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Abstract
The northwest of the island of Euboea is located in a back-arc geological position, at the western extremity of the North 
Anatolian Fault. In that area, several hot springs occur in three locations (Ilia, Gialtra, Aedipsos; including newly found 
offshore-springs) with temperatures up to 84 °C, depositing ore-grade thermogenic travertine. The geothermal system is 
seawater-dominated and under pressure, using the local fault systems and is related to the Plio-Pleistocene Lichades volcanic 
centre. The whole area could be characterized as the lateral tips of a major fault segment, with the presence of complex 
networks of additional fault systems leading to fault intersections. That conclusion is also supported by the travitonic data. 
The geothermal fluids are near neutral pH, sodium-chloride and their chemistry is controlled by: (i) high seawater participa-
tion, (ii) a deep magmatic source and (iii) chemical composition of the bedrocks. Based on all the available data, including 
drilling and temperature logging data, the bedrock hosting the upflow circulation of the geothermal fluid is not in hydraulic 
connection with cold aquifers or permeable geological formations of the area. The local metamorphic rock formations are 
impermeable and work as a geothermal cap. Also, Aedipsos’ vast deposit of thermogenic travertine probably acts as a second 
geothermal cap formation. However, at the same time, it presents serious thermal anomalies, since major geothermal fluid 
circulation has been identified inside its fractures. According to chemical geothermometers, the temperature of the geother-
mal reservoir is 140–164 °C. The typical geothermal gradients in the area are from 7.8 °C/100 m to 18.7 °C/100 m. In one 
case, an anomalous high geothermal gradient (53.9 °C/100 m) was found, most probably due to spatial shape diversity of 
the geothermal reservoir, a suggestion also supported by the estimated circulation depth of the geothermal fluid, which var-
ies from area to area (~ 300–1800 m) and the fluid residence time (by 226Ra–222Rn method), which is around 80–100 years.

Keywords Geothermal energy · Tectonically controlled geothermal system · Seawater dominated geothermal system · 
Volcanic related geothermal system · Aedipsos (Edipsos or Aidipsos) · NW Euboea (Evia)
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Introduction

The occurrence of a large number of hot springs in Greece 
is attributed to its geotectonic setting, which is mainly 
related to the convergence-subduction of African–Euro-
pean tectonic plates and the prolongation of the North 
Anatolian Fault into the Northern Aegean Sea. The result-
ing magmatic and volcanic processes, alongside the tec-
tonic settings, favour the rise of deep gases that reach the 
surface to form fumaroles (e.g. Tassi et al. 2013a, b), and 
fluids that discharge at the ground surface or the seafloor, 
i.e. hot springs (e.g. Gkioni-Stavropoulou 1983; Orfanos 
1985; Sfetsos 1988; Lambrakis and Kallergis 2005; Vals-
ami-Jones et al. 2005; Price et al. 2013; Kilias et al. 2013; 
Kanellopoulos et al. 2017a, b).

In the northwest Euboea (Evia) island, several hot 
springs occur (in three areas: Aedipsos, Ilia, Gialtra). The 
Aedipsos hot springs have been known for their healing 
properties since antiquity. Even now, Aedipsos is one of 
the main thermal treatment and balneotherapy destina-
tions in Greece (e.g. Charitakis 1935; Papanikolaou 1939; 
Kouskoukis 2014). According to ancient Greek mythol-
ogy, the Aedipsos hot springs were created by the god 
Hephaestus, on request of the goddess Athena, so that the 
mythical hero Hercules could bath and recover his strength 
after his mythical labours. The great philosopher Aristotle 
in his study (Meteorology, II, 8.3, 340 B.C.) was the first 
who attempted to explain the operating principle of the 
Aedipsos hot springs. He suggested that the channelized 
seawater flowing beneath the island raised the pressure in 
the bedrock, thus causing earthquakes. As a result of fric-
tion, rock heated up as well the fluid, which discharged at 
the surface as hot springs.

Additionally, many ancient historians and modern sci-
entists have made observations about the effect of strong 
historical earthquakes on the occurrence of Northern 
Euboeas’ hot springs. During the historical earthquake 
of 426 B.C., which is mentioned by Thucydides in the 
“History of the Peloponnesian War” (chap. 3.89) and by 
Strabo in the “Geography” (Chap. 1.3.2), the hot springs 
of Aedipsos dried up. Still, after 3 days, new hot springs 
appeared in new positions. A part of the Lichades volcanic 
islands was submerged because of that earthquake. Also, 
during the Atalanti historical earthquake in 1894, the hot 
spring at Gialtra became turbid (Pertessis 1937) and new 
springs appeared in the area of Aedipsos (Margomenou-
Leonidopoulou 1976). The earthquake did not cause any 
seismic sea wave (Ambraseys 2009).

The hot springs in Northern Euboea were among 
the first ones to be studied after the formation of the 
modern Greek State; research interest has been con-
tinued until today (Landerer 1836; Damvergis 1899; 

Gkioni-Stavropoulou 1983, 1998; Geotermica Italiana 
1984; Shimizu et al. 2005; Hatzis et al. 2008; Kanello-
poulos 2006, 2011, 2012, 2013; Kelepertsis et al. 2009; 
D’Alessandro et al. 2014; Dotsika 2015; Kanellopoulos 
et al. 2017a, b, 2018a). Euboeas’ hot springs are of high 
importance not only for the potential geothermal heat 
capacity, but additionally because they are presenting 
active ore-mineralizing processes (Kanellopoulos et al. 
2017a, 2018b, 2019a) and travertine deposition in terres-
trial seawater-dominated hot springs environment (Kanel-
lopoulos et al. 2017a, 2019a). Even though, several ques-
tions remain unanswered, such as the relation between the 
tectonic setting and the hot springs, information concern-
ing the deep-water circulation pathways, the circulation 
depths and residence time and a synthetic assessment of 
all three areas of geothermal interest, i.e. Aedipsos, Ilia 
and Gialtra. Additionally, although data from drilling con-
ducted in the area are available, yet no summarizing study 
exists, taking into consideration and synthesizing all the 
available information, including a re-evaluation of the geo-
thermal gradients, an estimation of the potential geother-
mal heat capacity and a suggestion of a conceptual model.

Based on the hydrochemical and radiological analysis, 
re-evaluation and synthesis of all the available drilling and 
temperature logging data and a tectonic assessment, the aim 
of this paper is the investigation of the whole geothermal 
system of the northwestern part of Euboea, with an empha-
sis on: (i) the geochemical and the radiological content of 
the fluids and comparison with other geothermal areas, (ii) 
establishing the contribution of the local geology and espe-
cially the tectonic settings and the magmatic processes, to 
the studied geothermal system and (iii) assessment of the 
deep circulation parameters, such as circulation depth, resi-
dence time, calculation of the geothermal gradients, geother-
mal reservoir temperature and finally proposing a conceptual 
model.

Geological and structural setting 
of the study area

The study area is located at the western extremity of the 
North Anatolian Fault and near the Plio-Pleistocene volcanic 
centre of Lichades (Fig. 1). In the greater area, several hot 
springs occur, i.e. in the northwestern part of Euboea Island 
(hot spring sites: Aedipsos, Ilia and Gialtra, Fig. 1b) and 
the neighbouring eastern central part of the Greek main-
land, namely the Sperchios Basin (hot spring sites: Kamena 
Vourla, Thermopylae, Ypati and Platistomo, Fig. 1b).

Northwest Euboea belongs to the Pelagonian and Sub-
Pelagonian geotectonic units of the Hellenides (Aubouin 
1959; Mountrakis 1986; Jolivet et al. 2013). In the studied 
area, a Permian–Triassic volcanoclastic complex overlies a 
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pre-middle to middle Carboniferous metamorphic basement. 
It is overlain by middle Triassic shallow marine clastic and 
carbonate rocks intercalated with volcanic rocks. On top of 
this sequence, Jurassic limestones and Late Jurassic- Early 
Cretaceous ophiolites occur (Katsikatsos et al. 1982; IGME 

1984; Scherreiks 2000; Figs. 2 and 3). In Northern Euboea, 
lignite layers formed inside Neogene-Lower Pleistocene lake 
sediments (Vakalopoulos et al. 2000).

Several hot springs discharge in Aedipsos, Ilia and Gial-
tra (Figs. 1b and 2), often accompanied by thermogenic 

Fig. 1  a Plate boundaries and geodynamic pattern of the Aegean 
Sea plate, with emphasis on the Northern Euboean Gulf, the Oreoi 
Strait and Sperchios Basin areas (modified after Vött 2007; Ring 
et al. 2010). b Digital Elevation Model map [DEM, based on the offi-
cial Greek topographical maps 1:50,000 for the land and the IGME 
(1991) and EMODnet bathymetric data for the sea] at a 25-m resolu-
tion of Northern Euboea island, Oreoi Strait, Northern Euboean Gulf 

and Eastern Central Greece (Sperchios Basin). The major neotec-
tonic fault systems are symbolized with red dashed lines (based on 
the available data; IGME 1957, 1984, 1991; Galanakis 1997; Kranis 
1999; Vavassis 2001) and the locations of the hot springs are symbol-
ized with: red dots for NW Euboea area (studied sites), and yellow 
dots for Sperchios area. The geographical coordinates are in EGSA 
‘87
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travertine deposits (Kanellopoulos 2011, 2012, 2013, 2014). 
Aedipsos is one of the largest active thermogenic travertine 
systems of Greece, producing a large variety of lithotypes 
and morphological types (Kanellopoulos 2012, 2013), since 
it covers an area of about 0.5 km2, with a visible thickness of 

several meters. A large part of the city of Aedipsos is built 
on this travertine (Fig. 3).

The Northern Euboean Gulf is a part of a three graben-
system: (i) to the west, the Sperchios graben is controlled 
by E–W to ESE–WNW range-bounding neotectonic normal 

Fig. 2  a Geological map of the NW of Euboea [based on the pub-
lished geological maps (IGME 1957, 1984) and other studies (IGME 
1991; Galanakis 1997; Vakalopoulos et  al. 2000; Vavassis 2001; 
Hatzis et al. 2008) and field observations]; TF = Telethrio Fault, IF 
= Ilia Fault, AF = Aedipsos Fault and LFS = Lichades Fault System. 

