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Abstract

The Anthemountas river basin is located in northern Greece and covers an area of
374 km?. The mountainous part of the basin consists of ophiolitic, crystalline and
carbonate rocks, whereas the lowlands comprise Neogene and Quaternary sedi-
ments. Porous aquifers are developed in neogene and quaternary deposits of con-
fined and/or unconfined conditions. Karstic aquifers are developed in the carbonate
rocks and there are aquifers in the Mesozoic and Palaeozoic fissured rocks. The wa-
ter demands of the basin are mainly met by the exploitation of the porous aquifers
through a large number of boreholes (more than 1000). The aquifers of fissured
rocks discharge through cold springs without significant flow rate. Thermal hot
springs are recorded across the Anthemountas fault discharging a mixture of geo-
thermal fluids and cold water from the karst aquifer. According to their hydrogeo-
logical and lithological characteristics, porous aquifers can be divided into the sub-
systems of Galatista and Galarinos in the eastern part of the Anthemountas basin,
Vasilika-Risio-Thermi and Tagardes-Trilofos in the western part and Peraia-Agia
Triada and AUTh farm-Makedonia airport in the coastal area. For the determina-
tion of the aquifers (geometry and anatomy), their recharge mechanisms and hy-
draulic connection, data from geological maps, lithological profiles, geoelectrical
soundings and tomographies, pumping tests and groundwater level measurements
are used.
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Hepilnyn

H Jexévy tov AvOsuobvra Ppioxeton oty Popera EMdda kar éyxer éxtaon 374 km?’. Zto
OPEIVE, TUNUATO, THS TEPLOXNS TOVOVTWVTOL 0Piloiibixa, avOpokikd Kal KpvoTtalloayl-
OTWON TETPWOUATA, EVOD TO TEOIVO TUNUO amotedeital ard Tetaptoyevn kor Neoyevy
1lHuata. 2o TETOPTOYEVH Kol VEOYEVH 1{HUOTO. AVOTTOGEOVTOL EAEDOEPOL Kou IO Tie-
01 DOPOPOPELS, aTA OVOPOKIKG TETPWOUATO, KOPTTIKOL, EVWD KOI DOPOPOPELIS OTA OLEP-
PNYUEVa Kpoataddika metpauato. O DOATIKES OVOYKES THG TEPLOYNS KOADTTOVTOL KU-
PIWG OO TV EKUETAALEDTH TWV TOPDIWY VOPOPOPEWY LE UEYGLO aplOUo YewTphoE-
wv (>1000). O1 v3poPopeic TV SIEPPRYUEVOV TETPOUATOV EKPOPTICOVTOL ATO WO-
XPES TNYES Ywpls onuovtikes mapoyés. Koata unxog tov piyuotog tov AvBsuodvro. e-
vrori{ovial yewOepikés TNYEC OOV GE OPIGUEVES TEPITTWOELS EKPOPTICOVY VEPO ATO
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AVOUEIEH YeWBEpUIKDOV PEVTTMOV KAl WOXPOD GTO TOV KOPOTIKO DOPOPOPEQ. ZOUPDVO,
Ue 10 VIPOYEWAOYIKG. Kot AMBOLOYIKG YOPAKTHPIOTIKG TOVG 01 TOPWOEIS DOPOPOPELS
xwpiotnkay oro. vroovotipate e I alatiotag kar tov Ialopivod ota dvtikd, TV
Boaagilikwv-Pociov-Ocpuns kor Toyopddwv-Tpiddpov oto kéEvipo e Aekavig kot g
Hepaiag-Ayiog Tpicdag xar Aypoxtiuatos AIIO-Agpodpouio Maxedovio. oto mopd-
xrio wunuo. Tio tov kaBopioud e yemUETPIOS Kol JOUNG TWV DAPOPOPEDY, THV -
OPODAIKY EMIKOIVMVIO KO1 TO. DOPOVAIKG TOVS YOPOKTHPIOTIKG, XPHOIULOTOOnKaY J€-
oouévo. aro ABoLOYIKES TOUES, OOKILLOOTIKES avTAfoels, foOooKkoTHoEIS Kol NAEKTPIKES
Topoypagies, kKaBws Kai UETPHOEIS TTAOUNG.

