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Abstract: This study aims to investigate the intricate relationship between geological structures,
water chemistry, and isotopic composition in order to gain a deeper understanding of the origins and
recharge mechanisms of thermal–mineral waters in the Kyllini region. The research integrates tectonic
analysis, hydrochemical data, and stable isotope measurements to delineate recharge zones and trace
the origin of these unique water sources. The methods used for delineation are the geological and
tectonic study of the area, as well as hydrochemical and isotopic data analysis. The findings highlight
that tectonic activity creates preferential flow paths and consequently influences the hydrogeological
framework, facilitating deep circulation and the upwelling of thermal waters. Monthly analyses of
groundwater samples from the Kyllini thermal spring were conducted over one hydrological year
(2019–2020) and compared with data from the area collected in 2009. The hydrochemical profiles of
major and minor ions reveal distinct signatures corresponding to various water–rock interactions,
while stable isotope analysis provides insights into the climatic conditions and altitudes of recharge
areas. Hydrochemical analyses reveal the composition of thermal–mineral waters, aiding in the
identification of potential sources and their evolution. The conceptualization of Kyllini contributes to
the deeper understanding of the intricate interplay between tectonics, hydrochemistry, and stable
isotopes. During a hydrological year, the water type of Kyllini’s spring groundwater remains the
same (Na-Cl-HCO3), presenting only slight alterations.

Keywords: hydrochemical data; isotopic data; tectonics; trace elements; Kyllini spring

1. Introduction

In the Mediterranean region, groundwater constitutes the main source of water for
domestic, industrial, and agricultural activities. However, the quality deterioration of
groundwater from natural and anthropogenic sources threatens the water supply. Usually,
studies focus on anthropogenic pollution sources [1–4]. However, at some sites, the hydro-
geological regime favors groundwater pollution from natural processes. Greece has one
of the most active tectonic plate boundaries in Europe, where the Eurasian and African
plates collide. This convergence gives rise to recurring seismic activity and a heightened
susceptibility to earthquakes. Tectonic structure provides a flow path for deeper fluids and
minerals, influencing geological processes and resource distribution. Tectonic structures
can significantly influence fluid-flow behavior in the Earth’s crust. These structures vary
from simple fault geometries to complex fault zones with multiple strands, impacting
fluid-migration patterns [5]. The presence of hydraulic heterogeneities within rocks can
control the spatial distribution of deformation structures, affecting fault architecture and
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fluid-flow pathways over time [6]. For instance, tectonic activity creates faults in imperme-
able rocks, which can lead to the formation of pathways for fluid migration, potentially
altering the subsurface hydrology, and influencing geothermal energy resources and even
seismic activity.

In terms of water requirements, thermo-metallic waters are considered unsuitable;
hence, tectonic behavior is a contributing factor to water chemistry and pollution. Nonethe-
less, it is crucial to acknowledge the therapeutic properties of thermo-metallic waters,
which have been utilized for centuries in practices such as positotherapy and bathing [7,8].

Tectonic behavior is a key determinant that shapes the subsurface landscape and
influences the intricate pathways through which groundwater sustains ecosystems and
human communities. In general, tectonic setting plays a significant role in hydrogeology by
influencing the structure, flow paths, and characteristics of groundwater systems. Tectonic
activity can impact the drainage evolution and hydrogeological setting of a region. Fault
systems, in particular, can act as flow barriers or preferential flow paths, affecting ground-
water flow towards specific areas [9]. In polyorogenic regions, complex fractured bedrock
aquifers are formed due to the superposition of structures during tectonic history [10]. Tec-
tonic structures can also impact the permeability patterns of aquifers, affecting groundwater
quantity and quality [11]. Additionally, faults can play a role in directing groundwater
flow towards preferential drainage areas [12]. Moreover, faults have the potential to exert a
profound impact on the hydrodynamics of aquifers, as well as the hydrochemistry of the
system. Consequently, such influence can result in alterations to the flow regimes within an
aquifer and ultimately affect the observed salinity levels within the surrounding region [13].
Major faults can impact salinity by affecting hydraulic conductivity, leading to differences
in permeability within geological formations. This influence can result in increased saliniza-
tion potential in shallow aquifers near fault zones. Additionally, the presence of faults can
influence salt tectonics, such as salt diapirism, which further contributes to the distribution
of salinity in areas such as the study area. Understanding these geological features is crucial
for assessing and managing salinity risks in regions like Kyllini [14].

Geological structures such as faults and fractures play a crucial role in guiding ground-
water flow [15]. These structures can act as conduits or barriers to groundwater flow,
depending on their orientation and permeability [16]. In some cases, tectonic activity
can lead to the diversion of groundwater flow along fault lines [17]. Additionally, the
emergence of faults due to tectonic perturbations may affect the safety of groundwater
repositories, depending on their proximity and timing [17]. In continental rift zone settings,
faults can control groundwater flow within different sub-compartments, leading to spatial
heterogeneity in flow patterns. Strong seismic events have the capability to induce alter-
ations in the movement of groundwater, such as shifts in flow pathways and changes in the
amount of water being discharged. These modifications occur as a result of fractures created
during earthquakes and the subsequent influence of faults in either facilitating or impeding
the flow of water [18]. Seismic events can also affect the physico-chemical characteristics of
groundwater, with anomalies observed before, during, and after earthquakes [19]. Addi-
tionally, the tectonic modification of the landscape can impact surface drainage systems and
groundwater residence in aquifers, with correlations between fault systems, potentiometric
anomalies, and lithospheric thickness [20].