The red dots are the locations of the study sites. The geographical 
coordinates are in EGSA ‘87. b Geological cross-section across the 
study area, to show the structural and stratigraphical relationships 
among the mapped geological units
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faults; (ii) to the northeast, Oreoi Strait represents a narrow 
symmetrical NE–SW graben, with NE–SW striking neotec-
tonics marginal faults, which occurs offshore as well as, on 
land (IGME 1991); and (iii) to the southeast, the North-
ern Euboean Gulf is ca. 100 km-long, NW–SE trending 
graben, bordered by large neotectonics normal fault zones 

of SE–NW to E–W direction (Roberts and Jackson 1991; 
Kranis 1999; Palyvos 2001; Pantosti et al. 2001; Fig. 1). The 
study area is located at the junction between the Euboea-
Sperchios rift and the NE–SW Oreoi Strait. The initiation 
and evolution of these morphotectonic structures are possi-
bly related to the propagation of the North Anatolian Fault 

Fig. 3  a Geological map of the Aedipsos area [based on the pub-
lished geological map (IGME 1984) and other studies (Tzitziras and 
Ilias 1996; Vavassis 2001) and field observations]; AF  =  Aedipsos 
Fault. All sampling sites are presented here, except for the Ilia and 

Gialtra samples, which are located in the relevant sites in Fig. 2. The 
geographical coordinates are in EGSA ‘87. b Geological cross-sec-
tion across the Aedipsos area, showing the structural and stratigraphi-
cal relationships among the mapped geological units
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in the Aegean domain (e.g. McKenzie 1970, 1972; Shaw 
and Jackson 2010).

At the centre of the Northern Euboea Gulf, the Plio-
Pleistocene volcanic centre of the Lichades occurs (Geor-
galas 1938, 1940; Gidarikos 1938; Pe-Piper and Piper 2002; 
Kanellopoulos et al. 2019b, Figs. 1b, 2), made up of 0.5 Ma-
old trachyandesitic lava flows (whole-rock K–Ar method, 
Fytikas et al. 1976). Trachyandesitic lavas at the nearby 
Kamena Vourla were dated at 1.7 Ma (K–Ar method, Bel-
lon et al. 1979). Magma emplacement took place along the 
major tectonic structures in the area (Kranis 1999). Many 
different theories were proposed about the geological set-
ting of the Lichades volcanic complex. Ninkovich and Hays 
(1972), Pe (1975) and Pe and Panagos (1976) suggested that 
the Lichades volcanic centre could be the western continu-
ation of the South Aegean active volcanic arc. Pe-Piper and 
Piper (1989) suggested that the Lichades volcanic centre 
together with trachytes and sodic basalts elsewhere in the 
Aegean could be related to the “aseismic subducted slab” at 
greater depths, than the arc volcanoes. Fytikas et al. (1985) 
and Pe-Piper and Piper (2007) proposed a possible genetic 
relation with the North Anatolia fault continuation. Inno-
centi et al. (2010) based on Sr–Nd–Pb isotopic data, related 
this volcanic centre to the vast volcanic belt that developed 
north of the Pelagonian–Attic–Cycladic-Menderes massifs, 
encompassing a 35 Ma timespan which is widespread over 
a large area from NW Greece–Macedonia to the Aegean-
western Anatolia. Accordingly, the Euboea-Kamena Vourla 
volcanic products are orogenic in character and partially 
contemporaneous with the south Aegean active volcanic 
arc, but with different geochemical features, related to dis-
tinct magma sources (e.g. lithospheric mantle wedge and 
a depleted asthenospheric mantle wedge north and south 
of the Pelagonian–Attic–Cycladic–Menderes massifs, 
respectively).

Karastathis et al. (2011) showed that there is a magma 
chamber under the North Euboean Gulf area estimated at 
about 7–8 km depth, by combining a three-dimensional 
travel time inversion of microseismic data recorded by an 
on/offshore local seismic network and a Curie Point Depth 
analysis based on aeromagnetic data.

Materials and methods

Northern Euboea is a tectonically active area, with the neo-
tectonic features, magmatic processes are present, and sev-
eral hot springs occur. In such cases, the understanding and 
the exploration of geothermal systems is challenging, and 
various exploration methods need to be applied to achieve 
an in-depth understanding of the system (Cumming 2009). 
In every geothermal system, the first step in exploration is 
the geochemical study of the hot springs (Hochstein 1988). 

Afterwards, especially in active tectonic areas, where it is 
possible to have structural control of geothermal fluid flow, 
it has proven necessary to assess the role of fault zones and 
fractures (Goyal and Kassoy 1980; Banks et al. 1996; Caine 
et al. 1996; Marques et al. 2011). Faults are the preferred 
fluid pathways, where the pressure and temperature of the 
field are significantly different (Cherubini et al. 2013). Thus, 
such structures play a significant part in the recharge or dis-
charge of the reservoir, as is shown in several studies of 
geothermal areas, e.g. Kakkonda (McGuinness et al. 1995) 
and Seferihisar–Balçova (Magri et al. 2010).

Hot water sampling and analysis

A total of 32 hot water samples were collected (Table 1) 
from hot springs, boreholes and surface streams used mainly 
for thermal spa/bathing therapies. Unstable parameters 
including pH, temperature and electrical conductivity (E.C.) 
were measured in the field, using portable apparatus.

Four sampling sites were selected as control points. From 
these four sites, samples were collected and analysed dur-
ing both field trips (Artemis: STR-113GA-01 and -AD-13; 
Ilia: STR-117G18-01 and -IL-2; Ilios: STR-114P4-01 and 
-AD-1; Ntamaria: STR-113-01 and -AD-10) to evaluate pos-
sible hydrochemical changes over the period between the 
two visits.

During fieldwork, all the major hot springs of the area 
were spotted and located with handheld GPS, and several 
photos were taken in areas of interest using a thermal camera 
(FLIR T640).

For the chemical analysis, two vacuum-filtered, through 
0.45 μm-pore size membrane filters aliquot of 1000 ml and 
250 ml were collected, the second of which was acidified 
until 2% of nitric acid. Both were stored in a polyethylene 
container and preserved in a refrigerator.

Radiological analyses of 222Rn and 226Ra were conducted 
on selected samples by using a SARAD RTM 1688-2 port-
able device. The 222Rn was measured in the field.

All 32 water samples were analysed in the Laborato-
ries of Greek Geological Survey. Alkalinity (as  HCO3

−) 
was measured according to ISO 9963-1:1996 protocol. 
The major elements and ion concentrations were measured 
using spectrophotometer, titration and Inductively Coupled 
Plasma-Optical Emission Spectrometry (ICP-OES, Table 2). 
Trace elements concentrations were measured using Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS, 
Table 3).

Travertine samples and analysis

Representative samples from Aedipsos’ travertines were col-
lected. Even though travertine deposit was identified in Ilia 
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area, since the occurrence is limited, no sample was col-
lected from that area.

The mineralogical compositions of the main mineral 
phases in travertines were identified mainly by optical 
microscopy and X-Ray Diffraction. XRD analysis was car-
ried out using a Siemens Model 5005 X-ray diffractometer, 
Cu Ka radiation at 40 kV, 40 nA, 0.0200 step size and 1.0 s 
step time. The XRD patterns were evaluated using the EVA 
program of the Siemens DIFFRACplus and the D5005 soft-
ware package.

The travertine samples were analysed for whole rock geo-
chemistry after drying and pulverizing in an agate mortar 
and mill to < 0.075 mm. The samples were digested with 
 HNO3 and analysed by Inductively Coupled Plasma–Atomic 
Emission Spectroscopy method (ICP-AES) for Ca, Na, P, S, 
Si and by Inductively Coupled Plasma-Mass Spectrometry 
method (ICP-MS) for the trace elements.

Statistical analysis and use of GIS

Multivariate statistical analyses are valuable tools in envi-
ronmental (e.g. Kanellopoulos and Argyraki 2013) and 
hydrochemical studies (e.g. Voudouris et al. 1997; Vega 
et al. 1998; Liu et al. 2003; Cloutier et al. 2008; Voutsis 
et al. 2015), since they can identify the factors that affect the 
chemical composition of the groundwater. Recently, multi-
variate statistical analyses were also applied to geothermal 
studies (e.g. Hernández-Antonio et al. 2015; Lindsey et al. 
2018).

Factor analysis (Howarth and Govett 1983) was the main 
technique applied for statistical analysis, using samples only 
from hot springs and boreholes. This technique can simplify 
a complex data set by identifying one or more underlying 
‘factors’ that might explain the dimensions associated with 
data variability. A varimax rotation was applied to the ini-
tial factor loadings to maximize the variance of the squared 
loadings. Additionally, clusters were created based on the 
correlation coefficient similarity of the parameters (Ander-
berg 1973).

A spatial database was developed in ArcGIS, including 
all the physicochemical parameters and elemental concentra-
tions for each sampling point. Based on that, to visualize the 
spatial distribution of the shallow geothermal fluid circula-
tion temperature in the Aedipsos area, the kriging interpola-
tion method (Oliver 1990) was applied in the temperature 
measurements.

A new geological map of Aedipsos area (scale 1:10,000), 
was constructed, based on, the Greek Geological Survey 
published geological map (IGME 1984), other studies 
(Tzitziras and Ilias 1996; Vavassis 2001) and field obser-
vations. For the greater area of NW Euboea, a new geo-
logical map was also compiled, based on information from 
the Greek Geological Surveys’ published geological maps a  Se
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(IGME 1957, 1984), other studies (IGME 1991; Galanakis 
1997; Vakalopoulos et al. 2000; Vavassis 2001; Hatzis et al. 
2008) and field observations. Moreover, a 25-m resolution 
Digital Elevation Model (DEM) map of the area was created 
in this paper showing the major fault systems, using avail-
able topographical data and tectonic data of the area (IGME 
1957, 1984, 1991; Galanakis 1997; Kranis 1999; Vavassis 
2001; Fig. 2). All maps were compiled in ArcGIS, where the 
above-mentioned spatial database was developed.

Analytical results

Hot water chemical analysis

All sample locations are presented in Table 1 and Fig. 2 and 
3; Tables 1, 2 and 3 show the physicochemical and chemical 
parameters analysed in situ and the laboratory.

