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Abstract: Groundwater is an essential resource for humans concerning freshwater supply; therefore,
preserving and protecting its quality is necessary. Risk assessment, based on hazard, intrinsic vul-
nerability information and mapping, may be considered as a key aspect of sustainable groundwater
management. An approach has been made by combining the Nitrogen Input Hazard Index and the
hydrogeological parameters considered in a modified DRASTIC method. A three-level classification
has been used to determine the degree of risk, and the thresholds have been established following
measurable criteria related to the potential nitrate concentration in groundwater. The second part
of the study focused on estimating the socioeconomic impact of groundwater pollution by relating
the degree of risk and social vulnerability to groundwater pollution. The method has been tested in
the Gallocanta Groundwater Body (Spain). As a result, a risk map and an impact map are provided.
The risk map shows that 67% of the study area can be classified as moderate and high-risk areas,
corresponding to high hazard sources located in moderate and high vulnerability zones, whereas
the impact of groundwater pollution is classified as moderate in the whole groundwater body. The
proposed analysis allows comparison between aquifers in different areas and the results required by
water authorities to implement control and mitigation measures.

Keywords: groundwater contamination; risk assessment; pollution sources; intrinsic vulnerability;
Gallocanta

1. Introduction

In environmental hazards, risk is defined as the result of the interaction of a hazard,
and the vulnerability of the system or element exposed, including the probability of the
occurrence of the hazard phenomena [1]. Risk is inherent to the environment, and it may
be caused by both natural and anthropogenic factors.

Given human dependence on certain resources, people protection and security lead
to the implementation of risk assessments, which comprehend the nature of the risk and
determine its level [2]. Risk is assessed by analyzing hazard factors and the vulnerability of
the elements potentially at risk, including people, assets, properties and infrastructures,
and it provides the basis for implementing measures in order to ensure groundwater
protection [3].

Groundwater deterioration has been reported in recent decades in Europe [4,5], Amer-
ica [6], Asia [7,8] and Africa [9]. Urban growth, the spread of agricultural areas and the
rising world population have constantly been increasing pressure regarding water re-
sources; therefore, water deterioration is one of the consequences of groundwater overdraft
and pollutant emission. The decreasing quality status of freshwater caused by pollutants in-
volves potential health risks to people. Many researchers and public reports have assessed
the potential human health risk of several groundwater pollutants in order to establish
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legal thresholds and contribute to the safeguarding of human health [8,10–12]. In the
European Union, many countries have reported nitrate groundwater pollution, Spain being
the third country with the highest proportion of groundwater monitoring stations with
concentrations above 50 mg L−1 (Table 1).

Table 1. Proportion of groundwater monitoring stations with concentrations above 50 mg L−1 in
some countries of the European Union during the reporting period 2012–2015 and 2016–2019. Source:
Joint Research Centre of European Commission.

Country Proportion of Monitoring Stations above 50 mg L−1 (%)

Belgium 17
Cyprus 15

Denmark 13
France 13

Germany 25
Italy 9

Malta 66
Netherlands 10

Portugal 16
Romania 11

Spain 20
Slovakia 10
Sweden 1

Since groundwater is one of the most valuable sources of freshwater, groundwater
risk assessment has been widely implemented across the world [13–15]. Usually, risk
assessments focus on determining groundwater risk to pollution, given groundwater
quality can be seriously compromised by contamination and, thus, the use of groundwater
for agricultural, urban and drinking purposes may be in danger. The most common
approach for risk assessment follows the source-pathway-target model [14,16–18], in which
the potential source of pollution (hazard), the flow path of a potential contaminant through
the system and the affected area (target) are independently analyzed. However, each kind
of potential pollutant has different characteristics, which have to be taken into account in
order to correctly estimate the travel time, the concentration of pollutant or the duration of
contamination [19]. In this regard, several authors have focused on assessing the risk to
certain pollutants, such as nitrates [18,20] or industrial products [21].

