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Abstract: Water and its management have played a pivotal role in the evolution of organ-
isms and civilizations, fulfilling essential roles in personal use, industry, irrigation, and
drinking from ancient times to the present. This study seeks to evaluate groundwater
quality for irrigation and drinking in the Northern Peloponnese region, specifically the
wells of Loutraki and Schinos areas and the springs of the Gerania Mountains (Mts.), using
geo-environmental indices and ionic ratios. For the first time, geo-environmental indices
have been applied to a region where groundwater serves multiple purposes, addressing the
challenge of understanding their dynamics to optimize their application in environmental
science and groundwater pollution research. To achieve this, 68 groundwater samples from
the study area were utilized, and a total of 25 geo-environmental indices were calculated to
assess water quality. These indices examined: (i) drinking suitability (NPI, RI, PIG, WQI,
and WPI), (ii) irrigation suitability (SAR, KR, %Na, PS, MAR, RSC, SSP, TH, PI, IWQI,
and TDS), (iii) potentially toxic element (PTE) loadings (Cd, HEI, and HPI), and (iv) major
hydrogeochemical processes, expressed as ionic ratios (Ca/Mg, Ca/SO4, Ca/Na, Cl/NO3,
Cl/HCO3, and Si/NO3). Data processing involved descriptive statistics, hydrogeochemical
bivariate plots, Spearman correlation coefficients, and multivariate statistical analyses,
including factor analysis (FA) and R-mode hierarchical cluster analysis (HCA). Results
revealed that all groundwater samples (100%) from the Loutraki area and the Gerania Mts.
were of good quality for both drinking and irrigation purposes. In contrast, groundwa-
ter from the Schinos area exhibited lower quality, with most samples (93.9%) considered
suitable only for irrigation. The deterioration in the coastal aquifer of the Schinos area
is attributed to elevated concentrations of Cl−, Na+, NO3− , As, and Cr resulting from
salinization and relatively limited anthropogenic influences. The study highlights that
relying on individual geo-environmental indices can yield misleading results due to their
dependence on factors such as researcher expertise, methodological choices, and the indices’
inherent limitations. Consequently, this research emphasizes the necessity of combining
indices to enhance the reliability, accuracy, and robustness of groundwater quality assess-
ments and hydrogeochemical evaluations. Last but not least, the findings demonstrate
that calculating all available geo-environmental indices is unnecessary. Instead, selecting a
subset of indices that either reflect the impact of specific elemental concentrations or can be
effectively integrated with others is sufficient. This streamlined approach addresses chal-
lenges in optimizing geo-environmental index applications and contributes to improved
groundwater resource management.
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1. Introduction
Groundwater is a crucial resource for various human activities, playing a vital role

in agriculture, industry, and domestic water supply [1,2]. It serves as the primary source
of irrigation for crops, especially in regions with limited surface water availability, en-
suring food security [3]. Industries rely on groundwater for processes such as cooling,
cleaning, and manufacturing, while it also provides drinking water for millions of people
worldwide [4,5]. Effective groundwater management is essential to prevent over-extraction,
contamination, depletion, scarcity, and stress [6–8]. This includes practices like monitoring
water levels, implementing sustainable withdrawal limits, protecting recharge areas, and
promoting water conservation and groundwater sustainability to maintain its availability
for future generations [2,9].

To date, research on groundwater resource quality has primarily concentrated on iden-
tifying the origins of dissolved solutes and other chemical elements, distinguishing between
geogenic and anthropogenic sources. Many studies have employed statistical methods and
geographic information system (GIS) tools (e.g., [10–13], along with advanced techniques
such as machine learning (ML) algorithms [14–16] and spatial autocorrelation [17–19].
These combined methods have been used to analyze key factors influencing water quality.
Additionally, several studies have utilized various geo-environmental indices (the term
‘geo-environmental indices’ is defined in this study as all indices assessing water quality
status) to evaluate the chemical suitability of water for specific uses [20–22]. While these
geo-environmental indices have been applied in numerous studies worldwide [14,22–24],
their application in groundwater quality assessments in Greece remains limited and is
mentioned only in a few case studies [25–27]. However, no comprehensive evaluation
of these geo-environmental indices has been conducted to highlight their strengths and
weaknesses within a specific case study. The lack of such thorough investigations may lead
to potentially erroneous or misleading conclusions, indicating that the assessment of water
quality through these methodologies is still incomplete. Therefore, it is crucial to explore
the optimal application of geo-environmental indices in areas where (i) water quality data
are available and (ii) groundwater resources are used for various purposes. Therefore, a
study that draws informed conclusions regarding the effective use of these indices in a
study area—while clearly identifying their weaknesses, issues, shortcomings, and poor
practices—is highly important.

The Loutraki–Schinos–Gerania Mountains (Mts.) region has been extensively studied
by various Greek research institutions, including the National Technical University of
Athens (NTUA), the National Kapodistrian University of Athens (NKUA), and the Hellenic
Survey of Geology and Mineral Exploration (HSGME), as well as by numerous researchers.
This attention is due to the region’s significant geological, mineralogical, and hydrogeo-
logical features, alongside concerns related to groundwater quality. Papadopoulos and
Lappas [28] were first to identify elevated levels of chromium (Cr), hexavalent chromium
[Cr(VI)], and nitrate (NO3− ) in the coastal alluvial aquifer of the Schinos area. Subsequent
research by Pyrgaki et al. [29] confirmed elevated groundwater concentrations of these
contaminants in the Loutraki, Schinos, and Gerania Mts. areas. Papazotos et al. [30] further
established a statistical relationship between Cr, Cr(VI), and NO3− concentrations, and also
reported increased levels of arsenic (As) in the groundwater. Both Papazotos et al. [30] and
Pyrgaki et al. [31] emphasized the geogenic origin of Cr in the Loutraki area, attributing
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it to the ultramafic rocks of the Gerania Mts. Additionally, Kelepertzis et al. [32] and
Pyrgaki et al. [33] conducted isotopic analyses using δ18ONO3 and δ15NNO3 in the Schinos
area, suggesting that the likely sources of NO3− in the groundwater are septic tanks and
nitrogen (N)-bearing fertilizers; this fact supports the findings of Papazotos et al. [30],
confirming the hydrogeochemical findings about the role of the nitrogen (N) cycle in the
mobilization of potentially toxic elements (PTEs) in the groundwater resources. To date,
there remains a research gap regarding the suitability of groundwater resources for various
uses based on their quality. A water suitability study is therefore necessary for this area;
calculating geo-environmental indices could offer valuable insights into optimal water use
and management by uncovering hidden hydrogeochemical properties.

This study aims to assess the groundwater quality in Northern Peloponnese, specif-
ically in the broader area of Loutraki–Schinos–Gerania Mts., for various uses including
drinking, irrigation, and evaluating PTE loads. The assessment employs geo-environmental
indices and ionic ratios, contributing to the fields of environmental geochemistry, hydro-
geology, and groundwater resource management. In this research, we calculated geo-
environmental indices: (i) to determine the suitability of irrigation water, (ii) to assess the
suitability of drinking water, (iii) to evaluate PTE loads, (iv) to compare values across three
different subcases, and (v) to conduct a comprehensive evaluation to ensure the holistic,
safe, and sustainable use of water. The significance of this paper lies in the application of
chemical analyses and the subsequent calculation of geo-environmental indices to evalu-
ate water suitability using mathematical equations. This is particularly important in the
Northern Peloponnese, where groundwater resources serve both drinking and irrigation
needs. For the first time, geo-environmental indices have been calculated for an area where
groundwater is used for multiple purposes. This approach ensures efficient groundwater
management, protects human health, and optimizes water demand.

2. Materials and Methods
2.1. Description of the Study Area

The study area is located in the Corinth prefecture of the NE Peloponnese, Greece, be-
tween latitudes 37◦56′00′′ N and 38◦04′00′′ N and longitudes 22◦57′00′′ E and 23◦08′00′′ E;
it encompasses Loutraki Town, the Gerania Mts., and Schinos Village. Elevations were
recorded up to 90 m in the Schinos area, up to 190 m in the Loutraki area, and up to 1351 m
in the Gerania Mts. A simplified lithological map showing the groundwater sampling sites
for the three subareas (i.e., wells in Loutraki, Gerania springs, and wells in Schinos) is
presented in Figure 1.Environments 2025, 12, x FOR PEER REVIEW 4 of 41 
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the South Aegean volcanic arc, with a probable deep geothermal reservoir at 80 °C [40]. 
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The area’s geological and hydrogeological characteristics significantly influence
groundwater quality. In Schinos, located in the Northern Corinth prefecture, dominant
formations include Triassic–Jurassic carbonate rocks (limestones), Upper Jurassic–Lower
Cretaceous Boeotian flysch, Lower Cretaceous ophiolites, and Quaternary sediments [36].
The aquifer systems here consist of a karstic aquifer in the south and west, a fractured
ultramafic aquifer in the south and SE, and a granular alluvial unconfined coastal aquifer in
the central part. The main focus is on the alluvial aquifer, composed of sands, gravels, and
conglomerates, recharged by lateral inflows, karstic aquifer inflows, and direct precipitation
infiltration [37]. The vadose zone in the Schinos area reaches up to 15 m, with piezometric
elevations ranging from −0.9 to 10.2 m [38]. The local economy is driven by tourism and,
to a lesser extent, agriculture and livestock.

In Loutraki, geological formations include Lower Cretaceous ophiolites, Triassic–
Jurassic carbonate rocks, Neogene marls, and Quaternary sediments. Aquifer systems
include a karstic aquifer in the north and west, a fractured ultramafic aquifer in the north-
west, and a major unconfined alluvial aquifer. This aquifer is recharged by precipitation,
surface runoff infiltration, and lateral inflows. Its vadose zone thickness varies from 40 m
in the east to over 100 m in the west [39]. Hydraulic disconnection is maintained by
intercalating marls. Loutraki’s thermal springs, linked to the karstic aquifer, are influ-
enced by the South Aegean volcanic arc, with a probable deep geothermal reservoir at
80 ◦C [40]. Furthermore, it is noted that approximately 10 km from Loutraki Town lies the
inactive Sousaki volcano, hosting a geothermal reservoir and characterized by an active
hydrothermal activity with low-temperature gas emissions that have extensively altered
the surrounding rocks [41].

