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Abstract: The degradation of groundwater quality due to nitrate is a widespread issue in heavily
agricultural areas and a major concern for public health. Improving knowledge of the intrinsic
vulnerability of aquifers with respect to the actual contamination is crucial for adequate water
management and for complying with the European directives aimed at protecting this valuable
resource. In this study, we applied the well-established DRASTIC method to assess the intrinsic
vulnerability of the Benalup aquifer, a detrital aquifer located in the southern Iberian Peninsula that
supports important agricultural activity. The model was compared with in situ measurements of this
ion, evidencing a lack of agreement between the most vulnerable zones and those that display higher
nitrate concentrations. This fact should not be interpreted as an inadequacy in the vulnerability
model, but as a result of several factors such as (i) the marked heterogeneity in land uses and the
spatial variability in contaminant sources, (ii) the construction and exploitation characteristics of
the water boreholes, (iii) the sampling procedure and depth to the water table, and (iv) transport
and degradation processes within the porous medium. All these aspects can lead to discrepancies
between the actual distribution of contamination and vulnerability models such as DRASTIC. All
these factors should be carefully considered in the design of a sampling network in order to achieve
a representative picture indicating the extent of contamination and the overall chemical quality of
the system.

Keywords: groundwater; vulnerability; nitrate contamination; calcarenites; DRASTIC; GIS

1. Introduction

Spain is a country well-endowed with groundwater resources, with a total of 762 ground-
water bodies (GWBs) that extend over an area of 360,800 km2, which represents 71% of
its territory [1]. Since most of the Spanish territory is characterised by dry or semiarid
climates frequently subject to droughts, the interannual availability of surface resources
is remarkably irregular, and groundwater plays a fundamental role in meeting urban,
agricultural, and environmental demands. Currently, groundwater satisfies 6600 hm3 each
year, which means around 23% of the total demand, estimated at 28,400 hm3 [2,3]. Among
all sectors, agriculture is the main consumer of groundwater resources (73%) in the country,
whereas domestic and industrial uses only account for 21 and 6%, respectively [4]. In
addition, the slow and inertial response of aquifers enables them to meet widely distributed
water demands on an economical and secure basis, conferring them a strategic role in
the adaptation to climate change [5]. Despite the value of this resource, anthropogenic
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pressures of different natures threaten the availability and quality of groundwater, with
agriculture being the main driver of the degradation in water quality worldwide. Agricul-
tural practices can deliver large amounts of nitrates, phosphates, and pesticides to aquifers,
potentially making groundwater unsuitable for domestic use and agricultural activity [6].

In Spain, in spite of the efforts aimed at improving the chemical status of groundwater
in the shape of different legislative and management instruments (Water Framework Direc-
tive [7], Nitrate Directive [8], Groundwater Directive [9], or the River Basin Management
Plans of the country), 35% of the groundwater bodies have been declared in poor chemical
status [3].

Nitrate pollution has become a complex and ubiquitous problem; its concentration
varies spatially and temporally depending on the current and historical inputs of fertilizers
and other sources of nitrogen, the site geology, groundwater recharge, groundwater flows,
and residence times. In addition, its persistence and fate in the porous media are controlled
by multiple biogeochemical reactions within the vadose and saturated zone [10].

The presence of high concentrations of nitrate is not only a concern from an envi-
ronmental point of view, but it is also a public health issue. Nitrate ingestion, mainly
through drinking water but also fresh produce, has been associated with a higher inci-
dence of colorectal and gastric cancer [11], prostate cancer [12], and other diseases such as
methemoglobinemia in infants and birth defects in offspring [13].

Regulations at the national and international levels compel countries to achieve a
good chemical status for groundwater and also the delimitation of nitrate-vulnerable areas.
However, the attainment of these objectives requires thorough knowledge of the intrinsic
vulnerability of the aquifers as well as the characterisation of their flow dynamics, extent of
exploitation, and potential impacts/pollution sources.

In this regard, aquifer vulnerability has been defined as the risk or danger of deterio-
ration in the quality of the aquifer, due to the actual or potential existence of contaminants
in the environment [14,15]. In other words, vulnerability is the intrinsic property of the
medium that determines an aquifer’s susceptibility to being negatively affected by an
external contaminant [16].

A wide variety of vulnerability assessment methods has been developed in the
last decades. According to [17], these methods can be classified into four main cate-
gories: (i) overlay/index-based methods such as the widely applied DRASTIC, GOD, EPIC,
or SINTACS, which assign numerical scores to different parameters and combine them to
achieve an index of the aquifer’s vulnerability. (ii) Process-based simulation models with
MODFLOW, LEACHM, and HYDRUS-1D/2D/3D, which are based on multiple conserva-
tion laws, including mass and heat transport or several physical, chemical, and biological
processes that govern the movement and fate of different pollutants. (iii) Statistical meth-
ods, which include approaches such as multiple linear regression, logistic regression, fuzzy
logic, or Bayesian relief networks, among others. (iv) Hybrid methods that combine any
of the previous approaches such as SINTACS-SV, DRATI, ISIS, etc. In any case, it should
be highlighted that intrinsic vulnerability is not necessarily correlated with the extent of
contamination within aquifers since the latter is fundamentally conditioned by the type
and intensity of land use, as will be discussed in Section 4.

