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Abstract: To detect the degradation of clean water, it is necessary to characterize its quality through
water quality indices using seasonal water sampling and analysis. In the present study, the initializa-
tion of the monitoring by surface and dam water sampling was conducted in multiple areas of Greece,
including the Eastern Thermaikos Gulf, Mouriki, and Marathonas basins, during both the dry and wet
periods of 2022. The dam reservoirs were also monitored by capturing their orthomosaic mapping.
The classification of the samples according to the Canadian Council of Ministers of Environment
Water Quality Index (CCME WQI) showed that all dam water samples examined and Mouriki area
samples have excellent water quality in terms of physical and chemical characteristics. However,
some samples from the Eastern Thermaikos Gulf and Marathonas basins suffer from seawater in-
trusion, which is indicated by the high concentration levels of Na* and Cl~, and anthropogenic
activities shown by the elevated concentrations of NO3 ~. Moreover, the high concentration of As
in samples from the Eastern Thermaikos Gulf is attributed to geothermal fluids. The importance of
Cl7,NOs7, and As presence in water quality at the studied areas is also verified by the sensitivity
analysis performed, pointing out the requirement of sustainable management.

Keywords: seasonal water variations; Canadian Council of Ministers of Environment (CCME); water
body monitoring; multipurpose dams; aquifer storage and recovery (ASR)

1. Introduction

The significance of water is well known since it is a natural resource necessary for the
growth of all living organisms, but it is also a part of the majority of the daily processes
conducted, i.e., industrial, irrigation, waste treatment, etc. Anthropogenic activities due
to the direct discharge on surface water have set it as the most polluted waterway [1,2].
Unfortunately, apart from the anthropogenic part of water degradation and depletion lately,
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climate change also negatively affects water quality, enhancing water scarcity due to the
impact it has on the hydrological cycle [3,4]. Groundwater depletion is a significant threat in
arid and semi-arid areas. Climate change projections provide extreme variations in rainfall
accumulation, with more intense storms and flood events and longer-duration droughts.
Nowadays, the hydrological cycle has been altered, especially due to greenhouse gases,
resulting in a shortened snowmelting season, a fact that causes the insufficient recharge of
groundwater. However, irrigation is the secondary reason for the diminished recharge [5].
Agricultural activities are constantly increasing due to population growth contributing to
groundwater deterioration and depletion by inducing pollutants and demanding excess
irrigation, respectively [6].

Sustainable development depends on various factors, such as research, innovation,
conservation of natural resources, general environmental protection, the development of
green technologies, and technical methods [7]. Sustainable groundwater management
(SGWM) is a part of environmentally sustainable development. SGWM has the ability
to ensure climate-resilient supplies of water that are required to achieve goals for food
security, energy generation, and access to drinking water [8]. It is challenging to main-
tain a high quality of surface water and groundwater since they are the main sources of
drinking water. This quality maintenance is a great factor of concern, with the predictions
showing that in 2025, approximately two-thirds of the population will experience water
stress. To achieve that, monitoring and assessment are crucial for an early diagnosis that
allows the proper remediation treatment at an early stage of pollution or depletion [2,5].
Kalaitzidou et al., 2020 reported the increasing presence of toxic substances, either organic
or inorganic, in water that may result in waterborne diseases, a fact that is also depicted
in the evolution of drinking water legislation with the incorporation of new classes of
pollutants, i.e., polyfluoroalkyl substances (PFAS) [9]. Thus, even though the surveillance
of any interaction that occurs on surface water and groundwater is a costly procedure, it
constitutes an essential tool for assessing the quantitative and qualitative regime of water
quality. The threats and pollution pathways have to be identified so suitable water quality
management can be applied [10]. For this assessment, the water quality index (WQI) is the
tool that is suitable for the determination of the quality regime of water bodies and also
points out, by sensitivity analysis, the most important pollutant [11-14].

Water quality indices were developed following ongoing research on water quality.
The evolution of this useful tool is based on the four requirements of their calculation,
which include (i) the selection of the evaluated parameters; (ii) the estimation of the sub-
index values for the comparison of the parameters on a single scale in order to result in
a non-dimensional value; (iii) the effect on the water quality of each parameter has to be
weighted; and (iv) finally the incorporation of the calculations, thus the estimation of the
WQI score [4,11]. The variety of WQIs is wide, with the Canadian Council of Ministers
of Environment Water Quality Index (CCME WQI) standing out since it is flexible in the
parameters’ selection, simple, i.e., it skips the subindex estimation, sensitive to parameter
changes, does not overestimate water quality, and has global acceptance also [15-18].