The Gerania Mts., forming the northern part of the Corinth prefecture, include sedi-
mentary and volcanic rocks, Triassic–Jurassic carbonate rocks, Upper Jurassic radiolarian
sediments, Upper Jurassic–Lower Cretaceous Boeotian flysch, and Lower Cretaceous ul-
tramafic rocks (mainly peridotite and serpentinite) [35,42]. The area is tectonically active,
characterized by normal faults and steep slopes, which enhance the development of a
highly permeable carbonate aquifer and semi-permeable fractured ultramafic spring sys-
tems [39]. The degree of weathering in peridotite is more pronounced along the fault zones.
The dominant lithology is spinel lherzolite, with local occurrences of dunite and gabbro. It
is worth noting that magnesite and other carbonate minerals are commonly found along
fractured zones. Furthermore, the surface water network is dendritic in structure, consisting
of two primary streams.

The study area is geodynamically situated within the complex neotectonics of the Gulf
of Corinth, one of the most tectonically active regions in Greece, marked by significant
seismic activity. The geological structure of central mainland Greece, including the Gulf
of Corinth, is predominantly controlled by a series of E–W to NW–SE-trending normal
faults, which have played a key role in shaping the region’s topography [43,44]. Along the
southern margin of the Gulf of Corinth, a set of prominent normal faults, ranging in length
from 15 to 25 km, exhibit a strike of approximately N100◦ and dip northward at angles
of about 50◦. The SE lowland region of the Loutraki area is part of the eastern Corinthian
graben, while the mountainous region corresponds to the Gerania tectonic horst [43,44].

Taking into account demographic data, the Municipality of Corinth spans a total area of
611.02 Km2 and, according to the 2021 census conducted by the Hellenic Statistical Author-
ity [45], has a population of 55,941, resulting in a population density of 91.55 inhabitants
per Km2. The population in the study area exerts pressure on the groundwater resources,
which serve multiple purposes. In the Loutraki area, wells primarily supply drinking water,
while in the Schinos area, groundwater is mainly used for irrigation. The region is a popular
summer destination, attracting significant tourism and driving increased water demand
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during the warmer months. It experiences a typical Mediterranean climate, classified as
Csa (hot-summer Mediterranean) under Köppen’s classification, characterized by mild,
wet winters and hot, dry summers with sharply reduced precipitation in the summer
months. According to the Hellenic National Meteorological Service (HNMS), 33 years
of data (1988–2010), from the Velo Corinthia meteorological station [46] indicate that the
highest average monthly temperature is observed in July (28.7 ◦C), while the lowest occurs
in January (9.1 ◦C), with the mean temperature being closer to the average maximum
temperature. Precipitation peaks in December at 78.6 mm and drops to its lowest in July,
averaging 5 mm. The wet season spans from October to mid-March, while the dry season
extends from mid-March to mid-October.

According to the Corine Land Cover (CLC) 2018 data [47], the Prefecture of Corinth
comprises four main land-use categories. Forest and semi-natural areas dominate, covering
68.4% of the region, followed by agricultural areas at 21.8%, artificial surfaces at 5.8%, and
water bodies at 3.9%. These land uses are classified into four distinct categories: (i) forest
and seminatural areas (coniferous forests, natural grasslands, sclerophyllous vegetation,
and transitional woodland shrubs), (ii) agricultural areas (non-irrigated arable land, fruit
trees and berry plantations, olive groves, pastures, complex cultivation patterns, and land
primarily occupied by agriculture), (iii) artificial surfaces (continuous and discontinuous
urban fabrics, commercial or industrial units, road and rail networks and associated land,
and sport and leisure facilities), and (iv) water bodies (marine waters).

2.2. Sampling and Analysis

A total of 68 groundwater samples were collected from the study area: (i) 33 from
irrigation wells in the Schinos area, (ii) 15 from Gerania springs, and (iii) 20 from drinking
and irrigation wells in the Loutraki area. Sampling occurred during two campaigns in
November 2016 and June 2017. Well samples were collected after purging residual water
for at least 15 min, while spring samples were obtained via natural discharge. Water was
collected in pre-cleaned 1000 mL polyethylene bottles, which were rinsed with sample water
before collection. Samples were divided into three subsamples: 500 mL for major cations
(Ca2+, Mg2+, Na+, K+) and anions (Cl−, SO4

2−, HCO3− , NO3− , PO4
3−) 100 mL for PTEs

and other trace elements (e.g., As, Cd, Cr, Ni, Si, Pb, Zn, etc.); and 25 mL for Cr(VI). Physical
parameters such as electrical conductivity (EC), dissolved oxygen (DO), pH, and oxidation–
redox potential (ORP/Eh) were measured in situ using a YSI Professional Digital Sampling
System (ProDSS). Samples were stored in a cooler and refrigerated at 4 ◦C prior to analysis.
The 500-mL subsamples were filtered and analyzed within 8 h to determine the dissolved
forms of major ions. Major ions were determined using atomic absorption spectrometry
(AAS), titration, spectrophotometry, or turbidimetry, while PTEs, other trace elements, and
Cr(VI) were measured by inductively coupled plasma mass spectrometry (ICP-MS). All
analyses followed international quality control protocols—using blanks, standards, and
duplicate samples to maintain charge balance errors within ±10%—and were conducted in
an ISO/IEC 17025:2005 (UNE-EN ISO/IEC/17025:2005, 2005 [48]. General Requirements
for the Competence of Testing and Calibration Laboratories) certified laboratory, ensuring
high precision, accuracy, and reliability. The data of this study were previously published
in our earlier research [30], which also provides detailed information on the sampling and
analysis procedures.

2.3. Data Treatment

This section includes the calculation of geo-environmental indices with equations
that utilize the results of chemical determinations and the statistical treatment of
various variables.
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2.3.1. Evaluation of Water Quality for Various Purposes

The suitability of water is directly related to its intended use. Numerous geo-
environmental indices are available to evaluate water quality for different purposes; several
of those used in this study are shown in Figure 2. In general, these indices offer valuable
information on water suitability (e.g., for drinking or irrigation), water quality assessment
(e.g., PTEs and other major/minor elements), and the identification of key hydrogeochemi-
cal processes (e.g., contributions from geological formations, anthropogenic activities, and
geochemical reactions) (Figure 2).
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Drinking

This section includes the calculation of geo-environmental indices with equations
that utilize the results of chemical determinations and the statistical treatment of
various variables.

The evaluation of groundwater quality for drinking purposes was conducted using
the following five geo-environmental indices: nitrate pollution index (NPI), Revelle index
(RI), pollution index of groundwater (PIG), water quality index (WQI), and water pollution
index (WPI). Detailed descriptions and information for each index are provided below:

Nitrate pollution index (NPI): The NPI is a single parameter water quality index that is
used to calculate NO3− contamination. The NPI shows that human activity has contributed
to NO3− pollution in groundwater. To calculate NPI, Equation (1) was used [49]:

NPI =
Cs − HAV

HAV
(1)

where Cs represents the NO3− concentration in each groundwater sample, while HAV
(human-affected value) refers to the threshold level of NO3− in groundwater, set at 10 mg/L
according to Panno et al. [50]. Based on NPI values, water quality was classified into five
categories: (a) clean water (NPI < 0), (b) lightly polluted water (NPI: 0–1), (c) moder-
ately polluted water (NPI: 1–2), (d) significantly polluted water (NPI: 2–3), and (e) very
significantly polluted water (NPI > 3).
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Revelle index (RI): The RI was used to assess groundwater salinity in the study area.
It was calculated using Equation (2) [51], with all ion concentrations expressed in meq/L:

RI =
Cl−

HCO−
3 + CO2−

3
(2)

Based on RI values, water quality was classified into three categories: (a) unaffected (RI < 0.5),
(b) slightly affected (RI = 0.5–6.6), and (c) strongly affected (RI > 6.6) by salinity. In general,
RI values below 1 suggest good water quality.

Pollution index of groundwater (PIG): The PIG was calculated following the method
proposed by Subba Rao [52], which evaluates the relative influence of individual chemical
parameters (i.e., pH, TDS, TH, Ca2+, Mg2+, Na+, K+, HCO3− , SO4

2−, Cl−, and NO3− ). The
computation of the PIG involved a total of five steps:

◦ Step I: Assigning relative weights (Rw): Each chemical parameter was assigned a
relative weight on a scale from 1 to 5, reflecting its impact on human health. Potassium
(K+) received the minimum weight of 1, while TDS, SO4

2−, and NO3− were assigned
the maximum weight of 5 [52].

◦ Step II: Calculating weight parameters (Wp): The weight parameter for each
chemical was calculated to assess its contribution to overall groundwater quality,
using Equation (3):

Wp =
Rw

∑ Rw
(3)

◦ Step III: Determining status of concentration (Sc): The concentration status for each
parameter was established by dividing the concentration (C) of the parameter in each
sample by its corresponding drinking water quality standard limit (Ds) (Equation (4)):

Sc =
C
Ds

(4)

◦ Step IV: Calculating overall groundwater quality (Ow): The overall groundwater qual-
ity was calculated by multiplying the weight parameter (Wp) with the concentration
status (Sc) (Equation (5)):

Ow = Wp × Sc (5)

◦ Step V: Calculating PIG: Finally, the PIG was obtained by summing all values of Ow

(Equation (6)), providing a comprehensive assessment of pollution’s impact on the
groundwater system.

PIG = ∑ Ow (6)

◦ Based on the calculated PIG values, the water pollution status was classified into five
categories: (a) no significant pollution (PIG < 1.0), (b) low pollution (PIG = 1.0–1.5),
(c) moderate pollution (PIG = 1.5–2.0), (d) high pollution (PIG = 2.0–2.5), and (e) very
high pollution (PIG > 2.5).

Water quality index (WQI): The WQI, as defined by Horton [53] and Brown et al. [54],
utilizes the same relative weights assigned to each chemical parameter in the PIG, as
outlined in Equation (3) using a total of 9 parameters (TDS, Ca2+, Mg2+, Na+, K+, HCO3− ,
SO4

2−, Cl−, and NO3− ). The quality rating scale (qi) for each parameter is calculated
by dividing its concentration in each water sample by the corresponding standard, then
multiplying the result by 100 as shown in the following Equation (7).

qi = Sc × 100 (7)
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To compute the final stage of the WQI, the SI for each chemical parameter (SIi) is determined
using Equation (8).

SIi = Wp × qi (8)

The WQI is then calculated by summing all the SI values, as expressed in Equation (9):

WQI = ∑ SIi (9)

Based on the calculated WQI values, water quality levels are classified into five cate-
gories: (a) excellent water (WQI < 50), (b) good water (WQI = 50–100), (c) poor water
(WQI = 100–200), (d) very poor water (WQI = 200–300), and (e) unsuitable for drinking
(WQI > 300).