Focusing on the samples from the hot springs and bore-
holes, the temperatures of the fluids varies from 43.4 to 
82.2 °C. The highest temperatures were recorded in Aedip-
sos area (up to 82.2 °C). All samples are characterized as 
slightly acidic to near-neutral since the pH values vary from 
5.88 to 6.83. The lowest pH value (5.88) was measured 
in Ilia hot spring and the highest values in the Aedipsos 
samples (up to 6.83). Total Dissolved Solids (T.D.S.) and 
Electrical Conductivity (E.C.) vary from 12.55 to 34.97 g/L 
and from 18.85 to 50.23 S/cm, respectively, with maximum 
values measured in Gialtra sample (TDS: 34.97 g/L and EC: 
50.23 S/cm) and lower values in samples from Aedipsos 
area.

Classification of the studied fluid samples according 
to their major aqueous species content was assessed by 
plotting the major ion concentrations on a Piper diagram 
(Fig. 4a) revealing the very limited distribution of the stud-
ied samples and only Na–Cl water type, indicating a high 
degree of Na and Cl participation. The only exception is 
the STR-117G18-01 (Ilia area, rain season sample) with 
Ca–Na–Cl water type, which during the second sampling 
period STR-117G18-IL-2 (dry season sample), the water 
type was Na–Cl.

The Cl-SO4-HCO3 ternary diagram (Giggenbach 
1981) was used to indicate the characteristics of the fluids 
(Fig. 4b). The studied geothermal fluids were classified as 
deep waters with volcanic origin affinities. Addictingly, in 
the Na–K–√Mg diagram (Giggenbach 1988, Fig. 4c), all 
the samples are plotted in the same area and characterized as 
partially equilibrated waters. The Aedipsos fluids are plotted 
closer to the fully equilibrated line.

The comparison between samples collected during two 
periods (Artemis: STR-113GA-01 and -AD-13; Ilia: STR-
117G18-01 and -IL-2; Ilios: STR-114P4-01 and -AD-1; 
Ntamaria: STR-113-01 and -AD-10) showed almost no a  Se
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difference in terms of pH, temperature, E.C. and limited 
variations in trace element concentrations (Tables 1, 2 
and 3).

Chloride and sodium are the dominant anion (up to 
1.96%) and cation (up to 1.16%), respectively. They show 
a very strong correlation (R2 = 0.95, Fig. 5a), suggesting 
that they have a common origin, like seawater and/or a deep 
Na–Cl geothermal fluid member. The studied geothermal 
fluids also showed high concentrations in a series of ions 
and trace elements, which could be associated with seawater 
and/or likely to be of deep thermal origin. For example, con-
servative constituents (Tables 2, 3; Fig. 5b, c), such as F (up 
to 4.82 mg/L), B (up to 9.72 mg/L),  SiO2 (up to 102 mg/L), 
Br (up to 58.4 mg/L) and Li (up to 3.36 mg/L).

Moreover, the studied fluids showed high concentrations 
into some additional ions and trace elements, including met-
als (Fig. 5b, c), such as  SO4 (up to 2400 mg/L), Ca (up to 
1668 mg/L), Sr (up to 24 mg/L), Fe (up to 13.3 mg/L), As 
(up to 0.78 mg/L) and Cu (up to 0.2 mg/L). These elements/
ions ought to be related to the geological formations of the 
area, and some of them are associated with the travertine 
deposition.

On the Cl versus Br plot (Fig. 5d), the samples from 
hot springs and boreholes plot in a good linear correlation 
(R2 = 0.78). In most samples the Cl/Br ratio (Table 2) is 
higher than that of seawater, suggesting that the high-salinity 
of these geothermal fluids is not only due to seawater partici-
pation in the deep part of the geothermal system.

However, Cl versus B (Fig. 5e) and Cl versus Li (Fig. 5f), 
which are also conservative constituents, are not in good cor-
relation. High Cl/B ratio and high Cl concentrations, similar 
to the studied samples, are usually observed in the cases of 
mixing with seawater and/or some deep Na–Cl geothermal 
fluid member. The concentration of B and Li ranges from 
0.55 to 9.7 mg/L and 0.42 to 3.36 mg/L, respectively. Almost 
all samples present excess B and Li compared to seawater, 
and in most cases, other ratios like K/Cl, Na/Cl, Ca/Cl and 
Li/Cl (Table 2) are higher or near the seawater value.

Hot water statistical analysis

The statistical summary of the analytical results of stud-
ied samples from hot springs and boreholes is presented in 
Table 4. With respect to median values (Fig. 5b, c), geother-
mal fluids are enriched in Cl (17,660 mg/L), Na (9653 mg/L), 
Ca (1368 mg/L),  SO4 (967 mg/L), Br (46.15 mg/L), Sr 
(11.23 mg/L), B (5.13 mg/L), Li (1.33 mg/L) and some sam-
ples in Fe (median 0.95 mg/L and max. value 13.3 mg/L) 
and As (median 0.1 mg/L and max. value 0.78 mg/L).

The correlation coefficients (Table 5) between elements 
related to seawater, i.e. Cl and Na, K, Mg, E.C. and TDS, 
are very high (> 0.8). Similarly, high correlation coefficients 
were identified between Cu and Ni, i.e. 0.7, suggesting some 

Fig. 4  Chemical composition of the studied geothermal fluid samples from 
only hot springs and boreholes plotted in a Piper diagram, b Cl–SO4–HCO3 
ternary diagram (modified after Giggenbach,1988; Nicholson 1993) and c 
Na–K–Mg diagram (Giggenbach 1988)
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possible common source of these two elements. Among the 
conservative constituents, the highest correlation coefficient 
is between Cl and Br (0.69).

Factor analysis was applied on 24 pairs (springs and bore-
holes samples) of variables. The correlation matrix of the 
studied elements was computed after normalization of the 

Fig. 5  a Chemical composition of the studied geothermal fluid sam-
ples from only hot springs and boreholes plotted in Na vs Cl diagram. 
Box-plots comparing elemental concentration ratios of b selected 
major ions and c selected trace elements from only hot springs and 

boreholes samples. Chemical composition of the studied geothermal 
fluid samples from only hot springs and boreholes plotted in: d Br vs 
Cl diagram, e B vs Cl diagram and f Li vs Cl diagram
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variables. This transformation was necessary to meet the 
assumption of normality in the application of parametric sta-
tistical tests. Factor analysis revealed that four main factors 
are controlling the chemical composition of geothermal flu-
ids (Table 6). The first factor contains K, Mg, Cl, TDS, Br, 
and Na, with high positive loadings and  SO4 and Ca, with 
medium positive loadings. This factor is the most important, 
accounting for 42.3% of the total variance and represents the 
effect of seawater on geothermal fluid composition. The sec-
ond factor comprises of B and temperature, with high nega-
tive loadings, F and  SiO2, with medium negative loadings. 
This factor is the second most important, accounting for 18% 
of the total variance, and it is related to the deep thermal 
origin of the geothermal fluid and the heat source. The third 
factor comprises of V, As and Ni, with high to medium posi-
tive loadings and accounts for 17.3% of the total variance. 
This factor represents the influence of ultramafic rocks from 
the ophiolitic sequence, during the upflow zone of the geo-
thermal fluid circulation. The last factor comprises of Fe 

with high negative loadings, representing most probably the 
effect of metamorphic rocks; it accounts for 8.9% of the total 
variance and represents the influence of these rocks, during 
the upflow zone of the geothermal fluid circulation.

Additionally, clusters were created, based on the correla-
tion coefficient similarity of the parameters (Fig. 6).

Geothermometry application

Water chemical geothermometers are one of the most impor-
tant and widely used geochemical tools for the exploration 
of geothermal systems. They are used for the estimation of 
sub-surface reservoir temperatures. Water chemical geo-
thermometers are based on the equilibrium of temperature-
dependent reactions between minerals and the circulating 
fluids (Fournier 1973; Giggenbach 1988; Arnórsson 2000).

Since all samples from hot springs and boreholes are char-
acterized as partially equilibrated waters (see Na–K–√Mg 
diagram, Fig.  4c), cation geothermometers are suitable 

Table 4  Summary statistics of 
physiochemical and chemical 
parameters analysed in 
geothermal fluid samples from 
only hot springs and boreholes, 
from NW Euboea Island

Min Max Mean Median Stand. Dev. (SD) Range Count (N)

Temp. (oC) 43.4 82.2 62.0 61.1 11.5 38.8 24
pH 5.9 6.8 6.3 6.2 0.3 1.0 24
EC (mS/cm) 18850 50230 42161 45565 8338 31380 24
TDS (mg/L) 12550 34970 28550 30730 6080 22420 24
Ca (mg/L) 642 1668 1310 1368 307 1026 24
Mg (mg/L) 140 620.7 276 265.5 102 480.7 24
Na (mg/L) 3870 11641 9039 9653 2025 7771 24
K (mg/L) 110 363 285 306 69 253 24
HCO3 (mg/L) 265 691 588 611 94 426 24
Cl (mg/L) 6345 19574 16067 17660 3587 13229 24
SO4 (mg/L) 444 2400 999 967 375 1956 24
NH4 (mg/L) 0.15 1.93 0.52 0.44 0.34 1.78 24
NO2 (mg/L) 0.08 5.35 1.28 0.28 2.28 5.27 5
F (mg/L) 3 4.82 4.27 4.49 0.51 1.82 24
SiO2 (mg/L) 8 102 31.5 18.0 21.0 94 24
As (μg/L) 50 780 130 99 145 730 24
B (μg/L) 547 9720 5697 5130 2443 9173 24
Ba (μg/L) 70 270 195 200 54 200 24
Br (μg/L) 10600 58400 44182 46150 10753 47800 24
Cu (μg/L) 50 205 134 135 45 155 24
Fe (μg/L) 10 13300 2435 950 3470 13290 24
I (μg/L) 150 590 445 427.5 109 440 24
Li (μg/L) 420 3360 1385 1335 629 2940 24
Mn (μg/L) 16 500 137 87 133 484 19
Ni (μg/L) 40 100 77 80 15 60 23
Pb (μg/L) 20 34 25 24 5 14 8
Rb (μg/L) 19 220 150 170 44 201 24
Se (μg/L) 170 480 322 305 87 310 24
Sr (μg/L) 120 24000 9670 11235 5850 23880 24
V (μg/L) 50 150 94 100 30 100 24
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(Giggenbach, 1988). Ten chemical geothermometers, i.e. 
Mg/Li (Kharaka 1989), Na/Li (Kharaka 1989), Quartz 
(Fournier 1977), Chalcedony (Fournier 1977), Na–K–Ca, 
and Na–K–Ca with Mg correction (Fournier 1979), Na–K 
(Fournier and Potter 1979), Na–K (Truesdell 1976), and 
Na–K (Fournier 1973) were applied to the geothermal fluids 
of NW Euboea (Table 7).