Thermal springs are abundant in Greece, especially in tectonically active regions,
many of which are located in the western part of the country. Since ancient times, Kyllini
has been known for its healing springs, and their possible connection to neighboring
aquifers has been a source of interest for many researchers [21–23]. The ancient Greeks
believed in the medicinal properties of these waters and utilized them for treating a variety
of health conditions [24]. The famous historian Herodotus mentioned the therapeutic
use of mineral waters in his writings, indicating the long-standing significance of such
natural resources in Greek culture. During the Roman period, the Kyllini springs were
further developed into elaborate bath complexes. Romans, known for their sophisticated
bathing culture, capitalized on the natural thermal–mineral waters, constructing baths that
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served both therapeutic and social functions. The mineral content, particularly chloride
and bicarbonate, is known to help in treating skin conditions like eczema, psoriasis, and
dermatitis [7]. The thermal properties of the waters provide relief from the pain and
inflammation associated with arthritis, rheumatism, and other musculoskeletal issues [25].
The inhalation of steam from these waters can alleviate symptoms of respiratory conditions
such as asthma and bronchitis. Today, the thermal–mineral springs of Kyllini continue to
be a popular destination for wellness tourism. Modern spas and therapeutic centers in the
region utilize these natural resources, offering a range of treatments and wellness programs
that draw on the historical legacy of the springs. The region is very close to the Hellenic
Trench, which is one of the most seismically active regions in Greece. Deep fault systems
and fissured zones, along with the presence of permeable rock such as limestone, favor
the preferential flow of deep groundwater to surface fresh water, influencing groundwater
quality [26]. Mount Erymanthos consists of carbonate rock interrupted by active faults,
allowing the circulation of meteoric water at great depths, resulting in its enrichment in
trace elements such as lithium and boron [22].

Tectonic activity can result in the formation of geothermal systems. Thermal springs
and geothermal reservoirs often occur in regions with active tectonics, where heat from the
Earth’s interior influences groundwater temperature and movement. Studies have shown
that seismic events can affect the physico-chemical characteristics of groundwater, leading
to variations in conductivity, temperature, and major and minor constituents [16]. Active
tectonics can also control the movement of groundwater in hard-rock aquifer systems,
resulting in the formation of alternating groundwater valleys and ridges that coincide
with tectonic arches and deeps [19]. Additionally, tectonic activity can cause changes
in the position of rivers, leading to shifts in groundwater flow patterns and changes in
groundwater quality [27]. The presence of fault systems and fractures in aquifer complexes
can also influence the movement and characteristics of groundwater, as observed in the
Cerna Valley Basin, where hydrogeothermal phenomena are strongly influenced by tectonic
activity [28]. Overall, these findings highlight the close relationship between tectonic
activity and the movement of thermo-mineral groundwater. Understanding the interaction
between fluids and fault systems is crucial in hydrogeology, as faults can influence the
displacement of deep fluids and the recharge processes of groundwater systems.

Hydrochemistry is a valuable tool for investigating the origin, quality, and potential
applications of thermal waters. For instance, studies on various thermal springs have clas-
sified them based on cation and anion percentages, such as NaCl, NaHCO3, and CaHCO3
types [29]. Additionally, geochemical calculations and water analysis aid in understanding
the stability, mineral solubility, and low mineral salt content of thermal waters controlled by
natural geochemical equilibria [30]. Furthermore, the classification of thermal waters into
different groups based on salinity levels and chemical facies provides information on their
suitability for irrigation and potential environmental risks [31]. Moreover, in another case,
hydrochemistry can be used to determine if arsenic and boron are derived from geothermal
fluids, or if hexavalent chromium is derived from the weathering products of ophiolitic
rocks [32]. In summary, hydrochemical analyses are essential for characterizing thermal
waters and groundwater in general, as well as evaluating their quality and determining
their potential applications across various fields.

Isotopes play a vital role in hydrochemical research as they offer valuable insights
into the age, origin, and movement of water within the hydrological cycle. Stable isotopes,
such as oxygen-18 and deuterium, are employed to track water sources, comprehend
groundwater recharge processes, and investigate hydrochemical properties [33]. These
isotopes facilitate the identification of the evolution of groundwater systems under the
influence of human activities, the determination of predominant water types, and the
disclosure of the hydrochemical characteristics of water resources [34]. Furthermore, stable
isotopes assist in the study of isotope composition in precipitation, revealing seasonal
variations influenced by rainfall volume and ambient air temperature. This knowledge
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contributes to a comprehensive understanding of water resources and their interactions
with the environment.

In this study, we investigate the origin and thermal and/or mineral properties of water.
A sampling network consisting of 13 springs and boreholes has been established in the
western Peloponnese to examine the mechanisms that control the origin and genesis of
the local water. Our study aims to identify the similarities and differences among various
springs in the broader area of the northwestern Peloponnese, using a multi-parameter
approach that includes main, trace element, and stable isotope analyses. The estimation
of Kyllini’s recharge zone is based on a comprehensive geological and hydrogeological
study of the wider area of the Kyllini Baths, combined with data from previous studies.
The findings of this research project will enhance our understanding of the hydrochemical
and hydrogeological behavior of groundwater in the study area.

2. Materials and Methods
2.1. Study Area

The study area is located in the northwestern Peloponnese in Greece, extending into the
northern part of the Ilia prefecture. It is characterized by the presence of hypothermal–mineral
springs and is developed in an E-W direction from Erymanthos M. to the sea. The peninsula
of Kyllini, which is about 868 km2, extends to the western part of the Pinios River Basin.
The river drains the mountainous and semi-mountainous zone of the study region and
flows into Chelonitis Bay (Figure 1). The population of the study area is approximately
9000, which increases during the summer due to tourism. The main economic activity in
the area is centered around agriculture, particularly summer crops such as strawberries,
watermelon, and pumpkin. In the summer, the water demands in the basin are primarily
met through groundwater, while surface water from the Pinios Dam supplements this
supply during the winter (and to a lesser extent in the summer). Given the current climate
crisis, it is imperative to protect both the quantity and quality of groundwater, as it is a
crucial resource in this region.
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Figure 1. Geological map of the broader area.