Among the aforementioned methods, DRASTIC is one of the most popular and has
been widely applied worldwide owing to its simple and straightforward implementation.
However, one of the main constraints of this method is the large number of variables con-
sidered, making it necessary to have a detailed knowledge of the environment beforehand
or, failing that, forcing the use of a series of assumptions and simplifications. GIS-based
DRASTIC has been recognised in many studies as an effective tool for the assessment of
groundwater pollution vulnerability under different spatial scales and hydrogeologic and
climatic conditions. In [18], the authors mapped groundwater vulnerability to pollution
at the pan-African scale using a GIS-based approach and obtained a good match between
nitrate concentration and DRASTIC’s groundwater pollution risk classes. The performance
of DRASTIC for assessing groundwater vulnerability in an agricultural basin in Northern
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Ireland was evaluated in [19], and the authors concluded that the method is helpful for
guiding the prevention practices for groundwater pollution at the catchment scale in the
UK. DRASTIC has also been successfully implemented in numerous arid and semiarid
basins; [20] compared the performance of the DRASTIC and GOD models and reported
a more significant relationship between nitrate concentration and aquifer vulnerability
when evaluated using DRASTIC. In [21], the authors built a vulnerability map for the
Ordos Plateau in China using the DRASTIC model in a GIS environment, and they found
that nitrate concentration was well correlated with the DRASTIC vulnerability index. The
DRASTIC method has also yielded good results for different regions in Spain such as
Catalonia [22] or Salamanca [23]. Conversely, other works point out a significant mis-
match between the vulnerability assessed using this method and the actual contamination
detected in groundwater [24–26].

Assessing the vulnerability of aquifers is essential for effective groundwater plan-
ning, protection, allocation, and sustainable exploitation. Furthermore, it enables better-
substantiated decision-making, the use of adequate management strategies to mitigate
groundwater degradation, and raises awareness among the local population about the
economic, environmental, and health risks of water pollution.

The aim of the present study is to assess the vulnerability of the Benalup aquifer
to diffuse chemical pollution using the DRASTIC method and verify the concordance
between the vulnerability map and the actual concentration of nitrate in the saturated
zone measured in two sampling campaigns. This aquifer, located at the southernmost
tip of the Iberian Peninsula, sustains extensive and intensive agricultural and livestock
activities and constitutes a strategic element in the economic development of the region. In
fact, according to the regional administration, the aquifer supports 786 hectares of crops
with a license for irrigation, which means 24% of its surface. To date, the system has been
exploited without appropriate control measures or planification, and the GWB has been
declared in poor chemical status owing to very high nitrate concentrations that exceed the
thresholds established by the country´s regulations. These circumstances urge the adoption
of a sound strategy for groundwater protection and management based on the knowledge
of the aquifer´s vulnerability and the consequent correction of those practices that are
currently degrading the quality of groundwater in the study area. This work also provides
a detailed analysis of some controlling factors that might explain the existence/lack of
concordance between the DRASTIC model and the actual nitrate concentrations, such as the
heterogeneity in land uses, the typology and characteristics of the groundwater sampling
points, the hydrodynamics of the aquifer deduced using an isopiestic map, and nitrate
transformation processes.

2. Study Area

The Benalup aquifer (GWB 062.14) is a detrital hydrogeological system located in
the western sector of the Barbate River basin, within the region known “Comarca de la
Janda”, in the province of Cádiz, Spain (Figure 1). It has an extension of 32.6 km2, with
elevations ranging between 10 and 230 m, and extends across the municipalities of Benalup,
Medina Sidonia, and Vejer de la Frontera. Administratively, the aquifer belongs to the
Barbate River basin, included in the Guadalete–Barbate hydrographic demarcation. The
orography in this basin is generally smooth, with elevations ranging between 0 and 100 m in
approximately 70% of the territory except for the NE sector, which presents altitudes above
1000 m. The study area presents a Mediterranean climate with strong oceanic influence
bolstered by the orography. The average annual rainfall in the basin is 809 mm, with values
ranging between 364 mm and 1065 mm during the driest and rainiest years, respectively.
Precipitation displays marked interannual irregularity and mainly concentrates in autumn
and winter months, with practically no precipitation between June and September. The
average annual temperature is 18.2 ◦C, with milder values in mountainous areas [27].
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Figure 1. Location of the Benalup aquifer (delimited with the blue line) with an indication of the
elevation distribution.

The studied aquifer constitutes a tabular relief disconnected from the surrounding river
network and comprises three compartments with independent hydraulic behaviour: Mesa
Alta (western sector, 6 km2), Mesa Baja (central and eastern sector, 25 km2), and Dehesa
Espartinas (southern sector, 2 km2). In hydrogeological terms, the aquifer is an unconfined
system made up of Neogene and Quaternary detrital materials with marine and coastal
origin. The impervious wall is formed by blue marls from the Upper Miocene or turbiditic
materials from the Campo de Gibraltar Complex. The aquifer materials are arranged as
follows from bottom to top (Figure 2): (i) cross-bedded Upper Miocene calcarenites with
levels of calcareous fragments of marine fossils, (ii) yellowish–white calcareous sands of
the Pliocene age, and (iii) Quaternary aeolian sands, which play a fundamental role in
groundwater recharge [28].