The resulting temperatures show significant variations. 
The estimated temperatures from Mg/Li (Kharaka 1989); 
Na/Li (Kharaka 1989); Qtz (Fournier 1977), Chalcedony 
(Fournier 1977) and Na–K–Ca (Mg corrected, Fournier 

1979) geothermometers are even lower than the surface 
measured temperatures.

Water geothermometers, based on dissolved silica con-
tent and the solubility of different silica species, are com-
monly used to estimate the geothermal reservoir temperature 
(Fournier 1977; Giggenbach,1988; Arnórsson 2000; Wang 
et al. 2015). The log  (SiO2) versus log  (K2/Mg) diagram 
(Fig. 7) was applied to indicate which silica species are pre-
sent in the geothermal fluids and to verify, if such could be 
used in order to estimate reservoir temperature (Giggenbach 
et al. 1994; Wang et al. 2015). As shown in Fig. 7, the stud-
ied samples are plotted, scattered under the lines of quartz 
and chalcedony, as they do not control dissolved silica. As 
can be seen in Table 7, the estimated temperatures using 
silica geothermometers vary from 32 to 100 °C for Quartz 
and 17 to 70 °C for Chalcedony. The only exception is the 
STR-117G18-IL-2 sample (from Ilia), which is plotted on 
the chalcedony line, with estimated temperatures for Quartz 
of 138 °C and Chalcedony of 112 °C. For the rest of the 
samples, in most of the cases, the estimated temperatures 
are close or even lower than the measured values in the field 
(Table 7).

The estimated temperatures from the Na/K geother-
mometer (Truesdell 1976; Fournier 1973) varies from 216 
to 243 °C and from 250 to 281 °C, respectively. Only the 
temperatures derived from the use of Na–K-Ca (Fournier 
1979) and Na/K (Fournier and Potter 1979) geothermom-
eters are in a good agreement. Based on the calculations of 
the Na–K–Ca (Fournier 1979) and Na/K (Fournier and Pot-
ter, 1979), water chemical geothermometers, the estimated 
temperature of the geothermal reservoir is between 140 and 
164 °C.

Temperature loggings and geothermal gradient

All the available data from several drilling projects con-
ducted by the Greek Geological Survey focused on north-
ern Euboea Island were collected and re-evaluated. The 
temperature loggings were conducted after the drilling 
process and at an equilibrium stage. Based on these, a 
diagram of temperature loggings vs depth was created 
(Fig. 8), presenting the temperature loggings of all the 
geothermal drills at Gialtra (Hatzis et al. 2008), Aedipsos 
(Voutetakis and Fytikas 1975; Gkioni-Stavropoulou 1998; 
Hatzis et al. 2008) and Ilia areas (Gkioni-Stavropoulou 
1998). In the case of IL-G-18 and AD-G-20 boreholes, the 
loggings were problematic, and the temperature measure-
ments have to be considered as indicatives (underestimated 
temp. values, see Gkioni-Stavropoulou 1998), except from 
the deepest measurements. These two boreholes are arte-
sian, and several repeated field measurements have verified 
the deep thermal measurements. At the AD-G-3 borehole, 
which is located near Aedipsos (Agios Nikolaos area), 

Table 6  Varimax component loadings of four factors. Communality 
and percentage of variance explained for 16 variables (N = 24)

With bold are marked the main loadings of each factor

Variable Factor 1 Factor 2 Factor 3 Factor 4 Communality

K 0.964 − 0.03 − 0.168 0.113 0.972
Mg 0.949 0.251 − 0.049 0.019 0.967
Cl 0.932 − 0.263 0.047 0.125 0.954
TDS 0.876 − 0.185 0.241 0.189 0.896
Br 0.796 − 0.115 0.107 − 0.055 0.661
Na 0.777 − 0.352 0.303 0.267 0.89
SO4 0.75 0.375 0.41 0.186 0.907
Ca 0.738 − 0.12 − 0.206 − 0.371 0.739
B − 0.099 − 0.828 0.352 − 0.265 0.889
Temp. 0.364 − 0.813 − 0.099 − 0.088 0.811
F 0.497 − 0.724 0.112 0.284 0.864
SiO2 − 0.456 − 0.703 0.486 − 0.068 0.944
V 0.148 − 0.111 0.883 0.308 0.909
As − 0.154 − 0.178 0.831 − 0.237 0.802
Ni 0.554 − 0.086 0.713 − 0.044 0.824
Fe − 0.079 − 0.108 0.025 − 0.892 0.814
Variance 6.7669 2.8871 2.7665 1.423 13.8435
% Var 42.3 18 17.3 8.9 86.5

Fig. 6  Dendrogram presenting the correlation coefficient distance 
between selected physicochemical and chemical parameters of the 
studied geothermal fluids, from Northwest Euboea
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seawater has influenced the borehole, and the tempera-
ture measurements were affected by that (Voutetakis and 
Fytikas 1975).

Based on the evaluated temperature loggings (Fig. 8), in 
none of them, horizontal temperature increases with depth is 
observed. By that, it could be conducted that by the drilling 
projects, no geothermal reservoir was reached.

The cases of very sharp temperature increases with depth, 
such as AD-G-20 below the upper constant-temperature 
zone, where possibly small shallow cold aquifers (< 30 m) 
could occur, suggests that the geothermal fluid enters the 
borehole laterally from the deeper aquifer, ascends the bore-
hole and flows into the upper part. This fact indicates the 
high-pressure potential of the deep hot aquifer.

Also, excluding the constant-temperature zone, no nega-
tive temperature peaks were identified, which could other-
wise suggest permeable geological formations, i.e. potential 
aquifers. Thus, the metamorphic rock formations, such as 
gneiss schists, which were identified below Aedipsos and 
Ilia, are impermeable and function as a geothermal cap. It 
must be noted that Hatzis et al. (2008), during the drilling 
of AD-L-4 borehole in-depth 340–350 m, and below a thick 
layer of gneiss schist (335 m) found a fractured zone within 
marbles, where geothermal fluid (~ 80 °C) was circulating.

Based on the aforementioned data, the geothermal 
gradients were calculated for these three areas separately 
(Table 8). Regarding Aedipsos, where the highest geo-
thermal anomaly has been identified, two geothermal 

Fig. 7  Plot of log  (SiO2) vs log 
 (K2/Mg) concentrations in mg/L 
(Giggenbach and Glover 1992)

Fig. 8  Temperature logging 
data of the Northwest Euboean 
geothermal boreholes
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gradients were calculated. One, based on the AD-L-4 
borehole (Hatzis et al. 2008), which is considered to be 
the most representative for Aedipsos area and one based 
on AD-G-20 borehole (Gkioni-Stavropoulou 1998), which 
presents the sharpest temperature increase with depth, i.e. 
the highest geothermal gradient.

Circulation depth

Since the geothermal reservoirs in the study areas have not 
identified by drilling, any information or estimation about 
them, such as the depth of the water circulation, is valuable.

If we accept that i) the temperature of the Aedipsos 
geothermal fluid is obtained by deep circulation, ii) the 
temperature is increasing with the depth and iii) the depth 
of the constant-temperature zone is 30 m, the following 
equation can suggest the depth of water circulation (Zcirc) 
(Liu et al. 2015; Kanellopoulos et al. 2018a):

where: Tr = reservoir temperature (in  °C); To = temperature 
of initial cold water (in  °C); Zo = depth of the constant-
temperature zone (in m) and GradT = temperature gradient 
(in m/oC).

In the case of NW Euboea, based on the study of Kanel-
lopoulos and Mitropoulos (2013) and using representa-
tive samples, the average temperature of the local cold 
groundwater is assumed to be 14.5 °C. The most repre-
sentative geothermal gradient is 7.8 °C/100 m for Gial-
tra, 10.4 °C/100 m for Ilia and 18.7 °C/100 m, for Aedip-
sos (Table 8). In Aedipsos and specifically in the area of 
Koukoumos (borehole AD-G-20), there was calculated the 
anomalous high 53.9 °C/100 m (Table 8), which concerns 
the STR-114G20-01 sample. For reservoir temperatures, 
the estimated temperatures of the Na–K-Ca geothermom-
eter (Fournier 1979) are considered as the most representa-
tive ones.

Zcicr = −

Tr − To

GradT
+ Zo,

So, the estimated circulation depths (Table 9) are: (i) 
1831 m for Gialtra, (ii) 1235–1292 m for Ilia and (iii) from 
705 to 827 m for Aedipsos area. The only exception is Kouk-
oumos borehole (AD-L-4) with 297 m estimated depth, 
which could be due to the spatial shape diversity of the geo-
thermal reservoir or a major fault with hot water circulation. 
These estimations should be used as indicative values until 
verified by additional methods.

Radiological analyses and residence time

Radiological analyses for 222Rn and 226Ra were conducted, 
at six representative samples (Table 9). In Aedipsos, four 
samples were analysed, including Koukoumos (STR-
114G20-01), which present anomalous high geothermal 
gradient. Almost all the studied samples present 222Rn con-
centrations higher than the parental 226Ra concentrations 
(Table 9). An exception to this rule is the Koukoumos-
Aedipsos and Ilia samples, where high-rate precipitation of 
thermogenic travertine depositions was identified.

By accepting the hypothesis of a closed system and based 
on the 226Ra and 222Rn concentrations, the residence time 
(Tres) of the geothermal fluid could be calculated (Cherdynt-
sev 1971; Zhou et al. 2008; Liu et al. 2015), by applying the 
following equation:

where: λ = decay constant of 226Ra i.e. 0.00043; NRa and 
NRn = 226Ra and 222 Rn contents (in Bq/L), respectively.