In groundwater risk assessment, a hazard is a component that must be analyzed, and
it may be defined as a phenomenon, process or activity that may be harmful and damaging
to society and the environment [22]. Several authors have developed hazard indexes to
evaluate and classify potential sources of pollution, such as the Hazard Index [23], the
DCI [24] or the POSH method [25], which can be used as the first step in a groundwater risk
assessment to pollution. Most of the studies assessing groundwater risk to pollution use
intrinsic vulnerability, which considers physical and natural characteristics of the area. The
assessment is performed using an internationally recognized method, such as DRASTIC,
GOD, COP, EPIK or LU-IV, and the results allow us to infer the risk of pollution. However,
intrinsic vulnerability per se does not allow us to infer risk, since intrinsic vulnerability
defines the susceptibility of the aquifer to be polluted, but it does not provide information
regarding hazard nor the potential impact of a pollution event on people and economic
activities. In this regard, social vulnerability or vulnerability of the human environment [26]
focuses on the social aspects of risk [27]. Social vulnerability takes into account economic
and social characteristics of the population, so the potential impact of a pollution event can
be better estimated. Thus, by including both intrinsic and social vulnerability in the risk
assessment, the risk of pollution of the area and the potential impact on the population
may be obtained, which improves the accuracy of the results.

Risk assessment may be carried out in pristine zones, areas already polluted, or at risk
of pollution, therefore, aiding in the decision-making process to protect and mitigate the
effects of pollution. In order to prioritize the areas where control and mitigation measures



Water 2022, 14, 202 3 of 15

are needed, it is necessary to take into account all the risk elements in an integrated way,
i.e., the hazard that endangers groundwater, the intrinsic vulnerability of the aquifer, and
the social vulnerability of the people who are dependent of groundwater.

Following the Nitrate Directive (91/676/EEC), the Gallocanta Groundwater Body was
declared as a Nitrate Vulnerable Zone in 1997 [28] due to its high nitrate concentration. For
the last 25 years, several changes in the protected area have been made, but only slight
improvements in groundwater quality have been observed [29]. Agricultural activities are
the main source of nitrate in the area, and concentrations are still high in large parts of
the aquifer system. In this regard, previous works have already delimited and classified
potential sources of pollution [30], mapped the hazard of nitrate pollution [31] and assessed
social vulnerability to groundwater pollution [32].

In this context, the ultimate objective of this study is assessing the risk of groundwater
pollution of nitrates in the Gallocanta Groundwater Basin by complementing hazard
analysis, intrinsic vulnerability and social vulnerability. The second objective aims at
estimating the social impact of groundwater pollution in the study area by applying a
method that may be replicated in other areas, enabling comparison among aquifers.

2. Materials and Methods
2.1. Study Area

The Gallocanta Groundwater Body covers approximately 223 km2. It is located in the
northeastern part of the Iberian Peninsula (Figure 1) and is associated with the ground-
water watershed of the Gallocanta Basin (540 km2), which is an endorheic basin with the
Gallocanta Lake in the lowest part.
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The Gallocanta Groundwater Body is a complex multilayer aquifer system [33]. The
uppermost part is a shallow detritic Quaternary aquifer covering low lands and the bottom
of the basin. This aquifer is directly connected to the carbonated Cretaceous and Jurassic
aquifers that occupy the western half of the basin and the carbonated Triassic aquifer to the
East (Figure 2). Those carbonated aquifers outcrop along the western and central part of
the basin, whereas most of the eastern sector of the study area is formed by Paleozoic rocks
with low permeability, where the main gullies of the area (Royo Creek and Acequia Madre
Creek) flow to the lake. Beneath those aquifers, Triassic impervious rocks (mainly Keuper
Facies) cover large areas of the study area, allowing the presence of the lake by hindering
vertical water fluxes, and partially outcrop in some locations along with the western sector
of the study area, which complicates the groundwater flow among the carbonated and the
detritic aquifer. Overall, the carbonated aquifers flow into the detritic aquifer, which is
directly connected to the lake. Given their accessibility, size and hydraulic characteristics,
the Quaternary and the Mesozoic aquifers (Cretaceous and Jurassic) are the most relevant
sources of fresh water in the area, making them the object of study of the present research.
Further details of the hydrogeological characteristics of the area were analyzed in previous
studies [29,33].
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Figure 2. Hydrogeological conceptual model at the Gallocanta Basin.

