, heat, water vapor, carbon 

dioxide and other trace gases, aerosols and dust, and turbulence in the boundary layer (Halder et al., 

2015). When we refer to “land cover” we are referring to the physical and biological cover of land 

surface (water, vegetation, bare soil, artificial structures), whereas with the term “land use” we are 

also talking about the interaction of human activities (agriculture, forestry etc.) (Ellis, 2013). 

During winter season, heavy precipitation assists vegetation growth of Mediterranean forests and 

woodlands, whereas during summer, absence of precipitation and severe heat waves result to arid 

and semiarid vegetation (Velikou et al., 2014). For that reason, it was quite interesting to track the 

changes that may occur in the climate of the Mediterranean due to land cover/land use changes on 

regional climate over the Mediterranean region. 

2. Data and Methodology 

2.1. Data 

The examined regional model is RegCM4.4.5, which is a hydrostatic, compressible, sigma-p vertical 

coordinate model (Giorgi et al., 1993a, b; Elguindi et al., 2014). Its dynamical core is similar to that 

of the hydrostatic version of Mesoscale Model version 5 (MM5) (Grell et al., 1994). Its spatial 

resolution is 25x25km. In this study we used data for evapotranspiration, surface albedo to direct 

shortwave radiation and surface albedo to diffuse shortwave radiation. These parameters are 

generally connected to land cover/land use. Evapotranspiration is the sum of evaporation from the 

Earth’s land and ocean surface to the atmosphere and plant transpiration, whereas surface albedo is 

the fraction of the incident sunlight that the surface reflects (Coakley, 2003). 

2.2. Methodology 

Different simulations were performed with changes in land cover/land use for the time period 1981-

1990 (Figure 1). More specifically, we used the model’s default land cover/land use types and 

CORINE 2000 land cover data. In these simulations ERA-INTERIM data were utilized for sea 

surface temperature (SST) and initial and boundary conditions (ICBC) in order to “run” the latest 

version of the regional climate model (RegCM4.4.5.1). 

The different simulated data were processed on a seasonal basis and the differences between the 

CORINE 2000 land cover/land use and the model’s default land cover/land use were calculated, 

mapped and compared. In order to find the statistical significance of these differences the Student’s 

t-test was performed (Wilks, 2006). 

2.2.1. Model’s Default Land Cover/Land Use (BATS) 

Biosphere-Atmosphere Transfer Scheme (BATS) is a surface package which describes the role of 

vegetation and interactive soil moisture in modifying the surface-atmosphere exchanges of 

momentum, energy and water vapour (Dickinson et al., 1993; Elguindi et al., 2014). It divides land 

cover in 20 vegetation types according to soil texture and soil colour. 

2.2.2. CORINE Land Cover Project 

The main objective of the CORINE (Coordination of information on the environment) program of 

the European Commission is to gather, coordinate and ensure the consistency of information on the 

state of the environment and natural resources. The land cover project (CLC) is part of the CORINE 

program and is intended to provide consistent localized geographical information on the land cover. 

It is produced by the European Environmental Agency (EEA) and its member countries and is based 
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on the results of IMAGE2000, a satellite imaging program undertaken jointly by the Joint Research 

Centre of the European Commission and the EEA (http://www.eea.europa.eu/). 

 

Figure 1 - Simulation domain and land cover types from the different simulations. 

3. Results 

3.1. Evapotranspiration 

 

Figure 2 - Seasonal differences in evapotranspiration between the simulation with CORINE 

2000 land cover and the simulation with the model’s default land cover for the time period 

1981-1990. The statistical significance is shown with dots. 
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Regarding the changes in evapotranspiration due to changes in the model’s default land cover/land 

use, the most significant decrease is observed during winter and autumn mainly in the coastal areas, 

whereas an intense increase of this parameter is observed during summer in coastal areas and the 

mainland of the Iberian Peninsula and central Europe (Figure 2). 

This may be due to the fact that CORINE 2000 has more information about land cover/land use in 

the coastal areas and island regions compared with the model’s default land cover/land use. 

Furthermore, the differences in the vegetation types and the occurrence of urban and sub-urban 

activity between the CORINE 2000 and the model’s default land cover/land use, resulting to changes 

in the rate of transpiration and evaporation, can explain the significant increase and decrease of 

evapotranspiration in inland, coastal areas and island regions. In the mainland, throughout the year, 

a small but significant increase of the parameter is observed. 

3.2. Surface Albedo to Direct and Diffuse Shortwave Radiation 

Regarding surface albedo to direct shortwave radiation, the main modification due to land cover/land 

use changes occur mainly in the Alps. This is observed in all examined seasons. More specifically, 

a decrease of the surface albedo is observed in the side of the French Alps, whereas in the central 

eastern part an increase of the parameter is observed (Figure 3). For the rest of Europe, a small 

increase of surface albedo is evident, whereas in the eastern part of Turkey a small decrease of the 

parameter is observed, mainly in winter and spring. This is a result of the different reflectivity and 

absorption efficiency of radiation from the vegetation that is provided by CORINE 2000 compared 

to the model’s default vegetation. Analogous were the results in the case of surface albedo to diffuse 

shortwave radiation (Figure 4). 

 

Figure 3 - Seasonal differences in surface albedo to direct shortwave radiation between the 

simulation with CORINE 2000 land cover and the simulation with the model’s default land 

cover for the time period 1981-1990. The statistical significance is shown with dots. 
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Figure 4 - Seasonal differences in surface albedo to diffuse shortwave radiation between the 

simulation with CORINE 2000 land cover and the simulation with the model’s default land 

cover for the time period 1981-1990. The statistical significance is shown with dots. 

4. Conclusions 

In this study we applied the latest version of a regional climate model (RegCM4.4.5) in order to 

simulate the changes and the variability in evapotranspiration and surface albedo to direct and 

diffuse shortwave radiation under two different land cover/land use parameterizations. The selected 

domain of interest is the Mediterranean region and the simulations covered the time period 1981-

1990. The first simulation used the model’s default land cover/land use and the second used land 

cover/land use data taken from the CORINE Land Cover European Union Programme 

(http://www.eea.europa.eu/) (Figure 1). The results from the simulation with the CORINE 2000 land 

cover/land use were compared with the corresponding results from the simulation with the model’s 

default land cover/land use in the area of study. 

According to the analysis of the results, the most significant changes in evapotranspiration are 

observed during winter and autumn in the coastal areas of the Mediterranean region, where 

evapotranspiration presents a decrease. Additionally, significant increase of the same parameter is 

observed during summer not only in the coastal areas but also in the mainland of the Iberian 

Peninsula and central Europe. 

In the case of surface albedo to direct and diffuse shortwave radiation, the results are quite similar 

in both cases. More specifically, the most significant changes are observed in the Alps, where 

throughout the year surface albedo shows a decrease in the French Alps. Conversely, in central 

eastern Alps surface albedo seems to increase. These changes are more evident during winter and 

spring. 

Changes in land cover/land use lead to different vegetation types and as a result this differences 

affects evaporation and transpiration rates as well as the reflectivity and absorption efficiency of the 

different surfaces. The hydrology, the agriculture, the forests of a region can be influenced not only 
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by climate parameters but also by changes in land cover/land use, which may occur from natural 

reasons or from human interactions (e.g. land use or water management). 

As future work, more parameters should be studied and also a comparison with real data should be 

performed in order to be able to conclude about the most appropriate land cover/land use scheme 

that should be used with regional climate model RegCM. 
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Abstract 

The aim of this study is to evaluate climate model hydrological parameters in 

comparison to recorded hydrological data and estimate the impacts of climate change 

on water balance. For this purpose, a combination of climate model precipitation and 

temperature data and Thornthwaite method was applied for the period 1988-2000 and 

the future periods 2028-2040, 2058-2070 and 2088-2100. The application of this 

combination was carried out in a coastal region in Southeastern part of Korinthiakos 

Gulf (southern Greece). The area is suitable for this target, because it is characterized 

by urbanization, intensive agriculture and tourism development, with increasing 

water demands. The evaluation of climate model parameters in comparison to 

observed data shows that the RegCM3 model is a reliable model. According to the 

future projections and the Thornthwaite method, the real evapotranspiration is 

estimated to increase, as a result precipitation decrease and temperature increase. 

Keywords: RegCM3, Thornthwaite method, Evapotranspiration. 

Περίληψη 

Σκοπός της εργασίας αυτής αποτελεί η αξιολόγηση υδρολογικών παραμέτρων του 

κλιματικού μοντέλου σε σχέση με πραγματικά υδρολογικά δεδομένα. Απώτερος στόχος 

της εργασίας αποτελεί η εκτίμηση των επιπτώσεων των κλιματικών αλλαγών στο υδατικό 

ισοζύγιο. Για αυτόν το σκοπό, συνδυάστηκε το κλιματικό μοντέλο RegCM3 και η μέθοδος 

Thornthwaite. Για την εφαρμογή της μεθόδου, επιλέχθηκε η περιοχή που καλύπτει το 

νοτιοανατολικό τμήμα του Κορινθιακού κόλπου. Η περιοχή χαρακτηρίζεται από έντονη 

αστικοποίηση, εντατική γεωργία, τουριστική ανάπτυξη, με συνεχώς αυξανόμενες υδατικές 

ανάγκες. Από την αξιολόγηση των υδρολογικών παραμέτρων του κλιματικού μοντέλου 

RegCM3 με τα αντίστοιχα πραγματικά δεδομένα διαπιστώνεται η αξιοπιστία του 

μοντέλου. Από τον συνδυασμό του κλιματικού μοντέλου RegCM3 και της μεθόδου 

Thornthwaite διαπιστώνεται ότι κατά τις μελλοντικές περιόδους 2028-2040, 2058-2070 

και 2088-2100 αναμένεται αύξηση της πραγματικής εξατμισοδιαπνοής, ως αποτέλεσμα 

της μείωσης της βροχόπτωσης και της αύξησης της θερμοκρασίας. 

Λέξειςκλειδιά: RegCM3, μέθοδος Thornthwaite, Εξατμισοδιαπνοή. 

1. Introduction 

During the last years, many regions are under pressure on water resources. Urbanization, rapid 

population growth, intensive agriculture, land use changes and industrial activities are the main 



1069 

 

pressures on water resources. Climate change is directly related to water resources; so is expected 

to exacerbate current stress on water resources (IPCC, 2008). 

Climate change is unequivocal (IPCC, 2007; 2014), as is evident from increases in global air 

temperature and changes in rainfall regime. The main climate change impacts on water resources 

are shifts in precipitation and runoff, increases in temperature, evapotransporation and the frequency 

of flooding and droughts and sea level rises. 

Hydrological cycle represents the water movement in, above and below Earth’s surface. The 

hydrological cycle is driven by the solar energy. An intensification of the hydrological cycle is 

expected to happen due to higher levels of solar energy which trapped in atmosphere. As a result, 

climate change influence the hydrological cycle. Therefore, climate change affect on quantity, 

quality and accessibility of water supplies (EAA, 2007). 

Previous investigations in temporal distribution in Greece exhibited a decreasing trend of rainfall 

(Voudouris et al., 2002). Furthermore, a seasonal shift of rainfall towards spring time in south 

Greece was also recently identified (Voudouris and Lambrakis, 1993). This shift resulted in an 

increase in actual evapotranspiration, due to increased air temperature, and diminishing of aquifer 

recharge. Venetsanou et al. (2014) estimated the impacts of climate changes on groundwater in a 

coastal area of Peraia-Epanomy (northern Greece) and found a reduction of rainfall by 4% during 

the future period 2021-2050. 

The General Circulation Models (GCMs) and Regional Climate Models (RCMs) remain the most 

important and appropriate tools to assess the future global climate change and evaluate the 

development of climate scenarios. Downscaling methods have been developed because of the need 

for regional projections and hydrological studies (Fowler et al., 2007). The downscaling methods 

are divided into categories: the dynamical method and the statistical methods. The dynamical 

process use physically based regional climate models (RCMs). On the other hand, the statistical 

processes provide statistical relationships to define independent (predictor) and dependent 

(predictants) variables (IPCC, 2007). 

The objectives of this study are initially the evaluation of climate model parameters (rainfall and 

temperature) versus observed data to estimate the water balance in a coastal catchment of south 

Greece. The ultimate objective is to achieve the impacts of climate change on water balance in the 

selected region for the future period. 

2. Study Area 

The study region, called as Vocha plain, is located in southern Greece, in northeastern Peloponnesus 

Prefecture and is extended in the costal part of northeastern Korinthiakos Gulf (Figure 1). It consists 

of Municipality of Velou-Vocha and the Municipalities of Korinthos and Kiato and comprises 65 

Km2. It covers the discharge section of the catchments: Asopos, Zapantis, Rachianis, and Xerias. 

The altitude varies from 0 to 40 m above sea and consequently, the research area is described as flat. 

The total population is about 87,000 residents, according to the National Statistical Service of Greece 

(2011). In last decades, rapid growth population has been observed. During the summer months, the 

population increases dramatically due to the tourism. The area is characterized by urbanization, 

intensive agriculture and tourism development, with increasing water demands. The cultivated land 

is about 45 Κm2 and the main crops are olives, citrus fruits, apricots and vineyards. According to 

Köppen climate classification the climate of the research area is characterized as Mediterranean 

(Csa).According to the climate data of the official meteorological station ‘Velo’ in Velo Korinthia 

of the Hellenic Meteorological Service for the period 1988-2000, the mean annual precipitation is 

479 mm, the mean annual temperature is 17.5oC and the relative humidity varies from 52%to 76%. 

The surface runoff is temporal during the wintertime, with a considerable drainage network, which 

flows in Korinthiakos Gulf. The drainage network is represented, mainly, by the river Asopos, 

Zapantis, Xerias and Rachianis. 
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Figure 1 - The study area and the location of the meteorological station Velo (Voudouris, 2006). 

From a geological point of view, the research area is covered from Neogene and Quaternary 

sedimentary formations. The Neogene sedimentary formations consist of sandstone, gravel, 

conglomerates, marls and lagoon sediments. The Quaternary sediments are sands, pebbles, breccias 

and fine clay to silty sand deposits (alluvial deposits), scree-talus cones and other marine deposits. 

The deposits are characterized by heterogeneity and anisotropy. The thickness of the deposits ranges 

between 30 m and 70 m. 

The main aquifer system is developed within alluvial deposits. The alluvial aquifer is phreatic. The 

aquifer system is recharged mainly by direct infiltration of precipitation, infiltration through river, 

artificial recharge due to flood, irrigation returns and lateral groundwater fluxes (Voudouris, 2006). 

The fluctuation of the water table elevation varies from 0.5 m to 3 m below ground surface in the coastal 

area and 15 m to 20 m below ground surface in the southern part of the research study. The main 

groundwater’s flow direction is S-N (toward the Korinthiakos Gulf). The safe yield of the aquifer system 

varies from 32x106 to 37x106 m3/yr (Voudouris, 2006). The average hydraulic conductivity is k=1.4x10-

4 m/s, as determined from the pumping test analyses (Panagopoulos et al., 2002). 