The estimated residence time (Table 9) is: (i) for Aedip-
sos about 18–83 years, with the most represented value 
being 83 years (see STR-BR1-01 sample, limited travertine 
deposition); (ii) for Gialtra about 99 years and (iii) for Ilia an 
unexpectedly anomalous 495 years. These estimations ought 
to be considered as indicative. In the future, the empirical 
method of radioactive isotope, tritium, could also be applied, 
for the estimation of the residence time.

Tres = −
1

�
ln

(

1 −
NRa

NRn

)

,

Table 8  Geothermal gradients

Area Gialtra Aedipsos Aedipsos (Koukoumos) Ilia

Code GIA-G-1 AD-L-4 AD-G-20 IL-G-18

Reference Hatzis et al. (2008) Hatzis et al. (2008) Gkioni-Stavropoulou 
(1998)

Gkioni-Stavropoulou 
(1998)

Depth (m) Temp. (oC) Depth (m) Temp. (oC) Depth (m) Temp. (oC) Depth (m) Temp. (oC)

Depth (constant-temp. zone) 40 24.9 30 20.2 30 20 30 20
Drilling depth 250 41.3 350 80 145 82 457 64.5
Geoth. Grad. (oC/100 m) 7.8 18.7 53.9 10.4
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Travertines mineralogy and geochemistry

Based on optical microscopy and XRD analysis of the 
Aedipsos’ travertine depositions, the main mineral phases 
of the travertines are calcite and aragonite and minor mineral 
phases are halite and gypsum. Usually, halite crystals were 
developed at the rims of the pores of travertine.

Whole-rock geochemical analyses in travertine samples 
from Aedipsos are presented in Table 10. The travertines 
from Aedipsos contain high concentrations in several major 
and trace elements such as Ca, Na, S, Ba, Fe, K, Mg, Sr, Si 
and Zn, and they are reflecting the geochemical composition 
of the hot spring of the area.

Structural and magmatic settings of the hot springs

Based on a thorough re-evaluation of all the published data 
concerning especially the magmatic setting (Georgalas 1938, 
1940; Gidarikos 1938; Katsikatsos et al. 1982; Pe-Piper and 
Piper 2002, Kanellopoulos et al. 2019b) and the tectonic set-
ting of the area (IGME, 1957, 1984, 1991; Tzitziras and Ilias 
1996; Galanakis 1997; Vakalopoulos et al. 2000; Vavassis 

2001; Sakellariou et al. 2007; Hatzis et al. 2008), along-
side with field observations, an assessment of the relation 
between the Euboeas’ hot springs and the magmatic and 
structural setting of each area took place.

In the greater NW Euboea area, only the Plio-Pleistocene 
Lichades volcanic centre could be related to the studied geo-
thermal system. The Lichades islands, which are located 
only a few hundred meters from the Euboea coast, consist 
totally by trachyandesitic lava flows (Fig. 2a). The rest of 
the volcano-magmatic rock formations in NW Euboea are 
too old, i.e. Permian–Triassic age. Additionally, some areas, 
with strong alterations, possibly hydrothermal, were identi-
fied. For example, alterations areas were identified in Ilia 
area, where there is a hot spring nearby, as well as in Agios 
area, where there is no hot spring in the area.

As far as structural setting concerns, the hot spring at Ilia 
is located on a marked bend of the marginal fault system, 
where the average strike changes from SE–NW to E–W (or 
ENE–WSW). Towards the western tip of the offshore ESE-
WNW striking Telethrio Fault (TF), the faults bifurcate into 
two splays, which can be traced onshore (Fig. 2a). West of 
Ilia, the southern splay changes its strike towards WSW. This 

Table 9  Radiological analyses, circulation depth (Zcirc) and residence time (Tres) of the geothermal fluids

Sample Locality Zcirc (m) 226Ra (Bq/L) 222Rn (Bq/L) 222Rn/226Ra Tres (years)

STR-113-AD-10 EOT-Ntamaria 763 – – – –
STR-113GA-AD-13 EOT-Artemis 763 – – – –
STR-113GA-EOT-3 EOT-Artemis-Wall 763 – – – –
STR-113GA-AD-14 EOT-Artemis 705 – – – –
STR-117G18-IL-2 Ilia 1234 – – – –
STR-114P4-AD-1 Skourtanioti-Ilios 763 – – – –
STR-114P8-RK-1 Pizou-Kapelari-Cave 758 – – – –
STR-113G4-EOT-2 EOT-G4 758 – – – –
STR-113G4-EOT-1 EOT-G4 758 – – – –
STR-114P17-KAS-3 City Hall-Wall 742 – – – –
STR-113-01 EOT-Ntamaria 795 – – – –
STR-115G7-01 Kompogianni 827 – – – –
STR-112A-01 Gialta 1831 0.73 17.45 23.9 99
STR-113GA-01 EOT-Artemis 801 – – – –
STR-117G18-01 Ilia 1292 0.24 1.25 5.2 496
STR-114P2-2 Skourtanioti-Frini 790 – – – –
STR-114P4-01 Skourtanioti-Ilios 790 – – – –
STR-114P5-01 Ai pigai 790 – – – –
STR-114P8-01 Pizou-Kapelari-Wall 795 – – – –
STR-114P9-01 Papaioannou 774 1.38 67.4 48.8 48
STR-114P1A-01 Thermopotamos 790 – – – –
STR-114G20-01 Koukoumos 297 8.03 7.52 0.9 cannot 

be calc. 
(Ra > Rn)

STR-BR1-1 Vrysakia 769 1.66 47.53 28.6 83
STR-116G3-1 Thermae Sylla 806 0.22 28.51 129.6 18
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may be related to either an inherent old tectonic structure, or 
to an ENE–WSW to E–W neotectonics fault (Ilia Fault—IF, 
Fig. 2). The IF connects two overlapping SE–NW segments 
of the coastal fault system, i.e. TF and AF. Therefore, the 
Ilia hot spring is sited at the intersection of these two fault 
systems, near the seashore.

Aedipsos is located close to the termination of the name-
sake SE–NW Aedipsos Fault (AF) that runs adjacent to the 
coast and appears to die out within the Aedipsos Gulf. Field 
reconnaissance and detailed mapping onshore show that sev-
eral faults are mapped in the area, belonging to the footwall 
of the coastal fault system. A group of sub-parallel close-
spaced minor ENE–WSW parallel faults are mapped east of 
Aedipsos, while NE–SW faults are mapped mainly at the 
eastern and north-eastern parts of the town (Fig. 3a). The 

continuity of some of these faults is obscured by the traver-
tine deposits, but they can be clearly mapped in the outskirts 
of Aedipsos (Tzitziras and Ilias 1996; Vavassis 2001).

These intersecting structures form a dense fault network 
that is probably related to the faulting process at the ter-
mination of the AF, which involves the development of 
minor faults that accommodate the deformation close to the 
fault tip. Therefore, the hot springs of Aedipsos are situated 
within a broad damage zone, at the tip of the Aedipsos Fault.

Karastathis and Mouzakiotis (2014), based on offshore 
seismic data, suggest that the Gialtra hot spring could be 
controlled by a NE–SW fault, which follows the bathymetry 
of the area and continues onshore below the Post-Alpine 
sediments (Galanakis 1997). However, the presence of the 
E–W striking Lichades Fault System (LFS, Fig. 2; IGME 
1991) also plays a role, controlling the morphology of the 
coastline. Thus, the Gialtra hot spring is related to the inter-
section of these two fault systems, near the seashore.

Spatial distribution of temperature 
and near‑surface thermal anomalies

To visualize the spatial distribution of the shallow geother-
mal fluid circulation temperature in the Aedipsos area, a sur-
face temperature interpolation map was produced (Fig. 9), 
by applying the Kriging interpolation method. Based on 
the field measurements, the temperatures of the hot springs 
ranged from 43 to 69 °C, and the temperatures of the artesian 
boreholes ranged from 44 °C to 82 °C. The submarine hot 
springs showed temperature between 27 and 33 °C.

Based on the spatial distribution of the shallow geother-
mal fluid circulation temperatures (Fig. 9), the maxima were 
detected at the intersection of the three fault systems in the 
area, i.e. (i) NNE–SSW to NE–SW, (ii) ENE–WSW to E–W 
and (iii) NNW–ESE to NW–SE. Also, a thermal anomaly 
(Fig. 9) suggests the occurrence of NNE–SSW faulting run-
ning through the south-eastern part of the town, beneath the 
thermogenic travertine deposits.

To investigate and visualize the terrestrial, sea-surface 
and submarine thermal anomalies, thermal infrared images 
were taken (Fig. 10). Based on these, the existence of at 
least two submarine hot springs (Fig. 10a, b, e and f) were 
documented for the first time, in the area of Aedipsos. In 
many cases, thermal anomalies (hot plumes) were identi-
fied at the sea-surface, as the result discharges of terrestrial 
and submarine hot springs discharges (Fig. 10a, b, e and f).

The temperature of the terrestrial hot springs/artesian 
boreholes goes up to 84 °C (Fig. 10c, d). The thermogenic 
travertine depositions of Aedipsos have high temperatures in 
several locations since hot water circulates inside them (shal-
low circulation). Characteristic examples are when water 
emerges from stone walls, used to retain the travertine mass 

Table 10  Whole-rock travertine chemistry

bdl = below detection limit

TR-1 TR-2 TR-3 TR-4 TR-5

Ca (%) 36.8 35.0 31.0 35.7 34.4
Na (%) 0.43 0.80 1.77 0.56 1.68
S (%) 0.19 0.32 0.52 0.04 0.38
Al (mg/kg) 94 77 64 bdl Bdl
B (mg/kg) 27 27 50 12 34
Ba (mg/kg) 140 140 62 3 114
Fe (mg/kg) 368 538 7932 969 1750
K (mg/kg) 263 425 948 757 783
Mg (mg/kg) 220 346 1148 1025 733
Mn (mg/kg) 2 2 12 71 6
P (mg/kg) 32 37 29 bdl bdl
Sr (mg/kg) 3360 3650 3200 625 3620
Si (mg/kg) 933 832 611 79 702
Zn (mg/kg) 6.65 3.20 3.87 6.73 bdl
As (μg/kg) bdl bdl bdl bdl bdl
Be (μg/kg) 141 311 1411 405 544
Cd (μg/kg) 8 5 10 11 17
Co (μg/kg) bdl bdl bdl bdl bdl
Cr (μg/kg) bdl bdl bdl bdl bdl
Cs (μg/kg) 117 324 1139 673 600
Cu (μg/kg) bdl bdl bdl bdl bdl
Hf (μg/kg) 56 47 20 bdl 31
Li (μg/kg) 844 1700 3896 2257 2675
Ni (μg/kg) bdl bdl bdl bdl bdl
Pb (μg/kg) 421 bld 942 1664 bdl
Sb (μg/kg) 47 51 283 678 89
Sn (μg/kg) bdl 107 bdl bdl bdl
Th (μg/kg) 7 2 14 5 3
Ti (μg/kg) bdl bdl 1619 bdl bdl
U (μg/kg) 12 14 13 7 14
Y (μg/kg) 643 64 163 659 85
Zr (μg/kg) 2085 1660 576 98 817
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on its sides (Fig. 10g) and the identified thermal anomalies 
in the inside walls of the Roman thermal baths (Fig. 10h, i).

