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Abstract: Groundwater vulnerability assessment is of pivotal importance for the sustainable man-
agement of groundwater resources, particularly in regions with intense agricultural activity. This
research primarily aims to assess and delineate groundwater vulnerability zones using a comparative
approach of three different GIS-based modified models, namely Pesticide DRASTIC-LU, Nitrate
SINTACS-LU and Nitrate NV index. For this reason, eight hydrogeological parameters were em-
ployed to analyze the spatial distribution of groundwater vulnerability in the Nea Moudania aquifer,
Chalkidiki, Greece. This multi-model methodology was implemented to ascertain the most reliable
method for the study area. Results indicated that the southern and southwestern parts of the study
area exhibited the highest vulnerability potential, whilst the northern part displayed the lowest.
Moreover, single-parameter sensitivity analysis has revealed that land use and topography were
the most critical parameters of the vulnerability indexes, whereas hydraulic conductivity was the
least influential. Finally, the three vulnerability models were validated with nitrate concentrations of
groundwater samples. Results revealed that the Nitrate NV index was the most accurate method,
trailed by the Pesticide DRASTIC-LU and the Nitrate SINTACS-LU.

Keywords: modified DRASTIC; modified SINTACS; NV index; GIS; groundwater vulnerability
assessment; nitrate; sensitivity analysis

1. Introduction

In many countries, groundwater has a significant contribution to fresh water supply
for various anthropogenic activities associated with the industry, irrigation, human con-
sumption and economic development [1]. During the last few decades, an unprecedented
development in the utilization of groundwater resources has been seen, with estimates
suggesting that groundwater covers more than 30% of the world’s water demand [2]. Espe-
cially in regions characterized by arid, semi-arid or Mediterranean climates, groundwater
often represents the primary potable water source, particularly where scarcity of surface
water is substantial.

Notwithstanding, groundwater quality and quantity are at high risk due to the haphaz-
ard development of groundwater resources [3,4]. In particular, numerous anthropogenic
activities, such as population growth, rapid urbanization, deforestation, intensive agri-
culture, alterations in land use and industrialization, lead to serious groundwater quality
degradation and depletion [5–7]. Furthermore, climate variability is a climatic factor that
has the propensity to stress groundwater and exacerbate the situation by influencing
groundwater recharge markedly [3,8]. In recent years, in various agricultural areas, the
extensive application of chemical fertilizers has caused substantial nitrate pollution of
aquifers, which in turn, has crucial effects on public health and the ecosystem [7,9–11].
Hence, the safeguarding of groundwater and pollution prevention are fundamental prereq-
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uisites for efficient groundwater management and the socioeconomic advancement of an
area [12,13].

A cost-effective key tool for the prevention and reduction of groundwater pollution
can be the assessment of groundwater vulnerability through the utilization of various
techniques and methodologies, as proposed in the literature [14–16]. A typical classification
of the groundwater vulnerability methods comprises three primary categories, namely:
(i) statistical assessment, (ii) process-based simulationand (iii) index and overlay meth-
ods [17]. Among the most commonly used index and overlay methods in porous aquifers
are DRASTIC [18], GOD [19], AVI [20], SINTACS [21] and SI [22]. Moreover, groundwater
vulnerability assessment can be divided into intrinsic, specific and integrated. Regarding
the intrinsic, it represents the vulnerability based on the geological and hydrogeological
characteristics of an aquifer, whilst the specific describes the vulnerability against spe-
cific pollutants. Both types are considered essential and useful for the safeguarding of
groundwater resources and the protection of groundwater quality from pollution [23,24].
Additionally, the integrated vulnerability assessment, alongside the intrinsic vulnerabil-
ity, incorporates the presence of danger centers, namely construction material factories,
sewage outlets, gas stations, livestock farms, proximity to main roads, rivers and residen-
tial areas, as well as landfills, olive mills, animal barns and stockpiles of fertilizers and
pesticides [6,25,26].

One of the most popular and extensively used index methods for groundwater vulner-
ability mapping is DRASTIC, which was originally developed by the US Environmental
Protection Agency (EPA) [6,27]. This method utilizes seven hydrogeological parameters
controlling the flow of the water from the surface to the aquifer, namely depth to water
table (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact of the
vadose zone (I) and hydraulic conductivity (C) [28]. A significant advantage of DRASTIC
is its adaptability and appropriateness for regions with varying hydrogeological character-
istics and sources of pollution, such as agricultural, urban and industrial [7,29–31]. Despite
being the most established method for regional vulnerability assessment, DRASTIC has its
limitations, including the subjectivity and uncertainty in the delineation of the rates and the
weights of each parameter [32]. Thus, various techniques have been employed to modify
and enhance the reliability and precision of the method and minimize the subjectivity in
the evaluation of each parameter’s ratings and weight. These techniques include sensitivity
analysis, analytic hierarchy process (AHP), Fuzzy AHP method, binary classifier calibra-
tion with a genetic algorithm, multiple linear regression, multi-criteria decision-making
approach coupled with a metaheuristic algorithm, as well as additional factors, such as
land use (DRASTIC-LU) have been incorporated [33–43]. In particular, the impact of land
use, such as agriculture, is considered to have a noteworthy impact on groundwater quality
and thus warrants inclusion in groundwater vulnerability assessment [44].