Figure 2. Geological map showing the Benalup aquifer and a lithological column displaying the
position of the materials. Modified from Continuous Digital Geological Map of Spain [29].

In general, the aquifer presents intergranular porosity that is enhanced at a local scale
by the dissolution of the fossiliferous levels, which confer secondary permeability to the
formation. Among these materials, the Miocene calcarenites are the most important from a
hydrogeological point of view. These calcarenites can reach a thickness of up to 100 m in
some sectors, and their effective porosity and hydraulic conductivity have been estimated
at 0.06 and 11 m/day, respectively.
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The soils developed in this area range from poorly evolved Calcaric Regosols in associ-
ation with Calcaric Cambisols and Leptosols to well-evolved Calcic Luvisols in association
with Chromic and Gleyic Luvisols. In the western sector and clayey surroundings, Chromic
Vertisol, Vertic Cambisols, and some Calcareous Fluvisols appear [30].

Agriculture is the main economic engine in the region. The central and western part
of the aquifer surface is occupied by herbaceous crops (Figure 3), mainly varieties such
as potato, sweet potato, sunflower, carrot, and leek. Another good share of the territory
is covered with pasture for the local cattle and scattered formations of forest and natural
scrub. Other types of crops present in the area but less widespread are citrus and avocado.

Figure 3. Distribution of land uses on the Benalup aquifer (Source: [31]). The distribution of the
hydrochemical control network considered in this work is also included (see Section 3.2).

Until recently, groundwater was also exploited to supply drinking water to a popu-
lation of 10,000 inhabitants distributed between the localities of Benalup and San José de
Malcocinado. Nowadays, potable water demand is mainly met with surface water, and the
aquifer is mainly exploited for irrigation. Unlike surface water in the area, groundwater
lacks a local Water User Association that ensures the sustainable exploitation of the aquifer
and the protection of its chemical quality. This situation has resulted in uncontrolled ex-
ploitation of the aquifer and inadequate farming practices, which have led to the declaration
of the aquifer in poor quantitative and chemical status over 3 hydrological planning cycles
(2009–2015, 2015–2021, 2021–2027). The high concentration of nitrate in groundwater is
one of the main reasons for such a declaration, with average values close to 50 mg/L (the
maximum concentration allowed for drinking water by Spanish regulations) and several
points reaching concentrations up to 168 mg/L.

3. Methodology
3.1. DRASTIC Model

DRASTIC is a multiparameter algorithm, developed by the US Environmental Protec-
tion Agency in the 1980s, that computes an intrinsic vulnerability index (VI) based on the
weighted addition of seven factors that form the acronym of this method, namely: Depth
to the water table (D); Recharge (R); Aquifer (A); Soil (S); Topography (T); Impact of the
vadose zone (I); and hydraulic Conductivity (C). Depending on their relevance, these
parameters are assigned a weight from 1 to 10 (1—minimum contribution to vulnerability,
10—maximum contribution) according to Table 1.
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Table 1. Weight rating for each parameter depending on its relevance according to DRASTIC [32].

D
Depth to
water (m)

Range <1.5 1.5–5 5–10 10–20 20–30 >30
Rating 10 9 7 5 2 1

R
Recharge

(mm)
Range 180–225 >225
Rating 8 9

A Aquifer
Description Clays, Sands and Gravels

(Quaternary)
Yellow Sands

(Pliocene)
Aeolian mantle Sands

(Quaternary)
Calcarenites
(Miocene)

Range 3–5 4–9 5–9 9–10
Rating 4 7 8 9

S Soil
Soil type

Calcic and Chromic
Luvisols, Calcareous

Cambisols

Regosols and Cambisols,
Limestones

Chromic Vertisols and Vertic
Cambisols

Rating 1 6 7

T
Topography

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

I Impact of the
vadose zone

Description Silts, Clays, Shales Calcarenites, Sandstones,
Limestones Sands and Gravels

Range 1–6 2–7 6–9
Rating 6 6 6

C
Hydraulic

Conductivity
(m/day)

Material Clays, Sands and Gravels
(Quaternary)

Yellow Sands
(Pliocene)

Aeolian mantle Sands
(Quaternary)

Calcarenites
(Miocene)

Range <4 4–12 12–28 28–80
Rating 1 2 2 8

According to [32], the parameters with the greatest influence on the vulnerability
of an aquifer are the depth to the water table (D) and the impact of the vadose zone
(I) (Table 2). Deep aquifers with a thick vadose zone will be more protected from the
entrance of contaminants than shallow aquifers. Likewise, the lithology of the material
overlying the aquifer will determine the mobility of the contaminant (e.g., marly and
clayey materials hinder the circulation of contaminants and tend to retain them). The
third parameter in importance is recharge from rain; precipitation increases runoff and
infiltration and, therefore, the vertical migration of contaminants. The following parameters
in order of importance are aquifer lithology (A) and hydraulic conductivity (C), both
characteristics closely related to granulometry in the case of detrital materials, such as the
ones at Benalup. Gravels and coarse sands display high permeability, medium and fine
sands have intermediate values, and silts have low permeability. Finally, soil composition
(S) and land topography (T) are weighted according to their capacity for retaining moisture
and generating surface runoff or infiltration.

Table 2. Weighting coefficients for each variable proposed in the DRASTIC method.