Discussion and conclusions

In the northwestern Euboea (Evia) Island, hot springs occur 
in three areas: (i) Gialtra, (ii) Aedipsos and (iii) Ilia. The 
main hot springs occurrences in the northwest of the island 
are located in Aedipsos area. In Gialtra and Ilia, only one 
hot spring occurs in each area. Euboea has been recognized 
as an area with the highest geothermal gradients in Greece, 
just after the south Aegean active volcanic arc (Fytikas and 
Kolios 1979), but the geothermal heat capacity of the area 
has not been exploited yet (Kanellopoulos et al. 2017b).

Seawater-dominated geothermal systems, such as 
Euboea’s, are of high importance since they are proposed as 
analogues for seafloor massive sulfide deposits. Recent stud-
ies have demonstrated the metal content and ways of transfer 
in these systems (Hardardóttir et al. 2013; Hannington et al. 
2016; Grant et al. 2019; Hannington and Garbe-Schönberg 
2019). Kanellopoulos et al. (2017a, 2018b) have suggested 

the Euboea hydrothermal system as a new terrestrial active 
mineralizing hydrothermal system associated with ore-bear-
ing travertines. Since, they identified sulfides (pyrite, arse-
nopyrite, galena, chalcopyrite, sphalerite, stibnite), native 
elements such as Fe (Kanellopoulos et al. 2018b), alloys like 
Au ± Cu–Ag, fluorite and REE-bearing phases, syngeneti-
cally enclosed within the pores of thermogenic travertines 
and ferrihydrite deposited at the surface. The presence of 
ferrihydrite-rich travertine, at an ore‐grade concentration (up 
to 35.3 wt% Fe), Kanellopoulos et al. (2019a) after geologi-
cal and geomicrobiological studies suggested that presents 
pre‐diagenesis facies association and mineralogy that could 
bring new clues for unravelling “Banded Iron Formation” 
(BIF) modes of formation and the salient biogeochemi-
cal conditions characteristic of their original depositional 
environment. Additionally, deposition of travertine from 
terrestrial seawater-dominated hot springs are also rare 
(Kanellopoulos et al. 2017a) and adds even more scientific 
importance to the Euboea geothermal system.

Based on a series of mineralogical and geochemical 
observations Kanellopoulos et al. (2017a, b) suggested that 
metals, native iron and metalloids in the study area were 

Fig. 9  Surface temperature distribution, based on the hot springs and shallow boreholes (> 40 m) of the Aedipsos area. The geographical coordi-
nates are in EGSA ‘87



2103International Journal of Earth Sciences (2020) 109:2081–2112 

1 3

mainly derived from magmatic fluids, which after mixing 
with heated seawater deposited sulfide mineralization at 
depth, and As-enriched hydrous iron oxides in the studied 
travertines at the surface. Also, they support the hypothesis 
that there is a remobilization from carbonate-hosted sulfide 
mineralization and suggest that the study area has potential 
for a future base and precious metal discoveries.

The findings mentioned above suggest the high-impor-
tance of understanding the Euboea’s geothermal fluids, and 
especially their controlling factors and their underground 
circulation, since only few information are known.

Geothermal fluid chemistry and travertine 
deposition

The Euboea hot springs vary in temperature from about 
44–84 °C, with their maxima at the Aedipsos hot springs/
artesian boreholes, as well as the maxima fluid discharge. 
All samples are classified as near-neutral pH, Na–Cl fluids 
(Table 1). They have a very close chemical relation between 
them, indicative is the limited distribution of the studied 
samples on the Piper characterisation diagram (Fig. 4a). 
That implies that most probably the studied fluids have a 
common origin and they do not change their chemical com-
position significantly during their upper part of ascent, i.e. 
no or limited mixing processes with local cold aquifers and 
the meteoric water.

Additionally, the comparison between samples from dif-
ferent sampling periods (dry and rain period) revealed only 
limited concentration variations in trace elements, suggest-
ing only limited participation of meteoric water in the stud-
ied system. Previous studies have also identified only small 
variations in the hydrochemical characteristics of the studied 
fluids, between different sampling periods (Kanellopoulos 
et al. 2017a).

High concentrations of Cl (up to 1.96%), Na (up to 
1.16%) and a series of elements (conservative constituents, 
Tables 2, 3) such as F, B,  SiO2, Br and Li were detected, 
which could be associated with seawater and/or are likely to 
be of a deep geothermal fluid member.

Almost all samples present excess to B and Li compared 
to seawater, suggesting additional water–rock interactions 
and/or mixing with a deep geothermal fluid member. Simi-
larly, in most cases, ratios such as Br/Cl, K/Cl, Na/Cl, Ca/
Cl and Li/Cl (Table 2) are higher than or near the seawater 
value, supporting the hypothesis that the very high salinity 
represents high seawater participation and additionally sec-
ondary processes like water–rock interactions and/or mixing 
with a deep geothermal fluid member. Taking into account, 
the geological formations present in the area, the excess of 
B, compared to seawater, could originate from sediments. 
Bebout et al. (1993) have shown that B loss from sediments 
is strongly related to the heating during fluid circulation. 

However, the high Li/B ratio presents a wide variability from 
0.01 to 0.12, typical of water discharged from ‘rift-type’ 
and ‘arc-type’ systems (Giggenbach et al. 1995). Similar 
ratio variations have reported in the Nisyros geothermal 
fluids (0.05–0.18; Marini and Fiebig, 2005), indicating cor-
respondences between the geothermal system of Euboea 
and volcanic-related geothermal systems. Thus, a relation 
between the studied system and the neighbouring Lichades 
volcanic centre may be proposed. Dotsika (2015) suggests 
that the supply of B and Li is closely related to rock leaching 
and reflects to a great extent the alteration to the geothermal 
fluids by the crustal zone during the submerging and the 
resurfacing of the fluids. It must be noted that the intensity 
of the fluid–rock exchange depends, besides other factors, 
on the relative proportions of fluid and rocks, of the surface 
area and the duration of contact.

The  HCO3/Cl ratios (Table 2) of the studied geothermal 
fluids are even 10 times higher compared to seawater. At 
the same time, the  HCO3 concentration is two to three times 
higher than the local cold groundwaters (Kanellopoulos and 
Mitropoulos 2013), suggesting that the geothermal fluids are 
enriched due to water–rock interactions (Stober and Bucher 
2002).

The Ca/Cl, and Mg/Cl ratios (Table 2) of the studied geo-
thermal fluids are both rather higher and lower compared 
to the seawater, respectively, suggesting possible interac-
tion of the geothermal fluids with deep volcanic formations 
under high temperatures and  CO2 pressures (Dotsika 2015). 
At high temperatures,  Mg2+ is incorporated into secondary 
alteration minerals by ion exchange reaction (Nicholson 
1993), stripping the solution of its  Mg2+ contents. The high 
Ca contents could be attributed to an equilibrium with a 
hydrothermal mineral (Na–K-feldspar, calcite, muscovite) at 
high temperatures and  CO2 pressures (Truesdell et al. 1981) 
and from limestones/marbles dissolution.

The aforementioned data combined with isotopic 
results from other studies (Mitropoulos and Kita 1997; 
D’Alessandro et al. 2014; Dotsika 2015) strongly suggests 
high seawater participation in the deep part of the system. 
Additionally, their Cl–SO4–HCO3 and Na–K–√Mg cor-
relations (Fig. 6) suggest that the studied fluids are deep 
waters with volcanic origin affinities, which are partially 
equilibrated with the minerals of the geothermal reservoir.

Also, high concentrations in conservative constituents 
such as Br (up to 58.4 mg/L), Li (up to 3.36 mg/L), as 
well as relevant ion ratios, combined with water and gas 
isotopic results (Shimizu et al. 2005; D’Alessandro et al. 
2014; Dotsika 2015) suggest that the studied hot springs 
are fed by a deep parent geothermal fluid, mixed with sea-
water. They present similarities with geothermal systems 
of the south Aegean active volcanic arc, highlighting the 
relation between the studied system to the volcanic centre of 
Lichades and the associated magma chamber. The Aedipsos 
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He gas isotopes present a positive anomaly (enrichment) in 
mantle He (3He/4He ~ 1 RA, Shimizu et al. 2005), resembling 
the south Aegean active volcanic arc related hot springs.

Based on the correlation coefficients, factor and cluster 
analysis, the chemical composition of the geothermal flu-
ids is controlled by four factors. The most important fac-
tor, accounting for 42.3% of the total variance, represents 
the effect of seawater on geothermal fluid composition, i.e. 
the main source of the geothermal fluid. The second fac-
tor, accounting for 18%, is related with the deep thermal 
origin of the geothermal fluid and the heat source. As far 
as concerns the third factor, it is comprised of V, As and 
Ni, accounting for 17.3%. It is related with the co-variation 
and the concentrations of Ni and Cu. It must be noted that 
seawater-dominated geothermal systems are enriched to 
these elements. Although, as concerns NW Euboea, Kanel-
lopoulos and Argyraki (2013) and Kanellopoulos and Mitro-
poulos (2013) have proven that elements like V, Ni, Cr, Cu 
are present in noticeable concentrations in the soil and the 
cold groundwater aquifers of the NW Euboea and they are 
related with the local ultramafic rocks from the ophiolitic 
sequence. Thus, taking under consideration the geological 
data of the study area and the fact that factor analysis sepa-
rated these elements as a separate factor, it is suggested that 
their enrichment is the result of the ultramafic rocks from the 
ophiolitic sequence influence, during the upflow zone of the 
geothermal fluid circulation. The last factor is related to the 
influence of the metamorphic rocks, during the upflow zone 
of the geothermal fluid circulation.