The climate in the western Peloponnese region is characterized by hot and arid sum-
mers, along with mild and rainy winters. During the summer months, temperatures often
surpass 35 ◦C, accompanied by ample sunshine. On the contrary, winters are relatively
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mild, with intermittent rainfall. Coastal areas experience milder temperatures due to the
moderating influence of the nearby sea, while inland regions experience more noticeable
temperature variations.

In the wider area, the dominant geological formations are post-Alpine orogenesis-type
rocks. The geological substratum of the region consists of Alpine formations, which have
a limited surface expansion. The Alpine sediments belong to the geotectonic zones of
Olonos Pindos, Gavrovo–Tripolis, and Ionia, as they develop from east to west and belong
to the External Hellenides. East of the Ilia prefecture, the entire stratigraphic sequence
of the Pindos Zone outcrops on the surface of Erymanthos Mountain, with characteristic
imbricate thrust stacks (Figure 1). The lithostratigraphic units of the Pindos Zone consist
of clastic Triassic series, Drumos limestones of Up. Triassic to L. Jurassic age, radiolarites
of M. Jurassic to L. Cretaceous age, first flysch, platy limestones of Up. Cretaceous age,
transitional layers of flysch, and flysch of Holocene age. The Gavrovo–Tripolis Zone begins
east of Pinios Lake and the appearance of sediment is limited to Mount Skolis, mainly
comprising Upper Eocene–Oligocene flysch [35].

Evaporites of Triassic age, which belong to the base of the Ionian Zone, and limestones
of Middle Jurassic–Upper Cretaceous age, appear north of the Kyllini Baths. Gypsum of
diapiric origin is strongly deformed and folded with linear and flat flow lines [3]. The
diapiric movement of Triassic evaporites has affected both Alpine and Late-Cenozoic-to-
Holocene sedimentary rocks, and is associated with thrust faults, which could be pathways
for the upward migration of groundwater (Figure 2). Diapiric activity is still ongoing
today [36]. Moreover, near the village of Kastro, “Vigla limestones” from the Upper Jurassic
to L. Cretaceous age superficially appear with insertions of cherts.
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The post-Alpine deposits in the study area, within which the hot springs occur, consti-
tute the northern part of Pyrgos Basin, which extends from Mount Lapithas to the edges of
Mount Skolis and Kyllini [37]. Post-Alpine sedimentary formations of Plio-Pleistocene and
Holocene age are placed unconformably on the Alpine formations in this area and cover
the greater area of the peninsula. These sediments consist of alternating layers of marls,
clays, sands, coarse- and fine-grained sandstones, and conglomerates [38].

The western Peloponnese, and especially Kyllini, is characterized as one of the most
tectonically active areas in Greece. The main reason for the intense neotectonic activity is
that the area is located close to the outer part of the Greek Arc and close to the convergence
zone of the lithospheric plates [39,40]. The tectonic setting of the Northwestern Peloponnese
is characterized by the presence of the Corinthian rift, which is the most active extensional
crustal structure in the world [41]. This rift has shaped the region since the Pliocene
through normal faulting, tectonic uplift, and sea level changes [42]. The landscape changes
from the coast line into the mainland from a flat plain to mountainous, with different
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sedimentary deposits and geological features [43]. The region has challenging conditions
for geophysical surveys due to its complex geological formations and the human utilization
of the coastal plain and urban areas [44]. Various geophysical techniques such as magnetic
mapping, ground-penetrating radar (GPR), electrical resistivity tomography (ERT), and
seismic soundings have been used to overcome these challenges and successfully map
archaeological features and structures [45].

In the NW Peloponnese, the result of actions of the main neotectonic faults from the
Upper Miocene to the present day is the creation of alternating trenches and horsts, which
are determined by large marginal fault zones in the neotectonic basin with a general E-W
direction. These faults are characterized as being very seismically active [40,46]. Specifically,
the tectonic horst of Erymanthos has developed in the study area with a NE-SW direction
of Pindos geological structures; this is due to the general E-W direction of faults in this area
and the depression of Ilia, which is bounded to the north by the Erymanthos tectonic horst
and to the south by the Lapitha tectonic horst. The post-Alpine basin of the study area
extends to the northern part of the depression of Ilia and is one of the smallest structures
delimited within it by major fault zones [47] as a result of a combination of fault tectonics
(mainly feedback from pre-existing axes of Alpine tectonics) in combination with the
diapiric movements of the evaporites of the Ionian Zone [37]. The presence of a Late
Triassic–Early Cenozoic succession of deep-water siliciclastic, carbonate, and siliceous
sediments, which become more distal oceanward towards the east, provides evidence for
the tectonic development of the Pindos Ocean [43]. The flexural upwarp and subsequent
collapse of the Gavrovo–Tripolis foreland basin during the Mid-Eocene and Late Eocene,
respectively, demonstrate the tectonic evolution of the Pindos ocean and its interaction
with the surrounding regions [43].

The Pindos Zone constitutes an overthrust nappe lying on the formations of the
Gavrovo–Tripolis Zone, a large part of which is covered, and intense tectonic action has
caused the formation of imbricate thrust stacks. Especially in the study area, the Pindos
Zone is overthrusted on the flysch of the Gavrovo–Tripolis Zone on the east side of the
anticline of Mount Skolis. According to Kamberis, the structural limit between the Ionian
and Gavrovo–Tripolis Zones is a result of the latest up-thrusting, which passes through the
villages of Portes and Santameri. The structural deformation in the Ionian and Gavrovo
Zones in the NW Peloponnese is attributed to the propagation of a fold–thrust system
during the Cenozoic [31]. The Pindos Flysch Formation in the Peloponnese was derived
from the Apulian continental margin to the west and was deposited in channels with levees
and channel-termination lobes in the western Peloponnese, as well as in a distal basin plain
in the east. It was later incorporated into the accretionary prism by Mid-Eocene time due
to a microcontinental collision south of the Gulf of Corinth line [48]. Diapirs of Triassic
evaporites complicate the tectonic pattern in front of the Skolis thrust in the mentioned
basins. The structural deformation in the Ionian and Gavrovo–Tripolis Zones is attributed
to the propagation of a fold–thrust system during the Cenozoic. The Gavrovo–Tripolis Zone
has experienced high-angle reverse faulting, which has generated an imbricate fan [49].