Due to the global recognition of CCME WQ), researchers have applied the index to
study sites in Greece. More specifically, Gikas et al., 2020 evaluated the water quality
along the river Nestos basin, with the river sites examined showing poor to marginal
water quality and the reservoirs presenting a better classification of moderate to fair for
most of the samples [19]. The Rhodes area was examined by Alexakis et al., 2022 who
reported that most of the samples evaluated showed excellent water quality, though they
pointed out the need for continuous monitoring due to seawater intrusion in the area [20].
Furthermore, Panagopoulos et al., 2022 examined the water quality on 111 rivers in Greece
with measurements from a time period of 2018-2020, resulting in fair marginal or poor
water quality for the majority of the samples [14]. Finally, Gikas et al., 2023 reported
poor water quality for the Laspias river, fair water quality for the Kosythos river, and
marginal water quality for the Lissos river, according to the CCME classification [16]. All
the above-mentioned research highlights the need for monitoring, the flexibility of CCME
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score calculation, the potential for global use of the index as a helpful tool for monitoring
water quality, and the stricter classification that derives from the calculation of the score
compared to other indices.

The current research approach is implemented to provide key data for sustainable
development following the orientation of the United Nations. Target 6.6 is about the
protection and restoration of water-related ecosystems and encounters mountains, forests,
wetlands, rivers, aquifers, and lakes. To accomplish this target in the study areas, the
existing dams were evaluated as cost-effective groundwater augmentation techniques
suitable for various hydrogeological settings. The aim of this study is to initiate the
monitoring and characterization of the water bodies examined in the coastal aquifer in
the Eastern Thermaikos Gulf and Marathonas basins and the inland basin of Mouriki
and indicate the importance of prevention and protection from groundwater depletion.
Seasonal samples were obtained, and their physical and chemical characteristics were
evaluated in order to determine the differences between the wet and dry periods of 2022.
All the samples were evaluated according to the EU Directive for drinking water for their
physical chemical characteristics, while 13 parameters, i.e., pH, conductivity, C1~, S042-,
NO;~, NO,~, PO43~, NH,*, Sb, As, Cd, Pb, and Hg, were applied for the calculation of
the CCME WQI score and the further characterization of the samples [9]. Monitoring by
CCME WQI in all samples and the capture of framed orthophotographs in the dam areas
are crucial for sustainable water management.

2. Materials and Methods
2.1. Study Areas

This study areas are in the Mediterranean region and include the coastal aquifer in the
Eastern Thermaikos Gulf and Marathonas basins and the inland basin of Mouriki, as shown
in Figure 1. Both the Mouriki basin and the Eastern Thermaikos Gulf basins are located
in Northern Greece, while the Marathonas basin is in Central Greece. These three areas
were chosen due to their different hydrogeological regimes, morphological conditions, and
land uses. The hydrogeological regime and land use in the Eastern Thermaikos Gulf and
Mouriki basin have been analyzed in the previous work of Ntona et al., 2023 [10].

Legend
@  Groundwater samples

/A Surface water samples (Dams)

Legend
@ Groundwater samples
/\  Surface water sample (Dam)

{2 coastal part of Marathonas basin

Figure 1. Locations in Greece of the studied areas.
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2.1.1. Eastern Thermaikos Gulf

The Eastern Thermaikos Gulf basin is located in the eastern part of the Thermaikos
Gulf in northern Greece. Industrial, irrigation, and drinking water requirements are covered
by the public water supply system and numerous wells owned by the locals. Seasonal
variations are observed in the physical and chemical properties of the water due to the
greater demand during the touristic summer season and the increased agricultural activities
during the same period [8,21]. During the last decades, the area has been monitored in
terms of nitrate pollution [8], boron concentrations due to the geothermal water in the
basin [22], and stable isotopes, tritium, and isotopic ratios such as 234U /238U [23], pointing
out some of the seasonal pollution in the basin.

2.1.2. Mouriki Basin

Mouriki Basin is located north of Kozani city in Northern Greece, where agricultural
and livestock activities mainly take place. The high demand for irrigation water alongside
the drinking water necessities causes high stress in the area, and the scientific community
is focused on studying the recharge of the basin [10,24]. Data on the seasonal variations of
the physical chemical composition of the area are very limited.