The large deposits of thermogenic travertine (Table 10), 
especially in Aedipsos (Kanellopoulos 2011, 2013), and 
the high Ca concentrations of the fluids (Table 2), strongly 
suggest that the geothermal fluids at some point meet and 
dissolve carbonate rocks. Based on the drilling data (Gkioni-
Stavropoulou 1998; Hatzis et al. 2008), marbles and lime-
stones are present as bedrock below Aedipsos. The AD-L-4 
borehole (Hatzis et al. 2008) encountered marbles at a depth 
of 340–350 m. Within these marbles, a fractured zone was 
identified, with a circulation of geothermal fluids (~ 80 °C). 
Thus, the geothermal fluid enriches in Ca, by dissolving the 
bedrock carbonates of the area and deposits thermogenic 
travertine, at the surface due to pressure and temperature 
change.

In several cases, the Aedipsos hot springs present intense 
bubbling, as a result of degassing, indicating high gas pres-
sure in the geothermal system. Most probably, the gas phase 
separates at depth, leaving a dissolved gas phase that is pro-
gressively depleted in the less soluble gases (i.e. He and 
 N2). This residual phase is finally separated from the fluid 
at shallow depths or at the emerging point. D’Alessandro 
et al. (2014) after analysing the chemical and isotopic com-
position of the gas phases, concluded that Aedipsos and Ilia 
are  CO2-dominated, while at Gialtra, they are N-dominated. 
Based on that, the limited to non-presence of travertines to 
Gialtra area could be explained, in contrast to Aedipsos and 
Ilia areas. Since travertine precipitation results primarily 
through the degassing of  CO2 from the groundwater, lead-
ing to calcium carbonate supersaturation. The isotope com-
position of  CH4 indicated a hydrothermal origin (possibly 
abiogenic, D’Alessandro et al. 2014). The obtained  CO2 
isotopic composition was found to be similar to the samples 
from the south Aegean active volcanic arc (D’Alessandro 
et al. 2010, 2014; Parks et al. 2013) and suggested that were 
a result of mixing between  CO2 of mantle origin with  CO2 
deriving from marine carbonate thermal metamorphism (i.e. 
decarbonation of marine limestone within the crust at an 
estimated depth < 8 km).

Structural and magmatic control on hot spring 
formation and new areas of geothermal interest

Based on the aforementioned data, the Plio-Pleistocene 
Lichades volcanic centre is related to the studied geothermal 
system. Taking into consideration, the existence of a mag-
matic chamber at about 7–8 km depth below the Euboean 
Gulf (Karastathis et al. 2011), it could be suggested that 
this magmatic chamber could be the main heat source of 
the geothermal system. Also, areas with possible hydro-
thermal alterations in the study area, ought to be studied in 
the future, since they could be related to hidden geothermal 
resources.

As it was mentioned above, ancient historians such as 
Thucydides and Strabo, as well as modern scientists (Pertes-
sis 1937; Margomenou-Leonidopoulou 1976) described 
observations about the effect of strong historical earthquakes 
on the occurrence of Northern Euboeas’ hot springs. All this 
information is indicative of the relation between seismicity/
tectonic setting and the presence of the studied hot-springs. 
Studies performed in tectonically active geothermal areas 
revealed that fault surfaces are preferential fluid pathways, 
where the pressure and temperature of the field is signifi-
cantly different. Τhe fault surfaces play a significant part in 
the recharge or discharge of the reservoir (e.g. Arnorsson 
1985; McGuinness et al. 1995; Banks et al. 1996; Caine 
et al. 1996; Magri et al. 2010; Cherubini et al. 2013).

Fig. 10  Paired views of the Aedipsos hot springs: normal image and 
corresponding thermal image of the same area. At the right side of 
each thermal picture, a colour column shows the temperature scale 
corresponding to the colours. a, b Offshore hot spring, creating ther-
mal anomaly (halo). c, d Artesian hot borehole with temperature up 
to 84  °C. e, f Offshore hot spring discharging at the base of a ther-
mogenic travertine cape, and the spring’s hot plume in the sea. g Hot 
water emerging from a retaining stone wall, used for supporting the 
side of a travertine mass. h, i Thermal anomaly inside the clogged 
Roman Thermal Baths

◂
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Additionally, in the present study, submarine hot springs 
were documented for the first time in the area (Fig. 10a, b, 
e and f), suggesting the continuation of the geothermal field 
manifestations into the seafloor of the North Euboean Gulf. 
It is not clear yet if offshore hot springs connect the main hot 
spring areas in NW Euboea and the mainland (Sperchios). 
The presence of hot springs near the seaside at both sides of 
the Northern Euboean Gulf, i.e. Euboea: Aedipsos, Ilia and 
Gialtra and mainland, i.e. Kamena Vourla, leaves that ques-
tion open. Until now, in Greece, submarine hot springs with 
corresponding hydrothermal depositions, such as hydrother-
mal chimneys and hydrothermal metallic sedimentation, 
have been identified only in the seafloor of the South Aegean 
active volcanic arc (e.g. Valsami-Jones et al. 2005; Price 
et al. 2013; Kilias et al. 2013; Kati et al. 2015). The sub-
marine hot fluid discharges could create locally noticeable 
thermal anomalies, with high concentrations in a series of 
metallic and other elements, creating unique extreme envi-
ronments, where rare biomineralization processes could take 
place. Kanellopoulos (2014) and Kanellopoulos et al. (2015; 
2019a) have already discussed the presence of biominerali-
zation processes in the terrestrial hot springs of NW Euboea 
and Sperchios, respectively.

All the hot springs in NW Euboea are located at the junc-
tions of two or three fault systems. Even though, it seems 
that they are developed in an NW–SE direction, similar 
to the marginal fault on the south coast of the Northern 
Euboean Gulf, the main fault strikes in all areas are the E–W 
to ENE–WSW ones, with Oreoi Strait being sited at the pos-
sible extremity of the North Anatolian Fault. Spring occur-
rences in the study area can be related to lateral tips of a 
major fault segment, with the presence of complex networks 
of additional fault systems leading to fault intersections.

The hot spring of Ilia area is located on a marked bend of 
the marginal fault system, where the SE–NW offshore Tel-
ethrio Fault (TF) splits into two splays, one SE–NW which 
can be traced onshore and another since the fault strike 
swings to the ENE–WSW to E–W fault (Ilia Fault—IF, 
Fig. 2a). The hot spring of Gialtra is related to the intersec-
tion of the NE–SW fault, which follows the bathymetry of 
the area and the E-W striking Lichades Fault System (LFS, 
Fig. 2a), which is controlling the morphology of the coast-
line. In the case of Aedipsos, three fault systems are present: 
(i) the major NW-trending front fault, controlling the south 
part of Northern Euboean Gulf and the relevant coastline, 
(ii) the E–W to ENE–WSW fault system, controlling the 
Oreoi Strait and (iii) the NNE–SSW to NE–SW system, 
which is mapped onshore (Tzitziras and Ilias 1996; Vavas-
sis 2001; Figs. 2a and 3). Based on the tectonic data and the 
spatial distribution of temperatures (Fig. 9), it seems that 
the main hot springs occur near fault intersections, mainly 
between the ENE–WSW and NNE–SSW fault systems and 
in some cases between also the NW–SE fault system. These 

intersecting structures form a dense fault network that is 
probably related to faulting processes operating at the termi-
nation of the Aedipsos Fault (AF), which involve the devel-
opment of minor faults that accommodate the deformation 
close to the fault tip. Therefore, the hot springs of Aedipsos 
are situated within a broad damage zone, at the tip of the 
Aedipsos Fault. This conclusion is also supported by the 
travitonics data, i.e. the combination of thermogenic traver-
tine depositions and structural data (McGarth and Davison 
1995; Hancock et al. 1999), since the most characteristic 
morphological types of the travertine deposits of the area are 
terraces and mounds (Kanellopoulos 2012, 2013). To char-
acterize them further as either “locked fault interactions” 
or as “slipping fault-intersections” (Curewitz and Karson 
1997), more detailed structural and tectonic study of the 
area is needed.

The understanding of the magmatic processes and tec-
tonic control on the hot springs and the thermal anomaly 
of the greater area is of the great importance of any future 
exploration project. Since, they could suggest areas with hid-
den geothermal resources, i.e. areas without surface mani-
festations, similar to Ampelia area, Eastern Thessaly-Greece 
(Kanellopoulos et al. 2016). For example, the area at the 
direction NNE–SSW to NE–SW from Aedipsos is promising 
to include hidden geothermal resource locations.

Sub‑surface and reservoir characteristics

Even though geothermal drilling projects have been con-
ducted on NW Euboea Island, the geothermal reservoirs 
have not been identified yet. Therefore, any information that 
could be conducted by assessing all the available informa-
tion is highly valuable.

Since the water samples are characterized as partially 
equilibrated waters (Fig. 4c), numerous water chemical 
geothermometers were applied to estimate the temperatures 
of the reservoirs. Several geothermometers estimate tem-
peratures lower than the surface measured temperatures. 
As regards the Mg/Li and Na/Li geothermometers, they are 
problematic, since Li is a minor constituent in the studied 
geothermal fluids, while Na and Mg are major. As a result, 
slight changes in Li concentrations during the ascent of the 
fluid significantly affect the Na/Li and Mg/Li ratios. The 
estimated temperatures of Mg-involving geothermometers 
are low. That could be explained since the studied fluids 
have low Mg concentrations, so relatively limited reaction 
in the upflow with side-rocks could alter the aqueous Mg 
concentration significantly (Arnórsson 2000). The estimated 
temperatures by the silica geothermometers are close or even 
lower than the measured values in the field (Table 7). The 
only exception is the Ilia sample (STR-117G18-IL-2), with 
estimated temperatures for Quartz: 138 °C and for Chal-
cedony: 112 °C. The Na/K (Truesdell, 1976) and Na/K 
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(Fournier, 1973) water chemical geothermometers are sug-
gesting temperatures from 216 to 243 °C and from 250 to 
281 °C, respectively. Dotsika (2015), by applying isotopic 
geothermometers [δ18O  (SO4–H2O)] at hot springs of Aedip-
sos, calculated temperatures between 230 and 240 °C and 
suggests as possibly more representative a temperature close 
to 200 °C. So, these estimations are in agreement. Also, the 
use of ratios such as Na/K and Na/K, instead of absolute 
abundances of the ions, makes the Na–K geothermometers 
less sensitive to any secondary processes, such as mixing 
and boiling, which could change the original characteristics 
of the geothermal fluid. But, in the case of diluted water or a 
system below 150 °C, this often results in an overestimation 
of the calculated temperature (Henley et al. 1984; D’Amore 
et al. 1987; Wang et al. 2015). This is because Na/K ratio 
of water at low temperatures is governed by leaching rather 
than chemical equilibrium, which goes against the basic 
assumption for a chemical geothermometer application. 
Also, high Ca contents in geothermal fluids, as in these of 
NW Euboea, may also lead to unreasonably high-temper-
ature estimates by Na–K geothermometers (Fournier and 
Truesdell 1973).