In the Kyllini peninsula, the Ionian Zone formations form an asymmetric anticlinic
structure of N-S general orientation parallel to the west coast, resulting in the intersection
of gypsum in combination with the effect of faults and tangential movements. The axis
of the anticlines plunges abruptly north of Kyllini Spring, while at Chelonitis Bay, the
plunge seems to have a slight slope. This is most likely because of the faults that developed
around the spring, resulting in the plunge of Alpine substratum to Chelonitis Bay. In the
Upper Pliocene–Pleistocene, the area converted into a shallow coast and a sequence of
transgression and regression of the sea took place. This resulted in the old relief being
covered by the Upper Pliocene–Pleistocene sediments that developed in the region [21,37].
The diapirism of the gypsum continued from the Pleistocene to the Holocene due to the
alteration in the Alpine substratum, with the consequence of the upward movement of the
area. In general, the Kyllini anticline structure is characterized by a composite geometry
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and complexity due to the diapirism of the gypsum, which is enhanced by the action of
faults parallel to the axis of the anticline, but also by tangential thrust movements [21].

2.2. Methodology

To carry out this study and assess variations in groundwater quality, monthly samples
were collected from Kyllini Spring between the years 2019 and 2020. Additionally, for
the cross-comparison of the aquifer and the spring, data were evaluated from June 2009.
In total, we took thirteen samples from springs and boreholes, as well as two samples
from the sea and rainfall. The sampling network was strategically chosen to ensure a
comprehensive distribution across the broader study area and due to accessibility reasons.
It was considered essential to collect samples of both freshwater and thermal–mineral water
at various altitudes. It is important to evaluate both time-series data and previous data in
order to evaluate the evolution of the environmental status of aquifers.

Immediately after collection, all analyses were conducted at the Laboratory of Hydro-
geology of the Department of Geology at the University of Patras. Three distinct water
samples were obtained from each sampling site and placed in polyethylene bottles that
had been thoroughly cleaned with acid and rinsed. The first sample, with a volume of
1 L, was used for the analysis of anions (NO3

−, NO2
−, SO4

2−, Cl−, and F−) in the water.
The second sample, with a volume of 0.1 L, was filtered through a Whatman 0.45 µm
cellulose membrane and then treated with 0.5 mL of ultrapure HNO3 to determine the
presence of metals (Ca2+, K+, Mg2+, and Na+). The third sample was a bulk sample used
for isotopic analyses.

Temperature, pH, electrical conductivity, dissolved oxygen, and redox potential were
measured in situ using a Hanna® HI 9828, USA portable equipment (Hanna, Smithfield, RI,
USA). Moreover, CO2 and alkalinity concentrations were measured in situ using a Hach®

Digital Titrator (Hach, Loveland, CO, USA), and S2− was measured using a Hach® 2400
portable spectrophotometer. Anion (NO3

−, NO2
−, SO4

2−, and F−), P, NH4
+, and SiO2

concentrations were measured with a Hach® DR 4000 spectrophotometer. The Cl− content
was determined using AgNO3 0.1 N titration. Major cation (Ca2+, K+, Mg2+, and Na+)
concentrations were determined using a Perkin Elmer atomic absorption spectrometer
(PerkinElmer, Waltham, MA, USA). Chemical calculations, such as the determination of
saturation indices, were performed using PHREEQC version 3.0 [50].

Trace-element concentrations were measured using inductively coupled plasma–
mass spectrometry (ICP-MS) with an ELAN 6100 Perkin-Elmer instrument (PerkinElmer,
Waltham, MA, USA). Moreover, all groundwater samples were also analyzed for their oxy-
gen and hydrogen isotopic composition using an isotope ratio mass spectrometer (Finnigan
Delta, Atlanta, GA, USA). Isotope ratios are expressed as the deviation per mile (d‰) from
the reference V-SMOW (Vienna Standard Mean Ocean Water). The uncertainties are ±0.1‰
for d18O and ±1‰ for dD (±1 s). Isotopic analyses were carried out at the Institute of
Geophysics and Volcanology of Palermo in Italy. Isotope analyses were used to determine
the origin of the sources by means of a d18O-altitude diagram. The accuracy of the major
element analyses was checked by using charge mass balance, and analyses were considered
as acceptable when charge mass balance was less than 3%.

3. Results and Discussion
3.1. Hydrochemistry Characteristics

The electrical conductivity (E.C.) values of all samples ranged between 261.1 and
51,600 µS/cm, while the pH values ranged between 6.88 and 7.78 (Table 1). The majority
of the samples were characterized by negative redox values, thus indicating reductive
conditions, and the samples from karst springs presented positive redox values, showing
an oxidative environment. In terms of temperature, the waters of the sampling network are
classified into two categories: cold–fresh waters (STSIP, SAGKYR, SKAK, SXAB, GA2, GA3,
S1), with temperatures ranging between 12.2 ◦C and 20.3 ◦C, and hypothermic–mineral
waters (GA1, G8, SKYL, SBR, SKOU, GKOU), with temperatures ranging between 12.2 ◦C
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and 29 ◦C. The elevated temperature values of the groundwater in the Kyllini Baths is a
significant indicator of the region’s hydrogeological settings. These temperatures result
from deep groundwater circulation influenced by the Earth’s geothermal gradient and are
facilitated by tectonic activity, such as fractures and faults that allow warm water to ascend
to the surface. The temperature profiles also reflect extensive water–rock interactions,
which contribute to the unique chemical composition of the thermal–mineral waters.