Water pollution index (WPI): The WPI offers a flexible and rational alternative ap-
proach to existing indexing systems by consolidating multiple chemical variables into a
single value index [55]. This method employs a total of ten water quality parameters (pH,
EC, Ca2+, Mg2+, Na+, K+, HCO3− , SO4

2−, Cl−, and NO3− ) for calculating WPI. The calcula-
tion involves two steps. The first step is to compute the pollution load (PLi) (Equation (10)):

PLi = 1 +
Ci − Si

Si
(10)

where PLi represents the pollution load, Ci is the observed ionic concentration, and Si is
the highest desirable limit prescribed for drinking water quality.

The PLi depends on pH. If the pH is <7, the PLi is computed using Equation (11):

PLi = 1 +
Ci − 7
Sa − 7

(11)

where Sa is the lowest desirable limit of pH (6.5) recommended for drinking water quality.
If the pH is >7, PLi is calculated using Equation (12):

PLi = 1 +
Ci − 7
Sb − 7

(12)

where Sb is the maximum desirable limit of pH (8.5) for drinking water quality.
In the second step, WPI is determined by averaging the PLi using Equation (13):

WPI =
1
n

n

∑
i=1

PLi (13)

where n is the number of chemical variables.
The WPI values can be classified into four categories: (a) excellent water (WPI < 0.5),
(b) good water (WPI = 0.5–0.75), (c) moderately polluted water (WPI = 0.75–1.0), and
(d) highly polluted water (WPI: >1.0).

Irrigation

The assessment of groundwater quality for drinking purposes was conducted using
11 geo-environmental indices: SAR, KR, %Na, PS, MAR, RSC, SSP, TH, PI, IWQI, and TDS.
A detailed explanation of each index, including key information, is provided below:
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Sodium adsorption ratio (SAR): The SAR is a significant irrigation quality index
that points out Na+ hazard and evaluates the cations concentrations expressed in meq/L
according to Equation (14) [56]:

SAR =
Na+√

(Ca 2++Mg2+)
2

× 100 (14)

Excessive Na+ concentration in irrigation water can reduce soil permeability by alter-
ing its structure. Significant changes in Na+ concentrations in irrigation water often lead to
modifications in soil composition. When water contains high levels of both Na+ and Ca2+,
ion exchange occurs, causing the soil to become saturated with Na+ and depleted of Ca2+;
this imbalance negatively affects soil quality and reduces crop yields [57]. The classification
of SAR values includes four categories: (a) excellent (SAR < 10), (b) good (SAR = 10–18),
(c) doubtful—unsuitable for most crops due to elevated sodium levels (SAR = 18–26), and
(d) unsuitable—unsatisfactory for all crops due to very high Na+ levels (SAR > 26).

Kelley ratio (KR): The KR is a method used to assess the impact of Na+ on water
quality, particularly for irrigation purposes. It evaluates Na+ levels in relation to alkaline
earth (i.e., Ca2+ and Mg2+) concentrations in groundwater, as proposed by Kelley [58,59].
Water is considered unsuitable for irrigation if the Na+ content exceeds the concentration
of alkaline earths in groundwater. Finally, KR is determined using Equation (15) [58,59]:

KR =
Na+

Ca2+ + Mg2+ (15)

A KR value greater than 1 indicates excess Na+ and is not recommended for irrigation
due to alkali hazards, while water with a KR value less than 1 is suitable for irrigation [58].

Percent sodium (%Na): %Na concentration is a factor to assess its suitability for
irrigation purposes [60]. The Na+ concentration is vital for classifying irrigation water,
as it bonds with soil particles, reducing water movement [61]. Sodium ions (Na+) form
alkaline soils with CO3

2− and saline soils with chloride, both inhibiting crop growth [57].
High Na+ levels in irrigation water cause a base-exchange reaction, replacing Ca2+ and
Mg2+ ions, further limiting water movement. This results in compacted soils that restrict
air and water flow, especially in wet conditions [62]. The %Na values are calculated using
Equation (16) [60]:

%Na =
Na+

Ca2+ + Mg2++Na+ + K+
× 100 (16)

The classification of water is based on %Na as excellent (<20%), good (20–40), permis-
sible (40–60), doubtful (60–80), and unsuitable (>80%).

Potential salinity (PS): To assess the salinity of the groundwater, the PS index—another
indicator of irrigation quality—was calculated based on Cl− and SO4

2− concentrations. A
high Cl−/SO4

2− ratio can lead to scale formation in irrigation systems, which may affect
water distribution to crops [63,64]. The PS index, expressed in meq/L, is determined using
Equation (17) as follows:

PS = Cl− +
SO2−

4
2

(17)

A PS value greater than 3 indicates unsafe water quality for irrigation, while a value
less than 3 signifies safe water quality [65].

Magnesium adsorption ratio (MAR): The MAR index, developed by Szabolcs and
Darab [66], is used to assess Mg hazards, as Mg increases soil alkalinity, thereby degrading
soil quality and crop yields [23,67]. This index operates on the principle that Ca2+ and Mg2+
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ions are typically in equilibrium in most groundwater [68,69]. Equation (18) was used to
calculate the MAR index:

MAR =
Mg2+

Ca2+ + Mg2+ × 100 (18)

Groundwater is considered suitable for irrigation when the MAR value is below 50,
but it becomes harmful and unsuitable when the MAR value exceeds 50.

Residual sodium carbonate (RSC): In alkaline water, the high concentration of HCO3−

increases the likelihood of Ca2+ and Mg2+ precipitating as carbonates, especially when
compared to water with lower HCO3− levels. To quantify this effect, ionic concentrations
are measured in meq/L, and an index known as RSC is used [70]. Essentially, RSC provides
an additional metric for determining whether water is suitable for irrigation, and it is
represented by Equation (19) [70]:

RSC = (HCO−
3 + CO2−

3 )− (Ca2+ + Mg2+) (19)

RSC values can categorize water quality into three classes: (a) good (RSC < 1.25),
(b) moderate (RSC = 1.25–2.50), and (c) unsuitable (RSC > 2.50).

Soluble sodium percentage (SSP): The SSP represents the ratio of Na and K ions to
the total cation concentration and is used to assess irrigation water quality, particularly
concerning Na+ hazards. High Na+ levels, as noted above, can reduce soil permeability
and inhibit plant growth. SSP was calculated using Equation (20) from Todd [57], with
ionic concentrations expressed in meq/L:

SSP =
Na+ + K+

Ca2+ + Mg2+ + Na+ + K+
× 100 (20)

Groundwater is considered suitable for irrigation when the SSP value is below 50, but
it is unsuitable when the SSP value exceeds 50.

Total hardness (TH): TH is primarily influenced by the concentrations of Mg2+ and
Ca2+ in water [71], both of which are essential for human health. However, high TH levels
in drinking water are associated with various health issues, including arterial calcification,
urinary stones, kidney and bladder disorders, and digestive problems [72]. TH was
calculated in mg/L by means of Equation (21) [57]:

TH = 2.497Ca2+ + 4.11Mg2+ (21)

Based on TH values, water was classified into four categories: (a) soft water
(TH < 60 mg/L), (b) moderately hard water (TH = 60–120 mg/L), (c) hard water
(TH = 120–180 mg/L), and (d) very hard water (TH > 180 mg/L) [73].

Permeability index (PI): PI is used to assess and classify the quality of irrigation water.
Long-term irrigation can impact soil permeability, which is influenced by the concentrations
of Na+, Ca2+, Mg2+, and HCO3− in the soil. Doneen [63,64] proposed Equation (22) (with
all ion concentrations expressed in meq/L) to calculate PI:

PI =
Na+ +

√
HCO−

3

Ca2+ + Mg2+ + Na+
× 100 (22)

PI values can be categorized into three classes: (a) class I—suitable for irrigation
(PI > 75%), (b) class II—good for irrigation (PI = 25–75%), and (c) class III—unsuitable for
irrigation (PI < 25%).

Irrigation water quality index (IWQI): IWQI was calculated based on five key wa-
ter quality parameters: EC, SAR, Na+, Cl−, and HCO3− following the methodology of
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Meireles et al. [74]. First, the concentration units of the water samples were converted from
mg/L to meq/L. In this section, the IQWI was assessed by calculating the water quality
parameter values (qi) and the cumulative weight (Wi). Table 1 summarizes the irrigation
water quality parameters and their proposed limiting values [74]. The qi values for the five
water quality parameters (qEC, qSAR, qNa+, qCl−, and qHCO3− ) were determined using
Equation (23). The upper limits of the parameter ranges indicated in Table 1 were used as
the highest value of the observed sample values to evaluate ximap.

IWQI = Qmax −


(

xij − xin f

)
× qimap

xamp

 (23)

where Qmax is the upper value of the qi class of, Xij represents the observed values for each
parameter (Table 1), Xinf is the lower limit of the class to which the observed parameter
belongs, qimap represents the class amplitude for qi classes, and ximap corresponds to class
amplitude for the specific parameter.

Table 1. Parameter-limiting values of IWQI for quality measurement (qi) calculation [74].

qi EC (µS/cm) SAR (meq/L)1/2 Na+ (meq/L) Cl− (meq/L) HCO3− (meq/L)
85–100 200–750 <3 2–3 <4 1–1.5
60–85 750–1500 3–6 3–6 4–7 1.5–4.5
35–60 1500–3000 6–12 6–9 7–10 4.5–8.5
0–35 <200 or >3000 >12 <2 or >9 >10 <1 or >8.5

Finally, the overall IWQI was determined using Equation (24):

IWQI =
n

∑
1

qiwi (24)

where n is the number of parameters (in this case a total of 5 parameters); qi values from
Table 1 are multiplied by the corresponding weight (wi) of each parameter, as listed in
Table 2 [74]. It is important to note that, in calculating the final IWQI value, we applied
four classification categories of limiting values for the five parameters (Table 1), following
the methodological framework outlined by Meireles et al. [70], and incorporating the
five distinct categories of restrictions and recommendations for water usage presented
in Table 3.

Table 2. The weights of the IWQI parameters [74].