Based on the evaluation of the applied water chemical 
geothermometers and considering all the available data 
about the geology of the area, the derived temperatures from 
Na–K-Ca (Fournier 1979) and Na/K (Fournier and Potter, 
1979) geothermometers, which are in a good agreement, are 
considered as the most appropriate from the NW Euboea 
system. Since the Na–K-Ca geothermometer was formulated 
for fluids containing relatively high calcium, it assumes that 
a fluid mineral equilibrium is established between Na and K 
feldspars, calcic minerals (calcium feldspar, epidote, calcite) 
and clay minerals, which are common in the metamorphic 
rocks of the local bedrocks. So, these geothermometers seem 
to be the more suitable for Euboea geothermal fluids. Based 
on these estimations, the geothermal reservoir is between 
140 and 164 °C. Although, multicomponent geothermo-
metric tools such as RTEst (Palmer et al. 2014) and GeoT 
(Spycher et al. 2014), which are based on complete fluid 
analyses and a solid thermodynamic basis, should be applied 
in the future to verify this point or to suggest a more accurate 
geothermal reservoir temperature.

Based on the radiological analyses, most of the samples 
present 222Rn concentrations higher than the parental 226Ra 
concentrations (Table 9). The 222Rn is inactive and an eas-
ily dissoluble gas. The low imbalance of 222Rn/226Ra ratios 
suggests that the dissolved 222Rn emanates mostly from 
the decay of the parental 226Ra of the fluid and that there 
is only limited enrichment from the surrounding rocks. In 
the areas where thermogenic travertine is being deposited, 
the ratio of 222Rn/226Ra is very low, even < 1. Character-
istic cases are Koukoumos (STR-114G20-01), Ilia (STR-
117G18-01), Artemis (STR-113GA-AD-13) and Ntamaria 

(STR-113-AD-10) artesian boreholes (see radiological anal-
yses from Athanasoulis et al. 2009, 2016; Kanellopoulos 
et al. 2018a). Koukoumos (STR-114G20-01) has 8.03 Bq/L 
226Ra, which is among the highest 226Ra concentrations in 
Greek hot springs (Athanasoulis et al. 2009, 2016; Kanel-
lopoulos et al. 2018a), but at the same time is very close 
to the relevant 222Rn concentration. Most probably, the low 
concentrations of 226Ra (related to 222Rn) could be attributed 
to the presence of high concentrations of  SO4

2− and  Ca+, as 
suggested by Lopez (Lopez et al. 2004). The presence of 
these ions in concentrations close to the  CaSO4 solubility 
degree causes precipitation of the  CaSO4 and consequently 
parallel co-precipitation the  RaSO4. Additionally, 226Ra 
could easily substitutes for Ca in gypsum (Godinez et al. 
1997; Yoshida et al. 2009; IAEA 2014) which is present in 
the local travertines (Kanellopoulos 2011; Kanellopoulos 
et al. 2017a).

By applying the 226Ra–222Rn method, it was estimated 
that in most cases the geothermal fluids took around 
80–100 years to flow from the recharge areas to the dis-
charge points in NW Euboea. The estimated circulation 
depths vary from about 1830 m for Gialtra, 1230–1300 m 
for Ilia and 700–830 m for Aedipsos. These estimations 
agree with Kanellopoulos et al. (2018a) results. In the case 
of Koukoumos area (AD-L-4 borehole, max. geoth. gradi-
ent), the estimated circulation depth is only about 300 m. All 
these points suggest that probably there is one geothermal 
reservoir in the area, with spatial shape diversity.

Drilling and logging data, combined with the geochemi-
cal 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). This implies that the hot reservoirs and the pathway 
of the hot groundwater are not in hydraulic connection with 
the main cold aquifers of the area.

The metamorphic rock formations, i.e. gneiss schists and 
greenstones, identified below Aedipsos and Ilia, are imper-
meable and work as a geothermal cap, having fault systems 
analysed above. Below these formations, carbonate rocks 
usually occur, within geothermal fluid circulation has been 
identified (Hatzis et al. 2008). In the Gialtra area, only thin 
layers (50, 180 m) of sediments were identified above the 
carbonate rocks. Perhaps the presence of the thick imperme-
able metamorphic rock formation is one of the reasons that 
the Aedipsos and Ilia hot springs present higher tempera-
tures, and the springs are under pressure.

Also, in NW Euboea, almost all hot springs are actively 
depositing thermogenic travertine. Aedipsos is one of the 
largest active thermogenic travertine systems in Greece. 
They are composed mainly of calcite or aragonite or mixed 
calcite and aragonite as the main mineral phases (Kanel-
lopoulos, 2011, 2012; Kanellopoulos et al. 2017a). After 
drying, travertine becomes very dense and impermeable, 
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although geothermal fluid circulation has been identified 
inside it. Most of the hot water boreholes are artesian; when 
near to clogging, they even create small geysers (some tens 
of centimetres high), indicative of the high pressure of the 
system. No sign of the three fault systems could be identi-
fied, due to the rapid deposition rate of the travertine. Most 
probably, the geothermal fluid reaches the surface of the 
bedrock and moves across the contact between bedrock and 
travertines. At the same time, because of the high pressure 
of the system, it uses fractures and moves upwards inside 
the travertine layer, creating several hot springs at the sur-
face of the travertine cap. Daily changes in the water supply 
intensity of the hot springs were observed, which could be 
caused by geothermal pulses. These changes ought to be 
systematically measured and explained in the future.

Implications for geothermal exploration

The Northern Euboean Gulf and the neighbouring Sperchios 
Basin, on the mainland, occur in a unique back-arc geologi-
cal position, at the western extremity of the North Anatolian 
Fault and in the vicinity of the Plio-Pleistocene Lichades 
volcanic centre, presenting one of the highest geothermal 
gradients in Greece. In NW Euboea, several hot springs 
occur, mainly in Aedipsos and two more in Gialtra and Ilia. 
Based on the information mentioned above, the groundwa-
ter flow pattern is primarily controlled by the tectonic set-
ting of the area. The heat source is the magmatic chamber 
of the Lichades volcanic centre, at 7–8 km depth. There-
fore, it could be concluded that the Euboea’s hot springs 
occur as a result of both active tectonics of the area and 
recent volcanism and that below them there is one geother-
mal reservoir, with spatial shape diversity. Water recharge 
is achieved through the offshore faults, which are located 
at the seafloor of the Northern Euboean Gulf. These struc-
tures feed the system with seawater, which far below mixes 
with the deep geothermal fluid member, enriched in many 
conservative constituents and metals. During its upflow, the 
geothermal fluid does not show any indications of mixing 
with cold aquifers, although it reacts with the local geologi-
cal formations. The Aedipsos hot springs have the minimum 
circulation depths, residence times and the most favourable 
tectonic setting (occurrence of three fault systems and with 
dense fault network), these data could explain the presence 
of so many hot springs, which present the maximum water 
discharge volume and temperature, compared to the other 
areas. Based on these, a conceptual flow pattern for the geo-
thermal system can be delineated (Fig. 11).

The geothermal gradients were calculated for the three 
areas separately (Table 8) and show high thermal anomalies. 
The Gialtra area presents the lowest geothermal gradient, 
i.e. 7.8 °C/100 m, while at Ilia this is 10.4 °C/100 m. As 
far as Aedipsos is concerned, i.e. the area with the highest 

geothermal anomaly, two geothermal gradients were calcu-
lated. The first one is based on the AD-L-4 borehole (Hatzis 
et al. 2008) and amounts to 18.7 °C/100 m, which is con-
sidered as the most representative for the Aedipsos area. 
The second one is based on AD-G-20 borehole (Gkioni-
Stavropoulou, 1998) and is 53.9 °C/100 m, which present the 
sharpest temperature increase with depth compared.

Until now, for the northwest of Euboea, the Greek State 
has recognized the area of Gialtra as a geothermal field 
available for economic exploitation (Government Gazette 
Β΄ 1058/2.6.2009). Based on the data of the Geothermal 
Energy Division, of the Greek Geological Survey (Hellenic 
Survey of Geology and Mineral Exploration-HGME, ex-
IGME), NW Euboea has a potential geothermal heat capac-
ity of about 26.4  MWth (~ 4.4  MWth in Gialtra; ~ 1  MWth in 
Ilia and ~ 21  MWth in Aedipsos, quantitative estimations).

Additionally, at the greater area, there are unexploited 
locations with high-chance to be hidden geothermal 
resources, such as areas NNE–SSW to NE–SW from Aedip-
sos; adding even more geothermal heat capacity.

In NW Euboea occurs a complex seawater-dominated, 
tectonically controlled and volcanic related geothermal sys-
tems, with active ore-mineralizing processes and serious 
potential geothermal heat capacity (⁓26.4  MWth), which is 
waiting to be exploited properly, with respect to the history 
of the area and the already established installations for ther-
mal spa/bathing therapies. A cascade utilization, i.e. com-
bination of power production and direct-use applications 
such as heating of swimming pools, thermal baths (medical/
wellness tourism), greenhouses, fish farming, etc., should be 

Fig. 11  Schematic hydrogeological flow pattern of geothermal fluids 
in the Aedipsos area, in Northwest Euboea
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considered in the frame of a sustainable development plan 
for the area.
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