3. Materials and Methods 

3.1. Climate Data 

Daily temperature and precipitation dataset from the regional climate model RegCM simulations 

have been taken into consideration in this paper. TheRegCM simulations were carried out in the 

framework of the CCSeaWavs NSRF-EU project (http://thalis-ccseawavs.web.auth.gr/en/). The 

RegCM3 model was initially created by Giorgi et al. (1993a, b) and was later modified and improved 

by Giorgi and Means (1999) and Pal et al. (2007) (http://www.ictp.trieste.it/~pubregcm/RegCM3/). 

The RegCM3 climate model has been dynamically downscaled to a high spatial resolution of 10km 

x10km, it is driven by ECHAM5 Global Climate Model (GCM) and it follows the A1B emission 

scenario for future climate projections. The A1B is based on the assumption of a world of rapid 

economic growth and introduction of new technologies, which are used with a balance across all 
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sources (IPCC, 2007). The data correspond to the control period of 1988-2000, and the future 

projections for the period of 2028-2040 (first future period), 2058-2070 (second future period) and 

2088-2100 (third future period). 

Forty two grid points (Figure 2) were selected to analyze the temperature and precipitation in the study 

area. The RegCM data was evaluated by using the precipitation and temperature data obtained from the 

official WMO meteorological station of the Hellenic Meteorological Service at Velo (Velo Korinthia 

station). Furthermore, the observed dataset was collected by the research: Groundwater balance and safe 

yield of the coastal aquifer system in north-eastern Korinthia, Greece (Voudouris, 2006). 

 

Figure 2 - Grid points in research area. 

3.2. Methodology 

The water balance equation in a basin is given by the following equation: 

P=E+R+I+ΔS±dq 

Where P=Precipitation, E=Real Evapotranspiration, R= Runoff, I=Infiltration, ΔS=changes in soil 

storage, dq=the result of human intervention. 

Considering the factors ΔS and dq as negligible, the above equation becomes: P = E + R + I 

Τhe Thornthwaite method is worldwide applied in order to estimate the potential evapotransporation 

which is mainly dependent on temperature (Thornthwaite, 1948).The potential evapotranspiration 

(Ep) is calculated by: 

Ep (mm)=16(10T/I)a 

Where T=the monthly temperature (oC) and I=the annual heat index: 

I=
12

1

ji  

Where ij=the monthly heat index of the month j; 

ij=(T/5)1.514 
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The coefficient a is given by the formula: 

a=0.49239+(1792x10-5)I–(771x10-7)I2+(675x10-9)I3 

The corrected potential evapotransporation is calculated by the formula: 

Ep'=Ep∙N 

Where: N, is a factor which depends on latitude. 

The Thornthwaite-Matter method is used in order to estimate the real evapotransporation 

(Thornthwaite and Mather, 1955). The real evapotranspiration (Er) is calculated as follows: 

1) When Ep′≤P then Er=Ep′ 

In this case water surplus is given by: Q=P-Er and Wsi=Wmax 

Where: P=rainfall, Q=total water surplus (infiltration and runoff), Wsi=the water amount in the soil 

for i-month, Wmax=the maximum water storage in the soil depending on the soil features. 

2) When Ep′ Ep' ≥ Pthen ≥P then Er=P+|ΔWs| 

Where: ΔWs=Wsi-Wsi-1  

The water amount in the soil (Wsi) for i-month and is calculated by the formula: 

Wsi=Wmax e–(|APWL|/Wmax) 

Where: Wmax were defined earlier and APWL=accumulated potential water loss (P-Ep′). 

In this case water surplus=0. The water surplus exists if the water storage in soil has the maximum 

value. A software programme, which developed by Voudouris and Danopoulos (1993), was applied 

in order to calculate the water balance. 

4. Results and Discussion 

4.1. Climate Model 

The precipitation data for each of 42 grid points were evaluated in comparison to the observed station 

data (Velo station) (Figure 2).The processing of precipitation data shows that 8 grid points, which are 

the closest grid points to Velo station (reference station) are representative for this study. 

The diagram depicts the observed and predicted average monthly precipitation data for the eight grid 

points (Figure 3). From the diagram, it can be derived that selected grid points set out a uniform 

distribution of rainfall in comparison to the reference station. The maximum precipitation is 

observed in November, while the minimum precipitation in June. RegCM3 model presents a slight 

overestimation, of the winter precipitation, while underestimates the summer precipitation. The 

mean annual precipitation for the Velo Station is 478.8 mm, while the mean annual precipitation for 

the eight grid points is very close (501.8 mm). 

The mean annual temperature is 17.50C for the reference station, while the corresponding mean 

temperature of the eight grid points is 16.030C. For the study region, RegCM3 shows colder summer 

than the observed station. On the other hand, in many studies are proved that temperature is going 

to increase during the future periods (Tolika et al., 2012). 
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Figure 3 - Rainfall distribution between Velo station and grid points. 

4.2. Water Balance 

According to Thornthwaite method, the mean real evapotranspiration for the reference station during 

the period 1988-2000, is 346.9 mm and represents about 73% of mean annual precipitation (478.8 

mm). It is mentioned that, the maximum water storage in the soil is 110 mm (Touazi et al., 2004). 

The infiltration and surface runoff (Q) are 131.9 mm (27% of annual average precipitation). Table 

1 presents the Thornthwaite method, where T=temperature, i=heat index, Ep=potential 

evapotranspiration, N=factor depending on latitude, Ep′= corrected potential evapotranspiration, 

P=precipitation, APWL=accumulated potential water loss, Wmax=maximum water storage in the 

soil, ΔWs=Wsi-Wsi-1, Er=real evapotranspiration. 

The mean real evapotransporation was estimated for the mean grid of the eight grid points during the 

period 1988-2000, based on Thornthwaite method. It is 381.6 mm representing about 76% of mean 

annual precipitation (501.8 mm). Therefore, the similarity in annual evapotranspiration between the 

reference station and the model is obvious. The infiltration and runoff (Q) are 133.9 mm. 

The difference between real evapotransporation (Ep) and precipitation (P) called as water deficit 

(Sreedevi, 2002). The water budget in Velo station shows that water deficit is observed during the 

dry period (April-September), while water surplus and natural recharge is recorded during the wet 

period (January-March). During the period October-December is the replenishment period of water 

storage in the soil. It is pointed out that the maximum water soil reaches 110 mm in December (end 

of the year). 

According to the RegCM3 model, the water deficit is observed during the period April-September, 

while the water surplus is recorded during the period January-March. The replenishment period of 

water storage in the soil is observed during the period October-December. The maximum water soil 

is 96.2 mm in December (Table 1). 

4.3. Future projections 

According to the RegCM model the precipitation is estimated to reduce around 10% for each of the 

future periods 2028-2040, 2058-2070 and 2088-2100. The mean future precipitation is gradually 

reduced and it is estimated to be equal to 437.1 mm for the third future period (2088-2100). For the 

same future period, the mean annual temperature will be 19.030C. It is mentioned that, the 

temperature is estimated to increase significantly during the summer months (not shown). 
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The Thornthwaite method was applied on RegCM simulations in order to assess the water balance 

for the future periods 2028-2040, 2058-2070 and 2088-2100. It is pointed out that the maximum 

water storage in the soil, keeping stable (110 mm) for the whole future periods. The real 

evapotransporation is estimated to increase by 5%, 7.5% and 10% during 2028-2040, 2058-2070 

and 2088-2100, respectively. The real evapotransporation is estimated equal to 376.5 mm and it 

represents about 86% of mean annual precipitation (437.1 mm) for the third future period (2088-

2100). The annual runoff and infiltration are estimated to be 103.6 mm (Table 2). 

According to the RegCM3 model, the water deficit is observed during the period April-October, 

while the water surplus and natural recharge is recorded during the period (January-March). The 

replenishment period of water storage in the soil is observed during the period November-December 

(Figure 4). 

 

Figure 4 - Mean hydrologic balance (mm) for the future period 2088-2100 (P=rainfall, 

Ep=Corrected potential evapotranspiration, Er=Real evapotranspiration). 

Table 1 - Water balance for the period 1988-2000. 

Water balance-Velo Station 

Wmax=110mm a=1,863 
Coefficient of real Evapotranspira

tion=73% 

 Ι Φ Μ Α Μ Ι Ι Α Σ Ο Ν Δ Mean 

T 0C 8,80 9,10 11,2 15,00 20,30 25,30 27,90 27,20 23,20 18,30 13,10 10,00 17,5 

i 2,35 2,48 3,39 5,28 8,34 11,64 13,50 12,99 10,21 7,13 4,30 2,86 84,47 

Ep
' 17,27 18,38 27,1 46,63 81,93 123,48 148,16 141,31 105,07 67,54 36,23 21,91   

N 0,83 0,83 1,03 1,11 1,25 1,26 1,27 1,19 1,04 0,96 0,82 0,8   

Ep 14,3 15,3 27,9 51,8 102,4 155,6 188,2 168,2 109,3 64,8 29,7 17,5 944,88 

P (mm) 79,90 49,30 54,7 28,20 25,40 4,45 4,60 14,20 20,60 34,90 90,40 72,10 478,8 

P-EP΄ 0,0 0,0 0,0 23,6 77,0 151,1 183,6 154,0 88,7 29,9 0,0 0,0   

APWL 0,0 0,0 0,0 -23,6 -100 -251,7 -435,3 -589,2 -677,9 -707,8 0,0 0,0   

Ws 110,0 110,0 110, 88,8 44,1 11,2 2,1 0,5 0,2 0,2 60,9 110,0   

ΔWs 0,0 0,0 0,0 -21,2 -44,7 -32,9 -9,1 -1,6 -0,3 -0,1 60,7 49,1   

Er 14,3 15,3 27,9 49,4 70,1 37,4 13,7 15,8 20,9 35,0 29,7 17,5 346,9 

Q 65,6 34,0 26,8 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 5,4 131,9 

Water balance–Climate model 

m
m

2088-2100

P

Ep

Er
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Wmax=110mm a=1,669 
Coefficient of real Evapotranspira

tion=76% 

 Ι Φ Μ Α Μ Ι Ι Α Σ Ο Ν Δ Mean 

T 0C 8,44 8,78 10,2 13,64 18,27 23,52 25,58 25,19 20,82 15,98 12,59 8,99 16,03 

i 2,21 2,34 2,94 4,57 7,11 10,43 11,84 11,56 8,67 5,81 4,05 2,43 73,95 

Ep
' 19,94 21,30 27,3 44,47 72,40 110,34 126,91 123,70 89,99 57,90 38,86 22,16   

N 0,83 0,83 1,03 1,11 1,25 1,26 1,27 1,19 1,04 0,96 0,82 0,8   

Ep 16,5 17,7 28,1 49,4 90,5 139,0 161,2 147,2 93,6 55,6 31,9 17,7 848,41 

P (mm) 69,95 71,14 51,2 53,40 20,18 8,92 12,86 9,41 21,21 38,28 81,63 63,63 501,8 

P-EP΄ 0,0 0,0 0,0 0,0 70,3 130,1 148,3 137,8 72,4 17,3 0,0 0,0   

APWL 0,0 0,0 0,0 0,0 -70,3 -200,4 -348,7 -486,5 -558,9 -576,2 0,0 0,0   

Ws 110,0 110,0 110 110,0 58,0 17,8 4,6 1,3 0,7 0,6 50,4 96,2   

ΔWs 0,0 0,0 0,0 0,0 -52,0 -40,3 -13,2 -3,3 -0,6 -0,1 49,8 45,9   

Er 16,5 17,7 28,1 49,4 72,1 49,2 26,0 12,7 21,8 38,4 31,9 17,7 381,6 

Q 53,4 53,5 23,0 4,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 133,9 

Table 2 - Water balance for the period 2088-2100. 

Water balance model 

Wmax=110mm a=2,131 Coefficient of real Evapotranspira

tion=86% 

 Ι Φ Μ Α Μ Ι Ι Α Σ Ο Ν Δ Mean 

T 0C 11,42 10,99 12,8 15,89 21,35 27,07 30,02 29,15 24,87 20,13 15,91 12,49 19,38 

i 3,49 3,30 4,13 5,76 9,00 12,90 15,08 14,43 11,34 8,24 5,77 4,00 97,44 

Ep
' 22,43 20,69 28,5 45,34 85,09 141,21 175,96 165,27 117,79 75,12 45,49 27,17   

N 0,83 0,83 1,03 1,11 1,25 1,26 1,27 1,19 1,04 0,96 0,82 0,8   

Ep 18,6 17,2 29,3 50,3 106,4 177,9 223,5 196,7 122,5 72,1 37,3 21,7 1073,51 

P (mm) 53,74 57,04 57,9 34,31 21,43 3,35 3,42 5,70 19,30 54,89 77,16 48,84 437,1 

P-Ep΄ 0,0 0,0 0,0 16,0 84,9 174,6 220,1 191,0 103,2 17,2 0,0 0,0   

APWL 0,0 0,0 0,0 -16,0 -101 -275,5 -495,6 -686,5 -789,7 -807,0 0,0 0,0   

Ws 110,0 110,0 110 95,1 43,9 9,0 1,2 0,2 0,1 0,1 39,9 67,0   

ΔWs 0,0 0,0 0,0 -14,9 -51,2 -35,0 -7,8 -1,0 -0,1 0,0 39,9 27,1   

Er 18,6 17,2 29,3 49,2 72,6 38,3 11,2 6,7 19,4 54,9 37,3 21,7 376,5 

Q 35,1 39,9 28,6 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 103,6 

5. Conclusions 

The objective of this study was the assessment of climate change impacts on water balance for a 

coastal region in Southeastern part of Korinthiakos Gulf (southern Greece). For this purpose, 

Thornthwaite method was applied on precipitation and temperature data of a regional climate model 

RegCM3, following the A1B climate scenarios. 

The evaluation of climate model parameters shows that the RegCM3 model presents reliable 

simulations for the study region. The model infiltration and runoff (Q) was very close to the observed 

one, with a bias equal to 2mm/yr. 

According to the Thornthwaite method results for the future periods, the real evapotranspiration is 

estimated to increase as a result of the precipitation decrease and temperature increase. Especially, 

at the end of 21th century, the temperature changes caused by scenarios ΔΤ=3.35◦C combined with 

precipitation decreases showed a strong decrease in runoff especially at the beginning and the end 

of the winter. Increased temperature increase spring and summer actual evapotranspiration, this 
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could reinforce the effect of the precipitation decrease during warm period (May to October) 

resulting to runoff that presents the smallest duration from January to March. 

The area of eastern part of Korinthiakos Gulf is under pressure as regards water recourses. Climate 

change challenges further pressure. Changes in precipitation, temperature and evapotranspiration 

influence the quantity, quality and accessibility of water resources in the research area. Future 

investigations of the sustainable management of water resources in Korinthia would benefit by 

climatic, hydrological, land use monitoring, groundwater table measurements and computer 

modeling to simulate the hydrological cycle. 
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Abstract 

Strong motion data recorded during the 15-year operation of the CORinth Gulf Soft 

Soil Array (CORSSA) in the highly seismic region of Aegion have been homogenized 

and organized in a MySQL database. In the present work we describe the contents of 

the database and the web portal through which these data are publicly accessible. 

CORSSA comprises one surface and four downhole 3-D broadband accelerometric 

stations. It was installed in 2002, in the framework of European project CORSEIS, 

aiming at gathering data for studying site effects, liquefaction, and non-linear 

behaviour of soils, as well as earthquake source properties. To date, the array has 

recorded 549 local and regional events with magnitudes ranging from 1.1 to 6.5. 