Parameter Weight Coefficient

Depth to water (D) 5
Recharge (R) 4

Aquifer media (A) 3
Soil media (S) 2

Topography (T) 1
Impact of the vadose zone (I) 5
Hydraulic conductivity (C) 3

The sum of the products of the weight coefficients (W) by the assigned rating will
result in a numerical value, i.e., the vulnerability index (VI) (Equation (1)), which can range
from very low to very high vulnerability (Table 3).

VI = Dw Dr + Rw Rr + Aw Ar+ Sw Sr + Tw Tr + Iw Ir + Cw Cr (1)
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Table 3. Range of values for the vulnerability index [32].

VI Value Vulnerability

<79 Minimum
80–99 Very Low

100–119 Low
120–139 Medium–Low
140–159 Medium–High
160–179 High
180–199 Very high

>200 Maximum

The DRASTIC method was applied in a GIS environment after generating the infor-
mation layers to build the model. The information used was as follows:

• The depth of the water table (D) was calculated in each cell by subtracting the piezo-
metric level from ground elevation. Ground elevation was obtained from the official
digital terrain model known as MDT05 (Modelo Digital del Terreno 5 m × 5 m),
produced by the Spanish National Cartographic Institute (IGN), whereas the piezo-
metric level was inferred from an isopiestic map previously made from water table
observations gathered by the authors in May 2019.

• Recharge (R) was obtained from the distribution map of average annual precipitation
in the area, which was generated using the SIMPA model (Integrated System for
Precipitation-Contribution Modelling) for the period 1940–2005 [33] by considering an
average recharge of 27% precipitation. This percentage would be considered typical
for wet years and would therefore represent the most unfavourable situation from the
point of view of contamination.

• The nature of the aquifer (Aquifer Media, A) was defined according to the outcrop
lithology described in the official geological cartography produced by the Spanish
Geological Survey (IGME) at a scale of 1:50,000.

• The soil parameter (S) was obtained from the Soils Map of Andalusia at a scale of
1:400,000, which was produced by the Ministry of the Environment of the Andalusian
Regional Government in 2005 [33].

• The slope parameter (Topography, T) was obtained from the slope map generated
from the MDT05 [34].

• The Impact of the Vadose Zone (I) was the most difficult variable to estimate owing
to the limited availability of lithological columns from boreholes in the aquifer. For
this reason, and given the subhorizontal disposition and nature of the layers, it was
decided to assign an average value for the entire area. Accordingly, an unfavourable
scenario with the presence of highly permeable material (calcarenites and sandstones)
in the vadose zone was considered.

• Lastly, the hydraulic conductivity was calculated from 4 pumping tests conducted on
the different materials identified in the aquifer: Upper Miocene calcarenites, Pliocene
sands, and aeolian mantle. The results of the pumping tests were interpreted using
the PIBE 3.2 software [35].

3.2. Groundwater Sampling

Two hydrochemical sampling campaigns were carried out in December 2018 (recharge
period) and May 2019 (beginning of the dry period, coinciding with the irrigation sea-
son) to determine the hydrochemical characteristics of groundwater and, in particular,
the presence of nitrogen compounds (NO3

−, NO2
−, and NH4

+). The physical–chemical
parameters were measured in situ (temperature, conductivity, pH, redox potential (ORP)).
The hydrochemical analysis of the samples was carried out in the laboratories of CEHIUMA
(University of Malaga) and included determinations of the major ions (HCO3

−, CO3
2−,

Cl−, SO4
2−, Na+, K+, Mg2+, and Ca2+), minor ions (F−, Br−, Sr2+, and Ba2+), and trace

elements (Al, P, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Sn, Ba, Hg, and Pb). Although this
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work is focused on the spatial distribution of nitrate, the potential relationships between
this ion and other compounds have also been explored.

The control network was made up of a total of 20 points (Figure 3) that included
springs, installed wells, and uninstalled boreholes. In the first sampling campaign, results
were obtained only for 15 samples owing to well accessibility difficulties. During the second
sampling campaign, all the wells and springs could be sampled and analysed. Therefore, a
total of 35 groundwater samples were analysed. Table 4 shows the characteristics of each
sampling point.

Table 4. Characteristics of the hydrochemical control network points. (ND: no data).

Cod Type Water Table
Depth (m) Pump Depth (m) Annual Volume Pumped

(m3/year × 1000)
Average Discharge

Flow (L/s)

1 Uninstalled well 10.6 - 0

2 Installed well 17.8 ND ND

3 Installed well 23.3 63 150

4 Installed well 23.3 28 1

5 Spring 0.0 15

6 Installed well 4.4 56 120

7 Installed well 22.6 ND ND

8 Installed well 10.7 42 6

9 Installed well 24.2 54 15

10 Spring 0.0 0.2

11 Installed well 36.7 70 81

12 Installed well 35.4 110 430

13 Installed well 24.0 39 10

14 Large diameter well 7.8 - 0

15 Installed well 9.3 ND ND

16 Spring 0.0 4

17 Piezometer 5.8 - 0

18 Large diameter well 3.0 - 0

19 Installed well 1.7 30 180

20 Installed well 2.4 ND ND

3.3. Multispectral Satellite Imagery to Identify Irrigated Plots

Multispectral images from the satellites Sentinel-2A and 2B (ESA Copernicus mission)
were analysed to identify the spatial distribution of irrigated plots linked to intensive agri-
cultural activity and, therefore, to the application of greater amounts of fertilizers. During
this stage, only the images obtained during the dry season of 2018 (June to September)
were considered, owing to the absence of rain. These images were downloaded with the
EO Browser web application from the Sentinel Hub platform. The combination of the B8
(near infrared, NIR) and B11 (shortwave infrared, SWIR) bands enabled the obtention of
the Normalised Difference Moisture Index (NDMI), which is a good indicator of vegetation
water stress that allows the identification of irrigated plots during the rainless period.