2.1.3. Marathonas Basin

The Marathonas basin is located in the eastern part of Attica, in southern Greece. A
porous aquifer is located in the coastal area of the site, whereas karstic aquifers are found
in areas underlain by marbles [25]. The main part of the region is covered by urban areas,
forests (pine, mixed forest, sclerophyllous vegetation), shrubs, oak, pasture, cultivated
fields, and wetlands, with spatial and temporal variations in their extent during the last
few years [26], while a devastating fire destroyed a notable part of the vegetation in 2009.
Groundwater is subjected to intense pumping due to extensive agricultural activities, with
an extended irrigation period (greenhouses) in most of the plain. For this reason, flooding
problems occur, and climate change has shown that flooding phenomena are multiplying.
Since 2004, the Rapentosa dam has been constructed in the Marathonas Plein in order to
avoid these flooding phenomena [27].

2.2. Hydrochemical Analysis
2.2.1. Sample Collection

The water samples were collected from boreholes and dams during the wet and
dry periods of the hydrological year 2022 in all the areas (Figure 1). In the Eastern Ther-
maikos Gulf, five surface water samples were collected from the dams. In the Mouriki and
Marathonas basins, two more water samples were collected from the dams in each area.
The boreholes were selected based on the hydrogeological regime and land use of the areas.
Then, twenty-nine groundwater samples were collected and analyzed. Ten groundwater
samples were collected in the Marathonas basin (G1-G10), fifteen groundwater sample
points in the Eastern Thermaikos Gulf (G11-G25), and four in the Mouriki basin (G26-G29).

For the needs of the current research, automated flights were executed using a DJI
Phantom Pro V2 UAS and the Pix4Dcapture software (Version 4.11.0) to capture georef-
erenced, framed orthophotographs. The flights were performed during the periods of
June (Mouriki dam-D_6 and Marathonas dam-D_7) and July 2021 (dams of Vasilika-D_3,
K. Scholari-D_4, Lakomma-D_5, Thermi-D_1, and Triadi-D_2).

2.2.2. Chemical Analysis

The parameters determined were pH, conductivity, C1~, SO42~,NO;~,NO?*~, PO,3,
NH#**, Sb, As, Cd, Pb, Ca?t, Na*, K, Mgz*, and HCO®~ in the filtrates of each sample using
a Perkin Elmer AAnalyst 800 Atomic Absorption Spectrophotometer applying either flame
or graphite furnace. For the Hg concentration, a Bacharach cold vapor mercury analyzer
system (Coleman Model 50B) was used. The C1~, S042~, and NO®~ concentrations were
determined using an Alltech 600 Ion Chromatography system with a Transgenomic ICSep
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AN1 column, using as eluent a 1.7 mM NaHCO3 /1.8 mM Nay;COj3 solution, supplied by
Merck, >99.7% and 99.5 % purity respectively. The pH and electric conductivity were
determined using the WTW 3310 instrument. The diphenylcarbazide method [3500-Cr D]
was applied for Cr(VI) concentration determination using a Perkin Elmer Lambda 2 UV /VIS
spectrophotometer version 3.7, equipped with 10 cm length-path measurement cells, and
the reported results are the mean value of 3 replicates.

2.3. Canadian Council of Ministers of Environment Water Quality Index (CCME WQI)

From a hydrological point of view, Greece has a Mediterranean climate type, which
is divided into two time periods (i.e., dry and wet) during a year. More specifically, the
wet period’s duration begins in October and lasts until March; thus, the dry period is from
April to September [1]. For the CCME WQI index, two sampling periods are required, so as
already mentioned, the sampling was conducted during the dry and wet periods of 2022.

The CCME WQI was selected for the water quality of the water bodies in the studied
areas as a well-established method acceptable to the scientific community. It was initially
suggested by Canadian jurisdictions and a committee under the Canadian Council of
Ministers of the Environment (CCME) that provided the WQI, which is dimensionless
and allows the evaluation of different kinds of water bodies. The flexibility that this index
provides lies in the selection of the inputs used to be applied in the calculation of the index
score, with the sampling protocol requiring at least eight parameters and not more than
twenty [28]. The calculation of index scores is carried out using the methodology presented
in Figure 2.

1732

FE+FZ+F;
CCMEWQI=100 - (-——-—)

_ No.of failed parameters
No.of total parameters

=

*100 Fp=—"—-——"—""100

_ No.of failed tests,

F=— %€
0.01nse+0.01

nse
No.of total tests

_ excursions;
No of tests

nse

= Failed test value;
eXaursions; = ————— .
! Objective;

- ‘

Figure 2. CCME calculation. Where: F; (Scope) computes the percentage of the non-qualified
parameters according to the regulations/guidelines. F, (Frequency) depends on the test repeti-
tions, and according to that, F, calculates the percentage that indicates the individual test failures.
F3 (Amplitude) is the quantity of failed tests that show non-qualified parameters. nse (normalized
sum of excursions).