Although the vast majority of the recorded events caused weak ground motion at the 

CORSSA site, the scientific value of the data set pertains to the sparsity of this kind of 

infrastructure in most parts of the world. 

Keywords: site effects, strong motion database, earthquake. 

Περίληψη 

Οι χροϊνοιστορίες της εδαφικής επιτάχυνσης που καταγράφηκαν κατά τη διάρκεια της 

πολυετούς λειτουργίας της διάταξης CORSSA (CORinth Soft Soil Array) στην υψηλής 

σεισμικότητας περιοχή του Αιγίου, ομογενοποιήθηκαν και οργανώθηκαν σε βάση 

δεδομένων MySQL. Στην παρούσα εργασία περιγράφουμε τα περιεχόμενα της βάσης 

αυτής και τον ειδικό διαδικτυακό τόπο που σχεδιάστηκε προκειμένου να διευκολυνθεί 

η διάχυση των περιεχομένων στην επιστημονική κοινότητα. Η διάταξη CORSSA, η 

οποία εγκαταστάθηκε στο πλαίσιο του Ευρωπαϊκού ερευνητικού προγράμματος 

CORSEIS, περιλαμβάνει πέντε επιταχυνσιογράφους τριών συνιστωσών ευρέος 

φάσματος, έναν στην επιφάνεια του εδάφους και τέσσερις σε διαφορετικά βάθη (14-180 

μ) εντός ειδικά κατασκευασμένων γεωτρήσεων. Στόχος της εγκατάστασης και 

λειτουργίας της διάταξης υπήρξε η συλλογή υψηλής ποιότητας δεδομένων για τη μελέτη 

της συμπεριφοράς του εδάφους κατά τη διάρκεια του εδαφικού κραδασμού που 

προκαλούν οι σεισμοί, αλλά και της σεισμικότητας της περιοχής γενικότερα. Μέχρι 

σήμερα, η διάταξη CORSSA έχει καταγράψει περισσότερους από 549 τοπικούς και 

περιφερειακούς σεισμούς με μεγέθη που κυμαίνονται από 1.1 έως 6.5. Παρ’ ό,τι το 
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σύνολο των μέχρι σήμερα καταγραφών αντιστοιχούν σε χαμηλής επιτάχυνσης 

χρονοϊστορίες, η αξία τους έγκειται στο ότι τα πειραματικά πεδία στα οποία έχει 

διεξαχθεί παρόμοια εκτενής σεισμολογική και γεωτεχνική έρευνα σπανίζουν ανά τον 

κόσμο. 

Λέξεις κλειδιά: εδαφικές συνθήκες, βάση δεδομένων ισχυρής κίνησης, σεισμός. 

1. Introduction  

The major task in seismological research is the understanding of earthquake phenomena and their 

consequences to the natural and anthropogenic environment, with the purpose of mitigating the latter 

by providing valid and timely information to be used for effective earthquake planning and decision-

making processes. This requires reliable in situ observations combined with innovative analyses and 

adequate interpretation. Given that data processing has presently become largely feasible through 

open-access modern computer codes, the reliability of the results depends mostly on the availability, 

quality and quantity of data obtained through direct observations. The accessibility of these data 

from a wide range of experts including individual researchers and research institutions can 

encourage diversity of analysis and promote new studies with societal benefits. 

Site response crucially impacts the characteristics of strong ground motion, and hence its realistic 

assessment is essential for earthquake design, especially in regions with a high seismic potential. 

Site effects are increasingly documented through a growing number of sites instrumented with 

vertical downhole seismic arrays globally. The CORinth Soft Soil Array (CORRSA) is such an 

installation situated in Aegion (Figure 1), a city in the Gulf of Corinth - one of the most seismically 

prone areas in Europe. The present work seeks to meet the demand for 3-D ground motion 

observations of high quality and density, made available in formats that are compatible with end-

user needs. This paper describes the structure, capabilities and prospects of a web portal for the 

accelerometric recordings at CORSSA. This work was developed by the Seismological Laboratory 

of the University of Athens and the Department of Civil Engineering of the Aristotle University of 

Thessaloniki. 

The web application presented herein provides an advanced framework to access the raw and expert-

processed CORSSA recordings in formats compatible with end-user requirements for further 

analysis, guidelines on the usage of the accessed data and definition of the nature of data files that 

are released. 

2. The CORSSA Array 

2.1. History 

The CORSSA vertical accelerometric array is located within the premises of the “Ladopoulos” old 

paper factory, on the west coast of Aegion port (Figure 1). The broader region, i.e., the Gulf of 

Corinth, is considered a young asymmetric Rift which is deforming by one of the highest rates in 

the Euro-Mediterranean region, having a rich and long history of large and catastrophic earthquakes 

throughout the historical and instrumental era (e.g., Papazachos and Papazachou, 2003). CORSSA 

comprises an 18-channel digitizer equipped with 5 three-component broadband accelerometers; 

namely one surface station sheltered inside an appropriately designed vault, and four stations 

installed in boreholes at depths of 14, 25, 60, and 180 m (Figure 2). The array is complemented by 

two pore-pressure sensors at 6 and 14 m depth and three permanent surface accelerometric stations 

installed inside the city of Aegion, operated by the National Observatory of Athens 

(http://accelnet.gein.noa.gr/), the Institute of Engineering Seismology and Earthquake Engineering 

(EPPO-ITSAK; http://www.itsak.gr), and the Seismological Laboratory of the University of Athens 

(http://dggsl.geol.uoa.gr). CORSSA was installed in 2002, in the framework of the European Project 

CORSEIS (EVG1-CT-1999-00002Η, funded after FP5-EESD; CORSEIS 2001, 2002) as a result of 

the cooperation of several European Universities (the reader is referred to 
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http://dggsl.geol.uoa.gr/proj/en_corseis.html for a brief description of the project). It was developed 

to facilitate the study and modelling of the impact of the near-surface soil formations to the seismic 

wave field. It involves an infrastructure that has already served several scientific projects 

(http://crlab.eu) and motivated international publications (e.g., Pitilakis et al., 2004; Ktenidou et al., 

2011, 2013, 2015). 

 

Figure 1 - Location of the CORSSA array, west of the Aegion port. 

 

Figure 2 - Layout of the sensors at CORSSA (adapted from CORSEIS, 2001 2002). 

3. The Web Portal 

The design and technical aspects adopted for the development of the CORSSA database and its web 

portal (http://www.corssa.gr; Figure 3) were based on the pre-existing scheme used for a similar 

database, that of the EUROSEISTEST strong motion array in northern Greece (Pitilakis et al., 2013). 

All development tools used were Free/Open Source Software (F/OSS). The background 

programming language is Ruby, combined with the Rails web application framework (the 

combination often referred to as RubyonRails). Waveforms and metadata associated with the events 

recorded by CORSSA have been stored in a MySQL v5.5 relational database through a Content 

Management System (CMS). Prior to uploading to the MySQL database, data undergo routine 

offline processing regarding insertion and modification of metadata and basic signal corrections, 

mostly using the Seismic Analysis Code (SAC, Goldstein et al., 2003; Goldstein and Snoke, 2005). 

An administrator web interface was introduced, specially adapted for the application, facilitating the 

uploading procedure of data and metadata and minimizing the risk of mistyping and other user errors. 

A regular update of the database with newly recorded events and pertinent metadata can be 

performed promptly and easily. The application includes capabilities for quality graphics of velocity 
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and displacement time histories, Fourier spectra, response spectra and spectrograms, computed and 

registered in an automated way. Several of the above options will be activated in the near future. 

 

Figure 3 - The home page of the CORSSA web portal (at http://www.corssa.gr). 

 

Figure 4 - Map of the event epicenters included in the CORSSA database. 

 

Since its installation in 2002, CORSSA has recorded more than 1,000 seismic events, despite the 

fact that after the end of the CORSEIS project its operation was often disrupted either by technical 
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problems or accidents. At present, the database includes 549 events out of the >1000 recordings 

(1647 single component recordings) of local magnitude 1.1ML6.5, at epicentral distances, R, 

between 1-280 km (Figure 4). The distribution of recorded events with ML, ML versus epicentral 

distance (R) and PGA versus R plots are presented in Figure 5. About 500 events recordings are 

under processing and they will be promptly included in the database. 

  

 

Figure 5 - Statistics on the contents of the CORSSA database. a) Number of recorded events 

per local magnitude, ML, b) ML versus epicentral distance, and c) PGA versus R for the 549 

records in the database. 

At present, the CORSSA web portal provides access to raw and routinely processed “Unfiltered” 

accelerometric data. “Raw data” correspond to the originally recorded waveforms without any 

processing. Waveform headers include all available information on the station and event location, 

component orientation (Ktenidou, 2010, 2015), absolute time, etc. “Unfiltered data” have been 

processed for non-standard errors, i.e. baseline offset and trend, spikes etc., and have been 

homogeneously oriented to the south-north and west-east directions by rotating the horizontal 

components. No filtering has been applied, in order not to distort the original signal amplitudes. In 

future, there will also be a “Filtered data” option, based on individual record processing and specific 

signal-to-noise criteria. 

The CORSSA “Home” page provides links to general information, such as a description of the array, 

technical details, history information and scientific results available to date (Figure 3). Waveform 

data can be accessed and browsed under the “Database Search” option listed in the “Home” page, 
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through three different platforms, following the common practice for similar databases (Pacor et al., 

2011 and references therein) (Figure 6). The first platform contains search criteria related to the 

waveform records (i.e., peak ground motion values, distance from the earthquake source), the second 

one parameters related to the earthquake source (i.e., magnitude, location, type of faulting etc.), and 

the third platform allows for search based on station-related criteria (i.e., location, housing, soil 

category etc.). A combination of the three types of search criteria is feasible through the first 

platform. 

 

Figure 6 - Online form provided for searching the database contents. Three types of criteria 

(related to the acceleration record, the earthquake event or the recording station) can be 

used either individually or in combination. Query results are presented in the bottom of the 

page in the form of a table. 

User queries result in a list of records that match the search criteria (Figure 6, see table at the bottom 

of the page). Each line, i.e., each record in the list, leads to a certain number of pages, which combine 

the requested waveforms and metadata in downloadable files and clickable screen plots, displaying 

tabulated station and event metadata, maps with epicenter locations (Figure 7), and plots of 

acceleration waveforms. Examples of such plots are shown in Figure 8. At the end of each search, 

the user can download the requested “Raw” and/or “Unfiltered” waveform data in either ASCII or 

SAC (PC-little endian) format, together with any associated graphic products. 
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Figure 7 - Example of an event-dedicated web page. Apart from location and focal 

mechanism information, a map is provided with the locations of the epicentre and the 

recording station. At the bottom of the web page, a table summarizes parameters of the 

actual records and provides links (‘Record Details’) to the corresponding waveforms. A form 

for facilitating data download in SAC and ASCII format is also included (‘Export selected 

recordings’). 
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Figure 8 - Example plots of acceleration traces (M4.9, 04/02/08 in Northern Peloponnese) for 

the NS component, at all five stations of the array. 
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4. Discussion 

The CORSSA downhole array has been operating for over a decade in the highly seismic area of 

Aegion, Gulf of Corinth. It constitutes a significant infrastructure for seismological and geotechnical 

studies. The operation of the array so far, although often interrupted due to funding and technical 

problems has provided a significant data set of accelerometric data with a wide magnitude and 

distance range. These records have now been organized and are disseminated through a user-friendly 

web portal (http://www.corssa.gr). By creating and maintaining this portal, we aim to encourage 

maximum possible exploitation of the overall investment in the CORSSA site. The future task of 

the institutes currently responsible for this infrastructure (namely, the University of Athens and the 

Aristotle University of Thessaloniki), is to maintain it operational. Given the good existing 

knowledge in terms of seismotectonic and geotechnical background, this site will very likely provide 

significant records in the future. To ensure the continuous operation of the array and the high quality 

of future data, action has already been taken and CORSSA has been selected as part of the significant 

scientific infrastructure included under the HELlenic Plate Observing System (HELPOS), a project 

funded in the framework of the national roadmap for Research Infrastructures (RI) for the period 

2014-2020 (http://www.gsrt.gr). The contribution of this work is the web portal presentation and 

data dissemination to scientific community. The online CORSSA database will be further enriched 

with more recent data and recordings from the RASMON strong ground motion network 

(Makropoulos et al., 1993). 
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Satellite Observatory, Higher Geodesy Laboratory 

Abstract 

Dionysos Satellite Observatory and Higher Geodesy Laboratory have been in operation 

since the 60s and their main objective is to fulfill academic and research needs, 

determined through the ongoing scientific and technological advance in the field of 

geodesy. They are involved in all scientific domains related to the determination of 

earth’s size and figure, as well as its temporal variations. Their field of expertise is 

Satellite Geodesy, (spanning a wide range of applications like reference systems, 

tectonic geodesy, etc.), as well as the study of the geoid and earth's gravity field. 

Keywords: Tide Gauges, Gravity, GPS. 

Περίληψη 

Το Κέντρο Δορυφόρων Διονύσου και το Εργαστήριο Ανώτερης Γεωδαισίας λειτουργούν 

από τη δεκαετία του ‘60 και ο κύριος σκοπός τους είναι να καλύπτουν τις εκπαιδευτικές 

και ερευνητικές ανάγκες, όπως αυτές καθορίζονται σε συνάρτηση με την εξέλιξη της 

τεχνολογίας για τη Σχολή Αγρονόμων Τοπογράφων Μηχανικών του Εθνικού 

Μετσόβιου Πολυτεχνείου. Καλύπτουν όλα τα επιστημονικά πεδία που αφορούν τον 

προσδιορισμό του σχήματος και του μεγέθους της γης όπως και των μεταβολών τους. 

Ειδικεύονται σε όλες τις εφαρμογές της δορυφορικής γεωδαισίας (συστήματα αναφοράς, 

διερεύνηση τεκτονικής συμπεριφοράς, κλπ.), του γεωειδούς και της βαρύτητας. 

Λέξεις κλειδιά: Παλιρροιογράφοι, Βαρύτητα, GPS. 

1. Background of the laboratories 

Dionysos Satellite Observatory (DSO) is located in Dionysos, Attiki and its facilities are established 

within an area of 36000 m2 (Figure 1). 

Dionysos Satellite Observatory has been actively involved in the evolution of Satellite Geodetic 

techniques, that took place throughout the last six decades; (Cocard et al., 1999; Reilinger, et al., 

2000; McClusky et al., 2006; etc.). Instrumentation related to this activity is available in the 

laboratory's facilities (Figure 2, Figure 3). A permanent Laser Ranging System (SLR) and a Baker-

Nunn camera one of the few used worldwide, were established in the 60s, for the determination of 

satellite orbits, and the realization of global reference frames. The first pillar of “zero order” has 

been established at DSO and used for the realization of the national reference frame and for 

cartographic connections with other European countries. 
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Figure 1 - Dionysos Satellite Observatory. 

  

Figure 2 - Satellite Laser Ranging. 

Higher Geodesy Laboratory (HGL) is located in the Campus of the National Technical University 

of Athens. Accordingly with Dionysos Satellite Observatory plenty of equipment used for measuring 

angles and distances on the surface of the earth following evolution of technology during the last 

decades is available. 