Parameters Wi
EC 0.211

Na+ 0.204
HCO3− 0.202

Cl− 0.194
SAR 0.189
Total 1.000

Total dissolved solids (TDS): TDS measures the total amount of dissolved solids in
the groundwater, expressed in mg/L; TDS is a crucial measure for determining the presence
and concentration of pollutants. Generally, TDS indicates the amount of dissolved salts in
irrigation water, with higher levels reducing a plant’s ability to absorb nutrients efficiently
due to increased salinity [75]. TDS value was computed by adding the major cations and
anions determined in each of the water samples, as indicated by the following equation
(Equation (25)):

TDS = ∑ Major cations + ∑ Major anions (25)
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TDS values > 500 mg/L are considered the highest desirable limits according to the
World Health Organization (WHO) [76]. While TDS is often used as a general water quality
index, in this study, it is specifically treated as an irrigation suitability index due to its
significant impact on agricultural water use, particularly in areas with high salinity. In
the context of this study, which is located near the sea, high TDS levels in groundwater
can affect irrigation practices. Although high TDS levels (up to 1500 mg/L) are generally
not harmful to humans [77], they can adversely affect living organisms, causing major
cardiovascular and renal disorders [78].

Table 3. IWQI characteristics [74].

Recommendation
IWQI Water Use Restriction Soil Plant

85–100 No restriction (NR)

Suitable for most soils, with a low likelihood of
causing salinity or sodicity issues. Leaching is

recommended during irrigation practices, except
for soils with extremely low permeability

No toxicity risk for most plants

70–85 Low restriction (LR)

Recommended for irrigated soils with light
texture or moderate permeability, with salt

leaching advised. Sodicity risk may occur in
heavy-textured soils, so use should be avoided
in soils with high clay content (2:1 clay types)

Avoid salt-sensitive plants

55–70 Moderate restriction (MR)
Suitable for soils with moderate to high

permeability. Moderate leaching of
salts is suggested

Plants with moderate salt tolerance can
be cultivated

40–55 High restriction (HR)
Applicable for soils with high permeability and

no compact layers. Frequent irrigation is
required when EC > 2000 dS/m and SAR > 7

Suitable for plants with moderate to
high salt tolerance. Special salinity
control practices are recommended,
except when Na+, Cl−, and HCO3−

values are low

0–40 Severe restriction (SR)

Generally unsuitable for irrigation. May be used
occasionally under special conditions. For

low-salt, high-SAR water, gypsum application is
necessary. For highly saline water, soils should
be highly permeable, and excess water must be

applied to prevent salt accumulation

Only highly salt-tolerant plants should
be irrigated, except with waters that
have extremely low Na+, Cl−, and

HCO3− levels

PTE Load

The evaluation of groundwater quality for PTE load was performed using the follow-
ing geo-environmental indices: Cd, HPI, and HEI. Detail description and information for
each index is provided below:

Contamination index (Cd): The Cd indicates the extent of contamination or the cumu-
lative effect of various water quality parameters that are considered harmful for domestic
use [79]; Cd represents the sum of all contamination factors that exceed permissible limits,
calculated using Equation (26).

Cd =
n

∑
i=1

C f i (26)

where C f i = CAi
CNi

− 1 rerepresents the contamination factor. Herein, CAi refers to the
measured value and CNi is the upper permissible concentration of the ith parameter.
The letter ‘N’ stands for ‘normative value’, with CNi being equivalent to the maximum
allowable concentration (MAC). Cd values are typically classified into three categories
based on contamination levels: low (Cd < 1), medium (Cd = 1–3), and high (Cd > 3).

Heavy metal pollution index (HPI): The HPI is an effective tool for assessing ground-
water pollution, reflecting the combined impact of various PTEs on overall water quality.
This methodology, originally developed by Horton [53], assigns weights to each PTE in
groundwater samples based on their potential hazards to human health. To calculate HPI, a
weight (Wi) is assigned to each variable, with pollutant criteria selected accordingly. The rat-
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ing ranges from 0 to 1, indicating the relative significance assigned to specific water quality
parameters. This rating is determined using an inverse proportionality function, based on
the recommended standard (Si) for each component. The concentration thresholds—where
‘Si’ represents the standard value and ‘Ii’ the ideal value—are based on guidelines set by
the WHO [76]. HPI is calculated using Equations (27) and (28):

HPI = ∑n
i=1 WiQi

∑n
i=1 Wi

(27)

where Qi represents the sub-index of the ith parameter, Wi is the unit weight assigned to
the ith parameter, and n is the total number of parameters considered. The sub-index Qi is
calculated as follows (Equation (28)):

Qi =
n

∑
i=1

|Mi − Ii|
Si − Ii

(28)

where Mi is the monitored value of the PTE for the ith parameter, Ii is the ideal value (the
maximum desirable level for drinking water), and Si is the standard value (the highest
permissible level for drinking water) of the ith parameter. The minus sign (-) in the equation
indicates the numerical difference between the two values, disregarding the algebraic sign.
Water quality is classified into two categories based on HPI: suitable (HPI < 100) and
unsuitable (HPI > 100). The concentration limits, including the highest permissible value
(Si) and the maximum desirable value (Ii) for each parameter, were sourced from the
WHO [76].

Heavy metal evaluation index (HEI): HEI is used to assess the overall water quality
based on the concentrations of PTEs. Like HPI, it provides insight into water’s quality
concerning PTE contamination [80]. HEI is calculated using Equation (29):

HEI =
n

∑
i=1

Hci
Hmaci

(29)

where Hci represents the measured value of the ith parameter, and Hmaci refers to the
MAC of that parameter. This index is valuable for assessing pollution levels, and its
straightforward calculation makes it particularly useful [80,81]. HEI values typically
categorize contamination into three levels based on contamination: low (HEI < 10), medium
(HEI = 10–20), and high (HEI > 20).

Ionic Ratios

Groundwater quality was evaluated using various ionic ratios, including Ca/Mg,
Ca/SO4, Ca/Na, Cl/NO3, Cl/HCO3, and Si/NO3. Each ionic ratio offers insights into un-
derlying hydrogeochemistry, such as the origin of water from specific geological formations,
various geochemical processes, anthropogenic influences, etc.

2.3.2. Statistics

The statistical analysis included descriptive, correlation, and multivariate techniques.
Descriptive statistics, such as the mean, minimum, maximum, median, standard deviation,
and first and third quartiles, were calculated. For chemical parameters below the detection
limit (BDL), values were substituted with the detection limit (DL) to enable further analysis.
Spearman’s non-parametric rank correlation coefficient (r) [82] was used to assess the
association between geo-environmental indices. Correlation coefficients, ranging from −1
to 1, were categorized as very strong (0.8–1), strong (0.6–0.79), moderate (0.4–0.59), weak
(0.2–0.39), and very weak (0–0.2) [83]. Two multivariate statistical methods—factor analysis
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(FA) and hierarchical cluster analysis (HCA)—were employed. Generally, multivariate
statistical methods are commonly applied to independent variables, but they can also
be used with dependent variables, depending on the objectives of the analysis [83–85].
To meet the normality assumption, the input data were transformed into normal scores.
The FA technique was employed to examine interrelationships among parameters, reduce
dimensionality, and identify underlying factors. Principal component analysis (PCA) with
Varimax rotation [86] was conducted, retaining only factors with eigenvalues greater than
or equal to 1, in accordance with Kaiser’s criterion [87]. Factor loadings were classified as
strong (0.75–1), moderate (0.5–0.75), or weak (0.3–0.5) [88,89]. The Kaiser–Meyer–Olkin
(KMO) test [90] and Bartlett’s test [91] were used to assess data adequacy. An HCA
approach, using Ward’s method [92] and squared Euclidean distances, was performed in
R-mode to classify geo-environmental indices based on similarity. All statistical analyses
were conducted using IBM SPSS v.22 (IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1. Hydrogeochemical Characteristics

The groundwater samples from the study area exhibit alkaline (pH ≥ 7.45; from 7.45
to 9.64) and oxidizing (Eh ≥ 231 mV; from 231 mV to 371 mV) geochemical conditions [30].
The EC values range from 316 µS/cm to 3943 µS/cm, while DO values vary from 3.62 mg/L
to 13.49 mg/L [30], suggesting the influence of diverse hydrogeochemical processes on
groundwater quality. Previous studies have identified factors/processes such as seawater
intrusion [28–30] and initial stages of denitrification [30] as potential contributors to these
variations. More information about the descriptive statistics of the above-mentioned dataset
is presented in the study by Papazotos et al. [30]. The Schinos area consistently showed
the lowest pH values, while the highest were observed in the springs of the Gerania Mts.
The groundwater was predominantly classified as Mg-HCO3 water type, which indicates
rainwater–ultramafic rock/soil interaction, as confirmed by the Piper plot presented in our
previous work [30]. In the Loutraki area and Gerania Mts., Mg2+ concentrations among
major cations exceeded those of Ca2+ or alkali (Na+ + K+), whereas Schinos displayed both
high Mg2+ and alkali levels. Regarding major anions, HCO3− predominated in the region,
followed by Cl−, with the samples of the Schinos area showing elevated Cl− concentrations.
The main hydrochemical types were Mg-HCO3, Mg-Cl, and Na-Cl, with samples of the Schi-
nos area suggesting possible seawater intrusion due to increased Na+ and Cl−; these results
are in agreement with previous studies in the same area (e.g., [28–30,33]). Bivariate dia-
grams were employed to further explore these hydrogeochemical relationships (Figure 3).
The strong linear correlations observed between Na+ vs. Cl−, as well as Ca2+ vs. SO4

2−,
indicate a shared origin for these ions, evidenced by their alignment along the theoretical
1:1 line associated with halite and gypsum dissolution (Figure 3a,b). The samples from
the Schinos area exhibited notably higher groundwater concentrations of dissolved ions.
This alignment strongly suggests that seawater intrusion plays a major role as a driving
geochemical process in the study area. Additionally, the majority of the samples exhibited
a minor deviation, plotting above the 1:1 line in the Ca + Mg vs. Na plot (Figure 3c). This
pattern underscores the importance of reverse cation exchange as a significant geochemical
process, marked by a decrease in Na+ and an increase in other major cations, particularly
Ca2+ and Mg2+ [89,93]. In Figure 3d, a slight decrease in the Na+/Cl− ratio is observed as
EC increases, further supporting the presence of a seawater intrusion regime in the Schinos
area, where EC values reached up to 3943 µS/cm [30]. The presence of Mg2+ in ground-
water is primarily associated with the abundance of Mg-bearing silicate minerals found
in ultramafic rocks in the study area [30,31], such as those in the olivine (e.g., forsterite
[Mg2SiO4]), and pyroxene (e.g., enstatite [Mg2Si2O6]) groups, as well as secondary minerals
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such as the serpentine group [Mg3Si2O5(OH)4] and talc [Mg3Si4O10(OH)2]. Additionally,
significant contributions of Mg2+ result from the dissolution Mg-rich carbonates, including
magnesite [MgCO3], hydromagnesite [Mg5(CO3)4(OH)2·4(H2O)], huntite [Mg3Ca(CO3)4],
and pyroaurite [Mg6Fe3+

2CO3(OH)16·4H2O] [94], a process that may explain the observed
predominance of HCO3− + SO4

2− over Ca2+ + Mg2+ (Figure 3e). This process can be repre-
sented by the following dissolution reactions for magnesite (Equation (30)) and forsterite
(Equation (31)), which also apply to other relevant mineral phases:

MgCO3 + CO2 + H2O → Mg2+ + 2HCO3− (30)

Mg2SiO4 + 4CO2 + 4H2O → 2Mg2+ + 4HCO3− + H4SiO4 (31)
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Na+/Cl−, (e) (HCO3− + SO4
2−) vs. (Ca2+ + Mg2+), and (f) HCO3− vs. Mg2+ for the 68 groundwater

samples from the Loutraki–Schinos–Gerania Mts. region.