4. Results and Discussion
4.1. DRASTIC Vulnerability Maps

Figure 4 displays the layers corresponding to each one of the factors considered using
DRASTIC. The procedure for the obtention of such layers was described in Section 3.1.
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Figure 4. Spatial distribution of depth to water (D), net recharge (R), aquifer media (A), soil media (S),
topography (T), and hydraulic conductivity (C) in the study area.

The vulnerability map for the aquifer was obtained from the combination of these
layers and with the application of Equation (1). This product shows the VI for each cell
with a spatial resolution of 25 m (Figure 5).

Figure 5. Groundwater vulnerability map obtained using the DRASTIC method in the study area.
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The VI values calculated ranged from 98 to 185. The area associated with each level
of vulnerability was quantified using the application of the criteria established by [32], as
shown in Table 5.

Table 5. Distribution of vulnerability to contamination in the Benalup aquifer, according to the classes
established by [32].

Index Value Vulnerability Class Area (km2) Area (%)

<120 Low 3.4 10.4
120–139 Medium–Low 7.5 23.0

140–159.9 Medium–High 10.5 32.2
160–179 High 4.8 14.7

>180 Very High 6.4 19.6
Total 32.6 100

The results obtained show a large area in the central–eastern part of the aquifer where
vulnerability is low or medium–low (different shades of blue), mainly attributable to
the considerable thickness of the vadose zone, the lower hydraulic conductivity of the
materials (Pliocene sands with interspersed silts), and the presence of Calcic and Chromic
Luvisols and Calcic Cambisols. Nonetheless, slightly more than a third of the aquifer
surface presents high or very high vulnerability, especially the NW, central–western, and
central–southern sectors. In these zones, vulnerability is highly influenced by a thin vadose
zone and to a lesser extent by the type of soil.

4.2. Concentration and Spatial Distribution of Contaminants

In the first sampling campaign carried out at the beginning of winter, the average
concentration of NO3

− in the set of 14 samples was 37.3 mg/L, with maximum and
minimum values of 112.5 mg/L and 0.8 mg/L, respectively. The latter figure is similar to
the concentration of NO3

− found in local rainwater. In the second sampling campaign,
which was carried out during the period of the most intense agricultural activity, the average
NO3

− value for the set of 20 samples was 55.9 mg/L, with maximum and minimum values
of 168.7 and 0.6 mg/L, respectively.

In the first campaign, only 36% of the samples exceeded the NO3
− threshold estab-

lished by the Spanish regulations for drinking water (50 mg/L). In the second campaign,
50% of the samples exceeded such thresholds. Therefore, if compared with winter months,
there is an evident impoverishment of groundwater quality from the viewpoint of NO3

−

concentration as the dry season approaches. However, this is not necessarily a general
rule since a reduction in the concentration of the contaminant has been detected at three
sampling points.

Figure 6 shows the spatial distribution of the NO3
− concentrations obtained in the

second sampling campaign along with the difference observed between December and
May. Since these NO3

− concentrations do not match with the land uses described in the
official datasets of the regional government of Andalusia (see Figure 3), in Figure 6, the
NO3

− concentrations are displayed over the NDMI index cartography, which was obtained
by processing the imagery from the Sentinel 2 mission, as described in Section 3.3. The
NDMI is a good indicator of water stress in vegetation. Thus, during the dry season, high
values of this index enable the identification of irrigated croplands and, indirectly, the
detection of those plots subject to intensive agriculture and greater application of fertilizers.
In this case, the actual irrigated plots differ notably from those registered/authorised in the
official databases [36].
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Figure 6. Spatial distribution of nitrate concentration obtained during the second sampling campaign
(May) along with the difference observed between December and May. The spatial distribution of the
NDMI, which provides information on the distribution of the irrigated plots, is also displayed.

An important aspect in relation to the distribution of contaminants within an aquifer
is their mobilisation as a result of percolation processes in the vadose zone and advection
and hydrodynamic dispersion in the saturated zone.

Once fertilizers have been applied on the agricultural plots, the nitrogenous com-
pounds not assimilated by the crops or mobilised and washed by surface runoff will leach
vertically through the vadose zone until reaching the water table. During this course, NO3

−

might undergo partial denitrification to N2O or N2 and escape into the atmosphere. The
transport agent in this process is the infiltrated water from rain or irrigation surplus, which
washes and bears dissolved these highly soluble compounds. Laboratory tests conducted
in sandy soils under a continuous infiltration regime have shown that nitrogen compounds
can undergo significant degradation during the first stages of infiltration. For instance, [37]
observed a reduction in NO3

− and NH4
+ concentrations up to 35 and 45%, respectively,

throughout the first 65 cm of the unsaturated zone, owing to the interaction between these
pollutants and soil microorganisms, particulate matter, and colloidal particles.