Since their establishment, both laboratories have been in close collaboration with each other (sharing 

personnel and equipment) as well as with various international and national institutes and 

organizations, contributing to large-scale scientific projects. Since mid 80’s, one of the main 

scientific tasks of the laboratories has been studying tectonic deformation of the earth’s crust via 

satellite techniques. More than 1000 GPS sites have been installed and measured, often in 

collaboration with other institutions (Oxford University, Insitut de Physique du Globe de Paris, 

France, Massachusets University of Technology etc.). These points form various networks and in 

their great majority cover seismically active regions (e.g., Corinth Rift, Ionian Sea, etc.) (Figure 

4).Since the mid 90’s, technological evolution enabled the installation of continuous GPS (cGPS) 

stations for geodetic and tectonic purposes. In Figure 5 all the cGPS networks installed by DSO and 

HGL in cooperation with Oxford University and Swiss Federal Institute of Technology are depicted. 

DSO and HGL don’t own the equipment installed but participated at the installation and the 

maintenance of the cGPS network and are working with the available data. 

 
Figure 3 - Baker-Nunn Camera. 
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Figure 3 - Local GPS Networks, that have been periodically measured since mid 80’s in 

cooperation with various institutes and Universities (Oxford University, Insitut de Physique 

du Globe de Paris, France, Massachusets University of Technology etc.). 

 

Figure 4 - Continuous GPS Networks that have been installed by Oxford University and 

Swiss Federal Institute of Technology in cooperation with DSO and HGL. 
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2. Available infrastructure - Objectives - Methods 

2.1. Satellite Geodesy - Global Navigation Satellite Systems 

The evolution of Satellite Geodetic techniques such as Global Navigation Satellite Systems (GNSS) 

etc. has greatly enhanced the accuracy and quality of positioning and navigation on and/or near the 

Earth's surface. Apart from common surveying applications, great opportunities on the 

determination of global reference frames, tectonic motion and large scale cartographic applications 

are nowadays possible. Since their establishment Dionysos Satellite Observatory & Higher Geodesy 

Laboratory are occupied mainly with Satellite Geodesy and its applications. A number of GNSS 

antenna/receivers, owned by the laboratories, are situated in well-established cGPS sites. The 

remaining equipment, is used to accommodate academic services; often these include re-occupation 

of campaign sites throughout Greece, or monitoring structural deformation. Three different types of 

GPS receivers are used at Dionysos Satellite Observatory. One of them is the first permanent GPS 

Station in Greece installed in 1995. In 2011, a cGPS station was established and is part of the 

network maintained by the International GNSS Service (IGS) (Figure 6); a third one was installed 

in cooperation with Oxford University. 

 

Figure 5 - IGS station at Dionysos Satellite Observatory. 

Currently, three high-accuracy scientific software packages are available for the processing of all 

kinds of GPS data within the laboratories. The software can be purchased or requested from the 

corresponding institutes that developed them Bernese GNSS Software v.5.2 (Dach et al., 2007), 

GAMIT/GLOBK v.10.6 (Dong et al., 1998) and GIPSY/OASIS v.6.3 (Zumberge et al., 1997). High 

expertise is confirmed through various scientific projects during the last decades, especially with 

Bernese software (Clarke et al., 1997; Ganas et al., 2013; etc.). Several commercial-oriented 

software packages are in use, mostly to support educational needs. Highly experienced personnel 

and PhD students keep developing supporting routines for the processing of data and the evaluation 

of the results. 

2.2. Gravimetry 

Gravity and gravitation belong to the fundamental forces of physics and are essential for the 

determination of earth's shape and figure. The applications of gravimetry are numerous: navigation, 

various types of high-precision calibration, geo-exploration, etc. They all depend, in one way or 

another, on the precise knowledge of the Earth's gravity field, that is, on the results of space and 

terrestrial gravimetry (and associated surveys) as obtained from borehole or various types of 

classical terrestrial gravimeters, as well as from space (satellite) observations.Two high precision 

gravimeters are available for both DSO and HGL. An analog Lacoste - Romberg model G (Figure 

7), as well as a digital Sintrex CG-5 and Autograv (Figure 8). There's also a gravity control tunnel 

at DSO used to calibrate the instruments. 
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Figure 6 - Lacoste - Romberg model G Gravity Meter. 

2.3. Tide Gauges 

Monitoring long or short term temporal sea level variations is fundamental in many research fields, 

and for a variety of reasons. The obvious ones are related to the direct effect of the oceans (the sea) 

in the lives of the people, such as the climate change or the tsunami hazard. Others, such as geoid 

evaluation and height reference frames, have indirect effects. At the moment, 7 tide gauges (Figure 

7) are installed at suitable locations, most of them co-located with GNSS receivers or other 

instrumentation (seismometers, accelerometers, etc.), forming a rather sparse network throughout 

the Greek seas. 

Data from these sensors are collected, evaluated, and stored on a daily basis. 

  

Figure 7 – Tide Gauges Network. 

 
Figure 4 - Scintrex CG-5 Autograv 
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2.4. Inertial measurement unit (IMU) 

An inertial measurement unit (IMU) is an electronic device that measures and reports a craft's 

velocity, orientation, and gravitational forces, using a combination of accelerometers and 

gyroscopes, sometimes also magnetometers. IMUs are typically used to manoeuvre aircrafts, 

including satellites and landers. Recent developments allow for the production of IMU-enabled GPS 

devices. An IMU allows a GPS receiver to work when GPS-signals are unavailable (e.g. in tunnels, 

inside buildings, etc.), or when electronic interference is present. The Laboratories own an IMU 

mainly used for navigation research and applications. 

2.5. Synthetic Aperture Radar 

Synthetic-Aperture Radar (SAR) is a form of radar which is used to create images of objects, such 

as landscapes; these images can be either two or three dimensional representations of the object. 

SAR uses the motion of the radar antenna over a targeted region to provide finer spatial resolution 

than is possible with conventional beam-scanning radars. The commercial Gamma Software 

(Gamma RS, 2015) is available to the laboratories for processing SAR data, as well as several other 

types of open source software for the same propose. SAR can be used to serve a wide range of 

scientific aims, related to remote sensing, such as climate change, environment, resources, natural 

hazards, etc. The main focus for the laboratories, is the integration of GNSS and SAR to accurately 

detect three dimensional tectonic deformation, as SAR offers high accuracy results for elevation 

(Papoutsis et al., 2013). 

3. Services and products 

The last 3 years, all the available cGPS stations in Greece (Figure 8) are processed with Bernese 

GNSS Software v.5.2, on a routine basis. We process all data available in the public domain, data 

managed by the laboratories and data provided by surveying companies. Position time series are 

stacked for all stations and made available via the DSO website (http://dionysos.survey.ntua.gr/). In 

Figure 9 the position time-series for station VLSM is depicted. An offset due to the major seismic 

event on 26/01/2014 can be easily observed. For all major seismic events, in the vicinity of which 

cGPS stations were installed (e.g. Lemnos, Kephalonia), seismic motion was observed with this 

method just after the event. 

Products from the routine analysis include coordinate estimates, atmospheric monitoring 

(tropospheric refraction, iononospheric delay) and a wide variety of GNSS-specific result files (e.g. 

SINEX).Figure 12 depicts a snapshot of a map of ionospheric total electron content (TEC, see 

http://dionysos.survey.ntua.gr/dsoportal/_projects/IonoRemSens/). 

The laboratories use GSAC software (UNAVCO GSAC, 2015) to host geodetic-type data and 

products. GSAC provides a web browser-based user interface (UI) for data search, data file 

downloading, and database querying. Data from several GNSS stations can be retrieved using this 

application through the web site of DSO that presents the scientific work of both laboratories. 
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Figure 8 - Processed GPS Networks. Data available in the public domain, data managed by the 

laboratories and data provided by surveying companies (National Observatory of Athens Network, 

National University of Athens, National University of Patras, Aristotle University of Thessaloniki, 

Technical University of Crete, Unavco, Massachusets University of Technology, Tree Company 

Network). 

4. Current and future research 

The laboratories (DSO, HGL) aim in continuing to get actively involved and contributing to the 

GNSS community; towards that end, efforts are undertaken to join EUREF as a GNSS Analysis 

Centre. In addition, there is an ongoing effort to re-operate all the cGPS stations in South Aegean, 

within the framework of the “South Aegean Geodynamic and Tsunami Monitoring Platform” 

project. All available details about the project can be found at the web page 

http://dionysos.survey.ntua.gr/SEISMO/index.html. Moreover, a project for developing in-house 

software for the acquisition, monitoring and analysis of tide gauge data is highly active within DSO. 

This will provide near-real-time analysis capabilities, which will in turn allow the development of a 

tsunami early warning system. Following all the up-to-date techniques in GNSS processing, 

modelling of tectonic motion, and strain calculation as well as improving and archiving all available 

data and results is one of the constant tasks of the laboratories. 
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Figure 9 - Time series for cGPS station VLSM in Kephallonia in north, east, up components. 

 
Figure 10 - Regional map of ionospheric total electron content (TEC). 
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Abstract 

The Hellenic National Tsunami Warning Center (HL-NTWC), which is a unit of the 

Institute of Geodynamics of the National Observatory of Athens (NOA-IG), was 

officially established in Greece by law in September 2010. It operates a 24/7 tsunami 

monitoring service for Greece and the eastern Mediterranean Sea, providing warning 

messages to the General Secretariat for Civil Protection in Greece. Since August 

2012, HL-NTWC acts as Candidate Tsunami Service Provider (CTSP) in the 

framework of the North-Eastern Atlantic, the Mediterranean and connected seas 

Tsunami Warning System (NEAMTWS) of the IOC/UNESCO providing tsunami 

messages to a large number of subscribers. The HL-NTWC function is based on the 

national seismograph and tide gauge networks of NOA-IG and incorporates several 

data bases, algorithms and computational tools. Collaboration with top class 

research institutions in the framework of important EC funded tsunami research 

projects strengthens the scientific background of the center. Tests, exercises and 

training of the duty officers involved in the 24/7 operation of the HL-NTWC are 

carried on constantly, in order to maintain a high level of readiness and response in 

case of emergency. In its operational life since August 2012 the HL-NTWC has timely 

issued tsunami warning messages for 14 potentially tsunamigenic earthquake events. 

Keywords: tsunami warning, operational center, risk mitigation, North-Eastern 

Atlantic, Mediterranean. 

Περίληψη 

Το Εθνικό Κέντρο Προειδοποίησης για Τσουνάμι (ΕΚΠΤ) ιδρύθηκε στην Ελλάδα με 

νόμο, το Σεπτέμβριο του 2010, και λειτουργεί ως ιδιαίτερη μονάδα του Γεωδυναμικού 

Ινστιτούτο του Εθνικού Αστεροσκοπείου Αθηνών (ΕΑΑ-ΓΙ). Το κέντρο λειτουργεί σε 

24/7 βάση και σκοπό έχει την παρακολούθηση της εκδήλωσης τσουνάμι στην Ελλάδα 

και την ανατολική Μεσόγειο, παρέχοντας μηνύματα προειδοποίησης στη Γενική 

Γραμματεία Πολιτικής Προστασίας. Από τον Αύγουστο του 2012, το ΕΚΠΤ ενεργεί ως 

Υποψήφιος Πάροχος Υπηρεσιών Τσουνάμι (CTSP) στο πλαίσιο του Σύστηματος 

Προειδοποίησης για Τσουνάμι στο Βορειοανατολικό Ατλαντικό, τη Μεσόγειο και τις 

γειτονικές θάλασσες  (NEAMTWS) της IOC/UNESCO. Η λειτουργία του ΕΚΠΤ 

βασίζεται στο εθνικό δίκτυο σεισμογράφων και παλιρροιογράφων του ΕΑΑ και 

αξιοποιεί  ποικιλία βάσεων δεδομένων, αλγορίθμων και υπολογιστικών εργαλείων. Η 

συνεργασία με κορυφαία ερευνητικά ιδρύματα, στο πλαίσιο σημαντικών ερευνητικών 

έργων χρηματοδοτούμενων από την ΕΕ, ενισχύει την επιστημονική κατάρτιση του 

κέντρου. H εκπαίδευση του προσωπικού που συμμετέχει στην 24-ωρη λειτουργία του 
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κέντρου, διεξάγεται συνεχώς μέσω δοκιμών και ασκήσεων, προκειμένου να διατηρηθεί 

ένα υψηλό επίπεδο ετοιμότητας και ανταπόκρισης σε περίπτωση έκτακτης ανάγκης. Από 

τον Αύγουστο του 2012 το ΕΚΠΤ ως επιχειρησιακό κέντρο έχει εκδώσει έγκαιρα 14 

μηνύματα προειδοποίησης για πιθανά τσουνάμι μετά από ισχυρούς σεισμούς. 

Λέξεις κλειδιά: σύστημα προειδοποίησης για τσουνάμι, κέντρο επιχειρήσεων, μείωση 

επικινδυνότητας, Βορειοανατολικός Ατλαντικός, Μεσόγειος. 

1. Introduction 

The 26 December 2004 Indian Ocean tsunami, in which over 250,000 lives were lost around the 

Indian Ocean region, has brought the attention of the international community to the need for 

mitigating tsunami risk in various parts of the world given that only in the Pacific Ocean a tsunami 

warning system was already in place. The Intergovernmental Oceanographic Commission of 

UNESCO (IOC-UNESCO) received a mandate from the international community to coordinate the 

establishment of tsunami warning systems in the Indian Ocean, in the Caribbean as well as in the 

North-Eastern Atlantic, the Mediterranean and connected seas (NEAM region). As regards NEAM, 

the tsunami frequency is not so much high as the earthquake frequency is. However, many historical, 

disastrous tsunami events have been documented (e.g. Papadopoulos et al., 2014). During 2005 the 

IOC General Assembly formally established the Intergovernmental Coordination Group (ICG) for 

the NEAM Tsunami Early Warning and Mitigation System (NEAMTWS). The guidelines for the 

NEAMTWS activities are compiled in the NEAMTWS Implementation Plan and other documents. 

An extensive review of the tsunami phenomena in the NEAM region, the associated hazards, as well 

as the current status of NEAMTWS, was recently published (Papadopoulos, 2015). 

A first effort to develop a local tsunami warning system in the western segment of the Hellenic Arc 

was undertaken in the frame of the EC funded GITEC project (Papadopoulos, 2003a). From the very 

beginning of the IOC’s initiative in 2005, the Institute of Geodynamics of the National Observatory 

of Athens (NOA-IG) was actively engaged in planning and developing the NEAMTWS preparing 

gradually infrastructures, data bases and computational tools. The Hellenic National Tsunami 

Warning Center (HL-NTWC) was officially established by Law in September 2010. The HL-NTWC 

is a particular unit of the NOA-IG. In August 2012, the HL-NTWC was declared as operational 

tsunami center, offering tsunami warning at the national level and tsunami watch services within the 

frame of the NEAMTWS acting as Candidate Tsunami Service Provider in the frame of 

NEAMTWS/IOC/UNESCO. It operates on a 24/7 basis, providing monitoring and tsunami warning 

services in the region of Greece and the eastern Mediterranean. The HL-NTWC Operational Centre 

is linked to the Civil Protection Operational Centre and serves as the official alerting agency to the 

General Secretariat for Civil Protection in Greece as regards tsunami warning operations. 