Martínez-Bastida et al. [45] proposed the Nitrate Vulnerability (NV) index, which
is a novel approach based on the standard DRASTIC and the incorporation of land use
parameters (as a potential nitrogen source). The new specific vulnerability index is based
on a multiplicative model and is concentrated on nitrate pollution by adding an additional
parameter denoted as the “potential risk associated with land use” (LU). Results indicated
that the NV index achieved greater accuracy in the assessment of specific vulnerabilities
compared with DRASTIC-LU [45,46].

Another significant and widely employed low-cost vulnerability method for enhancing
and adapting DRASTIC to the particularities of Mediterranean regions, such as Italy and
Greece, is SINTACS [21,47]. The aforementioned method, developed in Italy, employs
the same hydrogeological parameters as DRASTIC, albeit it has a more flexible weighting
and rating system that is contingent upon regional-specific conditions [48]. The inherent
subjectivity in the parameters’ weight and rating is a major limitation. To overcome this
drawback, the SINTACS method can be enhanced by integrating land use parameters into
its calculations (SINTACS-LU), reporting greater performance and giving more accurate
results over the standard version [48–50]. In general, the method can be employed for
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medium to relatively large-scale porous-media aquifers, whereas in fractured, karstic or
carbonate aquifer systems, the results might be debatable.

This study aims to assess and identify the groundwater vulnerability zones to specific
pollution in the NeaMoudania aquifer, Chalkidiki, Greece. However, the application of
a single groundwater vulnerability method in a given area might, in some cases, lead
to imprecise results. Therefore, our study endeavors to conduct a comparative analy-
sis by employing an ensemble of groundwater vulnerability methods, namely Pesticide
DRASTIC-LU, Nitrate SINTACS-LU and NV index, in order to evaluate the efficacy and
appropriateness of these methods in an agricultural area. The verification of the produced
vulnerability maps of the aforementioned methods was appraised through the correlation
between the nitrate concentration (NO3

−) in groundwater and the vulnerability index.
Furthermore, the effective weight of each parameter in Pesticide DRASTIC-LU, Nitrate
SINTACS-LU and NV index was evaluated by performing a single parameter sensitivity
analysis (SPSA).

2. Study Area

The watershed of Nea Moudania (Figure 1) is located in the southwestern part of
the Chalkidiki peninsula, in the Region of Central Macedonia, Northern Greece, and it
is a constituent of a larger area which is known as Kalamaria Plain. This coastal alluvial
basin occupies an area of approximately 78 km2, and it belongs, administratively, to the
municipalities of Nea Propontida and Polygyros. Morphologically, the average altitude is
relatively low (approximately 200 m above sea level) and features a topography with gentle
slopes (mean soil slope approximately 2%). This area forms the primary agricultural land
of Chalkidiki [51]. The climate is typical thermo-Mediterraneanand is characterized by
high temperature and aridity during the summer months, while the winters are mild and
wet. The mean annual precipitation is approximately 420 mm [51]. The watershed of the
Nea Moudania basin belongs to the Peonia geological subzone, which is part of the Axios
geotectonic zone [52]. The Nea Moudania aquifer is covered mainly by Neogene (upper
Pliocene-middle Pleistocene) sediments, which cover the pre-Neogene bedrock formations.
The Neogene sediments consist of alternated beds of red silty clay with fine-grained
quartz and mica intercalated by sandstones, sands, marl, silts, and conglomerate lances.
The pre-Neogene bedrock consists of recrystallized bluish limestone, greenish-brown
two-mica gneiss and muscovite gneiss. Moreover, the study area comprises Quaternary
formations, such as alluvial deposits (sands, gravels, conglomerates and clay), coastal
deposits (beach ridges) and lagoon deposits (sands and clay sand) [53]. Hydrogeological
interest is primarily concentrated on the recent deposits due to their considerable capacity
for water storage and their substantial thickness [54]. On the contrary, the pre-Neogene
bedrock formations are considered impermeable with limited fractured zones; therefore,
they do not exhibit hydrogeological interest.

The fairly flat topography and the favorable regional climate conditions make the
study basin an important agricultural area. Indeed, approximately 80% of the total area
is extensively cultivated and irrigated, and there is also a notable presence of touristic
and urban development [55]. The area has a permanent population of approximately
16,000 inhabitants, whilst the maximum population, mostly during the summer season,
surpasses 40,000 people [56]. Water demand for irrigation and domestic purposesis high,
especially during the period spanning from May to September. Moreover, the combination
of surface water scarcity and generally inadequate yearly rainfall renders groundwater the
only viable source of water [57]. However, this fact has caused a noteworthy decrease in the
groundwater level throughout the area. In addition to that, since the 1990s, overexploitation
via numerous deep wells has led to quantitative issues. Another major challenge over the
years is the qualitative deterioration of the aquifer due to the intensive agricultural activities
that result innitrate pollution and seawater intrusion. Undoubtedly, the implementation of
a sustainable approach to managing water resources is henceforth absolutely necessary to
ensure the quantitative and qualitative protection of the Nea Moudania aquifer.
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Figure 1. Location and geological map of the study area.

3. Methodology

In the present study, (i) the specific vulnerability was evaluated by using the modified-
DRASTIC (Pesticide DRASTIC-LU), the modified-SINTACS (Nitrate SINTACS-LU), as well
as the Nitrate Vulnerability (NV) index in Nea Moudania aquifer. The aforementioned
methods were applied in a Geographic Information System (GIS) environment by convert-
ing all the data and maps to a raster dataset with a cell size of 40 × 40 m. Furthermore,
(ii) sensitivity analysis was conducted in order to compare the effectiveness with the theoret-
ical weight of each parameter. Finally, (iii) validation of the three applied models was made
by using nitrate concentration so as to select the optimal model based on the coefficient
of determination (R2). Nitrate concentration in groundwater is mainly due to agricultural
activities in the area. Notably, nitrate concentration in groundwater is considered to be one
of the most significant pre-indicators of water quality destructors [58].