Classification of the water body is conducted by comparing the score to the five
categories suggested by CCME in Table 1. Finally, for a better evaluation of the CCME WQI
scores, a sensitivity analysis is conducted.

3. Results
3.1. Study Area Georeferenced

Figure 3 shows the orthomosaic images captured for each flight area, while in Figure
51 Supplementary Material there is the image still from the Pix4D orthophoto processing
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program for Mouriki dam. Orthomosaic mapping is used for the environmental monitoring
of the sites. More specifically, the technical characteristics of the dams are shown in Table 2.

Table 1. Water quality classification according to CCME WQI.

Score Water Quality Classification
044 Poor
45-59 Marginal
60-79 Fair
8094 Good
95-100 Excellent

Figure 3. Orthomosaic of the (a) Mouriki, (b) Vasilika, (c) Thermi, (d) Kato Scholari, (e¢) Lakoma,
(f) Triadi, and (g) Rapentosa dam. The above results are one of the deliverables (point cloud, mesh,
orthomosaic, DEM) of the photogrammetric process exported from proper software.
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Table 2. Technical characteristics of the dams.
Dam Height (m)  Crest(m) Width (m)  Area (km?) Type
D-1 Thermi 11 71 67 0.041 Gravity
D-2 Triadi 12 145 67 0.045 Gravity
D-3 Vasilika 20 177 120 0.038 Gravity
D-4 K. Scholari 11 128 85 0.041 Gravity
D-5 Lakkoma 10 125 75 0.028 Gravity
D-6 Mouriki 20 321 114 0.043 Gravity
D-7 Rapentosa 15 145 28 0.03 Gravity

3.2. Basic Chemical Analysis

Groundwater is one of the most important natural resources for water supply, while
at the same time, many aquifers are under stress due to overexploitation, especially
in the Mediterranean region, where limited surface water resources cannot meet wa-
ter demands [29]. The piper diagram produced by the determined parameters of the
groundwater (GW) samples is presented in Figure 4, showing the variation of the chemical
composition during September 2021 and June 2022. The quality of GW samples from the
Eastern Thermaikos Gulf (ETG) and Mouriki basin has been analyzed in the previous work
of Ntona et al. 2023 [30]. In the GW samples from the coastal part of the Marathonas basin,
the order of the cation concentrations is Ca?* > Na*K*> Mg?* and C1~ > HCO;~ for the
anions, similar to the results reported by Papazotos et al., 2019 [31].

@ ETG-S 2021

O ETG-12022 Mg
@ Marathonas-S 2021
© Marathonas-J 2022 20/.0@_\ 2o

@ Mouriki-S 2021
@ Mouriki-J 2022

Na+K

20
S04

80

Ca

Na+K HCO3 cl c
Figure 4. Groundwater samples are projected in the Piper (left) and Durov (right) diagrams.

Dams as percolation tanks have been applied worldwide to infiltrate intermittent
stream flow and recharge alluvial aquifers. Despite that, the water stored in these facilities
is subjected to evaporation and contamination. For this purpose, the seasonal variation of
dams’ water quality is evaluated. No significant variations are noted in dam water (DW)
samples from all the areas (Figure 5). The cation concentrations of DW samples are in the
order Ca?* > Mg?* > Na*K* and those of the anions are in the order HCO3~ > CI~.

As already mentioned for the CCME WQI score, the parameters selected were evalu-
ated according to the EU Directive for drinking water (Table S1, Supplementary Material).
The determination method used and the detection limit of each parameter are also pre-
sented in Table S1, Supplementary Material. All the determined parameters are shown
in Tables 52-54 in the Supplementary Material, and all the parameters that are detected
over the respective regulation limit are marked in red. More specifically, the main pollu-
tants of contamination affecting the water quality in the groundwater and dam reservoirs
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of the study sites in Greece examined during this study are Na*, CI~, NO3;~, and As.
Figure 6 shows the parameters mostly affected by the seasonal variations, i.e., electric con-
ductivity (E.C. at 25 °C), chloride (C17) and nitrates (NO3; ™) for the Marathonas basin.
Unfortunately, 50% of groundwater samples have E.C. values greater than the regula-
tion limit (2500 uS/cm), with higher values presented during the wet period. Results for
chlorides show a similar trend for the samples G_1-G_6 and G_8-G_9 that are over the
regulation limit for the E.C., with chloride values much higher than the regulation limit
(250 mg/L). The combination of high E.C. and CI™ values is indicative of seawater intru-
sion, which is a serious degradation factor for coastal aquifer systems [32]. According to
the seasonal variations, Cl~ presents higher concentrations during the dry period for most
of the samples. However, samples G_1 and G_4 show a higher C1™ concentration during
the dry period. Alongside, nitrate pollution that exceeds the regulation limit of 50 mg/L is
indicative of the agricultural activity effect in the area. Aquifer degradation due to nitrates
was previously reported by Psychoyiou et al., 2007 and Papazotos et al., 2019 [31,33]. Like
CIl™ concentration monitoring, the seasonal variations for NOs ™~ also show higher concen-
trations during the dry period for most of the samples, but for G_1, G_2, and G_3, they
show higher NO3; ™ concentrations during the dry period.