The area has widely been devoted to intense agricultural activities for decades. Ac-
cording to the CORINE Land Cover, in 2019, 80% of the area were arable lands, being
rainfed agriculture the main agricultural land use (78%), whereas 2% of the territory was
irrigated and 20% were pastured. The main crops were winter cereals (e.g., wheat and
barley), sunflower and fodder crops (alfalfa and sainfoin). In this context, following the
Nitrate Directive, the groundwater body was declared as a Nitrate Vulnerable Zone in
1997 due to the high nitrate concentration from agricultural sources observed in most of
the basin.

2.2. Methods

The present approach focuses on the risk and impact of nitrate pollution from agricul-
tural activities on groundwater quality by a three-step risk assessment (Figure 3). The first
stage combines hazard mapping and intrinsic groundwater vulnerability, which results
in mapping risk to pollution (Step 1). In the first stage, the final output is a risk map that
shows the sectors of the aquifer where the risk of pollution is higher, based on the intrinsic
vulnerability and the amount of pollutant supplied.
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Step 2 includes social vulnerability assessment, this is, an estimation of the human
dependency on groundwater, since this would determine the magnitude of a potential
groundwater pollution event. A similar pollution event in aquifers with the same risk level
may produce different socioeconomic impacts, according to the human dependency on
groundwater.

Step 3 is the final stage of the methodology. The risk level estimated in Step 1 is related
to social vulnerability obtained in Step 2 in order to assess the final impact of a potential
groundwater pollution event. Therefore, the risk level is the result of hazard level, intrinsic
vulnerability to pollution and the socioeconomic impact of pollution.

2.2.1. Step 1. Risk Assessment

The first stage of the analysis involves the location and classification of hazard sources;
this is, a hazard assessment of the nitrate sources. In order to assess and locate the potential
sources of nitrate in the study area (mainly crops), the main pollutant activities have been
addressed and quantified following the Nitrogen Input Hazard Index (NIHI) [31].

NIHI aims to calculate the total amount of input nitrogen in the study area according
to the crops nitrogen fertilizer requirements. Based on the nitrogen fertilizer requirements
of each crop, the rating considers the potential amount of nitrogen that could be released
from each source and the subsequent nitrate concentration in the aquifer. Thus, this method
explores the correlation between nitrogen supply and nitrate concentration in the aquifer.

The index establishes a three-tiered classification. All the crops in the study area are
classified as high, moderate or low, depending on the potential amount of nitrogen they
require and the estimated amount of nitrogen needed to reach legal thresholds. Those legal
thresholds are established by the Nitrate Directive (91/676/CEE). Hazard is low when the
calculated nitrogen fertilizer requirement is lower than the nitrogen requirement estimated
to reach 25 mg L−1; hazard is moderate when the calculated nitrogen fertilizer requirement
is lower than the nitrogen fertilizer requirement estimated to reach 50 mg L−1; and hazard
is high when the calculated nitrogen fertilizer requirement is higher than the nitrogen
fertilizer estimated to exceed 50 mg L−1 (Table 2).

Table 2. Hazard classification.

Hazard [NO3− Concentration in mg L−1] Hazard Level

<25 Low
25–50 Moderate
>50 High
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The second part of this step evaluates intrinsic vulnerability. Intrinsic vulnerability is
based on a reduced version of DRASTIC [34], which is one of the most common indexes to
assess intrinsic vulnerability. This version aims to improve the accuracy of the vulnerability
assessment by reducing the number of factors used by DRASTIC since some of them may
be redundant [35]. The reduced version of DRASTIC is a dimensionless index that uses
soil media (S), impact of vadose zone (L), depth to water (E) and net recharge (R). Each
parameter is weighted and rated between 1 and 10 (net recharge is rated between 1 and 9),
and the final value is between 16 and 156. Intrinsic vulnerability is calculated following
Equation (1).

