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Abstract: Groundwater pollution by nitrates from agricultural sources is a common environmental
issue. In order to support risk analysis, hazard maps are used to classify land uses according to their
potential of pollution. The aim of this study is to propose a new hazard index based on nitrogen
input and its connection with nitrate concentration in groundwater. The effectiveness of the Nitro-
gen Input Hazard Index was tested in the Gallocanta Groundwater Basin (Spain), a highly polluted
area, declared as a Nitrate Vulnerable Zone. Agricultural data at a plot scale were used to estimate
the nitrogen fertilizer requirement of each crop, and the correlation between nitrogen input and
nitrate concentration in groundwater was explored. The resulting hazard map allows us to delimit
the most hazardous areas, which can be used to implement more accurate nitrate pollution control
programs. The index was proven to successfully estimate nitrogen input influence over groundwa-
ter nitrate concentration, and to be able to create hazard maps. The criterion used to create categories
was empirically based on nitrate concentration thresholds established by the EU Nitrate Directive.
The Nitrogen Input Hazard Index may be a useful tool to support risk analyses of agricultural ac-
tivities in vulnerable areas, where nitrate pollution could endanger human water supply.

Keywords: nitrogen requirement; hazard index; hazard map; Nitrogen Input Hazard Index; Nitrate
Vulnerable Zone

1. Introduction

From an environmental perspective, surface and groundwater pollution caused by
anthropogenic activities is one of the most common issues across the world [1-3]. In the
past fifty years, the expansion of human activities, such as urbanization, industry and
agriculture, has increased the pressure over water resources, and the consequences may
endanger water quality both for human and natural uses [4,5].

The intensification of agriculture has been supported by the use of nitrogen fertilizers
[6], which are relatively cheap and allow a significant crop increase. However, contami-
nation from agricultural sources is mainly caused by the use of fertilizers and manure.
Organic and mineral nitrogen are commonly used for fertilization, but the application of
nitrogen fertilizers above the plants’ needs usually means that the nitrogen and salt sur-
pluses leach into groundwater bodies [7,8]. Nitrogen usually reaches groundwater bodies
in varying forms, such as organic nitrogen, ammonium or nitrate, (NOs") with several
sources of recharge, such as nonpoint recharge from rainfall or irrigation, lineal recharge
from streams or rivers, and areal recharge from lagoons and lakes [9].
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Whereas lineal and punctual sources are relatively easy to control and mitigate, dif-
fuse pollution is difficult to prevent and estimate. Agricultural lands are considered as the
main source of diffuse pollution [10] and it has a wide range of environmental impacts
related to changes in water quality, which directly influences biodiversity, and animal and
plant communities [11]. Since nitrogen is a nutrient that results in a significant rise in
plants’ productivity, excessive nitrogen in aquatic environment enhances an intensive al-
gal growth, limiting the oxygen in water for other organisms [12]. Additionally, high ni-
trate concentration in drinking water has been related to several pathological conditions
in humans [13].

With the aim to control high nitrogen concentrations in surface and groundwater,
several countries and supranational institutions have proposed programs and measures
of protection and mitigation [14,15]. In the European Union, the Water Framework Di-
rective [16] is the backbone of water protection directives, which include the Nitrate Di-
rective [17] and the Groundwater Directive [18].

Following the Nitrate Directive, the member states have to control and reduce the
water pollution by nitrates from agricultural sources. The correct implementation of the
EU directives is based on the promotion of sustainable agricultural practices and on the
protection of vulnerable areas, known as Nitrate Vulnerable Zones (NVZ). In these areas,
Codes of Good Agricultural Practice are implemented to decrease and control nitrogen
leaching [19]. However, the NVZ declaration has shortcomings and drawbacks and does
not necessarily improve groundwater quality [20,21].