However, the higher concentrations of Mg2+ compared to HCO3− (Figure 3f), particu-
larly evident in the Schinos area, suggest an additional source of Mg2+ in the groundwater,
likely due to seawater intrusion and reverse ion exchange processes.

The Ficklin diagram (Figure 4) demonstrates that although concentrations of PTEs
tend to increase with decreasing pH, the overall levels of PTEs in the groundwater re-
main relatively low based on the diagram’s classification [95]. Typically, most PTEs in
groundwater exist as cations, and their mobilization requires acidic conditions. As a result,
the alkaline conditions prevalent throughout the region generally inhibit their mobility.
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However, elevated groundwater concentrations of specific PTEs, such as Cr, Cr(VI), and
As, were detected, particularly in the Schinos area [30]. These PTEs form oxyanions, which
have a different geochemical mobility compared to cations, allowing them to remain mobile
even under alkaline pH conditions.
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It is important to note that the Schinos area dominates a seawater intrusion regime,
leading to the salinization of groundwater. This phenomenon is evidenced by elevated
groundwater concentrations of Cl− and Na+, which are typically abundant in seawater [30].
In contrast, the Gerania Mts. and the Loutraki area are dominated by ultramafic rocks
composed of Mg-rich minerals, resulting in high groundwater concentrations of Mg2+,
while Ca2+ concentrations remain notably low in the same regions.

The absence of significant anthropogenic activities in the study area is confirmed by
the low NO3−groundwater concentrations. However, in the Schinos area, concentrations
exceeding 50 mg/L are observed, surpassing the guideline values set by the WHO [76] and
Greek legislation (FEK B 3525/25.05.2023). This increase is likely attributable to relatively
limited anthropogenic influences on the environment (e.g., small-scale farming, irrigation,
low-impact tourism), with fertilizers and septic tanks identified as potential sources of
contamination [28,30,33].

Notably, groundwater in the Schinos area exhibits significantly higher concentrations
of Cr and Cr(VI), along with notable levels of As. Previous studies link elevated Cr and
Cr(VI) levels to synergistic anthropogenic effects, such as fertilizer use and septic tanks,
particularly in Cr-rich environments influenced by ultramafic rocks and soils [30,33,89].
In contrast, the occurrence and mobilization of As in groundwater is associated with the
prevailing seawater intrusion regime and specific geochemical processes that are related
to N-cycling. The combination of seawater intrusion and denitrification processes creates
favorable conditions for the mobilization and release of As into the groundwater [30].
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3.2. Groundwater Quality Evaluation for Various Purposes

The geo-environmental indices calculated and assessed for groundwater suitability
and quality in the study area are categorized into the following four groups, as outlined in
Sections 3.2.1–3.2.4:

• Drinking water quality indices
• Irrigation water quality indices
• PTE load indices
• Ionic ratios

Overall, the geo-environmental indices discussed have been widely used to assess
groundwater suitability and quality across all continents and countries worldwide, such
as Nigeria [22,96], Iran [97], Algeria [98], Morocco [99,100], Ethiopia [101], Brazil [74],
Poland [102], Syria [103], China [104], United Arab Emirates [105], Turkey [106], In-
dia [107,108], Australia [109], Spain, [110], etc. These indices have proven invaluable
in identifying areas where groundwater quality is compromised, revealing patterns and
factors that influence water usability for drinking, irrigation, and other purposes. Studies
consistently report that poor water quality globally is shaped by a combination of anthro-
pogenic and geogenic factors. Among these, nitrate pollution emerges as a significant
contributor. Elevated groundwater concentrations of NO3− often result from agricultural
activities, particularly the use of chemical fertilizers, as well as from improper waste
disposal, and sewage infiltration. These processes introduce excessive NO3− into ground-
water systems, leading to a decline in overall water quality and suitability for human
consumption and agricultural use [99,103,108,111–113]. Another critical factor affecting
groundwater quality is salinization. This phenomenon is characterized by high levels of
Cl− in groundwater, which can be attributed to several causes, such as seawater intrusion
into coastal aquifers, the presence of ancient saline formations, the weathering of salt-rich
rocks, and the dissolution of halide minerals. Such conditions not only compromise the
usability of groundwater for drinking but also pose challenges for agricultural irrigation
and soil health [99,103,113,114]. In addition to these processes, additional human activ-
ities have been shown to exacerbate groundwater contamination. Industrial operations,
mining activities, and changes in land use often introduce pollutants into aquifers, further
reducing water quality. The discharge of industrial effluents and the alteration of natural
landscapes can mobilize harmful substances into groundwater systems, making them less
suitable for any form of use [23,115–118]. Lastly, geogenic factors play a significant role in
shaping groundwater quality. Naturally occurring processes such as the dissolution of host
rock minerals release PTEs and major dissolved ions into aquifers. While these processes
are natural, their contributions to groundwater chemistry can significantly influence the
values of geo-environmental indices, particularly in areas with specific geological condi-
tions [113,119,120]. All the factors mentioned above directly influence the final scores of
geo-environmental indices. These scores not only pinpoint areas requiring close monitor-
ing but also emphasize the urgent need for effective management strategies to mitigate
contamination from both anthropogenic and geogenic sources.

3.2.1. Drinking Purposes

To assess groundwater suitability for drinking purposes, five geo-environmental
indices—NPI, RI, PIG, WQI, and WPI—were calculated, with the results summarized
in Table 4. The majority of the samples suggest that groundwater quality is generally
good and meets the standards for drinking, based on the indices analyzed. However,
specific samples, particularly those evaluated by the NPI and PIG indices, are classified
as unsuitable for drinking. These samples, predominantly from the Schinos area, display
elevated concentrations of certain major elements (e.g., Cl−, Na+, NO3− ). Additionally,
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it is important to emphasize that these geo-environmental indices neglect the influence
of determined PTEs, whose toxicity can pose serious risks to human health and other
living organisms.

Table 4. The number and percentage of samples for five geo-environmental indices (NPI, RI, PIG,
WQI, and WPI), and related to drinking purposes, based on 20 groundwater samples from the
Loutraki area, 33 samples from the Schinos area, and 15 samples from the Gerania Mts.

Total Loutraki Area Schinos Area Gerania Mts.Geo-Environmental
Index Classes Description

N % N % N % N %

NPI

<0 Clean 33 48.5 17 85 3 9.1 13 86.7
0–1 Lightly polluted 12 17.6 3 15 7 21.2 2 13.3
1–2 Moderately polluted 5 7.4 0 0 5 15.2 0 0
2–3 Significantly polluted 4 5.9 0 0 4 12.1 0 0
>3 Very significantly polluted 14 20.6 0 0 14 42.4 0 0

RI
<0.5 Unaffected 44 64.7 19 95 11 33.3 14 93.3

0.5–6.6 Slightly affected 24 35.3 1 5 22 66.7 1 6.7
>6.6 Strongly affected 0 0 0 0 0 0 0 0

PIG

<1 No significant pollution 39 57.4 20 100 4 12.1 15 100
1–1.5 Low pollution 17 25.0 0 0 17 51.5 0 0
1.5–2 Moderate pollution 8 11.8 0 0 8 24.2 0 0
2–2.5 High pollution 3 4.4 0 0 3 9.1 0 0
>2.5 Very high pollution 1 1.5 0 0 1 3.0 0 0

WQI

<50 Excellent 46 67.6 20 100 11 33.3 15 100
50–100 Good 19 27.9 0 0 19 57.6 0 0
100–200 Poor 3 4.4 0 0 3 9.1 0 0
200–300 Very poor 0 0.0 0 0 0 0.0 0 0

>300 Unsuitable 0 0.0 0 0 0 0.0 0 0

WPI

<0.5 Excellent 52 76.5 20 100 16 48.5 15 100
0.5–0.75 Good 14 20.6 0 0 14 42.4 0 0
0.75–1 Moderately polluted 3 4.4 0 0 3 9.1 0 0

>1 Highly polluted 0 0 0 0 0 0 0 0

3.2.2. Irrigation Purposes

To evaluate groundwater suitability for irrigation, indices such as SAR, KR, %Na,
PS, MAR, RSC, SSP, TH, PI, IWQI, and TDS were calculated, analyzed, and assessed.
According to established classification systems, most indices suggest that groundwater
in the study areas is suitable for irrigation, posing minimal health risks and having only
minor impacts on soil quality (Table 5). However, some indices, particularly the PS index in
certain Schinos samples, indicate moderate water quality. This index, which incorporates
Cl−, showed elevated values in areas experiencing groundwater salinization, such as the
Schinos coastal aquifer [28,30]. These findings illustrate that different geo-environmental
indices applied to the same water samples within the same area can yield contrasting
results, due to variations in the parameters each index evaluates, whether cations, anions,
or other chemical elements.
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Table 5. The number and percentage of samples for 11 geo-environmental indices (SAR, KR, %Na,
PS, MAR, RSC, SSP, TH, PI, IWQI, and TDS), and related to irrigation purposes, based on 20 ground-
water samples from the Loutraki area, 33 samples from the Schinos area, and 15 samples from the
Gerania Mts.