In any case, a significant fraction of these nitrogenous compounds ends up reaching
the water table and accumulating in the unsaturated–saturated interface. Once in the
saturated medium, NO3

− gives rise to a pollutant plume that migrates following the flow
paths defined by the piezometry of the aquifer, from sectors with higher piezometric levels
to areas with lower piezometric levels. Thus, the contaminant concentration decreases
with depth and along the flow paths if there are no additional inputs from the vadose
zone. As NO3

− and NH4
+ are transported by groundwater, NO3

− tends to migrate more
rapidly than NH4

+ because ammonium is more easily adsorbed on soil particles (organic
matter and clay) or oxidised to NO3

−, which results in a higher removal rate of this cation.
Furthermore, NH4

+ oxidation can mask the decline in NO3
− concentration. On the other

hand, the decrease in the concentration of NO3
− is mainly attributable to diffusion, dilution,

and reduction processes.
Figure 7 shows the isopiestic map generated from the piezometric measurements that

were made during the second hydrogeochemical sampling campaign (May 2019) using a
control network of 28 observation points.
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Figure 7. Water table distribution and isopiestic lines with 10 m equidistance. The blue arrows
indicate the approximate flow direction deduced from isopieces. The green points correspond to the
network where the piezometric level was measured (May 2019).

Figure 7 shows that groundwater flow moves from the topographically highest sec-
tors (NW and E) towards the main discharge areas (springs No. 5 and No. 17). The
comparison of this figure with the distribution of nitrates (Figure 6) shows the absence
of a clear relationship between the degree of contamination and the location of irrigated
cropland, which are potential sources of contamination. Although in some cases, the high
concentrations of nitrates are justified by the presence of irrigated plots upstream or in
the same place where the samples were taken (points No. 3, 4, and 6), other points where
high concentrations of NO3

− were detected are not located either on irrigated croplands or
downstream from cultivated land (points No. 8, 13, and 18). The monitoring that presented
very low concentrations of nitrate were generally located in sectors distant from intensive
farming practices (points No. 2 No. 17); however, point No. 19 also presented extremely
low concentrations of nitrates despite being located on an intensive agriculture plot. From
all this information, it can be concluded that there is a multiplicity of factors that condition
the actual distribution of this pollutant.

4.3. Comparison between the Vulnerability Index and Actual Contamination

The comparison between the NO3
− concentration recorded in each sampling campaign

and that predicted with the VI obtained using DRASTIC evidenced that the relationship
between both variables is virtually non-existent. This fact was also pointed out in previous
works by several authors [25,37,38]. When plotting both variables for each sample, the
points appear scattered with a wide variation in pollutant concentrations for the same VI
value, as shown in Figure 8. The R2 parameter is close to 0, which can be interpreted not as
an inadequacy in the DRASTIC method but as the result of several conditioning factors,
such as the spatial heterogeneity in agricultural practices, the advective transport of the
contaminant within the aquifer, the characteristics of the sampling point, and the procedure
of groundwater sampling itself, as discussed below.
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Figure 8. Comparison between the VI obtained using DRASTIC and the nitrate concentration found
in groundwater.

4.4. Correlation between Nitrate Concentration and Other Variables

The correlation between nitrate concentration and other variables measured in the
field (physical–chemical parameters) and the laboratory (major and minor ions and trace
elements) was inferred for the samples taken during the campaign of May 2019. Most
correlations were very weak and lacked statistical significance, which evidences the absence
of a clear relationship between NO3

− and most variables. For instance, the correlation
between NO3

− and temperature, major ions (SO4
2−, HCO3

−, Mg2+, Na+, and K+), and
trace elements (Al, P, V, Cr, Ni, Cu, Zn, As, Se, Cd, Ba, Hg, and Pb) displayed R2 values
close to 0.

Nevertheless, there were seven variables whose correlations, albeit low, might be
indicative of certain hydrogeochemical processes (Figure 9). The highest correlation was
between NO3

− concentration and water electrical conductivity (R2 = 0.59, Figure 9a). The
samples with higher nitrate content also showed higher conductivity. This can be explained
by the recirculation of water in the aquifer, which is pumped and subsequently reapplied
for irrigation, thus favouring an increase in groundwater salinity. This irrigation practice
promotes the reincorporation of salt from the pumped water once it has been applied and
undergone evapotranspiration processes. The salts deposited in the upper edaphic layer
are transported to the saturated zone by rainfall infiltration and irrigation surpluses. This
phenomenon occurs in intensive agriculture plots where the supply of fertilizers is greater,
leading to significant NO3

− contamination processes. Likewise, chloride (Figure 9d) and
bromide presented similar behaviour and correlations that can be considered significant (R2

between 0.31 and 0.39), which is attributable to the conservative nature of these ions, which
are barely altered after their infiltration and tend to accumulate in the porous medium.