ETG-S 2021
ETG-J 2022

Marathonas-S 2021
Marathonas-J 2022

Mouriki-S 2021
Mouriki-J 2022

Na+K

20
S04

80

20

Ca

Cl

Na+K HCO3 cl

Figure 5. Dam water samples are projected in the Piper (left) and Durov (right) diagrams.

Data on the parameters mostly affected by the Eastern Thermaikos Gulf basin are pre-
sented in Figure 7, where it is obvious that sample G_25 is not suitable for drinking water
purposes, a fact attributed to seawater intrusion. Similar to the results in the Marathonas
basin, higher values of E.C. are presented during the dry period in the Eastern Thermaikos
Gulf basin as well. It should also be underlined at this point that samples G_18 and G_21
show very high concentrations of As due to the alteration of rocks by hydrothermal fluids,
as already reported by Kazakis et al., 2017 [7]. Seasonal variation in As concentration
shows that during the dry period, its presence is higher in the aquifer. As verified by
Kazakis et al., 2020 nitrate pollution is a serious threat in the area since agricultural activ-
ities are very intensive and fertilizers are extensively applied. The results of nitrate in
samples G_12, G_19, G_20, and G_25 are verified [8]. Results are very different between
dry and wet periods since NO3~ shows a higher concentration during the wet period for
G_19 and G_20 and during the dry period for G_12 and G_25, attributed to the mobility of
nitrates on the different soil types, also indicating the multiple factors affecting the water
quality of the area.
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Figure 6. Seasonal variation of (a) E.C. (25 °C), (b) C1~, and (c) NO3~ of Marathonas basin samples.

Figure 8 shows the results of E.C. at 25 °C, C1~, and nitrates NO3 ™~ for the Mouriki
basin, which show insignificant variations between the wet and dry periods while all
the parameters determined are within the regulation limits. Moreover, all the measured
parameters are within the regulation limits for drinking water, and no major pollutants are
determined through the physical chemical evaluation of the samples of the area.

3.3. CCME Classification

The seasonal data were used for the CCME score calculation as well (Table S5,
Supplementary Material). The classification of the water samples (groundwater and dams)
is presented locally in Figures 9-11 for Marathonas, Eastern Thermaikos Gulf, and Mouriki
basin, respectively. Figure 8 shows that due to the fact that the aquifer is negatively affected
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both by agricultural activities and seawater intrusion, fair quality is the classification for
samples G_1, G_4, G_5, G_6, and G_8. This classification suggests the treatment of water
prior to human consumption.

10,000

7,500
5,000
2,500

uS/cm

G_11 |
G612 &
G_13 §
G_14
G_15
G_16
G_17
G_18
G_19
G_20
G_21
G_22
G_23
G_24
G_25
D_1
D2
D3
D4
D5

4,000 (b)
3,000

<

& 2,000
1,000

400
300
200

mg/L

100

Figure 7. Seasonal variation of (a) E.C. (25 °C), (b) C17, and (¢) NO3 ™~ of Eastern Thermaikos Gulf
basin samples.

The Eastern Thermaikos Gulf basin CCME WQI classification of the samples is presented
in Figure 10, where seawater intrusion results in lower scores for samples G_25 and G_19, and
the geothermic fluid in the area degrades samples G_18, G_21, and G_22. The agricultural
activities are the reason for the degradation of the G_12 sample. The variety of the Eastern
Thermaikos Gulf basin in classification is indicative of the need for constant monitoring
due to the very different sources of pollution in the area.