Total Loutraki Area Schinos Area Gerania Mts.Geo-Environmental
Index Classes Description

N % N % N % N %

SAR

<10 Excellent 68 100 20 100 33 100 15 100
10–18 Good 0 0 0 0 0 0 0 0
18–26 Doubtful 0 0 0 0 0 0 0 0
>26 Unsuitable 0 0 0 0 0 0 0 0

KR
<1 Suitable 66 97.1 20 100 31 93.9 15 100
>1 Unsuitable 2 2.94 0 0 2 6.06 0 0

%Na

<20% Excellent 50 73.5 20 100 15 45.5 15 100
20–40% Good 16 23.5 0 0 16 48.5 0 0
40–60% Permissible 2 2.94 0 0 2 6.06 0 0
60–80% Doubtful 0 0 0 0 0 0 0 0
>80% Unsuitable 0 0 0 0 0 0 0 0

PS
<3 Safe 37 54.4 19 95 3 9.09 15 100
>3 Unsafe 31 45.6 1 5 30 90.9 0 0

MAR
<50 Suitable 0 0 0 0 0 0 0 0
>50 Unsuitable 68 100 20 100 33 100 15 100

RSC
<1.25 Good 68 100 20 100 33 100 15 100

1.25–2.5 Moderate 0 0 0 0 0 0 0 0
>2.5 Unsuitable 0 0 0 0 0 0 0 0

SSP
<50 Suitable 66 97.1 20 100 31 93.9 15 100
>50 Unsuitable 2 2.94 0 0 2 6.06 0 0

TH

<60 mg/L Soft 0 0 0 0 0 0 0 0
60–120 mg/L Moderately hard 0 0 0 0 0 0 0 0
120–180 mg/L Hard 0 0 0 0 0 0 0 0

>180 mg/L Very hard 68 100 20 100 33 100 15 100

PI
>75% Suitable 0 0 0 0 0 0 0 0

25–75% Good 67 98.5 20 100 33 100 14 93.3
<25% Unsuitable 1 1.47 0 0 0 0 1 6.67

IWQI

85–100 No restriction 0 0 0 0 0 0 0 0
70–85 Low restriction 15 22.1 6 30 4 12.1 5 33.3
55–70 Moderate Restriction 39 57.4 14 70 19 57.6 6 40
40–55 High restriction 8 11.8 0 0 4 12.1 4 26.7
0–40 Severe restriction 6 8.82 0 0 6 18.2 0 0

TDS
>500 mg/L Unsuitable 48 70.6 6 30 33 100 9 60
<500 mg/L Suitable 20 29.4 14 70 0 0 6 40

3.2.3. PTE Load Evaluation

The geo-environmental indices applied to assess PTEs in this study include Cd, HPI,
and HEI. These indices provide a basis for evaluating water quality concerning trace
elements for determining water usability. Elements included in these calculations—such
as As, Cr, Cu, Mn, Ni, Pb, Sb, Co, and Zn—represent key PTEs with environmental
significance, as highlighted in recent studies [121]. Results indicate that most samples were
classified as suitable for use or of good quality/low contamination (Table 6). However,
some groundwater samples from the Schinos area displayed moderate to poor quality due
to elevated concentrations of specific PTEs, including Cr [as Cr(VI)] and As [28,30,38].
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Table 6. The number and percentage of samples for three geo-environmental indices (Cd, HPI, and
HEI), and related to PTE load, based on 20 groundwater samples from the Loutraki area, 33 samples
from the Schinos area, and 15 samples from the Gerania Mts.

Total Loutraki Area Schinos Area Gerania Mts.Geo-Environmental
Index Classes Description

N % N % N % N %

Cd

<1 Low 68 100 20 100 33 100 15 100
1–3 Medium 0 0 0 0 0 0 0 0
>3 High 0 0 0 0 0 0 0 0

HPI
<100 Suitable 53 77.9 19 95 19 57.6 15 100
>100 Unsuitable 15 22.1 1 5 13 39.4 0 0

HEI
<10 Low 66 97.1 20 100 31 93.9 15 100

10–20 Medium 2 2.94 0 0 2 6.06 0 0
>20 High 0 0 0 0 0 0 0 0

3.2.4. Ionic Ratios Results

Ionic ratios offer valuable insights into the hydrogeochemical characteristics of ground-
water resources, shedding light on factors such as aquifer matrix lithology, salinization
processes, and the differentiation between anthropogenic and geogenic influences. The sta-
tistical distributions of the calculated ionic ratios (e.g., Ca/Mg, Ca/SO4, Ca/Na, Cl/NO3,
Cl/HCO3, and Si/NO3) are illustrated as boxplots in Figure 5. Notably, groundwater
samples from the Schinos area exhibit a broader range in certain ionic ratios, such as
Ca/Mg (Figure 5a), Ca/SO4 (Figure 5b), Ca/Na (Figure 5c), Cl/NO3 (Figure 5d), and
Cl/HCO3 (Figure 5e), which can be attributed to the intense seawater intrusion regime of
this aquifer [28–30], characterized by elevated groundwater concentrations of dissolved
ions such as Na+ and Cl−. For Ca/Mg ratios (Figure 5a), the low values recorded in
the Loutraki area and the Gerania Mts. suggest the predominance of Mg2+ over Ca2+,
as previously discussed. For Si/NO3 ratios (Figure 5f), the lower Si/NO3 values in the
groundwater of the Schinos area indicate elevated groundwater NO3− concentrations,
reflecting the influence of specific anthropogenic activities on groundwater quality. In
contrast, samples from the Gerania Mts. display a wide range of Si/NO3 ratios. How-
ever, the lower values in this region cannot be attributed to anthropogenic activities, as
evidenced by the low NO3− concentrations (up to 15.6 mg/L) and the lack of significant
human impact on this sub-basin. Instead, the low Si/NO3 ratios are associated with low Si
concentrations (median concentration: 2.76 mg/L; minimum concentration <40 µg/L [30])
in the groundwater, which can be explained by the short groundwater residence time
within the aquifer, the limited presence of silicate mineral phases, and their inherently low
solubility as previously discussed. These findings underscore the importance of combin-
ing ionic ratios with elemental concentration data for a comprehensive understanding of
groundwater hydrogeochemistry.

3.3. Coupling Geo-Environmental Indices for Assess the Hydrogeochemical Properties of an Area

The geo-environmental indices examined, though relatively easy to apply, are some-
what limited in scope, as they primarily focus on the concentrations of selected elements,
neglecting other PTEs crucial to the health of living organisms and ecosystems. Correlation
and multivariate statistical analyses, including FA and R-mode HCA, revealed notable
patterns between various geo-environmental indices. Figure 6 presents the Spearman
correlation coefficients for 25 calculated parameters based on 68 groundwater samples in
the study area. The strongest statistically significant correlations are highlighted using a
color-coded scale: positive correlations are depicted in shades ranging from orange to red,
while negative correlations are represented by light to dark blue (see Figure 6). Correlations
selected for further analysis are those with p-values below 0.01 or 0.05.
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Figure 5. Boxplots of ionic ratios (a) Ca/Mg, (b) Ca/SO4, (c) Ca/Na, (d) Cl/NO3, (e) Cl/HCO3, and (f) 
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It is common for many geo-environmental indices, particularly those related to water
quality for drinking purposes, to exhibit very strong, statistically significant correlations
such as PIG and WQI (r = 0.977). However, it is especially challenging to explore the
statistical patterns among indices associated with different suitability uses or ionic ratios.
This evaluation can be effectively carried out using multivariate statistical tools such as FA
via the method of PCA and R-mode HCA.

All 25 variables (NPI, RI, PIG, WQI, WPI, SAR, KR, %Na, PS, MAR, RSC, SSP, TH, PI,
IWQI, TDS, Cd, HPI, HEI, Ca/Mg, Ca/SO4, Ca/Na, Cl/NO3, Cl/HCO3, and Si/NO3) were
used to calculate multivariate statistics for the 68 groundwater samples. Geo-environmental
indices, calculated using formulas that incorporate determined chemical element data, are
inherently dependent variables; however, the literature often treats them as independent
variables (e.g., [122,123]). This direction does not constrain our research, as such data are
well suited for multivariate statistical analyses [83–85]. Furthermore, the objective of this
study is to explore the interrelationships among geo-environmental indices and uncover
underlying patterns by grouping these indices to reveal hidden connections. This approach
facilitates the identification of key chemical parameters and processes associated with each
factor or cluster, enhancing their applicability in environmental science and groundwater
pollution studies.

Regarding FA, the scree plot method (Cattell, 1966), depicted in Figure 7, highlights
that five components have eigenvalues exceeding 1, meeting Kaiser’s criterion [86] for
classification as principal components, while the remaining factors are excluded.
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The five factors explained 91.162% of the total data variance. The KMO value is
equal to 0.673, indicating statistically significant results. Additionally, Bartlett’s test of
sphericity yielded a p-value < 0.05, confirming the validity and suitability of the data for FA.
These two criteria, KMO and Bartlett’s test of sphericity, are widely used in geochemical
studies (e.g., [17,21,89]) and are necessary to verify the quality of the multivariate statistical
analysis. Table 7 presents the outcomes of the FA, conducted using the PCA method, for the
68 groundwater samples from the Loutraki–Schinos–Gerania Mts. region. The parameter
loadings are color-coded: strong loadings are shown in red, moderate loadings in light
orange, and weak loadings in light blue. The results of the FA are presented in Table 7 and
can be summarized as follows:

• The first factor (FA1) accounts for 50.629% of the total variance. It features strong
positive loadings for variables TH (0.97), PIG (0.94), TDS (0.90), WQI (0.87), WPI (0.86),
and PS (0.84). Additionally, it includes a strong negative loading for RSC (−0.92);
moderate positive loadings for RI (0.71), Cl/HCO3 (0.71), and SAR (0.52); a moderate
negative loading for IWQI (−0.68); and weak positive loadings for KR (0.36), SSP
(0.41), %Na (0.41), Cd (0.31), HEI (0.31), Cl/NO3 (0.46), and NPI (0.37).

• The second factor (FA2) explains 17.251% of the total variance. It shows strong positive
loadings for PI (0.95), KR (0.91), SSP (0.89), %Na (0.89), and SAR (0.83). Moderate
positive loadings are observed for PS (0.50), RI (0.61), and Cl/HCO3 (0.61), while weak
positive loadings appear for TDS (0.36), WQI (0.37), and WPI (0.36). There is also a
weak negative loading for IWQI (−0.39).