Additionally, there is a certain relationship between nitrate and ORP (R2 = 0.26,
Figure 9b), which appears undoubtedly masked by multiple factors. Samples with low
NO3

− concentrations are characterised by basic pH and low ORP, whereas samples with
higher NO3

− contents generally present more acidic pH values and higher ORP. At the
same time, Fe and Mn present an inverse relationship with nitrate in a way that samples
with lower NO3

− concentrations usually present higher contents of Fe and Mn and vice
versa. In this case, the correlation between NO3

− and Fe (R2 = 0.15, Figure 9e) and NO3
−

and Mn (R2 = 0.22, Figure 9f) is weak but can be considered significant. This is because
in the porous medium, under reducing conditions, concentrations of NO3

− are usually
very low, whereas Mn and Fe would appear as soluble species even with slightly alkaline
pH. On the contrary, conditions favourable for high nitrate concentrations include oxic
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conditions, which are indicated by low Fe and Mn, and high dissolved oxygen [39]. This
phenomenon is particularly evident in point No. 19, as will be discussed in Section 4.6.

Figure 9. Relationship between NO3
− and other physical–chemical variables (a) Electrical conductiv-

ity, (b) ORP, (c) pH, (d) Cl−, (e) Fe and (f) Mn in the analysed samples. Point No. 19 was excluded
from figures (a) and (d) owing to its special characteristics that evidence denitrification processes.

4.5. Influence of the Type of Sampling Point and Sampling Procedure on Nitrate Content

The NO3
− content in the samples seems to be significantly conditioned by the charac-

teristics and functioning of the sampling point. Therefore, these aspects will be fundamental
for the planning and subsequent execution of groundwater sampling campaigns when the
aim is characterising nitrate contamination.

In the first place, this study has considered a set of boreholes equipped with pumps,
whose characteristics were described in Table 4. At these points, there is a significant
relationship between the contaminant concentration and two factors: (i) the depth of the
pump and (ii) the pumped flow. Figure 10 displays the relationship between the average
NO3

− concentration found in the winter and spring campaigns and the aforementioned
factors. It should be noted that all the samples were taken at least 15 min after starting the
pump in order to ensure enough water renewal within the borehole.
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Figure 10. Relationship between the NO3
− content in the water samples from wells (Blue dots.

Average of two campaigns in December and May) and (a) pump depth from the water table and
(b) the estimated annual volume pumped in each well. In the adjusted regression lines, well No. 19
(red dot) has not been considered owing to the peculiarities described in the text.

Figure 10 shows the relationship between nitrate concentration and pump depth
(Figure 10a) and the water volume annually withdrawn (Figure 10b). From this figure,
it can be inferred that wells scarcely exploited and whose pumps are close to the water
table level present high concentrations of NO3

−. This would be the case for borehole n◦4.
Conversely, point No. 5, which is a deep borehole intensively exploited and located in
the vicinity of No. 4, shows a significantly lower nitrate concentration (62 mg/L, which
represents 44% of the former). Despite these differences, both boreholes are located in a
large irrigation plot and are affected by similar agricultural practices and, therefore, similar
contamination conditions.

Likewise, two nearby boreholes (points No. 11 and 12) that are exploited for supply-
ing potable water to the main population centre (Benalup) and present different depths
and exploitation regimes, also evidenced this effect: the minimum concentration of NO3

−

(12 mg/L) was found in the deepest borehole, in which annual withdrawals reach
430.000 m3/year. However, in the other borehole, where the pumped flow is lower, the
NO3

− content was similar to those found in other wells in the area (44 mg/L).
This fact can be explained by the marked vertical stratification of this ion within the

aquifer. Owing to percolation and leaching of irrigation water and recharge from rain,
nitrates tend to migrate vertically through the vadose zone and subsequently accumu-
late at the saturated zone–unsaturated zone interface. This phenomenon has been well
documented in the literature [40–43]. According to these results, the NO3

− concentration
in the samples are not only influenced by the suction depth of the pump but also by the
flow withdrawn. An intense exploitation regime implies the mobilisation of water from
a large aquifer volume, thus favouring the dilution of the contaminant. In this regard, it
should be noted that point No. 19 was discarded in Figure 10 because it shows evidence of
denitrification processes, as explained in Section 4.6.

In the boreholes where the samples were collected using a manual groundwater
sampler, NO3

− concentrations will be highly conditioned by local factors and especially by
the proximity of contamination sources and the sampling depth. Thus, the samples obtained
with this instrument present a wide range of nitrate concentrations, from 0.6 mg/L at point
No. 17 (similar figure to that in rainwater) to 113 mg/L at point No. 18, which is very close
to an intensive agriculture plot (both cases referred to the spring sampling). Therefore, this
sampling method can be considered less representative when compared with procedures
that comprise larger volumes of the aquifer and should be considered cautiously.

On the other hand, the three springs sampled showed similar NO3
− concentrations,

with average values ranging between 20 and 27 mg/L during both sampling campaigns.
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These contaminant concentrations did not seem to be related to the average flow discharged.
Such similarity in terms of NO3

− concentration is attributable to the integrating and
homogenising effect on the flow paths at different depths that take place at the discharge
areas in the aquifers (springs). However, each spring shows different variations in NO3

−

concentration from one season to another. The spring with the highest flow (point No. 5)
experienced a sharp nitrate increase from December to May (similar to that recorded in
the smallest spring, point No. 10), whereas the spring that drains the largest sector in the
aquifer (point No. 16) showed a significant decrease in the concentration of this ion in May.
These differences are attributable to the lag in the evacuation of the contaminant that takes
place when farmlands, the main nitrate sources, are distant from the discharge areas.