It is clear from Figure 11 that the Mouriki basin evaluation shows excellent water
quality regarding the physicochemical characteristics of the samples and can be used for
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the drinking water supply of the area. It is noticeable at this point that the Mouriki basin
has a better groundwater quality, probably due to the geographical location of the basin,
which is far from the sea, indicating that seawater intrusion has a significant impact on
the degradation of the coastal aquifer in the Marathonas and Eastern Thermaikos Gulf
basins. Moreover, all dam water samples show excellent water quality according to CCME
WQ], indicating a buffer capacity for seasonal variations and agricultural activities, while
since their location is not close to the coastal aquifer, none of the dams show signs of
seawater intrusion.

G_26 G_27 G_28 G_29 D_6

M Oct-21 = May-22

Figure 8. Seasonal variation of (a) E.C. (25 °C), (b) C1~, and (c) NO3~ of Mouriki basin samples.
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Figure 9. CCME water quality classification of samples in the coastal part of the Marathonas basin.
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Figure 10. CCME water quality classification of samples in the Eastern Thermaikos Gulf.

3.4. Sensitivity Analysis

Sensitivity analysis was conducted to point out which variables most strongly in-
fluence the water quality in the studied areas. Sensitivity analysis indicates how the
uncertainty of the final response is affected by the parameters used for the index calcula-
tion. Figure 11 presents the sensitivity analysis of variables in calculating CCME for the
13 parameters, i.e., pH, conductivity, C1~, S042~,NO3;~,NO,~, PO,3~, NH,*, Sb, As, Cd,
Pb, and Hg examined for the score’s calculation. The sensitivity analysis was conducted by
withdrawing the variables one by one from the calculation of the CCME score. The initial
CCME WQI and the recalculated scores without each parameter are shown in Figure 12.
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Removing the parameters has resulted in scores different than the initial ones, as pre-
sented in Table S6 in Supplementary Material, where the altered classification is highlighted.
As expected, the samples that showed excellent water quality according to the CCME score
were not affected by the parameters encountered for the score calculation, still presenting
excellent classification after the removal of any parameter. However, the samples that are af-
fected by seawater intrusion, hydrothermal fluids, or agricultural and anthropogenic activi-
ties show variations that are mostly attributed to the removal of C1~, NO,~, NO3s~, and As.
Marathonas basin water quality is mainly affected by C1™ and NO3 ™ being the parameters
that mostly affect the water quality in the area, with C1~ being the most important one
(Table S7, Supplementary Material). In Eastern Thermaikos, Gulf C1~, NO3, and As are the
most important parameters that affect the CCME score, thus water quality. The samples
that contain As are affected by its presence, presenting different classifications after the
removal of this parameter from the score calculation. The most important parameter for
the area is how to classify the water samples. It should be mentioned at this point that As
is not contained in all samples, and for the rest of the samples, Cl1~ is the most important
parameter for the water quality.

4. Discussion

Aiming to achieve SGWM, this research monitors groundwater quality and initiates
data collection on the seasonal variations that are caused by climatic or anthropogenic
activities in the studied areas. It should be noted that the application of managed aquifer
recharge (MAR) methods is considered necessary in areas of the Mediterranean region, such
as the areas examined during this study, where the natural recharge of the aquifer is not
achievable or the infiltration recovery has a low rate and is incomplete [34]. MAR projects
involve integrated management for the protection or recovery of surface and groundwater
sources [35-37] and include the artificial recharge (AR) method, which constitutes a crucial
solution for mitigating water scarcity in arid and semi-arid regions under the effects of
climate change [38]. In detail, aquifer storage and recovery (ASR) systems are economical
and sustainable technologies providing natural water treatment [39]. ASR uses seasonally
available surface water to improve aquifer recharging. Several pilot schemes and demon-
strative artificial recharge schemes have been implemented. For instance, groundwater
recharge dams have been applied for a variety of reasons, such as the reduction of ground-
water depletion [40,41] and the mitigation of seawater intrusion [42]. Bearing in mind the
seasonal demands in the touristic areas of the Eastern Thermaikos Gulf and Marathonas
basin, along with the different demands on irrigation water at all studied areas during a
year, the ASR requirement is easily aroused.