2. Infrastructure and development 

The HL-NTWC operates in the same control room along with the seismic monitoring and is supported 

by the same staff that performs daily seismic analysis and monitoring. The HL-NTWC function is 

based on the national seismograph and tide gauge systems of NOA-IG and incorporates several data 

bases, algorithms and computational tools, including the TAT (Tsunami Analysis Tool) which has 

been provided by the Joint Research Center of the European Commission (EC-JRC) at Ispra. 

The core network supporting the HL-NTWC is the Hellenic Unified Seismic Network (HUSN) 

(Figure 1). NOA coordinates HUSN which incorporates more than 150 seismic stations contributed 

by the NOA’s Hellenic Seismic Network (HL, 49 BB 3-component stations; 22 stations are also 

equipped with a co-located strong motion sensor) as well as by local networks operated by 

University Seismic Networks (HP-Patras, HT-Thessaloniki, HA-Athens). In addition, seismic 

stations located in Greece and in neighboring countries, that belong to affiliated collaborative partner 

networks, such as GEOFON (GE), MEDNET (MN), INGV (IV), KOERI (KO) and Cyprus (CQ), 

are also included in the near real-time acquisition and storage as it is performed at NOA’s HL (Figure 
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1). The recorded data by HL are sent to the National Data Center (NDC) via the SeedLink protocol 

where they are processed automatically (SeisComp3 analysis suite) and analyzed manually by 

operators in a 24/7 mode (Nanometrics processing suite). The software package for earthquake 

detection and automatic location that is used at NOA-IG (SeisComP3), also utilizes strong motion 

stations. Moreover, the capability of real time strong motion networks for moment tensor estimations 

and their implementation for use in warning operations is under investigation. 

 

Figure 1 – Map showing seismic stations being available online at NOA-IG. 

For the control of the sea level changes the HL-NTWC is supported by the tide gauge network, 

which has been developed in the last years and is rapidly expanding (Figure 2). The real-time tide 

gauge network of NOA, along with one tide-gauge station of ITSAK, currently consists of 17 real-

time stations (radar type and/or pressure type) with sampling rate of ~1/30 sec or less which is 

suitable to record tsunami waves and to support tsunami operations. Three collaborative tide gauge 

stations have been installed in June 2013 in Koroni, Kithira and Paleochora (SW Crete), operated in 

cooperation with the JRC. Data from these stations are available to both HL-NTWC and JRC in real 

time. Each station comprises two independent sensors, one pressure and one microwave radar sensor 

and a co-located cGPS. During 2013, in the frame of several projects, NOA-IG installed another set 

of four tide gauge stations equipped with microwave sensors, in the islands of Santorini, Kerkyra 

(Corfu) and Rhodes (2 stations). In addition, a tide gauge station which was installed in Thessaloniki 

by ITSAK is linked with the HL-NTWC transmitting data in real time. By the end of 2015, within 

the frame of the national project “KRIPIS”, the HL-NTWC installed another 8 stations, five in 

various localities along the Hellenic Arc, two in the Corinth Gulf and one in Samothraki Isl., North 

Aegean Sea. A third station was installed in Corinth Gulf in collaboration with JRC. Moreover, tide 

gauge stations operated by the Hellenic Navy Hydrographic Service (HNHS) are accessible via ftp 

communication procedure, when they are available. The installation of more stations in the near 

future has been scheduled. In addition, NOA receives also records of tide gauges belonging to other 

organizations in Italy and Egypt. 

The main software tools that are used by the duty officers in HL-NTWC are the SeisComP3 and the 

Tsunami Analysis Tool (TAT). SeisComP3 is a widely distributed software package for 

seismological data acquisition and real-time data exchange. It is designed as a high standard fully 

automatic data acquisition and a near real-time data processing tool including earthquake detection 

and automatic location, quality control, and dissemination of event alerts. In the context of the 

GITEWS project (German-Indonesia Tsunami Early Warning System) additional functionalities 

were implemented to fulfil the requirements of 24/7 early warning control centers. 
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On the other hand, in the framework of the cooperation with JRC, TAT provides a dedicated 

Decision Support Tool that allows the analysis of the tsunami events. It is directly linked to scenario 

databases that enable HL-NTWC duty officer to estimate wave arrival times and wave heights near 

the coast. It also has message dissemination capabilities of the various tsunami warning messages. 

An important component in the Tsunami analysis that is provided by TAT is the online availability 

of sea level measurements. Basic waveform filtering and analysis, as well as comparison with 

simulation data are available. 

 

Figure 2 – Tide gauge networks utilized by HL-NTWC. 

Tsunami message dissemination is achieved through a scripting module that has been developed in 

house, following Tsunami Analysis Tool messaging output. This module gives the user the 

opportunity to send simultaneously all three types of messages, i.e. e-mail, fax and GTS, the last 

through the Hellenic National Meteorological Service (HNMS) via the dedicated VPN link between 

HNMS and NOA operating centers. The SMS technology has also been used during the last tsunami 

exercise (NEAMWAVE14) and the extended Communication Tests. 

Future infrastructure developments to support further the operation services provided by the HL-

NTWC include expansion of the seismic network, addition of more accelerographic stations, 

deployment of new tide gauge stations for tsunami watch purposes, computation of pre-simulated 

tsunami scenarios for the extension of the database in use and trial of newly established software 

modules for tsunami and earthquake alerting (i.e. Early-Est, SeisComP3 etc.). 

3. Involvement in scientific activities 

The newly formed HL-NTWC takes advantage of participating in important EC funded research 

projects in the field of tsunamis, like TRANSFER, SCHEMA and SEAHELARC (FP6), 

NEARTOWARN, TSUMAP-NEAM and ARISTOTLE (DG-ECHO, 2012-2013 and 2016-2017), 

ASTARTE and ZIP (FP7). Outcomes and gained knowledge from collaboration with top class 

research institutions that produce important results in the research front in Europe, are exploited 

towards the development of a top class Operational Center, useful for Civil Protection purposes in 

regions in need, including Greece. 

Scientific research is a top priority for the HL-NTWC. Tsunami research aims not only to improve 

scientific knowledge but also to reinforce and support the HL-NTWC. Research activities include 
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the compilation of tsunami catalogues and web GIS databases, studies of the generation mechanisms 

and numerical simulations of the generation, propagation and inundation of tsunami waves, tsunami 

source studies, investigation of palaeotsunami events with geological methods, development of 

tsunami intensity scales and hazard assessment methods as well as the development of local tsunami 

warning systems, such as the one that operates in Rhodes after its organization in the frame of the 

NEARTOWARN project. 

4. Tsunami watch operations 

The corner-stone for the operational part of the NEAMTWS are the National Tsunami Warning 

Centers (NTWCs) that have accepted to provide tsunami services within the frame of NEAMTWS. 

Since summer 2012, the national tsunami warning centers of France (CENALT), Greece (HL-

NTWC) and Turkey (KOERI) started to provide such services. During 2014, the Italian Tsunami 

Warning Center (CAT) established in INGV was added also as a center providing tsunami services. 

The above four tsunami centers are formally still named “Candidate Tsunami Service Providers 

(CTSPs)” since the procedure of their accreditation has not been completed yet, but is expected to 

be completed soon. In practice, those centers already act operationally at both the national level and 

at the NEAM level. Also, Germany has offered to provide backup for data collection and processing 

through the GFZ technological infrastructures. In Portugal, the national tsunami center has been 

established in IPMA at Lisbon. It is expected that in the near future IPMA will join the group of 

national centers providing tsunami services within the frame of NEAMTWS. 

It is understood that in their national roles the above tsunami centers, including HL-NTWC, act 

according to the respective national mandates and instructions which are adjusted to the national 

administrative needs that may be different from the ones at the NEAMTWS level. However, from 

the technical point of view the standards that the national centers follow at national level are the 

same with those at the level of NEAMTWS. In fact, all the centers that provide tsunami services 

have in common some standard characteristics decided by the ICG/NEAMTWS, such as the 

operation on 24/7 basis of national seismograph systems and tide gauge networks as well as expertise 

in seismic and tsunami monitoring. The HL-NTWC already operates as CTSP for the Eastern 

Mediterranean and is prepared to be accredited soon. It disseminates tsunami warning messages to 

17 agencies from 12 Member States, to three international bodies (IOC/UNESCO, ERCC-EC, JRC) 

as well as to the Greek General Secretary for Civil Protection (Figure 3). 

The procedure which is followed to issue tsunami alerting messages by the HL-NTWC and the other 

CTSP’s have as follows. As soon as an earthquake of minimum magnitude 5.5 has been generated 

under the sea or close to the coastal zones, the HL-NTWC is responsible to process and analyze 

earthquake data for the rapid initial assessment as a basis for the alert system. The basic seismic 

information which should be determined as soon as possible after the generation of an earthquake 

are the main focal parameters of the seismic event, that is the earthquake origin time, epicenter, focal 

depth and magnitude. This is achieved by the NOA’s automatic system within about 3 min from the 

earthquake origin time. 

Since immediately after the earthquake generation it is not known if a tsunami has been generated 

or not, a tool which is called “Decision Matrix” is used to decide the type of tsunami message that 

should be formulated and disseminated. A “Decision Matrix” is a set of empirical rules, regarding 

the possibility for a tsunami to have been generated or not according to the location of the earthquake 

epicenter as well as to the earthquake focal depth and magnitude. After long technical discussions 

within the working groups that support the ICG/NEAMTWS, it was decided that two similar in their 

structure but different in the numerical values “Decision Matrices” are appropriate to use, one for 

the North East Atlantic region and another for the Mediterranean basin. In Table 1 one may see that 

the tsunami severity (threat) level predicted by the “Decision Matrices” scales with the earthquake 

magnitude range. As a consequence, three levels of tsunami messages could be produced with the 

increase of the wave severity: Tsunami Information, Tsunami Advisory, Tsunami Watch. At the 
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same time, the magnitude range determines also the maximum distance at which tsunami impact is 

likely to be caused in the coasts. From this point of view local, regional and basin-wide tsunami 

message types are considered. In the Mediterranean, local distance means no more than 100 km, 

regional distance has been decided to be up to 400 km, while basin-wide distance is meant as the 

spatial field of possible tsunami impact beyond 400 km. The assessment of the possible tsunami 

wave severity is summarized in Table 2. 

 

Figure 3 – Subscribers to HL-NTWC of NOA tsunami warning service. 

However, the interest is not restricted only in making decision if a tsunami has been potentially 

generated and to assess its overall severity. On the contrary, it is of alerting importance to compute 

also the arrival time of the tsunami in a number of coastal forecast points that have been determined 

officially by the NEAMTWS country-members. Therefore, besides earthquake focal parameters, a 

standardized tsunami alerting message informs the recipients about the type of the tsunami message, 

using combinations between the various severity types (Information, Advisory, Watch) and the types 

of possible impact distance (Local, Regional, Basin-wide), as well as the calculated arrival time in 

a number of official forecast points. At the present stage of development the HL-NTWC and the 

other CTSP’s release tsunami messages in about 10 min after the earthquake origin time. However, 

after the Lefkada Isl. earthquake (Mw6.4) of 17 November 2015, the HL-NTWC issued its first 

tsunami bulletin only 5 min after the earthquake origin time. 

The next step in the alerting procedure is to collect, record, process and analyze sea level data for 

confirming and monitoring the tsunami or for cancelling elements of the alert message. If a tsunami 

occurrence has been confirmed by the sea level data then the tsunami message should be updated 

with the relevant information and resend as soon as possible. This is the case of the Lefkada 2015 

case, when an ongoing tsunami message was issued after the record of a tsunami-like sea oscillation 

of peak-to-peak amplitude of ~20 cm in the Crotone tide-gauge station in Italy. If needed, this 

procedure may repeat more than once. If, however, no tsunami generation is confirmed, then a 

tsunami cancellation message is issued and disseminated. It is noteworthy that no responsibility 

areas have been determined for each one of the four centers operating in the frame of NEAMTWS. 

Therefore, sending and receiving tsunami messages is performed only on a subscription basis. 
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Table 1 - Decision Matrix for the Mediterranean basin, proposed by the ICG/NEAMTWS in 

November 2010. 

Decision Matrix for the Mediterranean 

Focal 

Depth 

Epicenter 

Location 

Mw Tsunami Potential Tsunami Message Type 

Local Regional Basin 

<100 km 

Offshore 

or close to 

the coast 

(≤40 km 

inland) 

>5.5 - 

≤6.0 

Weak potential for 

local tsunami 
Advisory 

Informati

on 

Informati

on 

>6.0 - 

≤6.5 

Potential for a 

destructive local 

tsunami (<100 km) 

Watch Advisory 
Informati

on 

Offshore 

or close to 

the coast 

(≤100 km 

inland) 

>6.5 -

≤7.0 

Potential for a 

destructive regional 

tsunami (<400 km) 

Watch Watch Advisory 

>7.0 

Potential for a 

destructive basin-

wide tsunami 

Watch Watch Watch 

≥100 km 

Offshore 

or inland 

≤100 km 

>5.5 Nil 
Informati

on 

Informati

on 

Informati

on 

During the nearly three years of operation, the HL-NTWC has timely issued tsunami warning 

messages, and the respective cancellation messages, after 14 potentially tsunamigenic earthquakes 

(Table 3). One may see that in 12 out of 14 cases only Information bulletins were issued. In one case 

(n. 13 in Table 3) Watch bulletin was issued, but no tsunami was observed. In the last case (n. 14 in 

Table 3), a Watch bulletin was issued and a tsunami-like tide record was documented, as mentioned 

earlier. Further indices for the evaluation of the performance of tsunami bulletins issued by the 

CTSPs are under elaboration by the Task Team on Tsunami Operations of ICG/NEAMTWS. 

Table 2 - Tsunami message type and respective tsunami wave severity. 

Message type Tsunami Wave Effects on the coast 

Tsunami Watch 

Tsunami wave height greater 

than 0.5 m and/or tsunami run-

up greater than 1 m 

Coastal inundation, potentially 

including all the phenomena 

described as potential coastal 

effects corresponding to tsunami 

advisory 

Tsunami Advisory 

Tsunami wave height less than 

0.5 m but larger than 0.2 m and/ 

or tsunami run-up less than 1 m 

Currents, bore, recession, damage 

in harbors, small inundation on 

beaches 

Tsunami Information  No tsunami threat 

It should be noted that currently the HL-NTWC does not cover the Corinth Gulf, Central Greece, 

although the frequency of local tsunami generation is relatively high there (Papadopoulos, 2003; 

Stefatos et al., 2006; Tselentis et al., 2006). The reason is that the Corinth Gulf covers only a very 

limited geographic area being of about 115 km in length and of 30 km maximum width. However, 

a special “Decision Matrix” is under elaboration aiming to close this gap in the tsunami warning 

operations in Greece. It is also noteworthy that the NEAMTWS, and consequently the HL-NTWC, 

operate only for tsunamis generated by earthquakes. Tsunamis caused by aseismic landslides or 

volcanic processes are beyond the current operation status of NEAMTWS. 
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Table 3 - Summary of NOA HL-NTWC tsunami warning bulletins issued from August 2012 

up to 31st December 2015. 