3.1. DRASTIC-LU Method

DRASTIC is consideredthe most popular, reliable, cost-effective and widely accepted
method for groundwater vulnerability assessment (intrinsic and specific) [58,59]. It is an
overlay index method initially developed in 1987 by the US Environmental Protection
Agency (EPA) and the American Water Works Association (AWWA).

The DRASTIC method utilizes seven significant hydrogeological parameters which
predominantly control groundwater flow and pollution, namely, depth to water (D), net
recharge (R), aquifer media (A), soil media (S), topography (T), impact of the vadose zone
(I) and hydraulic conductivity (C). The applicability of the method is contingent upon the
following assumptions: (i) pollution sources occur at the ground surface, (ii) pollutants seep
into the aquifer by precipitation, (iii) pollutants have the same mobility as water, (iv) the
hydrogeological unit must be at least 0.40 km2 [6,60].

In this methodology, the assigned weight for each parameter ranges between 1 and
5, according to its importance. The weight of the least important parameter is equal to 1,
whereas of the most important is equal to 5. The weights and ratings are based on the Delphi
technique [61]. Standard DRASTIC is used for intrinsic groundwater vulnerability, whilst
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Pesticide DRASTIC is adopted in agricultural areas with extensive use of pesticides and
fertilizers (nitrate pollution), and thus, they have a different weight classification [18,62].
Furthermore, each parameter has a rating that ranges from 1 to 10, depending on its relative
importance on pollution potential (Table 1). The final Pesticide DRASTIC Index (DI) is
calculated using the following Equation (1). The Pesticide DRASTIC Index ranges from
26 to 256. The study area was divided into the following vulnerability classes: very low
(<80), low (80–120), moderate (120–160), high (160–200) and very high (>200).

DI = DrDw + RrRw + ArAw + SrSw + TrTw + IrIW + CrCw (1)

where D, R, A, S, T, I, and C indicate the seven parameters of the method, w represents the
weight of each parameter and r is the corresponding rating.

Table 1. Weight, ranges and ratings of DRASTIC-LU parameters.

DRASTIC
Parameter Range/Type Rating Pesticide

Weight

D (m) 0–10 10 5
10–20 7
20–30 5
30–40 3
>40 1

R 3–5 1 4
5–7 3
7–9 5

A Clay with sand 4 3
Clay with gravel 5
Sand and gravel 8

S Clay loam 3 5
Silty loam 4
Loam 5
Sandy loam 6

T (%) 0–2 10 3
2–6 9
6–12 5
12–18 3
>18 1

I Silt/clay 3 4
Sandy clay 4
Sand, gravel and silt 7
Sand and gravel 8

C (m/day) 0.04074–4.074 1 2
LU Complex cultivation patterns 9 5

Fruit trees and berry plantations, olive groves,
road network 6

Agriculture land with significant areas of
natural vegetation, non-irrigated arable land,
pastures, discontinuous urban fabric

5

Based on the Pesticide DRASTIC, the modified Pesticide DRASTIC uses an additional
parameter in its calculations, namely, Land Use (LU). The incorporation of Land Use,
especially in agricultural areas with the intensive application of fertilizers and pesticides,
can enhance the efficiency and reliability of the method [63,64]. Particularly in agricultural
lands, due to irrigation water application, there is an increasing possibility of groundwater
pollution. The modified DRASTIC index (Pesticide DRASTIC-LU) is calculated using the
following Equation (2). In this study, the assigned weight for the Land Use parameter
is 5 [34,48] (Table 1).

Pesticide DRASTIC-LU = DrDw + RrRw + ArAw + SrSw + TrTw + IrIW + CrCw + LUrLUw (2)
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3.2. Nitrate Vulnerability (NV) Index (Multiplicative Model)

The Nitrate vulnerability index is an adaptation of the DRASTIC-LU method and
was proposed by Martinez-Bastida et al. [45] to assess the risk of nitrate pollution in
Central Spain. The objective of this method is to achieve greater performance in the
assessment of specific vulnerability to nitrate pollution and enhance reliability and precision
in comparison to the standard DRASTIC-LU. It is a multiplicative method, which involves
an additional parameter known as the “potential risk associated with Land Use” (LU) and
is based on the real impact of each land use. The method is calculated according to the
following Equation (3):

NV index = (DrDw + RrRw + ArAw + SrSw + TrTw + IrIW + CrCw) × LU (3)

where LU refers to the potential risk associated with land use, and the rest of the parameters
are the same as in Equation (1). LU ratings range from 0.1 to 1.0 (Table 2). The assigned
ratings and weights proposed [45] are based on experts’ opinions, and therefore, they
include human subjectivity. The lowest rating (0.1) corresponds to large natural areas
with insignificant anthropogenic influence, whereas the highest rating (1.0) to intensively
cultivated agricultural areas [46]. The NV index ranges from 26 to 256, such as the Pesticide
DRASTIC index. The specific vulnerability ranges established for the NV are shown in
Table 3 [45].

Table 2. Ranges and ratings applied to the potential risk associated with Land Use as a source of
nitrate pollution for NV index.