Table 1. The physicochemical parameters, major ions, and trace elements of the water samples.
The values of the major elements are given in mg/L, water temperature (Tw) in ◦C, Eh in mV, and
electrical conductivity EC in µS/cm.

STSIP SAGKYR SKAK SXAB GA2 S1 GA3 LAKE GA1 SBR SKYL G8 SKOU GKOU

Tw 12.4 15.1 12.2 18.1 17.4 18.3 20.3 28.7 22.2 26.2 24.5 26.2 29 28.3
Eh 69 n.d. 64 67 1 −26 −34 n.d. −42 −48 −26 −37 −9 −11
pH 7.69 7.38 7.84 7.32 7.04 7.42 7.58 8.18 7.78 7.57 7.38 7.58 6.88 6.93
EC 347.1 460.0 264.1 717.0 796.0 1490.0 763.0 431.5 6720.0 2120.0 4175.0 4275.0 51,600 47,400

CO2 n.d. n.d. 98 n.d. 105 93 91 165 263 n.d. 104 178 218 168
HCO3

− 185.4 225.7 189.1 212.3 211.6 324.5 340.4 206.2 559.9 311.1 612.4 568.5 381.9 263.5
K+ 0.84 1.4 0.39 0.68 2.59 3.92 5.3 2.16 14.46 5.95 13.08 13.32 322 322

Na+ 3.43 3.44 3.05 18.17 26.06 84.65 56.30 11.28 986.00 168.80 622.20 636.20 9570.0 9870.0
Mg2+ 5.11 2.54 2.18 5.94 9.28 21.5 24.5 7.16 72.1 42.45 35.25 35.45 780.50 781.50
Ca2+ 64.00 68.50 58.00 85.00 119.50 128.00 66.50 77.50 119.50 131.00 62.00 69.00 852.00 905.00

NH4
+ 0.093 0.008 0.014 0 0.008 0.042 1.866 0.059 13.215 0.685 2.373 2.606 3.415 3.35

NO3
− 3.00 4.00 8.00 4.00 127.00 1.00 5.00 4.00 4.40 2.40 13.00 18.00 5.20 12.20

NO2
− 0.019 0.047 0.01 0.009 0.058 0.003 0.047 0.055 0.0106 0.00 0.002 0.004 0.059 0.172

SO4
2− 12.10 11.70 4.20 34.70 121.00 77.30 70.2 34.10 790.00 345.00 277.00 282.00 2560.0 2490.0

PO4
− 0.034 0.084 0.094 0.289 0.08 0.061 0.077 0.027 0.743 0.072 0.215 0.077 0.095 0.06

SiO2 7.50 5.90 4.70 18.20 20.50 15.40 16.40 2.00 13.20 16.80 17.10 15.70 13.10 13.10
F− 0.24 0.06 0.05 0.08 0.16 0.19 0.35 1.25 0.74 1.37 1.32 2.36 1.73
Cl− 3.3 1.8 3.2 36.0 24.4 182.0 29.2 16.0 1260.0 244.0 710.0 790.0 18,200 18,460
B (*) 18.0 14.4 16.3 17.9 28.3 175.4 152.2 33.4 2115.0 522.8 1805.9 1996.6 3143.0 3095.1
Ba (*) 11.3 125.7 27.4 30.1 11.8 59.1 40.7 33.6 105.0 78.7 69.0 56.3 57.7 65.1
Fe (*) 74.0 84.0 72.6 110.1 99.3 168.5 99.3 93.1 486.1 176.2 237.3 244.0 0.0 0.0

Mn (*) 0.9 0.4 0.4 551.9 0.2 69.2 182.7 36.2 14.4 220.3 13.1 10.5 378.4 363.2
Li (*) 1.9 2.3 1.4 7.2 7.6 8.5 9.1 4.1 88.0 26.9 52.0 54.7 325.9 317.5
Sr (*) 81.0 261.1 123.3 320.7 354.5 773.5 573.5 244.4 3610.9 1377.4 2002.5 2110.4 11,321 11,232

* Values given in µg/L; n.d.: not detected.

Water samples were plotted in a Piper diagram (Figure 3a) and in scatter plots
(Figure 3b–e). The solid lines reflect the concentration–dilution characteristic line for sea-
water. According to the Piper and Shoeller (Figure 4a) diagrams, the fresh water samples
of karst springs STSIP, SAGKYR, SKAK, and SXAB, and the sample from Pinios Lake
have a water type of Ca-HCO3, which means that the waters are refreshed in limestone
and sandstone. The springs discharge water from limestone, consequently filling the
lake with karst spring water. As a result, the springs and the lake contain an identical
water composition. The shallow borehole GA2 and the deep borehole GA3 have wa-
ter types of Ca-HCO3-SO4-NO3 and Ca-Na-Mg-HCO3, respectively, while spring S1 has
Ca-Na-HCO3-Cl. Obviously, different types of waters based on this classification are sub-
jected to variable chemical processes, including dissolution, ion exchange, and mixing
among waters. This is indeed expected for aquifers in Neogene–Quaternary formations,
where low-flowing-speed water favors the initiation of these chemical processes.