No. 
Time (UTC) 

Date 
Region Final Mw 

EQ Bulletins Issued 

(preliminary NOA 

magnitude was used) 

1 
14:18:08 

8 Jan 2013 

N. Aegean Sea, Limnos Isl. 

(GR) 
5.7 

Information 

(5.8) 

2 
16:11:02 

15 Jun 2013 
Crete Isl. (GR) 6.1 

Information 

 (5.9) 

3 
21:39:04 

16 Jun 2013 
Crete Isl. (GR) 5.8 

Information 

 (5.7) 

4 
13:11:53 

12 Oct 2013 
W. Crete Isl. (GR) 6.4 

Information 

 (6.3) 

5 
15:21:05 

28 Dec 2013 
Cyprus region 5.9 

Information 

 (5.9 EMSC) 

6 
18:45:08 

26 Jan 2014 

Ionian Sea, 

Cephalonia Isl. (GR) 
5.3 

Information 

 (5.9) 

7 
03:08:44 

3 Feb 2014 

Ionian Sea, 

Cephalonia Isl. (GR) 
5.9 

Information 

 (5.9) 

8 
20:08:07 

4 Apr 2014 

Aegean Sea, 

Hydra Isl. (GR) 
5.4 

Information 

 (5.6) 

9 
09:25:02 

24 May2014 

N. Aegean Sea, Samothraki 

Isl. (GR) 
6.8 

Information 

 (6.0) 

10 
03:45:05 

29 Aug 2014 

S. Aegean Sea,  

SE Peloponnesus (GR) 
5.8 

Information 

 (5.8) 

11 
08:52:12 

15 Apr 2015 
Cyprus region 5.3 

Information 

 (5.6) 

12 
18:07:44 

16 Apr 2015 
Kasos Isl. (GR) 6.0 

Watch/Cancel 

(6.1) 

13 
02:05:42 

17 Apr 2015 
Kasos Isl. (GR) 5.4 

Information 

 (5.6) 

14 
07:10:07 

17 Nov 2015 
Lefkas Isl. (GR) 6.4 

Watch/Ongoing/End 

 (6.0) 

4.1. Communication Tests and Exercises 

All agencies that are involved in tsunami warning and mitigation must keep a high level of readiness. 

In order to be able to maintain such an operational level of readiness and especially for infrequent 

events such as tsunamis, TWP’s, NTWC’s and emergency agencies must regularly practice their 

response procedures to ensure that vital communication links work flawlessly, and that agencies and 

response personnel know the roles that they will need to play during an actual event. For this purpose, 

HL-NTWC participates in monthly communication tests and exercises organized by the IOC, in 

order to periodically verify and keep its readiness. Every first week of each month, it conducts 

regular communication tests and also participates in tests that are organized by other CTSPs. Also, 

the HL-NTWC effectively conducted the 3rd and 6th Enlarged Communication Test Exercises in 

October 2013 and July 2015, respectively, with the participation of 31 counties and 40 agencies. 

Under the coordination of ICG/NEAMTWS/IOC, extended system testing exercises are also 

conducted based on pre-simulated tsunami scenarios. HL-NTWC successfully participated in the 
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NEAMWAVE12 exercise (November 2012), the first Tsunami Exercise in NEAM region, providing 

a scenario based on the 9 July 1956 Amorgos large tsunami (Okal et al., 2009). In October 2014, it 

also provided one of the four scenarios for NEAMWAVE14. The provided simulation was about 

the AD 21 July 365 western Crete large earthquake and tsunami event (e.g. Shaw et al., 2008) and 

was employed by the Emergency Response Coordination Centre of the European Commission (EC-

ERCC) as an opportunity to test the internal procedures at the Union Civil Protection Mechanism 

(UCPM) and assess the capability of planning and activating the procedures for provision of 

international assistance to those affected countries which request it. 

5. Training initiatives 

Training of the duty officers involved in the 24/7 operation of the HL-NTWC is carried on constantly, 

since the operators are taking shifts. Talks and presentations are organized covering a wide range of 

topics, such as the operating procedures of a tsunami service provider, the operation of dedicated 

software (TAT, Seiscomp3 etc.) or of more scientific interest, such as earthquake and tsunami 

hazards and sea-level measurements. 

Tsunami warning systems must go hand in hand with awareness and preparedness of the general 

public. Since it is impossible to reduce the frequency of tsunami occurrence, people in endangered 

coastlines have to be prepared and know what to do in case a tsunami warning has been issued by 

the national authorities. Therefore, HL-NTWC has actively taken part in the Tsunami Information 

Centre (NEAMTIC) initiative of IOC/UNESCO. Tsunami related educational material has been 

translated into Greek, in order to provide information on warning systems, risks and good practices 

with  respect to tsunamis and other sea-level related hazards for civil protection agencies, disaster 

management organizations, decision makers, schools, industries in the coastal zone and the general 

public. This is to fulfil the increasing need to better educate communities about tsunami threats. 

In parallel, other initiatives are already taking place, such as the Global Tsunami Informal 

Monitoring Service (GTIMS-1 for the years 2013-2014; GTIMS-2 for the years 2015-2016) under 

the coordination of JRC. The main aim of the GTIMS initiative is to maintain readiness among the 

centers that provide tsunami early warning services, to support the ERCC mechanism as well as to 

test the interoperability and cooperation capabilities between the various centers. This is achieved 

through a series of pseudo-messages and creation of rapid earthquake (and tsunami, if any) analysis 

reports for all the large (M≥7.0) earthquakes occurring globally. For GTMIS-1 the HL-NTWS 

produced and submitted 17 reports for an equal number of earthquake events. 
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Abstract 

A network of seven accelerometric stations on both ground surface and structures has 

been recently installed, as part of a multi-sensor network for monitoring seismic 

motion and ground subsidence in the broader area of Kalochori, west of Thessaloniki 

in Northern Greece, within the INDES-MUSA project. This network includes ground 

installations within the urban area, structural stations on top of structures and a free-

field station away from the building stock. The documentation of stations is presented 

including shear wave velocity profiles of the subsoil at each location. A set of thirty-

nine earthquakes recorded so far by the accelerometric network is reported, followed 

by data processing procedures performed in the acquired waveforms. Comparisons 

of the processed earthquake recordings are presented referring to (a) the urban 

ground and the free-field stations in terms of peak ground acceleration, indicating 

amplification trends of ground motion, and (b) the structural and the nearby urban 

ground stations by means of top-to-base ratios in the frequency domain, towards a 

preliminary identification of the fundamental vibrational characteristics of the 

instrumented structures. The processed acceleration data are available through the 

INDES-MUSA Web-GIS portal. 

Keywords: seismic response of structures; multi-sensor monitoring; earthquake 

recordings; soil-structure interaction; data dissemination. 

Περίληψη 

Ένα δίκτυο επτά επιταχυνσιογράφων στην επιφάνεια του εδάφους και σε κατασκευές 

εγκαταστάθηκε πρόσφατα στην ευρύτερη περιοχή Καλοχωρίου, δυτικά της 

Θεσσαλονίκης, στο πλαίσιο του ερευνητικού έργου INDES-MUSA ως τμήμα 

πολυπαραμετρικού δικτύου καταγραφής της σεισμικής κίνησης και της εδαφικής 

υποχώρησης της περιοχής. Το δίκτυο περιλαμβάνει σταθμούς εγκατεστημένους στην 

επιφάνεια του εδάφους και στην κορυφή τυπικών κατασκευών εντός αστικών 

υποσυνόλων καθώς και ένα σταθμό ελευθέρου πεδίου. Όλοι οι σταθμοί έχουν 

τεκμηριωθεί καταλλήλως, λαμβάνοντας υπόψη τα ιδιαίτερα χαρακτηριστικά της κάθε 

εγκατάστασης καθώς και τα χαρακτηριστικά της εδαφικής δομής, όπως αυτά 

εκφράζονται από την κατανομή με το βάθος της ταχύτητας διάδοσης των διατμητικών 

κυμάτων σε κάθε θέση. Παρουσιάζονται καταγραφές του δικτύου επιταχυνσιογράφων 

από τριαντά εννιά σεισμούς και δίνεται η διαδικασία διόρθωσης που εφαρμόστηκε στις 
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πρωτογενείς χρονοϊστορίες επιτάχυνσης κατά το στάδιο επεξεργασίας και αποθήκευσης 

των σημάτων. Τέλος, παρουσιάζονται προκαταρκτικές συγκρίσεις τιμών μέγιστης 

εδαφικής επιτάχυνσης μεταξύ σταθμών εντός οικιστικής ζώνης και ελευθέρου πεδίου 

καθώς και συγκρίσεις φασματικών λόγων οροφής κατασκευών και βάσης με σκοπό την 

προκαταρκτική εκτίμηση των θεμελιωδών δυναμικών χαρακτηριστικών των 

ενοργανωμένων κατασκευών. Τα παραπάνω δεδομένα καταγραφών και τεκμηρίωσης 

είναι διαθέσιμα μέσω της διαδικτυακής πλατφόρμας Web-GIS του έργου INDES-

MUSA. 

Λέξεις κλειδιά: σεισμική απόκριση κατασκευών, πολυπαραμετρικό δίκτυο, καταγραφές 

σεισμών, αλληλεπίδραση εδάφους-κατασκευής, διάχυση δεδομένων. 

1. Introduction 

Monitoring of earthquake ground motion and seismic response of structures in a densely built urban 

environment is strongly related to the interplay between structural and soil response during earthquake 

shaking. In this regard, contamination of earthquake recordings by structural response or soil-structure 

interaction of the built environment has been reported in relevant studies (Gueguen et al., 2002; Bard 

et al., 2007). It is therefore critical to record ground motions that represent the actual ground shaking 

imposed on structures as part of an urban area (Chen et al., 2010; Taborda and Bielak, 2011). Reversely, 

the deployment of a dense accelerometric network within an urban site contributes to a large-scale 

assessment of seismic response of structures as affected by soil-structure interaction, thus effectively 

expanding the investigation from that of a single building - as is usually adopted in current design or 

analysis practice - to the level of urban environment. 

Along these lines, a dense accelerometric network has been recently deployed in the broader urban 

area of Kalochori, west of Thessaloniki, as part of a multi-sensor network for monitoring seismic 

motion and ground subsidence within the INDES-MUSA project (www.indes-musa.gr). Besides 

accelerometric stations, the above multi-sensor network comprises of GNSS base stations, a tide 

gauge system, a spatially distributed temporal network of eighteen (18) mobile rover GNSS and 

periodic measurements of water level at thirty-three (33) inactive boreholes (Rovithis et al., 2014). 

Among the innovative features of the monitoring scheme is the implementation of airborne Light 

Detection And Ranging (LiDAR) missions to monitor surface topography changes and produce a 

3D city model covering approximately 25km2 of the area under investigation (Charalampopoulou et 

al., 2014). The permanent installations of the INDES-MUSA multi-sensor network are mapped in 

Figure 1. The area is characterized by a complex urban environment including residential buildings 

and important civil infrastructures such as industries, tanks, power supply installations and lifeline 

networks. Four sub-areas of interest shown in Figure 1 were geographically defined, referring to a 

free-field zone away from the urban environment and three urban zones (i.e. the residential zone, 

the industrial zone and the tanks zone), allowing treatment of each urban sub-area as a homogenized 

unit with similar structural types and urban densities. 

Evidence on the seismicity of the broader Kalochori region including the city of Thessaloniki is reported 

in Paradisopoulou et al. (2006). The area has experienced several destructive earthquakes (M6.2 to M7.5) 

during its 23 centuries of continuous history. The strong M6.5 earthquake of 20/06/1978 occurred at an 

epicentral distance of 30 km east of Thessaloniki causing fifty deaths, severe damages recorded at 

approximately 25% of the building stock and serious social-economic losses. 

The INDES-MUSA accelerometric network includes stations on ground surface and on top of 

representative structures within each urban sub-zone and a free-field reference station. Following a 

detailed documentation of the installations, a data processing procedure is presented for the 

acceleration recordings that have been acquired so far from thirty nine earthquakes with epicentres 

in the Hellenic region. Comparisons of the processed recordings are reported between (a) the ground 

stations within each urban sub-zone and the free-field station in terms of peak ground acceleration 

and (b) the structural stations and the nearby urban ground stations by means of top-to-base ratios 
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in the frequency domain. A Web-GIS service tool (http://indes-musa.gr/en/webgis) for the 

dissemination of the INDES-MUSA monitoring products and data has been designed to release the 

acquired processed acceleration recordings to interested end-users. 

 

Figure 1 – The INDES-MUSA permanent monitoring network installed in the broader area 

of Kalochori and subdivision into four sub-zones of interest (Google Earth image). 

2. Accelerometric network of the INDES-MUSA project in the 

Kalochori area: Documentation of stations 

A pair of triaxial REFTEK 130-SMA high resolution (24bit) and absolute GPS time accelerometric 

stations is installed in each urban sub-zone corresponding to a “structural station” (denoted with “S”) 

and an “urban reference station” (denoted with “UF”), respectively, following the definitions given in 

COSMOS (2001). The former refers to an accelerometric station installed on the top of a representative 

structure of each urban sub-zone whereas the latter refers to a ground installation (either on open 

ground or in a small low-rise structure) within each urban sub-zone where minor contamination of 

earthquake recordings by the dynamic response of the housing building itself is anticipated. In this 

manner, a pair of “S” - “UF” accelerometric stations is installed in each urban sub-zone of the broader 

Kalochori area, allowing for the assessment of the instrumented structures natural period by means of 

structural top-to-ground base response ratios in the frequency domain (Faccioli et al., 1996; Meli et al., 

1998; Celebi, 2003), as explained in the ensuing. The INDES-MUSA accelerometric network is 

complemented with a free-field station (denoted with “FF”) installed on open ground at 3km 

approximately away from the built environment. 

The location of the seven stations composing the INDES-MUSA accelerometric network is shown 

in Figure 2 while the main features of each station are summarized in Table 1. It is noted that two 

accelerometric stations (KLH1 and KLH3) are collocated with GNSS reference stations. KLH5 

station was mounted on top of the water tank through a steel base welded at the center of the tank 

roof whereas KLH7 station was founded on a small, partially embedded reinforced concrete slab of 

70x70cm plan dimensions and 20cm thickness, following the COSMOS (2001) guidelines. 
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Figure 2 - Accelerometric stations in the broader Kalochori area: (a) KLH1 and (b) KLH2 

stations in the industrial sub-zone (white polygon), (c) KLH3 and (d) KLH4 stations in the 

residential sub-zone (yellow polygon), (f) KLH5 and (g) KLH6 stations in the tanks sub-zone 

(green polygon) and (e) KLH7 station in the free-field zone (magenta polygon). 

Table 1 - Main features of INDES-MUSA accelerometric network. 

Accelerometric 

station 

Sub-area of 

investigation 

Type of 

station* 
Description of installation 

KLH1 

Industrial 

S 

On the roof slab of a 2-storey R/C building of 

industrial type housing the municipal gymnasium of 

Kalochori 

KLH2 UF 
In a small warehouse close to the gymnasium 

building 

KLH3 

Residential 

S 
On the roof slab of a 2-storey stiff stone masonry 

structure housing the Cultural Centre of Kalochori 

KLH4 UF 
In a small warehouse close to the Cultural Centre of 

Kalochori 

KLH5 
Oil tanks 

S 
On the roof slab of a steel water tank owned by 

EL.PE oil company 

KLH6 UF On open ground close to the water tank’s base 

KLH7 Free field FF 

On the ground surface at the other side of the 

Kalochori bay, 3km approximately away from the 

urban area 
*S: Structural station UF: Urban reference station FF: Free-field station 

The installation of the accelerometric stations was completed within the period 16th of January 2014 

to 13th of March 2014, except KLH7, which was installed 6 months later (15th of September 2014). 