Range LU

Irrigated field crops 1.0
Urban areas 0.8
Uncultivated land and semi-natural areas 0.3
Forests and natural areas 0.2

Table 3. NV index vulnerability ranges.

Vulnerability Ranges

Very low <70
Low 70–110
Moderate 110–150
High 150–190
Very high >190

3.3. SINTACS-LU Method

The SINTACS method was proposed by Civita [21] for the particularities of Italy, as
well as other Mediterranean regions, and employs the same parameters as the DRASTIC
method. The method includes the following parameters: depth to water (Soggiacenza), ef-
fective infiltration (Infiltrazione), unsaturated zone (Non saturo), soil media (Tipologia della
copertura), aquifer media (Acquifero), hydraulic conductivity (Conducibilità idraulica) and
topographic slope (Superficie topografica). These parameters can be calculated as weighted
sums using Equation (4) [32]. Despite utilizing identical hydrogeological parameters as
the DRASTIC method, SINTACS employs distinct ratings (from 1 to 10) and weights (from
1 to 5) for each parameter (Table 4). In the present study, the parameters were assigned
with weights specifically for nitrate environmental scenarios.

SINTACS = SrSw + IrIw + NrNw + TrTw + ArAw + CrCw + SrSw (4)

where S, I, N, T, A, C and S indicate the seven parameters of the method, w represents the
weight of each parameter and r is the corresponding rating.
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Table 4. Ranges, ratings and weights of SINTACS parameters.

SINTACS Parameters Range Rating Weight

S (m) 1–4 9 5
4–6 8
6–8 7
8–10 6
10–20 5
>20 4

I (mm) 60–75 3 5
N Coarse alluvial deposits 8 4

Sand, gravel and silt 7
Sandy clay 4
Silt/Clay 3

T Clay loam 3 5
Silt loam 4
Loam 5
Sandy loam 6

A Sand and gravel 8 2
Clay with gravel 5
Clay with sand 4

C (m/day) 0.1–0.43 2 2
S (%) 0–2 10 3

3–4 9
5–6 8
7–9 7
10–12 6
13–15 5
16–18 4
19–21 3
22–25 2
>26 1

LU Complex cultivation patterns 9 5
Fruit trees and berry plantations, olive
groves, road network 6

Agriculture land with significant areas
of natural vegetation, non-irrigated
arable land, pastures, discontinuous
urban fabric

5

Although land use has a significant impact on the infiltration of pollutants, it has not
been included in the conventional SINTACS method as a parameter [65]. Therefore, in this
research, due to the fact that intensive agricultural activities exist, the inclusion of land
use as an additional parameter was indispensable. Moreover, in agricultural areas with
nitrate pollution, land use inclusion can enhance the efficiency and accuracy of the standard
SINTACS method [50]. The vulnerability classes and the corresponding ranges are given in
Table 5. The SINTACS-LU method is calculated using the following Equation (5):

SINTACS-LU = SrSw + IrIw + NrNw + TrTw + ArAw + CrCw + SrSw + LUrLUw (5)

Due to the fact that the three groundwater vulnerability methods employ different
classes and ranges, their values were normalized to critically correlate them with nitrate
concentration values using the following Equation (6):

Xnorm = [(X − Xmin)/(Xmax − Xmin)] × 100 (6)

where Xnorm is the normalized data, Xmax is the maximum index value and Xmin is the
minimum index value.
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Table 5. Vulnerability index rating classes for SINTACS method [66].

Vulnerability Classes Ranges

Very low 26–80
Low 80–105
Medium 105–140
High 140–186
Very high 186–210
Extremely high 210–260

3.4. Sensitivity Analysis

In this study, the single-parameter sensitivity analysis, introduced by Napolitano and
Fabbri [33], was performed in order to appraise the contribution of each parameter on the
final vulnerability measure by comparing its theoretical weight with the real (effective)
weight. This test provides credible information and determines the significance of subjectiv-
ity elements in the vulnerability methods [61,67]. The effective weights for all parameters
were calculated using the following Equation (7).

W =

(
PrPw

V

)
× 100 (7)

where W indicates the effective weight of each parameter, Pr and Pw refer to the rating value
and the weight of each parameter, and V denotes the overall vulnerability index. When
the effective (real) weight of a parameter is higher, compared with the theoretical one, it
indicates that it has greater importance on the final results of the groundwater vulnerability
model [68].

3.5. Preparation of Vulnerability Assessment Parameters
3.5.1. Depth to Water

This parameter plays an important role in groundwater quality degradation and
denotes the perpendicular distance between the water table and the ground surface [18].
Areas having higher values of depth to groundwater are less vulnerable to pollution because
pollutants are required to travel long distances to reach the water table. In this study, water
level data from 42 observation wells were used during the spring period, and they were
interpolated using the inverse distance weighted (IDW) method in the spatial analyst tool
of ArcGIS [40,41,64,69–71]. The ranges for this parameter, with their corresponding ratings
(values in parentheses), were classified into five categories, according to [38,72]: 0–10 m
(10), 10–20 m (7), 20–30 m (5), 30–40 m (3) and >40 m (1) (Figure 2). Generally, in the
southern part of the basin, the aquifer is considered relatively shallow; hence, these areas
are more susceptible to pollution. On the contrary, higher values (>40 m) were observed
in the central and northern parts of the aquifer, and the depth to water parameter was
assigned with 1.