For an accurate implementation of measures related to the mitigation of water pollu-
tion, several tasks are required, such as the quantification of the anthropogenic pressures,
the estimation of nutrient leaching and the identification of the potential sources of pollu-
tion [22]. In relation to these tasks, hazards and risk assessments can be considered as
useful tools to quantify hazard and risk levels. Risk has been commonly defined as the
result of the combination of a hazard and the vulnerability of the elements exposed [23-
26], whereas hazard is a phenomenon, process, or activity that may be harmful and dam-
aging to the society and the environment [27]. Therefore, risk assessments are holistic
analyses which include hazard, vulnerability and exposure factors, while hazard assess-
ments are restricted to the analysis and classification of the potential hazards within an
area. Following this approach, several groundwater hazard indexes have been developed
(e.g., the Danger Contamination Index (DCI) [28]; the Pollutant Origin Surcharge Hydrau-
lically (POSH) [29]; and the Hazard Index (HI) [30]. These hazard indexes are designed to
be applied in a variable set of areas, so they take into account a wide range of land uses
and activities that could be potential sources of groundwater pollution.

Given the wide variety of pollution sources considered by traditional indexes and
the relevance of pollutants from agricultural sources, especially nitrates, some authors de-
veloped specific methodologies for assessing groundwater nitrate pollution [31-33]. Shaf-
fer and Delgado [34] provide a three-tiered nitrate leaching index assessment tool. They
also used a qualitative approach to separate leaching potential levels, and they used the
vulnerability to contamination to target the level of protection of aquifers at risk. In 2005,
Birkle et al. [35] proposed the Nitrogen Leaching Hazard Index (NLHI), with the aim of
providing information for farmers to reduce potential nitrogen contamination of ground-
water in California. This index identified the areas of highest intrinsic vulnerability by
classifying the soils, crops and irrigation systems. It was later corrected and updated by
O’Geen et al., [36], who created a new data-driven Nitrate Hazard Index (NHI).

However, both traditional and specific indexes have some weaknesses that could be
addressed. The specific agricultural indexes usually include vulnerability criteria in their
hazard analysis, so according to the basic risk equation, where risk is defined as the com-
bination of hazard, vulnerability and exposure, they should be considered as risk indexes
instead of hazard indexes. On the other hand, the traditional hazard indexes tend to un-
dervalue the potential pollution of agricultural sources, especially the nonpoint ones
which provide a constant flux of pollution [37], and are recognized as the most common



Sustainability 2021, 13, 6321

3 of 15

source of nitrogen pollution. Additionally, they do not follow a clear criterion when rating
the potential sources nor do they relate the pollutant supply and the impact of the amount
of pollutant to groundwater quality, that is, the real groundwater body level of affection.
The result is a dimensionless parameter that is difficult to relate to the reality, which raises
questions on the calibration of the methods.

Thus, this research aims to propose a methodology and a groundwater nitrate pollu-
tion hazard index that accurately depict the impact of nitrate leaching on groundwater.
The specific objectives were: (1) to propose a hazard assessment method for diffuse pol-
lution sources based on quantitative criteria, by relating the amount of nitrogen supplied
and the groundwater quality; (2) to delimit hazard intervals not only based on measurable
parameters; and (3) to test the index in a selected area, the Gallocanta Groundwater Body,
which is currently affected by nitrate pollution from agricultural sources.

2. Materials and Methods
2.1. Nitrogen Input Hazard Index

The ultimate objective of the index is to create a groundwater pollution hazard map.
The index provides a hazard pollution estimation based on the crop nitrogen fertilizer
requirements, as well as developing a classification of hazard levels based on the influence
that nitrogen input on the surface may have over groundwater pollution. It is a three-step
process designed following measurable and duplicable criteria.

Step 1. Hazards inventory and classification

The first step is to classify all the potential sources of nitrogen pollution related to
crops, which can be considered the main source of diffuse pollution. Based on a land use
map, the first tiered level distinguishes between crops. In order to assign hazard levels,
croplands have to be accurately delimited according to the crop type, including water
management information, and other remarkable characteristics that can influence the po-
tential of pollution.