Aéerg Kleora: Aappnyuévo. wetpapora, Ilnyés, Yroyeior vopopopeis, Iewnlextpi-
KEC O10.OKOTHOEIG.

1. Introduction

Groundwater is of major importance in the Anthemountas basin because it is the main supply of
water for domestic, irrigation, industrial and livestock uses. Population of the basin is 56,000
people, agricultural land covering 52%, livestock units (about 100) and a large number of
industrial and commercial units can describe the main needs of water supply in the area. The water
demands are covered by the exploitation of the porous aquifers through a large number of
boreholes (greater than 1000). On the other hand a small number of boreholes are drilled in
fissured rocks, located mainly in fault zones. Cold springs with no significant discharge are
recorded in the wider area.

The aim of this work is the determination of the aquifers type, geometry and anatomy, hydraulic
characteristics, recharge mechanisms and their hydraulic connection. These data are necessary to
determine groundwater reserves and are useful for rational exploitation in order to avoid future
quantitative and qualitative degradation.

2. Geomorphological and Geological Settings

The Anthemountas basin is located in northern Greece at the eastern part of the Thermaikos gulf
and covers an area of 374 km? with high hills of semi-mountainous relief, according to Dikau’s
(1989) classification. The mean altitude and slope of the study area are 259 m and 20%,
respectively, with a good developed dendritic drainage network.

From a geological point of view, the Anthemountas basin is a part of the Servo-Macedonian,
Circum-Rhodope and Paeonian geotectonic zone (Mountrakis, 1985). The mountainous part of the
basin consists of Mesozoic ophiolitic, crystalline and carbonate rocks whereas in the lowlands
Neogene and Quaternary sediments represent 65% of the formations. The Neogene sediments are
mainly located at the southern part of the area and consist of sandstone-marl (sandstones, marls,
sands and gravels), red-clay (clay with lenses of sands) and conglomerate series (conglomerates,
gravels, sands). The Quaternary sediments are alluvial deposits (sands, gravels and clays) in the
western part of the basin and terrace systems (sands, pebbles) in the east (Figure 1). Carbonate
rocks outcrop in the south-central part of the basin near Agia Paraskevi and Tagarades and consist
of Triassic limestones. Leucocratic gneiss represents the largest percentage of the metamorphic
rocks in the basin. The fault pattern of the study area is quite complex with WNW-ESE to E-W
and NE-SW normal faults (Tranos et al., 2004). The Anthemountas fault is the longest in the area
(32 km) and is characterised as active (Tranos et al., 2003; Zervopoulou et al., 2007).

3. Materials and Methods

For the determination of the aquifers, their recharge mechanisms and hydraulic connection, data
from geological maps, lithological profiles, geoelectrical soundings and tomographies, pumping
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tests and groundwater level measurements have been used (Figure 2). The aquifer type and geome-
try has been determined from the geological maps and lithological profiles (150) of boreholes.
From the geoelectrical vertical soundings (47), the material of the vadose zone was defined, while
geoelectrical tomographies were used to identify the anatomy of the aquifer layers after calibration
with lithological data based on Vargemezis and Fikos’assignment (2010).

Figure 1 - Geological and topographic map of Anthemountas basin (Modified from IGME,
Sheets Thessaloniki, Epanomi, Vasilika, Thermi, Polygiros and Zagliveri).

Figure 2 - Aquifers configuration, springs and locations of used data in the Anthemountas
basin.
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Water level measurements were performed in 136 boreholes for four periods: wet, May 2010-11
and dry, September 2009-2010. Pumping tests were performed in 6 boreholes and pumping data
from 135 lithological profiles were used to evaluate the hydraulic characteristics of the porous aq-
uifers. Constant rate pumping tests were used to determine the storativity and specific capacity,
which is defined as the ratio of discharge to drawdown at the pumping borehole. Springs were
mapped from the geological maps and field investigation. All collected data were stored, analysed,
managed and displayed using geographic information systems (G.L.S.).