3.5.2. Net Recharge

Net recharge corresponds to the amount of water that infiltrates through the soil
into the ground surface and reaches the water table [64]. Infiltrated water plays a crucial
role inthe transportation of surface pollutants into groundwater and within the aquifer.
Obviously, an area with high recharge values is more prone to pollution potential [73].
Recharge was estimated using the Piscopo method, which integrates three important
factors, such as slope, rainfall and soil permeability [59,74–76].

Recharge value = Slope + Rainfall + Soil permeability (8)

The estimation of the slope map was conducted through the utilization of the Digital
Elevation Model (ASTER-DEM) in a raster file format with 30 m spatial resolution. Rainfall,
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according to previous research, was estimated at approximately 420 mm/year [51]. Soil
permeability data were obtained from the results of a soil survey (0–30 cm of soil samples)
in the study area, which are included in the Greek soil database [77]. The area mostly
consists of clay loam in the northern part (very low permeability), clay to silty loam in
the central (slow permeability) and loam to sandy loam in the southern part (moderate
to mod-high permeability). Net recharge index values were evaluated by integrating the
weighed grids of the above three maps (Equation (8)). Table 6 shows the respective ratings
for this method. Recharge was finally assigned with 5 for the southern part and with 3 for
the rest of the study area.

Figure 2. The assigned ratings (1 to 10) for the parameter depth to water.

Table 6. Net recharge rating according to Piscopo method.

Slope Rainfall Soil Permeability Recharge Value

Range (%) Factor Range
(mm/year) Factor Range Factor Range Rating

<2 4 >850 4 High 5 11–13 10
2–10 3 700–850 3 Mod-high 4 9–11 8
10–33 2 500–700 2 Moderate 3 7–9 5
>33 1 <500 1 Slow 2 5–7 3

Very slow 1 3–5 1
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3.5.3. Aquifer Media

This parameter describes the characteristics of the saturated zone, which controls
pollutant movement and attenuation processes [68]. The aquifer media depends on the
permeability of its constituent materials; pollution potential increases as permeability
increases. When pollutants reach the aquifer, they get dispersed in groundwater, and as a
result, they get diluted [50]. Based on the lithological profiles of 16 available boreholes, the
major materials of the aquifer media with their corresponding ratings were clay with sand
(4), clay with gravels (5) and sand with gravel (8) (Figure 3).

Figure 3. Aquifer media of the study area.

3.5.4. Soil Media

Soil media characterizes the outermost weathered layer of the vadose zone, which
controls the amount of rainfall water that can infiltrate into groundwater, depending on soil
porosity and permeability [42]. The grain size of soil media plays an important role in the
mobility of possible pollutants. Soil map was derived from research about soil geographic
data and delineation of agricultural zones, funded by the Greek Ministry of Agricultural
Development and Food [75]. The study area mostly consists of the following materials with
their corresponding ratings: clay loam (3) and silty loam (4) in the northern and central
parts, which reduces the soil permeability and the potential vulnerability, whereas, in the
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southern part, it consists of silty loam (4), loam (5) and sandy loam (6), which increases the
possible risk of pollution (Figure 4).

Figure 4. Soil map of the study area.

3.5.5. Topography

Topography expresses the ground slope variability of the land surface and plays an
important role in the movement of groundwater [18]. Particularly, areas with low slopes
have higher vulnerability potential because water infiltration is high, enhancing pollutants
propagation to the aquifer [78]. Conversely, in hilly areas with steep slopes, due to higher
chances of run-off flow, infiltration is reduced and, therefore, groundwater vulnerability
is smaller [37]. The topography of the study area was extracted from the digital elevation
model ASTER DEM, and the slope map was created using a spatial analyst tool in ArcGIS
(Figure 5). In general, the area is characterized by flat terrain and the slope percentage
ranges between 0% and 24%. Specifically, the slope of almost 80% of the total area ranged
between 0% and 6% and was assigned 9 and 10, accordingly. Thence, the gentle slope on
most of the area signifies the significant effect of topography on groundwater vulnerability.
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Figure 5. Topography of the study area.

3.5.6. Vadose Zone

It is defined as the unsaturated or partially saturated zone between the soil cover and
the water table [18]. The materials of this zone affect the speed of propagation of pollutants
and control pollutant attenuation because different debilitation processes occur in this area,
such as dispersal and chemical reactions [42]. This parameter was generated using the
lithological data from 16 wells, and then it was categorized according to their capacity to
allow and transmit water. The northern part of the study area basically comprisedred clay
and was assigned the lowest rating. However, in the southern part, the impact of this factor
on aquifer vulnerability is more profound because the area comprises alluvial deposits,
namely sand and gravel, with some clay.