Step 2. Calculation of crops nitrogen fertilizer requirements

In order to know the potential amount of nitrogen that could be leached and reach
groundwater, the nitrogen fertilizer required by each crop has to be calculated. The nitro-
gen fertilizer requirements are based on the nitrogen uptake of each crop, the estimated
yield, and the water management system. These parameters depend on the location of the
plot and the water management system, which directly influence the expected yield. The
nitrogen fertilizer requirements of the crops have been calculated by the following;:

NR =N Uptake x Output (1)

where NR is the nitrogen fertilizer requirement in kg N ha-1; N Uptake (N 1/1000) is the
nitrogen uptake by the plant; and Output is the expected yield in t ha'. As aforemen-
tioned, the expected yield is dependent of the location and the water management system,
so the specialist has to ascribe the value of those parameters according to the characteris-
tics of the study area. Regional and national authorities in some countries publish guides
and reports adapted to the characteristics of some areas, which may help when calculating
nitrogen uptake and expected yield. This information can also be complemented with
fieldwork and personal interviews with local owners and farmers, which can give better
information about fertilizers and water management at a local scale.

Step 3. Interval delimitation and rating of pollution sources

The rating of the sources of pollution is based on the potential amount of nitrogen
that could be released from each source (NR) and the consequent NOs- concentration in
the aquifer. With the objective of relating the hazard value with a measurable variable,
the relationship between the NR and the NOs- concentration in the aquifer could be con-
sidered as a trustful criterion. This relationship has been explored in previous hazard and
risk methodologies [33,38].
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The delimitation of the threshold between hazard intervals and the respective hazard
degree of those intervals have been based on the connection between the NR and the NOs-
concentration. The initial hypothesis states that where intrinsic vulnerability is similar,
higher nitrogen input on the surface is proportional to higher NOs- concentration in
groundwater. Intrinsic vulnerability is based on the inherent natural characteristics (i.e.,
geology, climatic conditions, type of soil, etc.) and, from this correlation, it is feasible to
identify the NR that may potentially produce low, moderate or high NOs-concentrations
in the aquifer, and thus, low, moderate and high hazard levels can be determined.

To test the strength of the aforementioned correlation, a multivariate clustering data
analysis has been carried out, including NR, NOs- concentration and intrinsic vulnerabil-
ity of the aquifer in 2019, by using Statgraphics XVI (Table 1). The square Euclidean dis-
tance and Ward’s method can be used to test the similarity and to obtain hierarchical as-
sociations, respectively [39]. This method analyzes the potential amount of nitrates suita-
ble to be leached and reach groundwater, considering intrinsic and specific vulnerability
of the area (Table 2).

Table 1. Data for the multivariate clustering analysis.

ID NOs [mg L] NR Vulnerability
1 127 90 75
2 65 16 73
3 52 85 37
4 26 0 79
5 53 98 66
6 6 0 66
7 114 98 37
8 110 98 37
9 154 0 79

10 57 98 66

11 113 78 66

12 112 97 66

13 76 127 79

Table 2. Cluster multivariate analysis.

Cluster n NOs™ [mg L] Vulnerability NR
1 8 82 66 86
2 3 62 73 0
3 2 112 37 98

Based on the parameters explained in Step 2, the annual amount of nitrogen supplied
within the basin is estimated for a long series, and the annual mean nitrogen supplied is
calculated. A robust series of groundwater NOs~ concentrations measured during the
same period is needed in order to obtain the mean NOs- concentration in the study area.
The correlation between the annual nitrogen supply and the mean NOs- concentration is
explored. The amount of nitrogen required to reach a certain nitrate concentration in the
aquifer can be estimated based on the mean NOs- concentration observed, and thus, the
nitrogen fertilizer requirements at a farm scale to reach that NOs- concentration can be
inferred. The Nitrate Directive establishes the level of affection of a water body depending
on the NOs~ concentration [17]. The concentrations established to consider a water body,
respectively, as affected or polluted, are 25 mg L-! and 50 mg L-'. Those concentrations are
used to estimate the total nitrogen input needed to reach them, and, therefore the NR that
would case a certain pollution level (Figure 1).
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Crops are classified on a three-interval scale depending on their nitrogen fertilizer
requirement:

> Low, when NR calculated is lower than the NR estimated to reach 25 mg L.
>  Medium, when NR calculated is lower than the NR estimated to reach 50 mg L-1.
> High, when NR calculated is higher than the NR estimated to reach 50 mg L.