• The third factor (FA3) accounts for 9.708% of the total variance, with strong positive
loadings for HPI (0.94), Cd (0.87), and HEI (0.87); a weak positive loading for Ca/Mg
(0.39); and a weak negative loading for MAR (−0.39).

• The fourth factor (FA4) explains 7.781% of the total variance. It includes strong positive
loadings for Ca/Na (0.87), Ca/SO4 (0.80), and Ca/Mg (0.79); a strong negative loading
for MAR (−0.80); and weak positive loadings for NPI (0.34) and Si/NO3 (0.38).

• The fifth factor (FA5) accounts for 5.793% of the total variance and features a strong
negative loading for Cl/NO3 (−0.79), a moderate positive loading for NPI (0.74), and
a moderate negative loading for Si/NO3 (−0.69).

Table 7. Varimax-rotated principal components of 68 groundwater samples from the Loutraki–
Schinos–Gerania Mts. region; strong, moderate, and weak loadings of the parameters are given with
red, orange, and blue colors, respectively.

Component
Geo-Environmental Index FA1 FA2 FA3 FA4 FA5

TH 0.97 −0.03 0.19 0.03 0.07
PIG 0.94 0.25 0.15 0.06 0.14
RSC −0.92 −0.01 −0.29 −0.01 0.08
TDS 0.90 0.36 0.10 0.05 0.09
WQI 0.87 0.37 0.16 0.12 0.23
WPI 0.86 0.36 0.17 0.11 0.24
PS 0.84 0.50 0.12 0.01 −0.06
RI 0.71 0.61 0.19 −0.01 −0.06

Cl/HCO3 0.71 0.61 0.19 −0.01 −0.06
IWQI −0.68 −0.39 0.01 0.16 0.21

PI −0.15 0.95 −0.14 0.00 −0.02
KR 0.36 0.91 0.04 −0.07 0.01
SSP 0.41 0.89 0.08 −0.02 0.09

%Na 0.41 0.89 0.08 −0.02 0.09
SAR 0.52 0.83 0.06 −0.07 −0.01
HPI 0.06 −0.06 0.94 0.03 −0.02
Cd 0.31 0.08 0.87 0.23 0.19
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Table 7. Cont.

Component
Geo-Environmental Index FA1 FA2 FA3 FA4 FA5

HEI 0.31 0.08 0.87 0.23 0.19
Ca/Na −0.06 −0.27 0.22 0.87 −0.02
Ca/SO4 −0.20 −0.16 −0.23 0.80 −0.02

MAR −0.28 −0.22 −0.39 −0.80 −0.08
Ca/Mg 0.27 0.21 0.39 0.79 0.06
Cl/NO3 0.46 0.10 −0.04 −0.08 −0.79

NPI 0.37 0.07 0.21 0.34 0.74
Si/NO3 −0.26 −0.10 −0.12 0.38 −0.69

Initial eigenvalues of variances in % 50.629 17.251 9.708 7.781 5.793
Cumulative % of variance 50.629 67.880 77.588 85.370 91.162

Bold values indicate significant score loadings.

These five factors collectively explain the majority of the variance in the data, high-
lighting the most influential variables.

On the other hand, the R-mode HCA employed Ward’s method (1963) as the link-
age rule, using squared Euclidean distances to measure similarity between variables, a
method that is extensively utilized in other geochemical studies (e.g., [101,124,125]). The
dendrogram in Figure 8 illustrates the results of the R-mode HCA, depicting 68 ground-
water samples collected from the Loutraki–Schinos–Gerania Mts. region. Variables with
a linkage distance equal to eight (marked by the red dashed line in Figure 8) and equal
to five (indicated by the yellow dashed line in Figure 8) were clustered together, forming
distinct groups characterized by similar patterns. As shown in the dendrogram (Figure 8),
the variables were partitioned into six clusters at lower linkage distances and three clusters
at greater linkage distances. The relationship between the two approaches is that the
additional clusters formed by the yellow dashed line represent proximity between specific
variables. These variables are grouped together at a higher linkage distance, as indicated
by the red dashed line. The three clusters created from a linkage distance equal to eight are
as follows:

• Cluster C1: Cd, HEI, HPI, NPI, and Ca/Mg.
• Cluster C2: %Na, SSP, SAR, KR, PI, RI, Cl/HCO3, PS, WQI, WPI, TDS, PIG, and TH.
• Cluster C3: RSC, IWQI, MAR, Ca/SO4, Ca/Na, Cl/NO3, and Si/NO3

The six clusters created from a linkage distance equal to five are as follows:

• Cluster C1: Cd, HEI, HPI, NPI, and Ca/Mg.
• Cluster C2A: %Na, SSP, SAR, KR, and PI.
• Cluster C2B: RI, Cl/HCO3, PS, WQI, WPI, TDS, PIG, and TH.
• Cluster C3A: RSC, IWQI, and MAR.
• Cluster C3B: Ca/SO4 and Ca/Na.
• Cluster C3C: Cl/NO3 and Si/NO3.

Considering the results of correlation and multivariate statistical analyses, distinct
patterns emerge among the geo-environmental indices. FA1 reflects indices that are strongly
influenced by elevated concentrations of dissolved major ions, such as TH, PIG, TDS, WQI,
WPI, RI, and Cl/HCO3. In particular, the strong negative loadings of RSC and IWQI
in this factor indicate the influence of alkalinity on other ions in the aqueous solution.
Notably, ions like HCO3− and Cl−, which occur in higher concentrations, play a key role in
defining the geo-environmental indices associated with this factor. Processes that increase
dissolved salts in groundwater, such as seawater intrusion, exert a significant influence on
these geo-environmental indices. This is further confirmed by the Spearman’s correlation
coefficients and the R-mode HCA (cluster C2B), which highlight the close relationships
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among these indices. Additionally, Na-related indices are included in this category due to
the strong positive correlation observed between Cl− and Na+ in most hydrogeochemical
studies (e.g., [89]). FA2 identifies a group of Na-related indices, such as PI, SAR, %Na,
KR, and SSP, with their proximity further supported by cluster C2A of the HCA. FA3
points to indices related to the presence of PTEs in groundwater, such as Cd, HEI, and
HPI; these indices are grouped within C1 of the HCA. FA4 highlights a group of Ca-related
indices, such as Ca/Na, Ca/SO4, Ca/Mg, and MAR. The negative loading of MAR is
linked to the inverse relationship of Ca, where high Ca levels correspond with low MAR
values. It is important to note that some of the indices mentioned above belong to different
HCA clusters, reflecting different interpretations for each group. For instance, the Ca/Mg
ionic ratio is part of C1, indicating its relationship with PTE loadings in groundwater or
anthropogenic influences, due to the presence of PTE-related indices and NPI. In contrast,
MAR, Ca/SO4, and Ca/Na are grouped in C3, indicating that this cluster is associated
with increased dissolved salts in groundwater. Lastly, FA5 highlights indices such as NPI,
Si/NO3, and Cl/NO3, which reveal anthropogenic influences in the area. These indices also
provide insights into other hydrogeochemical processes, including geogenic contributions,
seawater intrusion, and the specific sources of N in the environment.
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The results of the geo-environmental indices and their statistical analysis indicate
that many indices exhibit significant similarities, making it unnecessary to calculate all of
them. Specifically, the identified strong, statistically significant correlations suggest that
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successful groundwater suitability assessments and hydrogeochemical evaluations can be
achieved without relying on an extensive number of geo-environmental indices. However,
the selection of appropriate geo-environmental indices remains challenging, as it depends
on various factors, including geology, land use, anthropogenic activities, proximity to the
sea, etc. Therefore, we strongly recommend prioritizing the efficient utilization of selected
indices and adopting a more robust methodological framework, both of which are crucial
in the scientific disciplines of hydrogeochemistry and groundwater management. Focusing
on key geo-environmental indices based on critical parameters/elements (e.g., Ca, Na, PTE,
etc.) and the specific requirements of each study (e.g., water use, land use) is preferable.
Nonetheless, it is important to recognize that different indices used to assess water suitabil-
ity for a specific use may occasionally produce contradictory results, potentially leading
to incorrect conclusions. According to Tables 4–6, certain indices yield conflicting results
regarding the suitability of groundwater samples. While some indices classify all samples
as suitable, others consider them entirely unsuitable or unsafe. For instance, the MAR and
SAR indices, both used to evaluate irrigation suitability, produce opposing conclusions: the
MAR index indicates that all groundwater samples in the Schinos area are unsuitable for
irrigation, whereas the SAR index classifies them as suitable. Similar inconsistencies are
also observed with other indices. This discrepancy underscores the need for a thorough
hydrogeochemical assessment to ensure accurate and holistic interpretation of the data. In
the case of the present study area, the presence of ultramafic rocks significantly influences
the MAR index values due to the increased Mg2+ groundwater concentrations.