Intrinsic Vulnerability = 3S + 4L + 5E + 4R, (1)

This method was implemented by the Spanish Geological Survey in some large basins
in Spain, such as Duero and Guadalquivir [36], and it was later used in other areas, such as
the Ebro Basin [37], in which the Gallocanta Basin is included.

Once intrinsic vulnerability has been calculated for the whole study area, it is classified
into three levels. Scores between 16 and 58 are considered to be low vulnerability, scores
between 58 and 110 are considered as moderate vulnerability, and finally, areas whose score
is higher than 110 are included as high vulnerability (Table 3).

Table 3. Vulnerability classification.

Vulnerability Vulnerability Level

16–58 Low
58–110 Moderate
110–156 High

Once hazard and vulnerability have been evaluated and mapped, the risk assessment
is carried out. The risk of pollution is the result of the combination of the intrinsic char-
acteristics of the aquifer (vulnerability), which can be considered relatively static, and
the presence of potentially polluting activities (hazard), which are dynamic and easier
to control. Thus, the risk level can change based on changes in either vulnerability or
hazard. The risk map displays the risk level (R), which is dimensionless, and calculated
by multiplying the value of the hazard index (H) and the intrinsic vulnerability (V), as
described in Equation (2), based on the General Equation of Risk [38].

R = H × V, (2)

Based on hazard and vulnerability level (Table 4), a matrix is used to classify nine risk
levels, from very low, to very high risk, which are subsequently divided into three intervals
with the aim of easing map readability.

Table 4. Risk classification.

Hazard
Vulnerability Low

Vulnerability
Moderate

Vulnerability
High

Vulnerability

Low Hazard Low Risk Low Risk Moderate Risk
Moderate Hazard Low Risk Moderate Risk High Risk

High Hazard Moderate Risk High Risk High Risk

The risk map may be complemented with the analysis of nitrate concentration ob-
served in sampling points in order to assess the potential correlation between the risk level
and the observed pollution in groundwater.

2.2.2. Step 2. Social Vulnerability Assessment

The socioeconomic impact of the negative effects of a pollution event is dependent on
the intensity of groundwater use and the degree of dependency on human activities. Social
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vulnerability (VH) involves groundwater accessibility, exploitability and use. The economic
value of groundwater considers groundwater extraction of anthropogenic activities such as
irrigation and drinking consumptions [18].

The socioeconomic relevance of groundwater, and thus, its potential impact on local
people, is assessed by implementing the methodology proposed by Perles et al. (2009) [26].
The authors proposed an approach in which socioeconomic aspects, such as population,
the profitability of economic activities and the number of jobs that depend on groundwater,
are assessed and quantified. The index distinguished three factors related to socioeconomic
vulnerability: exposure and vulnerability of the population (VP), exposure and vulnerability
of farming activities (VAG) and exposure and vulnerability of other economic activities
(VST). The sum of these weighted factors is used to calculate social vulnerability, following
Equation (3):

Social Vulnerability = 3VP × 2VAG + VST, (3)

Social vulnerability assessment has to deal with spatial issues since population or
activities affected by groundwater pollution may not be located above the aquifer, which
is the common area of analysis in risk assessment. Usually, the boundaries of the aquifer
do not fit with administrative limits such as municipalities, therefore, in order to ease
mapping and data analysis, the aquifer is considered as the basic unit of analysis. As a
result, each aquifer is given a final socioeconomic score, which may range between 0 (very
low vulnerability) and 30 (very high vulnerability).