3.5.7. Hydraulic Conductivity

Hydraulic conductivity regulates the ability of aquifer materials to transmit groundwa-
ter. Consequently, it regulates pollutants’ flow direction and speed [59]. Higher hydraulic
conductivity values portend higher groundwater pollution potential [79]. In previous
research, the Cooper–Jacob and the recovery test methods were employed to groundwa-
ter level data in order to estimate the hydrogeological parameters of the studied aquifer,
namely hydraulic conductivity, transmissivity and storativity [55,57,80,81]. Results showed
that the hydraulic conductivity ranged from about 1 × 10−6 m/s to 2 × 10−5 m/s, and its
values were considered slightly low [55,57,80,81].
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3.5.8. Land Use

Land use is a prime factor that can be used as an additional parameter for vulnerability
mapping in modified DRASTIC and modified SINTACS [34]. It describes the natural and
anthropogenic activities occurring on the soil surface. Different land use types, namely
agricultural, urban and industrial, can considerably affect groundwater quantity and
quality [63]. For instance, the extensive use of fertilizers and pesticides in agricultural land
is responsible for the serious problem of nitrate pollution within the groundwater, leading
to water quality degradation [26,62]. In this study, the land use map was classified based
on the classes of Corine Land Cover 2012, and its ratings have been assigned according to
Table 1 and can be seen in Figure 6. The predominant land use of the study area is covered
by agricultural land, and the ratings were accordingly assigned as follows: non-irrigated
arable land covers 29.89% of the total area and was assigned with 5, fruit trees and berry
plantations cover 26.49% and was assigned with 6, complex cultivation patterns cover
19.26% and was assigned with 9, whereas olive groves cover 16.61% and was assigned
with 6.

Figure 6. Land Use ratings of the study area.

4. Results and Discussion
4.1. Groundwater Vulnerability Assessment Methods
4.1.1. Pesticide DRASTIC-LU Vulnerability Assessment

The results obtained from the Pesticide DRASTIC-LU method are shown in Figure 7.
According to this method, the ranges varied from 75 to 210, and the study area was di-
vided into the following classes [82,83]: very low (<80), low (80–120), moderate (120–160),
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high (160–200) and very high (>200). In terms of spatial coverage, the Pesticide DRASTIC-
LU vulnerability map distribution showed that about 0.22% and 30.18% of the area fell
under the very low and low class, respectively, whereas 44.89% was occupied by mod-
erate class, 24.07% and 0.5% of the total area were classified as high and very high
vulnerability, accordingly.
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Particularly, it is evident from Figure 7 that the areas of high and very high vulnerabil-
ity were primarily concentrated in the southern and southwestern parts of the study area
and alongside the coastline. This can be attributed to a combination of factors, including
the predominance of shallow water table zones, flat topography, higher recharge values
and soil permeability (sandy loam presence increases porosity) compared to the northern
part. Moreover, the inclusion of land use parameters reveals that the occurrence of complex
cultivation patterns in the southwestern area reinforces groundwater vulnerability poten-
tial. On the contrary, the northern part of the area exhibited reduced vulnerability, as the
topography is slightly steeper, the groundwater table is deeper (>40 m), the vadose zone
is thicker and less permeable (clay and silty clay occurrence decrease the porosity), and
also because the agricultural activities, such as olive groves, non-irrigated arable land and
agricultural land with significant areas of natural vegetation, are less intensive. The central
part of the study area was classified as having a moderate level of vulnerability.
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4.1.2. Nitrate SINTACS-LU Vulnerability Map

The final Nitrate SINTACS-LU index (Figure 8) varied from 105 to 197 and was catego-
rized into three vulnerability types [48,66]: moderate (105–140), high (140–186) and very high
(186–197), which covered a 33.10%, 61.93% and 4.97% of the total area, respectively.
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This vulnerability map revealed that the most vulnerable part (very high class) of the
study area was the southwestern. Similar to the Pesticide DRASTIC-LU model results,
this part is characterized by intensive agricultural activities (complex cultivation patterns),
a relatively shallow aquifer and a sandy loam soil texture. The high vulnerability class
demarcated an area of almost 62% and was predominantly concentrated in the southeastern
and central parts of the basin, whereas the northern part of the area showed moderate
vulnerability. It should be mentioned that this method did not manage to detect any very
low and low vulnerability zone.

4.1.3. Nitrate Vulnerability (NV) Index Map

The groundwater vulnerability results from the Nitrate NV index model varied from
15 to 180 and are shown in Figure 9. The area was divided into four vulnerability classes:
very low (<70), low (70–110), moderate (110–150) and high (150–180).
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In particular, the high-vulnerability area accounted for 5.32% of the total area. It was
mainly distributed in the south and southwestern part of the Nea Moudania aquifer, a
region with intense anthropogenic activities, a gentle slope and a shallow water table. The
moderate vulnerability class covered 41.09% of the total area and expanded from the south
to the center of the aquifer. The class with low vulnerability accounted for 30.26% of the
study area and corresponded to the central and northern parts of the area. The very low
vulnerability class was principally located in the northern region of the area, covering
23.34% of the study basin and is associated with a clayey loam soil texture, as well as an
unsaturated zone of clay-type lithology that reduces the chances of the aquifer pollution.

Furthermore, a critical comparison between the modified methods is valuable because
it exhibits the similarities and dissimilarities of the vulnerability maps, providing a helpful
tool for researchers to choose which method is the most suitable. Particularly, the results
indicate that all three methods display a relatively accurate and reliable depiction of the
groundwater vulnerability condition. Table 7 summarizes the area distribution of the
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aforementioned groundwater vulnerability methods applied in the Nea Moudania aquifer.
The very low vulnerability class covers 23% of the total area in the Nitrate NV index,
whilst the other two methods do not attribute any area in this class. The low vulnerability
class covers exactly the same area (30%) in Pesticide DRASTIC-LU and Nitrate NV index
methods, whereas the Nitrate SINTACS-LU does not cover any area in this class. Regarding
the moderate vulnerability, again, Pesticide DRASTIC-LU and Nitrate NV index methods
show pretty much the same results (≈43%), whilst the Nitrate SINTACS-LU covers a
comparatively lower area. Moreover, the Nitrate SINTACS-LU covers a significantly
larger high vulnerability area (≈62%) compared to the other two methods (24% and 5%,
respectively). Finally, the Nitrate SINTACS-LU method indicates that 5% of the study area
belongs to the very high vulnerability class.