Another limitation is that some geo-environmental indices have values influenced by
the relative weight of their parameters (e.g., PIG, WQI) or rely on ideal and/or guideline
values (e.g., HPI, NPI, PIG, WQI, etc.), a consideration that impacts the final result of
the index and is directly associated with the researcher’s experience/knowledge and
choices. It is likely that different researchers calculating the same index may obtain varying
values due to differences in methodology or parameter weighting, which, in some extreme
cases, could lead to different interpretations. Therefore, the most crucial principle in such
studies is that the geo-environmental indices should not be prioritized over elemental
concentrations. Thus, they serve as tools to highlight water suitability or to compare its
quality against certain standards. Additionally, some indices are based on identical or
nearly identical calculation methods, making their inclusion redundant and unnecessary
for further consideration. Some geo-environmental indices show similar results with
only minor variations (e.g., %Na-SSP, WQI-PIG, RI-Cl/HCO3, MAR-Ca/Mg, etc.). This
observation is further reinforced by the individual index results and the statistical analysis,
which reveals correlation values close to 1, similar factor loadings in the FA, and low linkage
distances in the HCA (Figures 6–8, Table 7). Generally, the application of multivariate
statistical methods highlights significant similarities among geo-environmental indices,
raising concerns about the necessity of calculating all of them individually and underscoring
the importance of focusing on the most meaningful indices to enhance analytical efficiency
and provide more targeted, insightful results. It is important to note that a water sample
may show excellent quality in terms of major element chemistry, yet still contain elevated
levels of PTEs. In such cases, the water might be classified as good or excellent and deemed
suitable for drinking and irrigation based solely on its major element concentrations.
However, an analysis focusing on PTE-related indices could categorize the same water
as poor quality. This highlights the importance of conducting a combined analysis using
multiple indices, as recommended by this study, to achieve a more comprehensive and
accurate assessment of water quality and its suitability for various uses. For instance,
coupling two geo-environmental indices with different objectives can yield critical insights
into chemometric analysis and water use, ultimately enhancing groundwater management.
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This clustering effect stems from the significant influence certain elements exert on the
final index values. While each index is typically assessed separately, combining indices
from different categories allows for a more robust evaluation of groundwater quality. For
example, Figure 9 illustrates a bivariate plot of the WQI, which assesses water suitability
for drinking, alongside the HPI, which evaluates water quality based on the occurrence of
PTEs. This integrated approach creates six distinct sub-fields, enabling the classification
of samples based on their ability to meet both criteria for good water quality. By merging
these indices, the assessment of groundwater quality is significantly enhanced, offering a
more comprehensive understanding compared to the use of individual indices alone. For
example, the coupling of WQI and HPI revealed that 64.7% of the samples fall into the
excellent and suitable category, 11.8% into the good and suitable category, 1.47% into the
poor and suitable category, 2.94% into the excellent and unsuitable category, 16.2% into the
good and unsuitable category, and 2.94% into the poor and unsuitable category. All samples
from the Loutraki area and the Gerania Mts. are classified as having excellent water quality
based on WQI, with only one sample from the Loutraki area deemed unsuitable according
to HPI. In contrast, the majority of samples from the Schinos area exhibit lower water
quality when evaluated using both WQI and HPI results (Figure 9).
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The combined analysis of ionic ratios is a valuable tool for understanding the oc-
currence, mobility, and transport of PTEs in the environment. In this investigation, the
methodology of Papazotos et al. [21], used to distinguish the sources of PTEs, was fol-
lowed, an approach that was first applied to various PTEs in the Psachna Basin, Euboea,
Greece. Figures 10 and 11 display several ionic ratio diagrams that illustrate the dom-
inant hydrochemical processes in the study area. Figure 10a presents the Cl/HCO3–Cl
and Cl/HCO3–HCO3 ratio diagrams for the Loutraki–Schinos–Gerania Mts. region. The
majority of the groundwater samples from the study area are plotted in the ‘carbonate disso-
lution’ field, indicating that groundwater recharge is the dominant hydrogeological process.
However, some samples exhibit a molar ratio greater than 0.5 (and in several cases, >1),
reflecting the influence of seawater intrusion in certain parts of the study area. Figure 10b
presents the Si/NO3–Si and Si/NO3–NO3 ratio diagrams for the Loutraki–Schinos–Gerania
Mts. region. Most groundwater samples fall within the ‘silicate dissolution’ field, while
some from the Schinos area are plotted in the ‘nitrate pollution’ field. Samples outside
these two ranges may be influenced by other factors, such as carbonate mineral dissolution,
as indicated in Figure 10a. It is important to emphasize that, in any case, the coexistence of
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geogenic and anthropogenic activities (such as agricultural practices, sewage discharges,
etc.) cannot be ruled out. However, this should be further investigated by analyzing the
complete dataset and other qualitative criteria. The concentration of chemical elements is a
crucial indicator in environmental geochemical research and should be carefully considered.
Neglecting these concentrations can lead to misleading results, as focusing solely on molar
ratios may not provide the desired information. For instance, areas unaffected by human
activities typically exhibit NO3− concentrations below 10 mg/L [50]. Therefore, NO3−

concentrations below 0.16 mmol/L should not be attributed to anthropogenic influences,
regardless of the Si/NO3 molar ratio. Conversely, a high or very high Si/NO3 molar ratio
accompanied by low Si concentrations should not be attributed to the dissolution of silicate
minerals but rather to other natural factors, such as the dissolution of carbonates, or the
influence of seawater or rainwater.
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Figure 11. Evaluation of major hydrogeochemical processes affecting water chemistry using Cl/HCO3

vs. Si/NO3 diagram.

Finally, combining the information presented, the coupling of the two molar ratios
(Cl/HCO3 and Si/NO3) can provide valuable insights into the groundwater geochemistry
of a complex aquifer system. This approach accounts for processes such as seawater intru-
sion, agricultural activities, and water–rock/soil interactions, including the involvement of
both carbonate and silicate mineral phases (Figure 11). As shown in Figure 11, the samples
from the springs of the Gerania Mt. area are characterized by relatively stable Cl/HCO3

ionic ratios and varying Si/NO3 ionic ratios. However, the co-evaluation with the diagrams
that contain ionic ratios and elemental concentrations (Figure 10) indicates the dominance
of geogenic factors in groundwater quality. The same pattern is observed in the samples
from the Loutraki area, without the same variability. In contrast, the samples from the
Schinos area exhibit an upward and leftward trend, likely due to seawater intrusion and
human activities, which contribute to the degradation of the aquifer table.

The high salinity caused by seawater intrusion into the groundwater is linked to
the elevated As concentrations observed in the study area, as concentrations tend to
increase in the central and upper parts of the plot of Figure 12a. Multivariate statistical
analyses (e.g., FA, HCA) and correlation coefficients from our previous study [30] have
revealed a statistical association between As and major/trace elements commonly found in
seawater, such as Cl−, Br, and Li. In contrast, Cr exhibits a different pattern, with low to
high concentrations trending from the center to the left of the diagram (Figure 12b). The
category with the highest Cr concentrations (>Q3) is dominated by low Si/NO3 ratios,
suggesting that agricultural activities are the primary source of Cr. Multivariate statistical
analyses (e.g., FA, HCA), correlation coefficients, and spatial distribution maps from other
studies [30,89,126–128] further support the role of fertilization in Cr mobilization in the
environment. Thus, coupling ionic ratios can reveal valuable insights into PTE geochemistry,
and environmental geoscientists are increasingly recommending the use of these tools in
their research.
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This study suggests the development of a novel more comprehensive geo-environmental
index to enhance the accuracy and effectiveness of environmental research. Such an index
would integrate both quantitative data, such as concentrations of chemical elements, and
qualitative factors, including land use, geology, hydrogeology, and key physicochemi-
cal parameters (e.g., pH, Eh, and DO). Future research is encouraged to integrate both
qualitative and quantitative groundwater data within this geo-environmental framework,
leveraging ML and deep learning (DL) techniques to develop the new index for optimal
water quality assessment and management. Furthermore, it is important to note that the
new geo-environmental index should replace the outdated and misrepresentation term
‘heavy metals’ ([129–131] with the modern term ‘potentially toxic elements’ [121,129]; the
established widely used geo-environmental indices require modernization such as HEI
and HPI.

This study does not merely offer another groundwater suitability and quality assess-
ment for a study area. It stands apart from other published works by, for the first time,
providing a comprehensive exploration of the critical role of geo-environmental indices.
The paper offers a detailed evaluation of the strengths and weaknesses of these method-
ologies and presents specific recommendations for their optimal application, highlighting
the novel contributions of this research. Assessing geo-environmental indices and opti-
mizing their application in environmental science can enhance sustainable groundwater
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management practices and support the achievement of Sustainable Development Goal 6
(SDG-6), particularly in mitigating groundwater pollution. By systematically evaluating
geo-environmental indices, pollution sources can be identified, and targeted strategies
can be developed to improve water quality, ensuring safe water resources for current and
future generations.

4. Conclusions
This paper evaluates the groundwater quality of the NE Peloponnese for various uses

by employing geo-environmental indices and ionic ratios. For the first time, data from 68
groundwater samples previously collected in the study area by Papazotos et al. [30] were
utilized to calculate these indices and ratios. The analysis also incorporated geological,
hydrogeological, geochemical, land/water use, and mineralogical information, applying
both classical and multivariate statistical methods. The main findings of this research are
summarized as follows:

• Most groundwater samples from the study area are suitable for irrigation purposes.
However, some samples from the Schinos area exhibit medium quality due to elevated
concentrations of NO3− , Cl−, and Na+. This degradation in water quality is primarily
attributed to relatively limited anthropogenic influences on the environment (e.g.,
small-scale farming, irrigation, low-impact tourism), including the use of septic tanks
and fertilizer application, as well as seawater intrusion.

• All samples from the Loutraki area and the Gerania Mts. demonstrate good quality for
drinking water. In the Schinos area, while some samples maintain good water quality,
others are classified as medium to poor.

• Most samples exhibit good quality regarding PTE concentrations. However, elevated
concentrations of Cr and As were detected in some samples from the Loutraki and
Schinos areas.

• Based on all indices assessing groundwater suitability for drinking, irrigation, and
PTE load, water samples from the Loutraki area and the Gerania Mts. exhibit
good to excellent quality, whereas the Schinos area shows comparatively poorer
groundwater quality.

• Statistical analysis identified distinct groups of geo-environmental indices based on
dominant parameters, suggesting that focusing on the most significant indices can
enhance the clarity and relevance of the analysis, reduce redundancy, and improve
interpretability, ultimately emphasizing the need for a more robust and systematic
methodological framework for assessing groundwater quality rather than relying on
numerous geo-environmental indices.

• Some geo-environmental indices designed to evaluate similar water uses yield con-
flicting results. This issue arises because elemental concentrations are a more critical
determinant of water quality than the indices themselves.

• All geo-environmental indices, influenced by parameter weighting (e.g., WQI, HPI,
IWQI, etc.), produce results that vary with the researcher’s experience/knowledge
and methodology, leading to potential differences in interpretation. To minimize
inaccuracies in data interpretation, a more robust and standardized scientific approach
is required.

• Coupling geo-environmental indices significantly enhances the comprehensive interpre-
tation and evaluation of groundwater quality, optimizing groundwater management.

• Coupling ionic ratios proved valuable in determining the occurrence and mobility of
PTEs in the environment. This approach was effectively applied to evaluate As and Cr
concentrations in NE Peloponnese, Greece (study area).
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In conclusion, further research is recommended to establish regulations governing
water use, informed by both usage patterns and epidemiological studies. This research
would support policymakers in using multiple-criteria decision analysis (MCDA) and en-
able stakeholders to enhance public health while optimizing water resource management.
Furthermore, this study provides a comprehensive guide for researchers by consolidating
the geo-environmental indices used in groundwater quality suitability and hydrogeochemi-
cal evaluation. The strategic integration of geo-environmental indices with data from other
scientific disciplines (e.g., medicine, biology, chemistry, etc.), could significantly advance
environmental sustainability and contribute to achieving the SDGs.
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