This classification may be modified, although it is recommended to use less than five
intervals to ease understanding of the resulting hazard map.

‘Water at risk of pollutlun

NO,- (ma L-1)

/////

N (kg N ha-)
Figure 1. Correspondence between NOs~ concentration in groundwater and nitrogen input in surface.

2.2. Application of the NIHI to the Gallocanta Groundwater
2.2.1. Study Area Description

The Gallocanta Groundwater Body (GGB), in northeast Spain, is a 223 km? multilayer
aquifer associated with the groundwater catchment of the Gallocanta Basin (540 km?). It
is an endorheic basin and it includes the Gallocanta Lake, an ephemeral water body nat-
urally developed in the lowest part of the basin (Figure 2).
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Figure 2. Location of the Gallocanta Groundwater Basin (GGB).
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The GGB is a multilayer aquifer system (Figure 3) [40]. It is mainly composed of a
shallow detritic quaternary aquifer that occupies the lowest parts of the study area. The
quaternary aquifer is hydraulically connected with the lake and with the carbonated Cre-
taceous and Jurassic aquifers at the western parts of the basin, where these carbonated
rocks outcrop. On the other hand, along its northern and eastern borders, the main litho-
logical unit is formed by low permeability Paleozoic rocks forming the Sierra de Santa
Cruz. At the foot of the mountains, Triassic materials, mainly impermeable Keuper facies,
lie beneath the quaternary rocks. Keuper covers large areas of the basin and it enhances
the presence of the lake and prevents groundwater flowing down [41]. The hydrogeolog-
ical regime (i.e., flow directions, characteristics of the vadose zone, water table depth, etc.)
was explored in previous research [21].

1100m
1060
Laguna de Gallocanta
991 m O 1020
6/ 980
940
0 1 2km
—t— )
Upper i Jurassic Triassic Triassic =4 Triassic 7 =
“ :E’:::zi‘:'::ﬂ l:l t(:::;?:merates] limestone (Keuper) " (Muschelkalk) % (Buntsandstein) ///’ Falcazic
Quaternary ~J Water table ‘ Flow direction

Figure 3. Geological cross-section of the GGB, adapted from San Roman, 2003.

The study area has been subjected to intense agricultural pressure for decades. Ac-
cording to CORINE Land Cover, agricultural land extension has remained constant,
around 180 km? since 1990. Extensive rainfed agriculture is the predominant agricultural
activity, and wheat, barley, sunflower and fodder crops are the main products. Mean-
while, irrigation is limited and controlled by water authorities, and small irrigated plots
are located at the southern and southwestern part of the study area.

Figure 4a,b shows that 80% of the study area is declared as arable land. Most of the
crops grown are rainfed crops (78%), whereas irrigated plots only represent 2%. The rest
is devoted to natural pastures (20%). Winter cereals, mainly wheat and barley, are the
most extensive crops, followed by sunflower and fodder crops (alfalfa and sainfoin).

Given the high nitrate concentration observed in the area, and following the Nitrate
Directive, the area was declared as a NVZ in 1997. In spite of the implementation of sev-
eral action programs, which include limitation of irrigation and restriction to fertilization,
nitrate concentration is above 50 mg L-! in most of the samples sites.
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Figure 4. (a) Agricultural land use in 2019; (b) agricultural water management in 2019.