According to Figure 3b, most samples are located on the concentration–dilution line,
showing the same origin for the elements of Na and Cl. In hydrochemistry research
that focuses on groundwater quality, the concentration–dilution line for seawater plays a
crucial role in understanding the dynamics of mixing between groundwater and seawater,
especially in coastal aquifers. Plotting the concentrations of different ions, such as chloride
and sodium, against salinity allows us to determine the extent of seawater intrusion into the
groundwater system. A straight concentration–dilution line indicates conservative mixing,
suggesting that the observed concentrations are solely a result of physical mixing without
significant chemical reactions. Deviations from this line can indicate non-conservative
behavior, revealing geochemical interactions such as ion exchange or mineral dissolution
that affect groundwater quality. Plotting the concentrations of different ions, such as
chloride against sodium, also allows us to determine if the ions are of common origin. From
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the fresh water group, spring S1, located 500 m west of Kyllini Spring, seems to be affected
by the thermal aquifer of Kyllini Spring and not by sea water. In Figure 3c, the distribution of
the samples in relation to the dilution line shows the terrestrial origin of calcium (carbonate
rocks) of all the samples and those of Kounoupeli Spring. The terrestrial origin of calcium
is important in determining the quality of groundwater. Calcium primarily comes from the
weathering of minerals found on land, like limestone and gypsum. This natural process
enriches groundwater with calcium ions, which are essential for maintaining the water’s
chemical balance and overall quality. The presence of calcium in groundwater indicates
the geological characteristics of an aquifer and can affect water hardness. High levels of
calcium can improve water’s buffering capacity, which helps to neutralize acidity and
stabilize pH levels.
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Moreover, pollution from anthropogenic activities is another factor increasing chloride
ions in spring S1, spring Xavari (SXAB), and in Pinios Lake. The Cl-SO4 diagram indicates
that sulfates (Figure 3d), especially in the samples which are on the dilution line, have the
same origin as sea water. All samples, with the exception of Kounoupeli, that are on the line
present a reasonable excess of sulfates due to the dissolution of dissoluble minerals such
as gypsum and anhydrite. The increased concentrations of sulfates in the samples from
both Kyllini and Vromoneri that were found in the same field are attributed to contact with
Triassic evaporites. Due to diapirism, in both areas, the evaporites appear at the surface of
the ground and at the subterranean level, i.e., very close to the surface [51].

On the other hand, the diagram in Figure 3e (Cl-Mg/Ca) shows the terrestrial origin
of the two elements found in all samples, except those from Kounoupeli. The values of
the Mg/Ca ratio range from 0.06 at Kakotari Spring to 1.51 at Kounoupeli Spring. In the
GA3 borehole and Vromoneri Spring (SBR), the ratio presents values from 5 to 7, indicating
origin from limestone aquifers, while for Kyllini Spring (G8, SKYL) and GA1, the origin is
dolomitic and silicate aquifers.

The presence of dolomites in the evaporites of the Ionian Zone is known in the
Castle of Kyllini [21,52], but they have also been found underground with deep drilling.
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Evaporites contain carbonate minerals, and the dissolution of gypsum or anhydride causes
the dissolution of dolomite as well, according to Reaction (1):

1.8 CaSO4 + 0.8 CaMg (CO3)2 → 1.6 Ca (CO3)2 + Ca2+ + 0.8 Mg2+ + 1.8 SO4
−2 (1)
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The dissolution of gypsum releases abundant Ca2+ in the water, and continuous
dissolution causes a precipitation of calcite, which, according to the reaction leads to a
decrease in CO3

2−, causing the additional dissolution of dolomite with a simultaneous
increase in the concentration of Mg2+. This process is referred to as dedolomitization and
results in the deposition of calcite and an increase in the concentrations of Ca2+, Mg2+, and
SO4

2− in groundwater.
In line with the trace element analysis, two samplings and analyses were conducted

during separate dry and arid periods. The mineral and thermal waters presented high
concentrations of B, Ba, Li, and Sr that did not change over time. This is strong evidence of
the stable minerality of the thermal spring. The concentration of lithium in water depends
on the contact time between water and rock [53]. In addition, Li has been used as an
indicator of the residence time of water in aquifers [54]. The diagram of lithium and the
temperature of the water samples (Figure 4c) in the study area shows the strong correlation
between these factors. As the temperature increases, the concentration of lithium also
increases. Boron, which has a high solubility, tends to be concentrated in restricted water
environments, in evaporites, and in brackish waters of marine or continental origin [55].
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The diagram of B-Cl (Figure 4b) shows that the ratios of boron to chloride support the
origin of boron being from the dissolution of rock minerals, except for the Kounoupeli
Spring (SKOU), which indicates an origin from mixing with seawater.

During hydrochemical monitoring in 2020, the water type of Kyllini Spring ground-
water remained the same: Na-Cl-HCO3. During a hydrological year, a slight variation
is observed in the values of temperature and pH, as well as in concentrations of main
elements such as K+, Na+, Ca2+, SO4

2−, NO3
−, NO2

−, and NH4
+. These elements present a

low standard deviation, which indicates that the values tend to be close to the mean of the
set. In general, changes in precipitation and temperature throughout the seasons impact
the rates at which groundwater is recharged and the dilution of dissolved minerals. Specifi-
cally, natural processes like mineral dissolution, ion exchange, and microbial activity in
groundwater samples vary seasonally, thereby affecting the concentrations of hydrochemi-
cal parameters. In addition, the values of EC, CO2, HCO3

−, and Cl− show high standard
deviation, which indicates that the values are spread out over a wider range. Table 2 shows
the statistical results of the chemical analyses of the water samples from Kyllini thermal
spring. The temperature of thermal waters varies from 24.1 ◦C to 28.7 ◦C, whereas the
electrical conductivity ranges between 3869 µS/cm and 4495 µS/cm. The thermal spring
shows a fractional fluctuation in pH values, which range from 7.18 to 7.44. Sodium (Na+)
is the dominating cation in the sample site, varying between 820 and 900 mg/L (mean
value 860 mg/L). Along with Na+, both chloride (Cl−) (890–1100 mg/L) and bicarbonate
(HCO3

−) (585.6–829.6 mg/L) contributed in considerable amounts to the hydrochemical
composition of the samples. Calcium (Ca2+) shows a range of 54–100.4 mg/L with an
average of 74.12 mg/L. The season does not affect the hydrochemical composition of the
thermal water, despite changes in external weather conditions.