2.2.3. Step 3. Impact of Risk Pollution

The impact that a pollution event may produce both in a natural and human environ-
ment depends on the risk level of the aquifer and the human dependency on groundwater
from it. Therefore, the assessment of the final impact of a pollution event is based on the
risk level obtained in Step 1, as well as on social vulnerability obtained in Step 2.

Once risk is calculated, a score is given to each interval according to the risk level, as
follows: low risk (1); moderate risk (2); high risk (3). The proportion of land in each level is
then calculated, and a weighted sum is used to estimate the level of impact (Equation (4)):

(P × LR) + (P’ × MR) + (P” × HR), (4)

where, P is the proportion of land in the aquifer classified as low risk (in %); LR is low risk,
which was previously scored as 1; P’ is the proportion of land in the aquifer classified as
moderate risk (in %); MR is moderate risk, previously scored as 2; P” is the proportion of
land in que aquifer classified as high risk (in %); and HR is high risk, previously scored as
3. The result is a dimensionless parameter that may range between 0 and 300, and it can be
used to compare aquifers.

The final impact is calculated by multiplying the calculated social vulnerability of the
aquifer and the risk of pollution, calculated earlier in Step 3. The result is a dimensionless
parameter that ranges between 0 and 9000. The value of the final impact is the same for the
whole aquifer and is useful to compare aquifers from different areas in order to prioritize
measures when managing risk.

3. Results

The hazard map shows the result of the NIHI (Figure 4a). In 23% (51 km2) of the study
area, the hazard is low, whereas 4% (8.5 km2) is moderate. On the contrary, the hazard level
is high in 45% (100 km2) of the basin, which includes most of the agricultural plots.
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The intrinsic vulnerability map (Figure 4b) displays the result of the modified DRAS-
TIC method. The map shows that vulnerability was low across 57% of the study area (128 km2),
moderate in 37% of the area (82 km2) and high in only 1% of the study area (2.3 km2). The
highest vulnerability levels are observed in low areas and former lakes, such as La Lagu-
nica, in the southeastern part of the study area. The vulnerability of most of the flat areas
surrounding the Gallocanta Lake is classified as moderate, whereas the western part of the
territory and the Santa Cruz-Valdelacasa Sierra, in the eastern boundary, is classified as low
vulnerability.

In line with the aforementioned risk definition, the risk map reflects the risk level
associated with nitrate pollution from agriculture, according to the classification of the
pollution sources and the intrinsic characteristics of the area (Figure 5). The map displays
low-risk levels across 25% of the basin (55.4 km2), moderate-risk levels across 24% of the
basin (53.8 km2) and high-risk levels across 22.5% of the basin (50 km2). The shallow
Quaternary aquifer showed worse status, with almost one-third of its area in high risk
(29.5%), 17.5% in moderate risk (22.8 km2) and 16.7% in low risk. On the other hand, the
carbonated aquifer only has 16% of its area in high-risk, 31% in moderate-risk and 22%
in low-risk.
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In order to explore the spatial relationship between nitrate concentration in sampling
points and risk level, a correlation analysis was performed (Figure 5). To do so, 13 sampling
points across the study area were used, 6 tapping the Quaternary aquifer and 7 tapping the
carbonated aquifer. As a result, 73% of the sampling points where nitrate concentration
was higher than 50 mg L−1 were located in high-risk areas, 18% in moderate-risk areas and
9% in low-risk areas, whereas 50% of the points where nitrate concentration was lower
than 25 mg L−1 were located in high-risk areas and 50% in low-risk areas.

In addition to the specific risk to groundwater nitrate pollution, the potential socioeco-
nomic impact of pollution is assessed. As displayed in Figure 6, the impact of pollution in
the aquifers of the study area is Moderate. The score in the shallow Quaternary aquifer is
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slightly higher than in the carbonated Mesozoic aquifer due to the higher proportion of
lands at high-risk.
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4. Discussion

From a methodological point of view, the selected approach allows comparing ar-
eas with different characteristics. The selection of internationally recognized methods to
calculate hazard, vulnerability and risk, and their combination to estimate impact ease
comparison of aquifers. The use of maps that represents the spatial distribution of the cate-
gories of hazard, vulnerability, risk and impact has always been a good way to synthesize
results and ease spatial comprehension [39].