Table 7. Percentage of aquifer vulnerability in three methods.

Groundwater Vulnerability Methods

Vulnerability Classes Pesticide DRASTIC-LU Nitrate SINTACS-LU Nitrate NV Index

Very low 0.22% 0.00% 23.34%
Low 30.18% 0.00% 30.26%

Moderate 44.89% 33.10% 41.09%
High 24.07% 61.93% 5.32%

Very high 0.50% 4.97% 0.00%

The underlying uncertainties of the derived three vulnerability maps could be summa-
rized as follows: (1) the methods do not take into consideration any temporal effects, such
as seasonal groundwater level fluctuations or seasonal climate change, (2) uncertainty in
the parameters’ weights without significant consideration of the regional hydrogeological
characteristics of a study area, (3) limited data available regarding the hydrogeological and
hydrochemical characteristics of the groundwater in the study area.

4.2. Single-Parameter Effect of Weight-Rating Factors on Pesticide DRASTIC-LU and Nitrate
SINTACS-LU Methods

The single-parameter sensitivity analysis was carried out for the eight input parame-
ters of the Pesticide DRASTIC-LU and Nitrate SINTACS-LU methods. The effective (real)
weight of the eight parameters of the methods is a function of the assigned (theoretical)
weight and the reciprocal influence with the other parameters of each method [68].

The Pesticide DRASTIC-LU parameters weights displayed some deviations com-
pared to the theoretical weights (Table 8). Results reveal that the land use parameter
is the most influencing parameter in this method, having an effective weight value
(21.08%) considerably higher than the theoretical one (16.13%) [84]. This is because
this method can detect areas that are mostly affected by anthropogenic activities, such
as agriculture. Land use parameter is followed by the topography (16.84%) and the
impact of the vadose zone (16.45%), which both parameters have a greater impact on
vulnerability assessment and significantly higher effective weight values, compared
to their theoretical ones, 9.68% and 12.90%, respectively [85]. In particular, the mean
effective value of topography has almost doubled. Moreover, the aquifer media has an
effective weight (12.65%) higher than the theoretical one (9.68%) [67,83]. Nonetheless,
depth to water, recharge and hydraulic conductivity have lower effective weights (6.75%,
10.37% and 1.37%, respectively) compared with their theoretical ones, revealing a lesser
influence on groundwater vulnerability [48]. The influence of soil media is pretty much
the same (14.50%), as the effective weight has almost a similar value to the theoretical.
Generally, the results of Pesticide DRASTIC-LU reveal the significance of the parameters
on groundwater vulnerability as follows LU > T > I > S > A > R > D > C, compared with
the theoretical LU > D > S > R > I > A > T > C.
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Table 8. Statistics of single-parameter sensitivity analysis for Pesticide DRASTIC-LU.

Parameter
Theoretical

Weight
Theoretical
Weight (%)

Effective Weight (%)
Mean Min Max SD

D 5 16.13 6.75 3.43 34.28 6.17
R 4 12.90 10.37 2.74 13.71 2.19
A 3 9.68 12.65 8.23 16.45 1.64
S 5 16.13 14.50 10.28 20.57 2.05
T 3 9.68 16.84 2.06 20.56 3.70
I 4 12.90 16.45 8.23 21.94 2.74
C 2 6.45 1.37 1.37 1.37 0.00

LU 5 16.13 21.08 17.14 30.85 2.57

In Nitrate SINTACS-LU, the most effective parameter, likewise with Pesticide DRASTIC-
LU, is land use, having a mean value equal to 20.17% instead of the theoretical 16.13%
(Table 9). In fact, the largest part of the area is covered by agricultural land and is intensively
cultivated and irrigated; thus, it is considered a foremost source of pollution. Additionally, the
topography, the unsaturated zone and the aquifer media also have relatively high effective
weights (16.43, 15.74 and 8.07%, respectively). Notably, these results are also in accordance
with the results of the Pesticide DRASTIC-LU. On the other hand, other parameters, such as
depth to water, infiltration, soil media and hydraulic conductivity, represented lower effective
weights (13.25, 9.83, 13.87 and 2.65%, respectively) compared with their theoretical ones. The
impact of parameters contribution for this method is the following: LU > S (topography) > N
> T > S (depth to water) > I > A > C.

Table 9. Statistics of single-parameter sensitivity analysis for Nitrate SINTACS-LU.

Parameter
Theoretical

Weight
Theoretical
Weight (%)

Effective Weight (%)
Mean Min Max SD

S 5 16.13 13.25 13.12 29.52 3.28
I 5 16.13 9.84 9.84 9.84 0.00
N 4 12.90 15.74 7.87 20.99 2.62
T 5 16.13 13.87 9.84 19.68 1.97
A 2 6.45 8.07 5.25 10.50 1.05
C 2 6.45 2.62 2.62 2.62 0.00
S 3 9.68 16.43 1.97 19.68 3.54

LU 5 16.13 20.17 16.40 29.52 2.62

In general, the results of the single parameter sensitivity analysis showed that there
were substantial differences between the theoretical and the effective weights for the
Pesticide DRASTIC-LU and the Nitrate SINTACS-LU methods. In both methods, the most
effective parameter was land use, followed by the topography and the impact of the vadose
zone, whilst the least effective parameter was the hydraulic conductivity because of its low
value in the study area [31,86]. Furthermore, the Nitrate SINTACS-LU exhibited a higher
vulnerability grade compared to the other two methods. This might be due to the different
ratings and weights assigned to the hydrogeological parameters, as well as the different
vulnerability classes of each method. For instance, the high vulnerability class in Pesticide
DRASTIC-LU ranges between 160 and 200, whereas in Nitrate SINTACS-LU, the same class
ranges between 140 and 186.