The Schlumberger array has been applied in order to measure the 47 geoelectrical soundings in the
area. The exact location of each VES (Vertical Electric Sounding) can be seen on Figure 2. The
distance in between the current electrodes (AB) varied between 30 and 50 meters aiming to get
information about the vadose zone. Measurements were taken with Syscal (V11.4) IRIS
instrument and the inversion has been done by the use of IPI2ZWIN software (Alexei et al. 1990-
2001). The RMS values varied between 0.5% and 7%.

Figure 3 - Example of interpretation for 2 representative VES measured in Nea Raidestos (F-
47) and Galatista (F-4).

Some typical examples of the results are presented in Figure 3 where the original measurements
(black line with white circles) along with the resulting (by the forward modelling) curve (red
colour) and the corresponding table of resistivity (p), depth (d) and thickness (h) of each identified
layer.

The resistivity values have been calibrated according to geological information revealed from
boreholes in the area and geoelectrical layers have been transformed to geological units according
to the following table.

Table 1 - Calibration of resistivity values.

Resistivity (Ohm-m) Geological Unit
0-10 Clay
10-20 Clayey sand
20-30 Sandy clay with thin layers of gravel
30-50 Gravel
50-80 Marl
>80 Conglomerate

According to the calibration table, the distribution of the thickness of the clay layers is shown in
the map of Figure 4. The areas with green color are characterized by the absence of clay layers
representing unconfined aquifers, while the areas with significant thickness of clay layers (orange
and red color) correspond to areas with confined aquifers.
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Figure 4 - Distribution of clay layers in vadose zone according to the geoelectrical survey.

4. Results

According to the geological formations, three categories of aquifers have been determined in the
Anthemountas river basin, which are: aquifers in fissured rocks, karstic and porous aquifers.

The aquifers of fissured rocks have local interest in fault zones with discharges ranging from 30—
80m’/h and covering an area of 177 km? although 52 km? are under sediments. A large number of
contact and fault springs (greater than 50) are located in fissured rocks without significant flow
rates (1-5 m*/h), which discharge periodically during the winter and spring (Figure 5a).

Karstic aquifers are located in the south-central part of the basin, near to Agia Paraskevi and
Tagarades villages, covering an area of 5 km? and 11 km?, respectively. Fault springs discharge
mixed geothermal and cold water across the Anthemountas fault (Kazakis, 2013); the most well-
known is Voskina spring (Figure 5b) near the village of Souroti. According to Nimfopoulos et al.
(2002), a karstic aquifer underlies the sediments of the basin and controls the composition of the
hosted hydrothermal waters, which are mixed with meteoric water and discharged through.

Figure 5 - (a) Contact spring in fissured rocks, (b) Fault spring with mixed water in Karst.

Porous aquifers cover an area of 181 km? and are developed mainly in the lowlands. According to
their hydrogeological and lithological characteristics, porous aquifers can be divided into the sub-
systems of Galatista and Galarinos in the eastern part of the Anthemountas basin, Vasilika-Risio-
Thermi and Tagardes-Trilofos in the western part and Peraia-Agia Triada and AUTh farm-
Makedonia airport in the coastal area (Figure 2). The sub-systems are described below and their
hydraulic characteristics represented in Table 2.
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Galatista: Located in the western part of the Anthemountas basin, the Galatistas sub-basin
covers an area of 24 km?. An unconfined aquifer underlain by a confined aquifer is
developed in the centre of the basin (Theodosiou and Latinopoulos, 2006). Its thickness
ranges from 15 to 100 m, consisting of pebbles, gravel and sand. Groundwater level varies
from 8 m below ground surface (b.g.s.) in the centre to 100 m (b.g.s.) in the southern part.
The sub-system is hydraulically isolated from the other systems, because it is surrounded
by crystalline rocks. The unconfined aquifer is recharged from directly infiltrating
precipitation, percolation water from streams and the Anthemountas River and from
fissured aquifers, whereas the confined aquifer is recharged from both unconfined and
fissured aquifers.