All the stations are oriented along the N-S direction and operate on a continuous-recording basis 

with real-time data transfer (except stations KLH5 and KLH6 where the recorded data is stored 
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locally and collected on site) to the central INDES-MUSA data acquisition server hosted in the 

premises of EPPO-ITSAK in Thessaloniki. 

2.1. Accelerometric stations monographs 

With reference to geological aspects, the region of Kalochori constitutes a tectonic graben covered 

by Quaternary and Neogene deposits of large thickness, consisting mainly of marine and lacustrine 

sediments. According to Nikolaou and Nikolaidis (1987), these deposits extend to a depth varying 

from 150 to 400m whereas deeper soil layers consist of Neogene deposits until 600–700m. Subsoil 

conditions at the sites of the INDES-MUSA accelerometric stations were further explored by in-situ 

geophysical Microtremor Array Method measurements. The latter were performed within each 

investigated sub-zone to obtain the distribution of shear wave propagation velocity (Vs) with depth. 

The analysis of microtremor (ambient noise) data followed two main processing stages, namely the 

extraction of surface waves’ dispersion curve (Figure 3a) using the frequency- wavenumber (f–k) 

method (Lacoss et al., 1969; Capon, 1969; Horike, 1985; Kvaerna and Ringdahl, 1986; Okada, 2003) 

and the application of inversion methods for the estimation of the local 1D seismic wave velocity 

distribution (Figure 3b). In the approach adopted herein, the inversion of the surface waves’ 

dispersion curve was based on a neighbourhood algorithm, which allows the incorporation of a priori 

information about the subsurface structure parameters (Wathelet et al., 2004; Wathelet, 2005). 

Following this procedure, the final shear wave velocity profiles were obtained for each sub-zone of 

interest (Figure 3c). Further details on the above geophysical field measurements may be found in 

Savvaidis et al. (2014). The above data was compiled in a monograph sheet for each accelerometric 

station where the following information is reported: 

   

(a) (b) (c)  

Figure 3 – (a) Dispersion curves for the earth models presented on the center plot with the 

corresponding dispersion curve (in black) as resulted from the processing of the data. (b) 

Inverted local 1D shear wave velocity profiles at station KLH6. The color scale denotes with 

red the earth models with the lowest misfit. (c) 1D shear wave velocity profiles (best solution 

based on lowest misfit values) for each sub-zone. 

Code name of the accelerometric station, type of installation (i.e. “S”, “UF” or “FF” type of station), 

sub-zone of interest where the station is installed, GPS coordinates of the station location, 

collocation with a GNSS base station (if available), type of data transfer (real-time through internet 

connection or collected on site), shear wave velocity profile until the depth of 30m, computed value 

of Vs,30 based on the geophysical data, soil type according to EC8 based solely on the Vs,30 value, 

surface geology as reported in IGME maps, brief description of the installation and photos taken 
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during the installation of each station. All the stations monographs have been uploaded to the Web-

GIS service tool mentioned above. For instance, KLH7 station monograph may be found in 

http://195.251.49.58/apollo-portal/img/Monographs_Accel/KLH7.pdf. 

3. Recorded earthquake events 

During the period 16/01/2014 to 26/07/2015, acceleration recordings from thirty-nine (39) 

earthquakes (Figure 4) with magnitude (M) and epicentral distance (R) from the Kalochori 

residential area ranging between 2.7 to 6.2 and 11.1km to 706.2km, respectively, were acquired by 

the INDES-MUSA accelerometric network. The corresponding (M)-(R) plot is also shown in Figure 

4. Peak accelerations in the range of 1mg to 10mgs were recorded from the above earthquakes within 

the area under study. 

 

Figure 4 - Map of earthquake epicenters recorded from the INDES-MUSA accelerometric 

network during 16/01/2014 to 26/07/2015. The corresponding (M)-(R) plot is also shown. 

Basic earthquake characteristics referring to the origin time, magnitude, epicenter coordinates, focal 

depth and distance of the epicentre from the Kalochori residential area are summarized in Table 2, 

based on seismological data from the Seismological Station of Aristotle University of Thessaloniki 

(http://geophysics.geo.auth.gr/ss/). Data availability from each accelerometric station and data 

processing features are also reported in Table 2. More specifically, the begin time (B_time) of the 

processed acceleration recordings was taken equal to the Origin Time (O.T.) for each earthquake 

event while the End Time (E_time) was defined by the Origin Time plus a pertinent time window 

covering the desirable waveform. The waveforms were baseline corrected and band-pass filtered by 

implementing the cut-off frequencies C1 and C2 mentioned in Table 2. An indicative comparison 

between unfiltered and filtered waveforms is shown in Figure 5. The complete set of recordings for 

the above time period is compiled in a database that includes 582 waveforms corresponding to 194 

three-component recordings. Based on the ORFEUS-ESM database standards, the file names of the 

acceleration recordings follow the structure: 

net_code.station_code.location_code.channel_code.date.time.processing_type.waveform_type.format. 
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Table 2 – Seismological data for the earthquakes recorded from the INDES-MUSA network 

during the period 16/01/2014 to 26/07/2015. 

 

  

Figure 5 – Acceleration recordings processing: Comparison of pre- (left) and post- filtering 

(right) the NS component of acceleration time histories for the earthquake occurred on 

December 7, 2014 (20:28:09 GMT). 

For example, the processed (C) acceleration time series (ACC) recorded at the seismic network of 

ITSAK (HI) installed at the top of the water tank (KLH5, SSS), N-S component (N), occurred on 

2014-09-25 at 06:20:51 GMT in ASCII format (ASC), has the following name: 

HI.KLH5.SSS.HNN.20140925.062051.C.ACC.ASC 

The processed acceleration waveforms have been uploaded to the Web-GIS platform (http://indes-

musa.gr/en/webgis) along with the corresponding site information reported in the stations 

monographs mentioned above, as part of the INDES-MUSA research project outcomes at the 

disposal of the scientific community and interested end users. 
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Preliminary data interpretation 

Earthquake acceleration recordings acquired from the different types of installations (i.e. “S”, “UF” 

and “FF” type) allow for some preliminary observations. Figure 6 shows peak ground acceleration 

ratios (PGAFF/PGAUF) obtained from the free-field station (KLH7) recordings to urban reference 

station (KLH4) recordings in the residential sub-zone. The different group of columns in the plot 

refer to the N-S, the E-W and the vertical component of motion as recorded from nine earthquakes. 

Although the limited number of available recordings disallows generalized conclusions, it is 

observed that peak ground acceleration is systematically higher in the free-field zone with respect 

to the residential sub-zone, independently of the different earthquake characteristics. A similar but 

less pronounced trend was observed when PGAUF is obtained from the acceleration recordings of 

KLH2 and KLH6 urban reference stations in the industrial and tanks sub-zone, respectively. 

 

Figure 6 – Peak ground acceleration ratios (PGAFF/PGAUF) of free-field station (KLH7) 

recordings to urban reference station (KLH4) recordings in the residential sub-zone. Plots 

refer to the N-S, the E-W and the vertical component of motion as recorded from nine 

earthquake events. 

  

Figure 7 – Structural top-to-ground base Fourier ratios obtained from acceleration 

recordings of KLH3 (“S” type) and KLH4 (“UF” type) stations in the residential sub-zone: 

(a) E-W component (b) N-S component. 

The reduced amplitude of acceleration recorded in the urban areas with respect to the free-field zone 

could possibly indicate a contamination of ground motion due to multiple interactions between soil 

and structures, as asserted in the review paper of Bard et al. (2007). However, further research in 

the area of Kalochori is necessary to strengthen the above preliminary observation. 
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In the same sense, accelerations recordings from KLH3 (“S” type) and KLH4 (“UF” type) stations 

in the residential sub-zone were represented in the frequency domain to derive structural top-to- 

ground base Fourier ratios, allowing for a preliminary identification of the fundamental vibrational 

characteristics of the instrumented structure housing the Cultural Centre of Kalochori. Possible soil-

structure interaction effects due to the compliance of the foundation soil are by definition taken into 

account during the procedure since they are inherently imprinted in the recorded motions. The 

Fourier ratios plotted in Figure 7 refer to the E-W and N-S component of motion recorded from five 

earthquakes. Results show an evident similarity between the different earthquakes with respect to 

the frequency range of the first peak that is observed at 7-8Hz in the E-W component of motion 

(Figure 7a). Interpretation of the above similarity should take into account that the earthquakes 

recorded so far refer to low inertial seismic forces represented by peak accelerations in the range of 

5 to 10mg were imposed on the instrumented building, indicating a linear elastic response of the 

structure. The frequency range of the first peak obtained for the N-S component (Figure 7b) is shifted 

to lower frequencies (4-5Hz) with respect to the E-W component, denoting a more flexible load-

resisting system of the structure along the N-S direction. Of course, as already mentioned, these 

observations should be viewed as a preliminary assessment of the structural mode response under 

the specific earthquake motions. In this regard, an enriched database of earthquake recordings is 

foreseen to provide further support on the above issues. 

4. Conclusions 

A focused accelerometric network installed in the complex urban landscape of Kalochori, located 

west of Thessaloniki, was presented as part of a multi-sensor network within the recently completed 

INDES-MUSA research project (www.indes-musa.gr) for monitoring seismic motion and ground 

subsidence in the above area. The INDES-MUSA accelerometric network includes ground 

installations on both free-field and urban conditions and accelerometric stations on top of structures 

within different urban sub-zones. Detailed features of the accelerometric stations and the complete 

set of earthquake recordings that have been acquired so far are reported. Preliminary data 

interpretation reveals larger peak ground accelerations in the free-field station with respect to the 

urban ground stations and allows a first-level identification of the frequency range of resonance for 

the instrumented structures. 
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Abstract 

Automatic Moment Tensor (MT) calculation is exceptionally valuable in many real-

time seismological applications, such as shake map generation or tsunami warning. 

Scisola, a new software for automatic MT retrieval, has been recently developed. This 

software binds the extensively used ISOLA MT inversion code with the widely known 

real-time seismological processing tool, SeisComP3. Automatic MT calculation is 

achieved by passing the event location information, the waveforms and the station 

meta-data produced by SeisComP3 to ISOLA. Scisola has been written in Python, 

many powerful libraries were used and significantly reduced the MT computation time 

by calculating the Green's functions and the centroid position/time grid search in 

parallel mode. This tool provides a graphical user interface for easy solution overview 

of the extended graphical output and a quick revision of the corresponding solution; 

a database for storing the results and an extensive configuration customized to the 

user's preferences. Apart from the real-time MT approach, scisola is capable of 

running in offline mode mostly for testing or playback purposes. Lately, a scisola 

plug-in was completed for real-time MT monitoring by automatically updating a Web 

page with the latest MT calculations. The code's performance was compared to 

manual MT solutions and proved to be satisfying. 

Keywords: ISOLA, Python, automatic, inversion, focal mechanism. 

Περίληψη 

Ο αυτόματος υπολογισμός του Τανυστή Σεισμικής Ροπής (ΤΣΡ) είναι εξαιρετικά 

χρήσιμος σε πολλές εφαρμογές της σεισμολογίας που υλοποιούνται σε πραγματικό 

χρόνο, όπως είναι η εκτίμηση της εδαφικής κίνησης ή η προειδοποίηση για τσουνάμι. 

Πρόσφατα, αναπτύχθηκε ένα νέο λογισμικό, το scisola, που δύναται να υπολογίσει 

αυτόματα τον ΤΣΡ. Συγκεκριμένα, συνδέει το ISOLA, ένα ευρέως χρησιμοποιούμενο 

πρόγραμμα αντιστροφής του ΤΣΡ, με το SeisComP3, ένα επίσης πολύ διαδεδομένο 

εργαλείο επεξεργασίας -σε πραγματικό χρόνο- σεισμολογικών δεδομένων. Ο αυτόματος 

υπολογισμός του ΤΣΡ επιτυγχάνεται θέτοντας ως παραμέτρους, στο ISOLA, τη θέση της 

εστίας του σεισμού, τις κυματομορφές και τα μετα-δεδομένα των σεισμολογικών 

σταθμών, όπως αυτά καταγράφονται και υπολογίζονται από το SeisComP3. Το scisola 

έχει προγραμματιστεί σε Python και χρησιμοποιεί ειδικές βιβλιοθήκες που καθιστούν 

τον υπολογισμό του ΤΣΡ λιγότερο χρονοβόρο, αφού ο υπολογισμός των συναρτήσεων 

Green καθώς και η αναζήτηση της θέσης/χρόνου του κεντροειδούς, εκτελούνται 

παράλληλα. Εκτός του αυτόματου υπολογισμού του ΤΣΡ σε πραγματικό χρόνο, το 

scisola δύναται να χρησιμοποιηθεί, και χειροκίνητα για τον υπολογισμό του ΤΣΡ ενός 
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συγκεκριμένου σεισμού. Τελευταία, αναπτύχθηκε ένα εργαλείο που συνδέεται στο 

scisola και δημοσιεύει στο διαδίκτυο τις λύσεις των ΤΣΡ που υπολογίστηκαν. Η επίδοση 

του κώδικα μετρήθηκε συγκρίνοντας αυτόματες λύσεις με τις αντίστοιχες, 

υπολογισμένες από χρήστη, και αποδείχθηκε ικανοποιητική. 

Λέξεις κλειδιά: ISOLA, Python, αυτόματα, αντιστροφή, μηχανισμός γένεσης. 