Researchers in arid and semi-arid regions evaluate the performance of small dam con-
struction in cases where brief periods of intense precipitation cause catastrophic floods [43,44],
like the scope of Rapentosa dam construction. After all, the multipurpose uses of a reservoir
or dam were long ago known. Albergel, 2012 mentions that a small dam could be exploited
for irrigation, cattle transhumance, flooding control, and recharge, while Pimenta et al,,
2012 also mention that small reservoirs can be constructed for small hydropower units
with no alteration of the water quality of the reservoir [45,46]. Results have revealed the
positive impact of these ASR systems on water resources that can also be applied to the
dams examined during this study. According to Djuma et al. 2017, small dams can provide
reliable groundwater recharge even in cases of ephemeral streams. Based on our knowl-
edge, the investigation of the use of dams for energy production and groundwater recharge
is limited [47]. Nevertheless, recent research by Tréek and Mesarec 2023 investigates the
effect of the hydropower dam on the recharge processes of the aquifer depending on the
application of hydrogen and oxygen isotopes (O, 2H, and 3H). The results showed an
increase of more than 50% in the groundwater depth in the observation wells. Under this
aspect, variations in groundwater level are of utmost importance for the evaluation of the
surface water-groundwater interaction [10,48].
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One of the main concerns in the implementation of AR projects is the identification of
suitable sites, where the selection of the optimum ASR method depends on the hydrogeo-
logical characteristics and the need for fresh water in the area. For a successful ASR method,
tools such as modeling that technology offers can significantly aid this purpose. Towards
that direction, the research team has already applied modeling strategies such as SWAT (Soil
and Water Assessment Tool) and DPSIR (Driving Force-Pressure-State-Impact-Response),
where they reported that the Eastern Thermaikos Gulf may face drought problems due to
climate change and that there will be alterations attributed to runoff, and the predicted
evapotranspiration is at high levels that exceed 63.7% [10,30]. The next step of this research
was to examine, through modeling, the potential of MAR in the reservoirs and dams lo-
cated in Greece. Karakasanis et al., 2023 reported that 253 of those are potentially good
candidates, and a simultaneous good water quality (calculated by a water quality index
that was conducted during the current study) would allow the multipurpose usage of the
reservoir or the dam [49]. So, the current research’s overall goal is to investigate the use of
existing small dams as subsurface reservoirs for hydropower production, aquifer recharge,
and irrigation needs.

Pollution of groundwater due to overextraction, mineral leaching of metal pollutants,
excess fertilizer use that penetrates the aquifer, geothermal conditions, and anthropogenic
activities is more likely to occur. Furthermore, rivers are exposed over large areas, and
pollution may be caused by industrial waste disposal or any other anthropogenic source
of pollution [7,50,51]. The results of the present study showed that small dam water
quality is excellent and seasonal variations have limited impact on the physic-chemical
variations. Dam water is also less affected by agricultural and anthropogenic activities;
they are mostly constructed far from industrial areas, thus showing more stable parameters
that can produce better water quality for potable use [52].

A potential threat in surface waters that are treated and intended for drinking water
purposes, as Katsiapi et al., 2007 and Lymperopoulou et al., 2011 reported, might be
an algae bloom, i.e., phytoplankton and cyanobacterial, respectively, caused by seasonal
variations such as temperature change, which might make the water unsuitable for drinking
purposes [53,54]. In general, algae blooms are a major concern for surface water, especially
due to the rapid global warming that affects their cultivation. Attention has to be given
to the natural organic matter of the potential drinking water surface sources since high-
temperature treatments that include high oxidation agents result in the production of
trihalomethanes (THMs) that cause adverse effects on human health [55]. Data from this
study showed that all dams present good physical and chemical characteristics and can be
treated successfully for drinking water production in terms of microbial charge.

To improve the current results that set the basis for the monitoring of the sampling
sites, a combination of groundwater level measurements and climate scenarios is suggested.
In the next research steps, methods of determining the efficacy of the dams in this study
areas will be implemented based on simulation modeling methods. The current research
was conducted in the context of a research project on (i) the production of hydroelectric
power from small dams as a renewable energy source and (ii) groundwater recharge in
Greece. The results of the first qualitative evaluation approach showed a high quality of
DW, according to the CCME WQL The data derived from this study should be strengthened
with data from the next seasonal sampling periods for a better classification, and alongside
groundwater level monitoring, the interaction of the aquifer with dams should also be
specified. Additionally, the microbiological parameters should also be encountered in the
next sampling periods alongside measurements such as dissolved oxygen, total suspended
solids, and biological oxygen demand. A better understanding of the dam environment
should include both superficial and benthic sampling. This methodology is suggested to
be applied to more sampling sites throughout Greece, and a monitoring network is to be
set up. That way, groundwater evaluation in terms of drinking water and agricultural
usage is better assessed. Moreover, the monitoring can provide crucial information on the
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multipurpose usage of the dam water that may allow its usage as potable or irrigation
water and the possibility of hydropower production.