Water 2022, 14, 202 11 of 15

According to the three-step proposed method, two terms must be distinguished: risk
and impact. Firstly, risk has been widely studied and defined by many authors [3,40,41],
albeit there is no agreed definition of the concept of risk [42]. In this research, risk has
been considered as the result of the combination of hazard and intrinsic vulnerability
of the system, an approach that is usually adopted in natural hazards and disaster risk
reduction research [1]. Secondly, the term impact refers to the socioeconomic elements
that can be harmed as a consequence of a groundwater pollution event. This approach
involves people and assets exposed to the risk of groundwater pollution, so they can be
affected in a polluted scenario. Thus, the combination of both terms allows an integral
risk assessment of the area. Potential consequences of a pollution event over people and
economic activities have been studied in other areas as Tunisia or Canada [43,44]. In the
latter, the authors not only described the potential economic loss but also the healthcare
cost of groundwater pollution.

Usually, most of the groundwater pollution risk maps ignore the socioeconomic impact
of pollution since they focus on the potential harm of the aquifer and do not consider the
negative effects of pollution over human activities dependent on groundwater. In the
present study, a methodology to estimate the impact of a potential pollution event is
proposed with the aim of improving the integral risk assessment and easing comparison
among aquifers.

A common issue when mapping risk to groundwater pollution is that maps are usually
complex, and they synthetize several elements. If the classification of hazards, intrinsic
vulnerability and social vulnerability includes many intervals or disparate classification
criteria, the result tends to show strange spatial analysis units that misrepresent the real
situation; therefore, they are not useful to manage the issue at a detailed scale.

In addition, risk assessment usually struggles when quantifying intrinsic and social
vulnerability following a dimensional parameter. In this regard, the method aimed to keep
the source of information’s unit, as well as to use quantitative parameters to represent risk
and impact when possible, as it has been carried out in hazard assessment, in order to
be able to compare study areas in an objective and representative way. Risk and impact
intervals are based on thresholds that are associated with representative changes in the
variable behavior and its consequences regarding pollution. The number of intervals
remained low with the aim of easing overlapping of information, map readability and
keeping the connection between the contribution of each element to the final risk assessment.
Therefore, risk and impact intervals avoid random and subjective thresholds that do not
represent the real spatial context.

In the study area, most of the high-risk areas are observed in the lowest plots around
the Gallocanta Lake, the plain areas at the southern and southwestern sectors of the basin
and in the floodplains of the Santed Stream and Tornos Stream, which flow towards the
Gallocanta Lake (north and eastern part of the basin). In those areas, hazard tends to be
high in most of the plots, whereas vulnerability is moderate due to the lower depth to
groundwater and the impact of the vadose zone. On the other hand, low-risk areas are
identified in steep areas of the Santa Cruz-Valdelacasa Sierra, where vulnerability is low,
and the steep gradient complicates agriculture, in some plots next to the Gallocanta Lake
and in other zones devoted to pastures with low vulnerability. Finally, moderate-risk areas
are widely observed across the whole study area, usually next to high-risk zones, especially
in the hilly southern and southwestern sectors of the basin and in the north boundary of
the study area.

Regarding the impact of groundwater pollution, it is classified as moderate in the
whole study area. Given the spatial level of detail provided by the socioeconomic vulnera-
bility index, it is not possible to obtain a map with greater spatial detail.

According to Figure 4, the low and moderate social vulnerability of the area (mainly
given by its rural nature and the low number of inhabitants) compensates for the high-risk
levels observed in most of the study area. In any case, attention must be paid to those
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sectors if changes in land uses are observed since this will probably be associated with a
change in the hazard level.