Table 2. Descriptive statistics (max, min, average, and standard deviation) of the physicochemical
parameters and major ions in Kyllini Spring. The values of the major elements and CO2 are given in
mg/L, water temperature (Tw) in ◦C, and EC in µS/cm.

Min Max Average StDev

S2− * 19,200 33,100 25,840 3813.19
Ph 7.18 7.44 7.267 0.08
Tw 24.1 28.7 26.19 1.38
EC 3869 4495 4245.9 220.05

CO2 98.4 395 213.04 112.93
Alk 480 680 558.3 70.19

HCO3
− 585.6 829.6 681.126 85.63

NH4
+ 7.825 9.85 8.485 0.62

NO3
− 1 5 2.6 1.51

NO2
− 0.008 0.087 0.0295 0.02

SO4
2− 177 262 219.5 26.38

PO4
2− 0.04 1.63 0.571 0.46

Cl− 890 1100 968 78.29
K+ 14.1 14.55 14.325 0.16

Na+ 820 900 860 29.81
Mg2+ 16.3 41.4 29.8 7.60
Ca2+ 56 100.4 74.12 13.48

* values given in µg/L; n = 10

The radial plots for Kyllini Spring’s thermal water (Figure 5) indicate that a particular
variation in the chemical composition of the water over the years does not exist. Although,
a small proportional increase in the concentrations of the main elements is observed.
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3.2. Isotopic Analysis

The comparison of the isotopic composition of the water samples indicated a common
origin of the thermo-mineral waters and their possible recharge from the semi-mountainous
zone near Pinios Lake (Figure 6). Semi-mountainous regions function as recharge zones
where precipitation infiltrates the soil and permeable rock formations. This water gradually
descends into deeper layers of the Earth’s crust, becoming enriched with minerals from
the surrounding rocks and heating up due to the geothermal gradient. As a result, thermo-
mineral waters are formed, which eventually surface through faults or fractures. These
waters often carry a unique mineral composition, indicating their extended underground
journey and geothermal history.
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The isotopic analysis reinforced the conclusions of the hydrochemical analysis in
relation to the origin of the waters. Isotopic signatures are essential for understanding
water–rock interactions and providing insights into the geochemical processes that affect
groundwater composition. Through the examination of stable isotope ratios, such as
oxygen-18 (18O) and deuterium (2H), the origins, pathways, and historical movements
of water within an aquifer can be traced. These isotopic markers provide information on
the extent of water–rock interactions, as the isotopic composition of groundwater changes
due to mineral dissolution, precipitation, and ion exchange. Moreover, isotopic variations
indicate the mixing of different water sources and the influence of climatic conditions on
groundwater recharge. The position at which the samples from Kounoupeli Spring appear
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on the diagram in Figure 6a (the top right near the seawater sample) indicates mixing with
seawater, confirming the hydrochemical analysis. The blue line in Figure 6a corresponds to
the correlation between groundwater samples, rain, and sea water.

Groundwater samples appear within the belt line zone and are divided into two
groups. The first group includes springs that are formed in the limestones of the Pindos
Zone, including the spring of Kakotari (SKAK), with the lowest isotopic compositions in
terms d18O and dD values, and the rest of the samples are separated into thermo-mineral
waters (SKYL, GA8, GA1, and SXAB) and fresh waters (GA3, GA2, GA1, and S1). From
the diagram depicting d18O-z, it appears that Kakotari Spring (506 m) is supplied from
altitudes higher than the altitude of the Tsipiana Spring (1062 m), as the water is depleted
in 18O and D compared to the spring waters from Agia Kyriaki and Tsipiana. In Figure 6b,
the red line corresponds to the high correlation coefficient r2 = 0.907 that all water samples
have, except for Kakotari (SKAK). Moreover, it is proven that the supply of thermo-mineral
waters is carried out from the semi-mountainous and mountainous regions.

3.3. Index Saturation

Saturation indices, calculated with the help of PHREEQC [50], show that the thermo-
mineral waters of the study area appear saturated in quartz (SiO2), calcite (CaCO3),
dolomite (CaMg(CO3)2), and barite (BaSO4). Knowing the degree of saturation is an
indicator of the residence time of the water in the rock. Groundwater is in equilibrium
with a mineral when the saturation index is zero, unsaturated when it is negative, and
supersaturated when the index is positive.

The samples are saturated in quartz, apart from the Kakotari (SKAK) and Lake Pinios
samples, and all are saturated in calcite except for Agia Kyriaki Spring (SAGKYR) and
borehole GA2 (Figure 7). The only sample from the fresh water group that is saturated
in barite is spring S1, which is also saturated in dolomite. In general, the waters of these
samples had the ability to dissolve the corresponding minerals in quantities to reach
saturation either because they were under conditions of high temperature or because they
were in contact for a sufficient period of time with the corresponding minerals, or because
of both of the above two reasons.
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Kyllini’s mineral water possesses a wide range of minerals that give rise to its unique
characteristics. The groundwater in this area is abundant in trace elements such as B, Sr,
As, and Li, which display associations with temperature owing to interactions between
the water and rocks [56]. In addition, the water contains elements like Ba, Cu, Fe, and Cd,
which either exhibit no correlation or an inverse correlation with temperature, possibly due
to oversaturation at higher temperatures [57]. In the current study, a correlation between
lithium and temperature was observed, which is consistent with the results reported in the
article of Li et al. (2021) [58]. In Greece, Kyllini’s mineral water is highly regarded for its
unique qualities, which are derived from an abundance of different minerals, including
magnesium, boron, and nitrate. These minerals are acquired through interactions with
silicic rocks and shallow aquifers [59]. Dotsika et al. (2006) mentioned that the elevated
boron concentrations found in the water samples can be primarily attributed to their close
proximity to geothermal fields. Geothermal fields, characterized by the Earth’s heat being
in close proximity to the surface, are renowned for their diverse range of minerals and
elements, including boron. The interaction between water and these geothermal areas
can facilitate the absorption of boron, ultimately resulting in the observed heightened
levels of boron in the water [60]. In this study, boron was measured at 1996.6 µg/L in
Kyllini’s borehole, and the minimum value was 14.4 µg/L in the sample from the SAGKYR
karst spring.