Galarinos: This is placed between the villages of Galarinos and Vasilika and has an area of
9 km?. The thickness of the sediments varies from 140 to 180 m. The main aquifer is
unconfined with a small confined aquifer below. Its thickness ranges from 40 to 80 m. The
materials of the aquifer system consist of gravel, sand and sandy clay. Groundwater level
varies from 60 m in the eastern part to 25 m in the western part. Groundwater recharge in
this aquifer occurs via the following mechanisms: direct infiltration from rainfall,
percolation from the Anthemountas River and lateral subsurface inflows from the aquifers
of the fissured rocks. Aquifers of the fissured rocks are detected below the porous aquifers
of the sub-system, as a result of the small thickness of the sediments. This is the main
difference to the Vasilika-Risio-Thermi sub-system, with which it is in direct hydraulic
contact.

Figure 6 - (Up) Geoelectrical tomography of Vasilika-Risio-Thermi sub-system, (Below) lith-

ological cross section based on geoelectrical tomography and lithological profiles.

Vasilika-Risio-Thermi: This is located in the centre of the basin between Vasilika, Neo
Risio and Thermi with a total area of 70 km?. The thickness of the sediments is greater than
800 m in Vasilika (Vargemezis and Fikos, 2010) and greater than 1000 m near to Neo Risio
(Thanassoulas, 1983). Quaternary deposits are up to 300 m thick and the aquifers
developed within them contain fresh water; geothermal fluids are found beneath these
deposits (Kolios et al., 2007). A phreatic aquifer was detected at a depth of up to 30-40 m
(Nagoulis, 1998) with hydraulic connection with the confined aquifer through the
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discontinuities of the clay lens (Figure 6). Furthermore, the construction of boreholes,
exploiting both two aquifers favours the connection. The phreatic aquifer is converted to
confined conditions in places, due to surface clay layers, mainly in the centre of the sub-
system. The material of the aquifers consists of sand, sand-silt and gravel. Recharge of the
sub-system occurs via infiltration of rainfall water, percolation from the Anthemountas
River and torrents (Tagarades, Trilofos) and lateral inflows from the karstic aquifer in the
southern part and the fissured rocks aquifer in the north. Groundwater level of the phreatic
and confined aquifers ranges from 8—20 m in the western part to 25—40 m in the eastern
part. Both aquifers are united in the area of Vasilica village, which constitutes the boundary
with the Galarinos sub-system.

AUTh farm-Makedonia airport: The phreatic aquifer of the Vasilika-Risio-Thermi sub-
system is confined in the coastal area with the exception of some parts of AUTh farm
(Fikos, 2000). For this reason, it is separated from the Vasilika-Risio-Thermi sub-system,
although the two aquifer systems are in hydraulic connection. This sub-system covers an
area of 7 km? in the northern coastal part and is recharged by infiltration of rainfall and
from the Vasilika-Risio-Thermi. Groundwater level varies from 5 to 20 m below ground
surface or from 10 to 20 m below sea level and shows negative piezometry due to
overexploitation of the aquifer. The aquifer materials consist of sands and gravels.

Figure 7 - Hydrogeological cross section from Galatista to Costal area (1).

Figure 8 - Hydrogeological cross section (2) of the south-west part of Anthemountas basin.