4.3. Methods Validation

Validation is a noteworthy process that verifies the results obtained from the aforemen-
tioned vulnerability assessment models so as to measure which one is the most accurate and
appropriate for the Nea Moudania aquifer [42,60,86]. The study employed the coefficient of
determination (R2) to assess the precision of the data by examining the correlation between
nitrate concentration and groundwater vulnerability indexes. Nitrate was selected as a
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representative groundwater pollutant, as it only occurs naturally only in very low con-
centrations in groundwater (1–3 mg/L) [41,64,87]. Hence, its origin is anthropogenic and
is associated with intensive agricultural activity, nitrogen fertilizer application as well as
urbanization [88]. Generally, higher correlation coefficient values with nitrate concentration
data indicate better applicability and efficiency of a vulnerability model.

In the present study, nitrate concentration values obtained from 23 groundwater
sampling points (Figure 10) were used to validate the efficacy of the three groundwater
vulnerability models. Specifically, nitrate concentration values ranges between 4.2 and
30 mg/L, with a mean value of 15 mg/L [89,90]. Results of the R2 for the Pesticide
DRASTIC-LU, the Nitrate SINTACS-LU and the Nitrate NV index were 0.67, 0.66 and 0.69,
respectively (Figure 11). All three methods provided a significant positive coefficient of
determination for a specific pollutant (nitrate) in the agricultural area of Nea Moudania,
validating the models’ results. Notwithstanding, it is noteworthy that the Nitrate NV index
exhibited a slightly better correlation, thereby rendering it the most suitable and effective
method for assessing groundwater vulnerability in the study area.

Figure 10. Location and concentration of nitrate samples.
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5. Conclusions

In this study, three different GIS-based modified groundwater vulnerability assess-
ment methods, namely the Pesticide DRASTIC-LU, the Nitrate SINTACS-LU and the
Nitrate NV index were implemented in order to evaluate and identify different groundwa-
ter vulnerability zones in the porous aquifer of Nea Moudania, Greece. All three methods
deploy eight geological and hydrogeological parameters, which predominantly affect the
vulnerability of the porous aquifer. Particularly, the areas with the highest vulnerability
potential are mainly distributed in the southern and southwestern parts of the study basin.
This is attributed to the shallow groundwater depth, the intense anthropogenic activities,
such as agriculture and the topography, which is characterized by gentle slopes. Conversely,
the northern region of the Nea Moudania aquifer is identified as a low groundwater vulner-
ability zone, where the topography is slightly steeper, the groundwater table is generally
deeper, the vadose zone is thicker and the constituent materials are less permeable, as
well as because the agricultural activities are less intensive. Thereafter, a single-parameter
sensitivity analysis was performed, revealing the importance of the land use and the to-
pography parameters in vulnerability delineation, emphasizing the necessity for accurate,
detailed and representative pertaining to these parameters. On the contrary, the least
effective parameter is hydraulic conductivity because of its relatively low value in the study
area. As a consequence, the utilization of sensitivity analysis proves to be a handy tool
for revising the parameter weights, helping to obtain reasonable results according to the
specific hydrogeological conditions of an area. Furthermore, the water quality parameter,
namely nitrate NO3

− concentration, has been adopted to validate the aquifer vulnerability
maps by employing the coefficient of determination (R2). In the Nea Moudania aquifer, the
most accurate and suitable method for groundwater vulnerability evaluation was found
to be the Nitrate NV index (R2 = 0.69), having scored a marginally superior correlation
in comparison to the other two methods. Hereupon, the Pesticide DRASTIC-LU and the
Nitrate SINTACS-LU also provided a noteworthy positive coefficient of determination,
0.67 and 0.66, respectively. The aforementioned results may serve as a guideline for the
sustainable and effective groundwater management and protection of the Nea Moudania
porous aquifer, assisting policymaking authorities in decision-making at a regional scale.
Therefore, the design and systematic maintenance of a groundwater quality monitoring
network on a regular basis, particularly in highly vulnerable zones, is crucial for the pre-
vention of further groundwater quality deterioration, and thus, it is highly recommended.
Furthermore, it is an urgent need to reduce the pumping flow rates of the irrigation wells
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(regulate the amount of water withdrawal) and enforce strict regulations on agricultural
activities, as well as reschedule the general pumping strategy to attenuate groundwater
depletion in the studied aquifer. Additionally, the implementation of sustainable agricul-
tural practices, such as precision irrigation and optimal crop allocation and water-saving
irrigation methods, is recommended. Moreover, the adoption of advanced technologies,
such as Geographic Information Systems (GIS) and remote sensing, can facilitate the sys-
tematic monitoring of groundwater level and quality, the identification of potential sources
of pollution and the planning of recharge activities. Finally, new data collection, such
as groundwater level data, precipitation data, land use changes and hydrochemical data,
could enhance the performance and reliability of the groundwater vulnerability assessment
methods, ensuring the sustainability of the study area’s aquifer.
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