WAQI is a significant tool for the determination of water quality before the application
of MAR techniques [56,57]. Following the guide about the optimization of dam operations
by Karakatsanis et al. (2023), the current work provides reliable results regarding water
quality classification for the improvement, protection, and sustainable use of surface and
groundwater [49]. An application of MAR techniques to the selected dams in Greece will
be applied in future research steps. Moreover, future research steps should also include
an artificial intelligence algorithm implemented for forecasting WQI in the study areas
since artificial intelligence and soft computing techniques have proved to be efficient
and precise tools in determining and managing groundwater quality [58,59]. Due to the
potential uncertainty of groundwater recharge, which is one of the main threats to water
resources [60], and the fact that groundwater storage is affected by the climate crisis and
the growing water demand [61], the prediction of the groundwater level is essential for the
accurate management of groundwater resources [62]. For this purpose, machine learning
methods, fuzzy-based systems [63], and remote sensing data [64] have been implemented
worldwide for the prediction of groundwater level fluctuations that must be applied to the
study areas of the present study as well.

5. Conclusions

Factors such as climate change, population growth, and industrialization affect water
quality, resulting in the continuous demand for stricter regulations on water pollutant
limits. In this study, all samples (36 in total) were analyzed, and their physicochemical
characteristics were determined and evaluated to determine whether they could be drink-
ing water sources. These results were also used to evaluate the quality of the surface
and dam reservoir waters by implementing the CCME WQI. Calculations were carried
out considering 13 parameters (i.e., pH, conductivity, C1~, S042~,NOs;~,NO,, PO,3,
NH,4*, Sb, As, Cd, Pb, and Hg), and CCME WQI indicated that there are plenty of water
sources with excellent quality. The rather strict WQI CCME used to classify the samples of
groundwater and dam water in three different areas in Greece, i.e., Marathonas, the Eastern
Thermaikos Gulf, and the Mouriki basin, showed similarities for the coastal aquifers in
Marathonas and the Eastern Thermaikos Gulf basin.

The main results for groundwater samples are summarized as follows:

Marathonas basin (2 Excellent, 3 Good, and 5 Fair water samples) pollution factors:

> seawater intrusion
> agricultural activities

Eastern Thermaikos Gulf basin (8 Excellent, 4 Good, and 3 Marginal water samples) pollution factors:

> seawater intrusion
> agricultural activities
> geothermic fluid by rock alteration

Mouriki basin (4 Excellent water samples):

> Samples of physical and chemical characteristics within drinking water regulation limits
Mouriki basin seems be less affected with excellent water quality according to CCME WQL

Samples from the Mouriki basin present almost stable physical and chemical char-
acteristics throughout the year. However, differences between the dry and wet periods
of 2022 are shown for both the Marathonas and Eastern Thermaikos Gulf basins. Not all
samples show the same trend, but most of them are degraded during the dry period. To
better evaluate the source of the pollution, more samples should be examined in the future.

Fortunate is the fact that all the dams examined during this study also show excellent
water quality. CCME scores a fact that shows the buffering capacity of the dams during the
seasonal variations, with insignificant seasonal variations during the wet and dry periods.
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However, it is of great importance to continue the monitoring for any seasonal periodical
variations, determining more parameters that will also result in a more accurate classifica-
tion of the samples while at the same time the degradation of the aquifer is better evaluated.
Sensitivity analysis identified C1~ as the major parameter that affects water quality in
the Marathonas basin and Eastern Thermaikos Gulf, but for the samples containing As,
this was the most important parameter influencing the water quality. In order to prevent
future pollution, fertilizer use should be reduced, while at samples suffering from seawater
intrusion, appropriate management that prevents overexploitation and overpumping due
to agricultural activity is necessary to control salinity. Artificial recharge can also contribute
to the fight against salinization and water degradation.

For proper water management, not only the physical chemical characteristics that
result in the WQI index should be monitored, but the orthomosaic images are also of high
importance in environmental monitoring. Further monitoring of this study sites of the
dams through orthomosaic monitoring can provide information on the potential for water
depletion at the respected locations that will allow the proper sustainable management of
the aquifer recharge and pollution prevention. The final evaluation of these dam samples
will be done in terms of a multipurpose usage i.e., drinking water, irrigation water, recharge,
and hydropower production. The importance of the produced data lay in the possibility of
the initialization of small dam multipurpose usage by specifying the optimal algorithm for
energy production and groundwater enrichment. Setting the basis for this multipurpose
usage is a matter of potential global small-dam exploitation.
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of physical chemical analysis for Mouriki Basin; Table S5: CCME score for all water samples;
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