Tagarades-Trilofos: This is located in the north-western part of the basin and covers an
area of 42 km?. The Anthemountas fault form the boundary with the Vasilika-Risio-Thermi
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sub-system. The aquifer consists of a small thickness (15-20 m) of parallel layers of sand
with clay and gravel under confined conditions. The yield of the boreholes ranges between
4 and 10 m’/h, while groundwater level varies from between 60 to 120 m b.g.s. without
significant variation between the dry and wet periods. The sub-system is recharged mainly
by infiltration of rainwater and by the percolation from streams and from the karst aquifer
in the east.

e Peraia-Agia Triada: It covers an area of 22 km? located in the south-western part from the
coast to the Tagardes-Trilofos sub-system. The aquifer system is divided to the upper
unconfined aquifer with a mean thickness of 80 m and the deeper confined aquifer below
200 m. The two aquifers have the same piezometric head (Koumantakis, 2006) with
negative values due to overexploitation (Voudouris and Kazakis, 2011). The unconfined
aquifer consists of sand and some layers of gravel with groundwater level varying from 10
m near to the coast to 100 m in the hills of the southern part. The sub-system is recharged
via infiltration, percolation from streams and inflows from the Tagarades-Trilofos sub-
system.

In Figure 9, the spatial distribution of groundwater heads (metres above sea level) for the period of
May 2010 is given. The groundwater flow direction in the Galatistas sub-system is mainly from
west to east and southwest to northeast in the southern part revealing a hydraulic connection and
recharge from the aquifer of the fissured rocks. In the western part of the study area the direction
of groundwater is northwest to southeast in the north and from northwest to southeast in the south,
whereas in the coastal area it is from the sea towards the mainland, which is due to seawater
intrusion from overexploitation and the low natural recharge of the aquifer.

In Table 2, the hydraulic characteristics of the Anthemountas river basin sub-systems are shown.
Hydraulic conductivity values range between 1.5 x 10 m/s and 5 x 10° m/s. The value of stora-
tivity (S) varies from 10 to 3 x 10°!. The values of specific capacity range between 2-270 m?/h.
The effective porosity varies from 15% to 26%.

Figure 9 - Piezometric map and groundwater flow of porous aquifers of Anthemountas basin
(May 2010).
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Table 2 — Hydraulic characteristics of Anthemountas basin sub-systems.

Aquifers | Yield of | Specific Hydraulic | s¢orativity Effective

Sub-system | Thickness |boreholes| CaPacity | Conductivity (%) porosity
(m) (m’/h) (m?/d) (m/d) (%)
Galatista 15-100 25-80 28-60 1.3-3.5 0.1-10 15-23
Galarinos 15-80 30-160 15-270 0.3-8.6 1-30 17-24
Vasilika- s g00 1 00060 | 28-270 1.3-43.2 0.01-5 16-26
Risio-Thermi
Tagardes- 15-50% 4-10 2-20 0.1-0.5 0.01-0.1 | 15-19
Trilofos
Peraia-Agia
. 45-120% 30-60 28-230 1.7-10.4 0.05-5 19-24
Triada
AUTh farm-
Macedonia 50-100* 30-80 60-250 1.7-13.8 0.01 19-26
airport
*Until the depth of 300 m

5. Conclusions

From the analysis of hydrogeological and geophysical data in the Anthemountas river basin (North
Greece), the following conclusions can be drawn:

Porous aquifers are divided into the sub-systems of Galatista, Galarinos, Vasilika-Risio-Thermi,
Tagardes-Trilofos, Peraia-AgiaTriada and AUTh farm-Makedonia airport. In the sub-systems of
Galatista, Galarinos and Peraia-AgiaTriada the main aquifer is phreatic and the yield of the
boreholes varies from 25 to 160 m?/h.

The confined aquifer is the most important in the Vasilika-Risio-Thermi and AUTh farm-
Makedonia airport sub-systems with significant values of yield from boreholes ranging between
15-170 m*h. The Tagarades-Trilofos sub-system consists of parallel confined aquifers without
significant discharge due to the low thickness of the aquifers and the mix of clay in the aquifer
media.

Fissured rock aquifers and karstic aquifer discharge groundwater through springs. Piezometric
maps reveal the subsurface hydraulic connection between the aforementioned aquifers and porous
aquifers. The main direction of groundwater flow in the Anthemountas river basin is E-W, while
overexploitation in the coastal area has caused an inversion of the flow from the sea towards the
mainland.
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