The effectiveness of the risk map may be tested by mapping nitrate concentration
in groundwater in 2019. In the study area, the official groundwater quality monitoring
network includes 19 sample points. The network is managed by the Hydrographic Ebro
Confederation (CHE, from its Spanish Acronym), and data are freely available on the CHE
website. These points tap both into the Mesozoic and the Quaternary aquifers and are the
basis for declaring Nitrate Vulnerable Zones.

In the Gallocanta Groundwater Body, the nitrate concentration in 85% of the samples is
above 50 mg L−1, the threshold to declare a water body as polluted (91/676 EEC), whereas
15% of the samples are below 25 mg L−1. Previous studies [31] have already assessed the
relationship between nitrate concentration and hazard level in the study area. The authors
stated that even in sampling sites where nitrate concentration was lower than 25 mg L−1,
the surrounding areas are considered highly hazardous due to the topographic gradient
and the influence of regional groundwater flows. However, this can be improved in the
risk analysis since intrinsic vulnerability in those areas is estimated to be lower; therefore,
the risk map properly represents the risk level of the area surrounding the sampling point.
The analysis of the spatial relationship between sampling points and risk level showed
that most of the points (81%) where nitrate concentration was higher than 50 mg L−1

were indeed located in highrisk areas, whereas the points with nitrate concentration below
50 mg L−1 were located in lowrisk areas and highrisk areas. In these cases, this is explained
by intrinsic topographic characteristics and groundwater dynamics, which also explain
that nitrate concentration above 100 mg L−1 can be observed in sampling points located
in low-risk areas. Nitrate concentration in groundwater has widely been used to validate
risk, hazard and vulnerability methods and indexes [45–47] since it is a common and
trustful indicator of the groundwater qualitative status. In other study cases, the author
found that nitrate concentration in sampling points does not necessarily follow the hazard,
vulnerability or spatial risk pattern, so hydrogeological explanations must be found [48].
In our study area, these hydrogeological explanations also complicated the use of pollution
in groundwater as an indicator of the effectiveness of the risk map.

In the study area, groundwater flows from the carbonated Mesozoic aquifers to
que shallow Quaternary aquifer [33] that occupies the bottom of the basin, the valleys
and the area inundated by the Gallocanta paleo-lake [49]. Thus, nitrate removed from
upper areas is leached to the surroundings of Gallocanta Lake following the regional and
local groundwater flow. Additionally, the endorheic nature of the basin enhances nitrate
accumulation in not only the aquifers but also its temporal persistence, as it has been already
reported in similar basins [50]. This characteristic allows the persistence of pollution for
decades, so natural denitrification processes are essential [46]. Those processes are key
when estimating groundwater’s intrinsic vulnerability, as already stated by Aschonitis et al.
(2014) [51] and Busico et al. (2020) [52].

5. Conclusions

When analyzing specific pollutants such as nitrates, risk assessments have to focus on
agricultural lands, which are the main sources of this substance. Given the essential role of
groundwater as a freshwater supplier and the relevance of agriculture activities in rural
areas, the assessment of the socioeconomic impact of pollution provides a better insight
into the real context in a certain area. The socioeconomic perspective in pollution risk
assessment reaches a special meaning in a climate change scenario, in which the increasing
drought risk would likely increase the human dependency on groundwater.

The results in the Gallocanta Groundwater Body showed that risk is moderate to high
in most of the area, and the socioeconomic impact was classified as moderate, influenced
by the strong dependency on groundwater and the demographic context. This would
lead to severe damage to the economy of the region, masked by the size of the affected
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population, which may be reduced by the presence of alternative sources of freshwater that
could guarantee the water supply in the case of a recurrent polluted scenario.

The risk and the impact assessment provided in the present research may be used as a
tool to manage land uses and agricultural activities through control programmes, reinforce
water supply infrastructures and improve groundwater quality. Given that groundwater
status in the study area is currently bad, any tool that may help improve it should be
implemented and used by technicians, researchers and water authorities.
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