The occurrence of salt deposits, such as halite (rock salt), within an aquifer can result in
the elevation of chloride and sodium ions in thermal water. When thermal water interacts
with these salt deposits, they have the potential to dissolve, consequently releasing chloride
and sodium ions into the water [61]. Tectonic behavior plays a crucial role in determining
the flow pathways for groundwater, as it gives rise to fault and fracture systems that
significantly influence the movement of subsurface water. Several studies conducted in
various regions, such as Denizli City in Turkey, the Nera River catchment in Italy, and
the Central Kenya Rift, have shed light on the impact of fault systems on groundwater
flow patterns [10,62]. These fault systems act as conduits or barriers, guiding the water
towards specific drainage areas. The importance of faults in groundwater dynamics is
further emphasized by the interplay between tectonic structures and subsurface fluids, as
observed in the case of Kyllini’s thermo-mineral groundwater [17].

Isotopic signatures offer valuable insights into water–rock interactions, ion sources,
water-type classifications, and the suitability of water for diverse purposes, such as irriga-
tion and drinking [63]. Through the analysis of isotopic compositions in conjunction with
hydrochemical data, scholars can effectively delineate catchment areas, discern the effects
of evaporation, and evaluate the influence of geological factors on water quality [64]. Ulti-
mately, this knowledge contributes to the development of sustainable water management
practices, such as in the case of Kyllini’s thermal spring.

4. Conclusions

The complex tectonic forms of the study area, as well as the extensive and fragmented
fold structures of the Alpine basement, allow the movement of water at vast depths.
Fault systems can act as both barriers and preferential flow paths, impacting the recharge
processes and drainage patterns of groundwater. These structures guide the flow of deep
fluids, directing groundwater towards specific areas and controlling the dynamics of
aquifers. Tectonic faults and fractures are significant in increasing the permeability of rock
formations that are typically impermeable. This phenomenon greatly enhances the rapid
movement of groundwater and facilitates the interconnection of various aquifer systems.
These geological structures effectively redirect the flow of groundwater along fault lines
and fracture zones, leading to the emergence of springs, and exerting a significant influence
on the distribution of hydrothermal fluids. Additionally, tectonic activity contributes to
the development of complex subsurface flow patterns, which consequently result in the
uneven distribution of water quality and temperature. The complex interplay between
tectonic structures and groundwater flow is of paramount importance in the formation
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of thermo-mineral waters. Water infiltrates deeply through the fault systems in the study
area, and is supplied by the water from the karstic system of the carbonate formations of
the Pindos Zone.

In the Kyllini area, normal faults facilitate the upward movement of deep thermo-
metallic fluids from the karst aquifer to the surface. Fresh springs, known as contact–
fault springs, are triggered by tectonic activity. Our hydrochemical and isotopic results
support this argument, as indicated by the low conductivity values observed in the waters.
These low values suggest minimal mixing with shallow, more mineralized groundwater.
Furthermore, the specific isotopic signatures correspond to deep recharge areas, providing
further confirmation that the waters originate from considerable depths. These findings
emphasize the critical role of tectonic structures in facilitating the movement and emergence
of thermal–mineral waters. They also reveal a complex interplay between geological
features and hydrogeological processes in the Kyllini region.

Based on the hydrochemical analysis, it is evident that the water from the springs
and the lake share the same water type. As a result, the preservation of water resources is
intricately connected to the protection of the karst aquifer. The aquifer that hosts Kyllini’s
thermal–mineral waters is located in a zone with a general W-E direction, perpendicular to
the N-S faults, at the northern limits of which the hot spring appears. This zone is vertical
to the tectonic axis of the anticline, which dips sharply north of the spring, while up to
Chelonitis Gulf the dip has a slight slope.

The thermo-mineral waters of Kyllini and the water from borehole GA1 share a
common identity. They are both hypothermic chlorinated sodium waters of meteoric origin.
Additionally, they have slow renewal rates and are found in dolomitic aquifers that come
into contact with silicate rocks. The concentrations of the main and trace elements can be
attributed to the interaction of the groundwater with evaporites, limestones, and dolomites
in the Ionian Zone. The combination of geological and hydrogeological conditions in the
mineral aquifers of the study area, along with the hydrochemical characteristics and isotopic
composition of the groundwater, provide evidence for the shared origin of geothermal
water from the Kyllini spring and borehole GA1. Furthermore, this suggests that the karst
aquifers in the area are involved in their recharge. The observed disparities in temperature,
salinity, and recharge indicate the various pathways that groundwater takes from the
geothermal reservoir to the surface. The thermal water from Vromoneri Spring (SBR) is a
result of the mixing of thermal and fresh water, while the thermal water from Kounoupeli
is found to be mixed with seawater, as confirmed in multiple stages of the research. The
highest Cl− (18,460 mg/L) and Na+ (9870 mg/L) values are in the borehole of Kounoupeli
(GKOU), while the Kyllini borehole has values of 18,460 mg/L Cl− and 636.20 mg/L. The
hydrochemical data collected from the sampled Kyllini thermal water in 2020 indicate
that the water type in this area remains consistent over the years and throughout the
hydrological year.
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