4.6. Denitrification Processes in the Porous Media

In sampling point No. 19, the nitrate concentration was surprisingly low; this point,
which is an irrigation borehole in an intensive agriculture plot where the piezometric
level is very shallow (<2 m depth), displayed a VI value of 146 (medium-high) despite
the extremely low NO3

− concentrations recorded in both sampling campaigns (0.8 and
1.7 mg/L). Furthermore, this same borehole displays relatively high concentrations of
ammonium (0.4 mg/L). This fact, coupled with the presence of Gleyic Luvisols, with a
lower hydromorphic horizon and other characteristics observed in this location (presence of
H2S, relatively low redox potential, and aggressive water that deteriorates the metallic pipes
of the boreholes) is indicative of a reducing environment. Nitrate is a highly mobile ion that
does not precipitate or become adsorbed in the geological medium. In fact, its distribution
coefficient (indicative of its greater or lesser tendency to be adsorbed) is practically zero [44].
Although NO3

− is the dominant species in any pH range in oxic environments, under
aqueous conditions, slightly reducing environments, or low redox potentials, nitrogen can
appear in its cationic (NH4

+) and neutral (NH3) forms. Since ammonium is a cation, it
tends to be adsorbed in soil particles of Luvisols that have an argic horizon rich in clay.

Nitrate reduction can be significantly enhanced by the presence of bacteria from
the genus Alcaligenes, Paracoccus, Pseudomonas, Thiobacillus, Rhizobium, and Thiosphaera,
which support anaerobic denitrification mechanisms [45,46]. Nitrate reduction is also
conditioned by the availability of other nutrients and micronutrients since denitrifying
bacteria obtain energy for their metabolism from the oxidation of organic C, sulphides, or
reduced Fe and Mn. Their nitrogen metabolic requirements can be met if there is NH4

+

or organic N available in the environment or from direct nitrogen assimilation. They also
need carbon, phosphorous, sulphur, and micronutrients such as B, Cu, Fe, Mn, Mo, Zn,
and Co for effective metabolic activity. Therefore, although most groundwaters contain
enough micronutrients to support bacterial growth, in oligotrophic or nutrient-limited
systems, denitrification may be very restricted. Likewise, the presence of organic matter
might enhance denitrification processes [47]. In this regard, there is evidence for the
presence of organic matter in the subterranean environment around point No. 19 associated
with materials of old lacustrine levels. This accumulation of organic matter enhances
denitrification processes and justifies the low concentrations of NO3

− despite the intensity
of pollution processes.

5. Conclusions

The DRASTIC method was applied to evaluate the vulnerability of a detrital aquifer
subject to intense exploitation for irrigated agriculture. The combination of cartographic
documents with data gathered in situ enabled the generation of the layers required by
the model. The results display a central–eastern area of low–medium vulnerability and
several sectors with high or very high vulnerability. However, the comparison between
the results obtained with DRASTIC and the values of NO3

− obtained during the sampling
campaigns evidence a lack of agreement between vulnerability and the actual distribution
of contamination. This fact should not be interpreted as an inadequacy in the vulnerability
model but the result of several factors/considerations:
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1. Land use is markedly heterogeneous. Therefore, the spatial distribution of nitrogen
sources shows great spatial variability. In this regard, it should be noted that the dis-
tribution of land uses considered in the official documents only corresponds partially
to the actual uses and that the spatial distribution of nitrate cannot be explained solely
by the proximity of the sampling points to the sources of contamination, not even
when considering the advective transport process inferred from the piezometry.

2. The sampling procedure significantly conditions the analytical results of nitrate con-
centration. In the porous media, the ion NO3

− displays vertical stratification; those
boreholes that are deeper and subject to larger pumping rates present lower values
of this contaminant, whereas the shallower boreholes with low-power pumps, or
those points that have been sampled manually, present higher concentrations. In this
respect, the design of an adequate control network is crucial to accurately picture the
extent of the contamination within the aquifer. The use of isolated control points or a
sparse control network may not be representative of the whole aquifer.

3. A significant relationship was identified between the concentration of nitrates and
water salinity as well as with other conservative ions (chloride and bromide). This
fact is explained by the salt accumulation process caused by the recirculation of the
groundwater pumped and applied over the irrigation plots located on the aquifer
surface, which under a Mediterranean climate with high evaporation rates, worsen
the salt concentration problem.

4. At some sampling points there is evidence of reducing environments which favour
higher concentrations of Fe and Mn and lower values of nitrate and ORP. In this type
of environment, the degradation of NO3

− takes place with varying intensities. In
particular, in the study area, there is a sampling point where nitrate degradation is
of special importance, which is attributable to denitrification processes by anaerobic
bacteria linked to anoxic levels with abundant organic matter.

All the aforementioned factors lead to a very heterogeneous distribution pattern of
nitrate in aquifers such as the one studied and to the scarce similarity with the spatial
distribution of vulnerability according to the DRASTIC model. The study of nitrate contam-
ination requires accurate knowledge of the aquifers functioning and considering aspects
related to vulnerability, in addition to the actual land use and transport and degradation
processes within the system. All of these are aspects that are crucial for devising corrective
measures and recovering the good quality of the resource.
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