1. Introduction 

Modern seismic networks with broadband sensors and real-time digital telemetry provide the 

opportunity for automating the Moment Tensor (MT) calculation. The MT inversion procedure can 

be categorized in calculations concerning global and regional networks. As regards the first case, 

Global CMT project (http://www.globalcmt.org) (Dziewonski et al., 1981; Ekström et al., 2012), the 

United States Geological Survey (http://earthquake.usgs.gov), the Earthquake Research Institute 

(ERI), Japan (Kawakatsu, 1995), the GeoForschungsZentrum (GFZ) German Research Centre for 

Geosciences (http://www.gfz-potsdam.de/en/home) (Saul et al., 2011) already support a global 

automatic MT calculation procedure. As for regional networks, the Berkeley Seismological 

Laboratory of the University of California developed the TDMT_INV software (Dreger, 2003) used 

for regional automatic MTs (http://seismo.berkeley.edu) related to earthquakes larger than 3.5 

Moment Magnitude (Mw). This software was adjusted and also used by the Japan National Research 

Institute for Earth Science and Disaster Prevention (http://www.bosai.go.jp/e) and the Mediterranean 

Network (MedNet) of Italy (http://mednet.rm.ingv.it). Other institutes -worldwide- that contribute 

to regional automatic MT calculation procedures are the Swiss Seismological Service 

(http://www.seismo.ethz.ch/prod/tensors/index_EN) and the Earthquake and Volcano Information 

Centre of Japan (http://wwweic.eri.u-tokyo.ac.jp/index-e.html), while (Bernardi et al., 2004) 

presented the first automatic MT inversion procedure in the Europe-Mediterranean region. MT 

retrieval software packages for regional distances include FMNEAREG (Delouis et al., 2008) and 

(Maercklin et al., 2011), KIWI (Cesca et al., 2010; Yagi and Nishimura, 2011) and ISOLA (Sokos 

and Zahradník, 2008, 2013). The last one has been used for research applications, for example, 

(Agurto et al., 2012; Quintero et al., 2014) and as an MT inversion routine, since 2006, at the 

University of Patras, Seismological Laboratory, Greece (http://seismo.geology.upatras.gr), and 

since 2012, at the National Observatory of Athens (http://bbnet.gein.noa.gr), at the University of 

Tehran (http://irsc.ut.ac.ir/tensor.php) and at the Colombia Geological Service 

(http://seisan.sgc.gov.co/RSNC/index.php/tm). ISOLA's extension towards automatic operation 

(Triantafyllis et al., 2013) combined with the rapid evolution of the widely known seismological 

software, SeisComP3 (http://www.seiscomp3.org) (Weber et al., 2007), paved the way for the 

scisola (Triantafyllis et al., 2015) software implementation; a free and open-source code for 

automatic and real-time MT monitoring based on the ISOLA code and tightly connected to 

SeisComP3. The source code and the user manual of scisola can be found at GitHub hyperlink 

(https://github.com/nikosT/scisola). 

2. Overview 

The implementation of scisola was achieved by the utilization of various free software tools and 

libraries. Scisola uses the ISOLA Fortran software as its main core and -since it is written in Python- 

combines the use of powerful Python libraries such as, ObsPy (Beyreuther et al., 2010) which is 

used mostly for seismological calculations e.g. signal filtering and instrument response removal; 

matplotlib (Hunter, 2007) and NumPy (Van Der Walt et al., 2011) for plots generation and numerical 

computations respectively; PyQt4 for Graphical User Interface (GUI) construction; subprocess for 

wrapping the necessary modules of SeisComP3 and ISOLA; multiprocessing for parallelizing 

calculations e.g. the centroid position/time grid search; and finally MySQLdb (Dustman, 2010) and 

psycopg2 (Di Gregorio, 2010) for manipulating database e.g. storing results and handling stations 

meta-data. Figure 1, shows the scisola architecture schema, including the above mentioned tools and 
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libraries. Recently, a new plug-in to scisola was developed -written in Bash and Web development 

languages- for real-time MT monitoring over the Internet. 

Figure 1 - Scisola architecture schema. 

2.1. ISOLA 

The ISOLA MT retrieval algorithm is based on the iterative deconvolution method (Kikuchi and 

Kanamori, 1991). Earthquake sources can be modelled as point or multiple point sources. Green's 

functions are calculated by the discrete wavenumber method (Bouchon, 1981) and (Coutant, 1989) 

for local or regional distances using one-dimensional velocity models. The MT is found by the least-

squares, time-domain minimization of the L2-norm misfit between the observed and synthetic 

waveforms, while the centroid position and time of subevents is optimized through grid search. The 

computational options allow for inversion using the full MT, the deviatoric MT or the double-couple 

(DC) constrained MT (Sokos and Zahradnik, 2008; Křížová et al., 2013). 

3. Software description 

3.1. Automatic Moment Tensor algorithm 

The automatic MT calculation procedure -accomplished in scisola- can be described in eight steps. 

3.1.1. Triggering the Moment Tensor procedure 

Triggering the MT calculation procedure can be performed in two ways; automatic and manual. In 

the first case, scisola is listening to SeisComP3 for new earthquakes and automatically triggers an 

MT procedure when it is being notified for a new event. This is implemented by using the watcher 

module of scisola code that combines the scevtls and scxmldump tools of SeisComP3. Additionally, 

scisola performs various checks at the incoming earthquake notification such as magnitude threshold 
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and location constrains. Alternatively, in the manual mode, the MT calculation procedure is executed 

through Python scripting. 

3.1.2. Station selection by epicentral distance 

After the MT procedure triggering, scisola retrieves all station and stream meta-data from its 

database (which has been populated at the initial configuration). Afterwards, the algorithm removes 

streams that have unaccepted stream type or are blacklisted by the user. Thereafter, it calculates the 

distance and the azimuth of the stations based on the epicentre’s location and selects those stations 

that fulfil a distance range rule, defined at the settings. Rules are based on the idea that more distant 

stations are used for larger magnitude events. In this way, it is more likely for clipped streams or 

stations, affected by the finite source dimension, to be avoided. The parameters could be roughly 

estimated from empirical relations, e.g. (Somerville et al., 1999). For example, for magnitude 6, 4, 

and 2 the characteristic fault length is ~10, 1 and 0.1 km, respectively. 

3.1.3. Data retrieval 

At the next phase, through seedlink module of scisola code, that uses the slinktool utility of 

SeisComP3, the software retrieves the available seismic waveforms in mini-seed format and removes 

those streams that have gaps or are clipped. The extraction time window is set according to the origin 

time and the time window length (tl) used in the inversion. 

3.1.4. Data correction and alignment 

At the next phase, scisola applies rotation to a geographic coordinate system (ZNE) and instrument 

correction based on stream meta-data (displacement waveforms are used in the inversion). If the 

orientation of a stream is not specified, it is removed from further processing. Additionally, 

waveforms are aligned according to the origin time and re-sampled to the same sampling frequency. 

3.1.5. Station selection by azimuthal distribution 

At this stage, eight azimuthal sectors of equal size are a priori defined while stations are distributed 

in these sectors according to their azimuth value, which was previously calculated based on the 

epicentre’s location. The maximum number of stations per sector and the minimum number of 

sectors needed for MT calculation are set at configuration. If the minimum number of azimuth 

sectors is not reached, the inversion procedure terminates. In case the number of stations in a sector 

exceeds the maximum number, scisola will select those stations that have smaller epicentral distance 

and higher priority. Priority is set at configuration and it is based on user’s knowledge about station 

performance. 

3.1.6. Green's functions computation 

During this step, Green’s functions are computed through a Python wrapper to the ISOLA code, a 

1D crustal velocity model is used and it is defined at configuration. Green’s functions are later 

convolved with six elementary moment tensors to form elementary seismograms (Sokos and 

Zahradník, 2008; Křížová et al., 2013). The temporal variation of each elementary moment rate is a 

delta function. The centroid is grid searched beneath the epicentre. The depth distribution of the trial 

sources, including the grid step, are defined at the configuration. Scisola uses parallel processing -

and thus speeding up computation- by executing multiple threads, i.e. one thread for each trial depth 

Green's function calculation. 

3.1.7. Centroid Moment Tensor inversion 

After the Green's functions computation, the inversion procedure starts. Although the ISOLA code 

offers various options for source inversion, e.g. full MT, deviatoric, DC-constrained etc.; the 

deviatoric type is predefined, since it is adequate in most cases. The frequency band used in the 

inversion procedure is defined by the event's magnitude and is set up as a rule at the configuration. 

Rules are based on the idea that large events should be inverted using larger periods. The inversion 
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frequency band is also affected by the crustal model; for example, full waveform modelling is 

commonly feasible up to epicentral distances of ~10 minimum shear wavelengths (Fojtikova and 

Zahradnik, 2014). Finally, a temporal range for the grid search of the centroid time is defined a few 

seconds before and after the origin time. The temporal grid search is additional to the spatial grid 

search, i.e. search of the centroid underneath the epicentre, thus a spatiotemporal grid search is 

finally performed. 

3.1.8. Results generation/plotting 

After successful computation of the inversion, scisola produces a number of output files, e.g. an 

ASCII file of the results suitable for distribution over the Internet, plots etc. Specifically, it generates 

a figure containing the beachball of the MT solution, a map containing the beachball of the DC part 

of the MT and the locations of stations contributing to the inversion, a plot of observed and synthetic 

waveforms, a simple plot demonstrating the best focal mechanism for each trial depth, a 

comprehensive plot of correlation contours with resulting focal mechanisms at each spatiotemporal 

grid point (the so-called correlation plot) and a plot of the contributing streams. Moreover, it creates 

a log file containing the process information throughout the entire computation. Finally, the results 

are stored in the scisola database (MySQL). Figure 2, shows a review/revision window for a MT 

solution. The figure includes eight tabs concerning the results (e.g. detailed solution plot, map, 

correlation plot, text file, log file, etc.) and the revision panel -at the right part of the results tab-. 

 

Figure 2 - Review/Revision window of scisola GUI for a moment tensor solution. 

3.2. Moment Tensor solution revision 

A quick revision of the MT solution can be performed by manual removal of individual, 

automatically selected streams and/or by changing the frequency range of the inversion. The 

variance reduction of each component after the inversion can assist the user to decide which 

components to remove, i.e., the ones with the worst fit. However, this is not always straightforward, 

see (Zahradnik and Plesinger, 2005, 2010). 

3.3. Moment Tensor solution's quality evaluation 

Scisola produces a few parameters that indicate the quality of a MT calculation. In detail, the 

Variance Reduction (VR) expresses the waveform fit (VR≤1, while VR<0, implies no correlation). 

The Condition Number (CN) characterizes the inversion stability; a ratio between the largest and 

smallest singular value (CN<3-5, indicates well-posed inversion, while CN>10, indicates ill-posed) 
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(Křížová et al., 2013). The FMVAR and STVAR indexes, describe the focal mechanism variability 

and time space resolution of the centroid. FMVAR quantifies the focal mechanism variation within 

the high-correlation region and the STVAR quantifies the size of this region in the space-time grid 

search; large values of FMVAR and STVAR indicate instability of the solution (Sokos and 

Zahradnik, 2013). In addition, the scisola plug-in reports a quality factor (A-D) and (1-4) (A1 best 

quality, D4 worst). The alphabetical part is defined according to VR and the total number of stations 

contributing to the inversion. The numerical part is defined based on the percentage of the 

Compensated Linear Vector Dipole (CLVD) component in the solution (Scognamiglio et al., 2009). 

This quality factor determination scheme is followed by the GI-NOA for manual MT solutions. 

Illustration example of parameters' utilization is presented at Triantafyllis et al. (2015). We have to 

note that a robust scisola configuration set-up would significantly improve the automatic MT 

calculations. This includes careful determination of stations' priority, selection range, inversion 

frequency and more. Thus, a good user knowledge of networks' capabilities, telemetry malfunctions 

and the use of a training dataset are suggested in order to achieve a good performance of the software. 

3.4. Real-time Moment Tensor monitoring 

Lately, a plug-in to the scisola software was developed for real-time MT solutions monitoring over the 

Internet. This is obtained by automatically updating a Web page with the latest MT calculations. 

Specifically, the Web page offers a map hyperlink -as shown in Figure 3-, which is created using the 

Google Maps technology, next to a report list of the fifty most recent MT solutions. Every MT solution 

is depicted on the map based on its location and illustrated according to its focal mechanism 

representation. By clicking on the focal mechanism representation, a text balloon appears containing 

particular information such as centroid depth, centroid origin time, moment magnitude (Mw), 

solution's quality, a hyperlink to an HTML document with an extensive description of the MT solution 

and more. The MT solution hyperlink besides the comprehensive summary of the calculation, includes 

the generated series of the plots that were previously described. Additionally, the Web page offers a 

search area where the user can restrict the displayed MT solutions conforming to a specific Mw, 

centroid depth and/or location range. Furthermore, the Web page offers a list hyperlink that displays a 

line-up of the fifty most recent MT computations. Subsequently, the user, by clicking on the desired 

MT solution, will be redirected to the specific HTML document of the calculation -as described above- 

in order to review it. Moreover, the plug-in makes available the launching of a simple HTTP server 

that can quickly show the Web page for public view through the Internet. The plug-in installation can 

be easily performed by following the instructions of a set-up script. 

4. Comparison among automatic and manual Moment Tensor solutions 

A dataset of 46 earthquakes, occurred from 2014/01/02 to 2014/06/25 in Greece and analysed by 

scisola, was used for the evaluation of the MT’s solution. The data were retrieved from the Hellenic 

Unified Seismic Network (HUSN), while the comparison to the automatic solutions has been 

achieved using the corresponding manual solutions provided by the Geodynamics Institute of the 

National Observatory of Athens (GI-NOA) (http://bbnet.gein.noa.gr). The comparison, however, is 

not completely straightforward. For instance, GI-NOA also used strong motion data and various 

crustal models according to the event's location, while we only used broadband data and a single 

crustal model (Novotný et al., 2001) for all events. Comparison has been accomplished using the 

so-called Kagan metric (Kagan, 1991). This angle expresses the minimum rotation between two 

double-couple focal mechanisms. An acceptable agreement between the manual and automatic 

solution is represented by Kagan angles up to a few tens of degrees, while a strong disagreement 

corresponds to angles larger than 50°-60° (Vannucci et al., 2004). 
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Figure 3 - Plug-in to scisola for real-time MT solutions monitoring over the Internet (map 

hyperlink). 

We observe that 34 out of the 46 MT pairs have a difference of less than 30°. Apart from the focal 

mechanism estimation, two other parameters that are of great importance during the first minutes 

after an event's occurrence, are the moment magnitude (Mw) and the centroid depth. We note that 

39 out of the 46 pairs under comparison provide almost the same size of the seismic source (i.e. Mw 

difference ≤ 0.1). Additionally, for the entire evaluation dataset, the maximum difference was not 

larger than 0.3. Figure 5 presents a histogram of the Mw and the Centroid Depth (CD) difference 

between the automatic and manual solutions. According to this plot, the focal mechanisms of 35 out 

of 46 earthquakes produce almost the same centroid depth of the seismic source (i.e. difference ≤ 4 

km). Thus, scisola provides the size and the depth estimation of the seismic source with adequate 

accuracy a few minutes after the event occurrence. Extreme Kagan values are mainly related to large 

azimuthal gaps (i.e. events that occurred at the edges of the seismic network). The use of different 

sets of waveforms or crustal models, in some cases, produced larger deviations between the 

automatic and manual processing. Moreover, the presence of long-period disturbances in the seismic 

data (Zahradník and Plešinger, 2005, 2010) is another possible cause of low quality automatic MT 

calculation. We have to mention, as well, that there are some cases where the manual solution itself 

is not well constrained. For example, a poor depth resolution could cause large differences between 

automatic and manual solutions. 

5. Future improvements 

The results and the experience gained from the automatic MT application revealed possible 

extensions that would increase the reliability of scisola. Since, at present, only a single crustal model 

can be set, a next step towards MT computation improvement, is to implement multiple crustal 

models based on the events' location. In several cases, seismic data depict various problems such as 

data transmission problems, noise, disturbances (Zahradník and Plešinger, 2005) and more. Thus, 

advanced signal processing methods will significantly improve the procedure. Perhaps, these could 

detect erroneous waveforms (Vackář et al., 2014) and either remove them from the processing or 

even correct them prior to the inversion process. Additionally, pre-calculation of the Green's 
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functions could speed-up the overall MT computation and thus allow a fully three-dimensional grid 

search of the centroid position. 

Figure 4- Kagan angle of miss-alignment (°). 

 

Figure 5 - Manual minus automatic Mw and Centroid Depth (CD). 
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