2.2.2. NIHI Application

In this research, crop and NOs- data from two temporal series have been used. The
NIHI and the resulting hazard maps were calculated for 2019. The evolution of NOs- con-
centration in the GGB and its relationship with nitrogen supply through crops was tested
by using a longer time series (1992-2019), in order to guarantee the data’s statistical ro-
bustness. Fourteen types of crops were considered and 288 NOs- concentration samples
from 42 sites were included in the analysis.

Step 1. Hazards inventory and classification

Information about land use at a farm scale, including type of crop and type of water
management, was obtained from the Government of Aragén. Those data included all the
information declared by farmers under the European Common Agricultural Policy (CAP).
Table 1 lists the crops declared in the study area according to the type of water manage-
ment in 2019.

Step 2. Calculation of crops’ nitrogen fertilizer requirements

Once the crop map was obtained, the NR was calculated. The parameters required to
calculate NR were estimated following the Nitrogen Balance 2016 Report published by
the Spanish Ministry of Agriculture, Fisheries and Food [42]. Since expected yield is de-
pendent on the characteristics of the study area, personal interviews with farmers were
carried out in order to specifically adjust the parameters to the Gallocanta Basin (Table 3).
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Table 3. Nitrogen fertilization requirements of the crops listed in the Gallocanta Groundwater Basin.

Group Crop NR (kg N ha™) Rainfed Irrigated Ha
Wheat 97 X X 1664
Barley 98 X X 6809
Cereals Oat 74 X 46
Rye 69 X X 967
Triticale 79 X 418
Corn 263 X 5
Legumes Vetch -* X 6
Bitter Vetch =¥ X 11
Tubers Potato 192 X 21
Industrial crops Sunflower 38 X X 861
Fodder crops A.lfalfla - X 924
Sainfoin -* X 303
Cucumber 44 X 0.5
Tomato 117 X 0.5
Vegetables Onion 91 X 1
Carrot 136 X 0.2
Other vegetables 147 X 1
Fruit trees Almond 58 X 10

* Nitrogen fixation in legumes. Nitrogen fertilization was not considered.

Step 3. Intervals delimitation and rating of pollution sources

The parameters that influence intrinsic vulnerability of the aquifer can involve small
changes in the correlation, so in order to improve the assessment of the connection be-
tween NR and NOs- concentration, the same vulnerability was considered. This enabled
us to calculate the correlation under the same intrinsic vulnerability conditions. Intrinsic
vulnerability was obtained from maps published by the Ebro Hydrographic Confedera-
tion (CHE from its Spanish acronym) on its website. Those maps were developed follow-

ing the DRASTIC reduced method [43].

NOs- concentration data were obtained from the CHE database, freely available on
the CHE website [44], and 13 samples sites were considered. The result of the multivariate
clustering analysis showed that when intrinsic vulnerability was either high or low, high
NR led to high NOs- concentration. Therefore, hazard (NR) influences NOs- concentration
more than vulnerability, which supports the idea of considering vulnerability as a con-

stant in the analysis.

Regarding the hazard interval delimitation, the annual NR (kg N ha), the annual
amount of nitrogen supplied (kg N) and the NOs- annual mean concentration were calcu-
lated for the 19922019 period, based on the crops listed within the study area. The corre-
lation between both parameters was tested. To do this, based on previous works [40] and
on spatial analyses currently in progress, a two-year time lag in NOs- concentration was
considered. A time lag is required for a response in NOs-dynamics after nitrogen fertili-
zation. This correlation was statistically significant (Pearson ¢ = 0.46, p = 0.03), which al-
lowed us to determine a correlation between the nitrogen supply and the NOs- concentra-
tion. From this correlation, the total amount of nitrogen needed per unit (kg N ha) to

reach a certain NOs- concentration can be estimated.

With the aim of establishing a measurable criterion to the intervals, the legal limits of
25 mg L1 and 50 mg L' were used as benchmarks between intervals. Thus, if we apply
these benchmarks to the estimation of the NR and the hazard level, it can be observed that
any NR higher than 22 kg N ha! would have potential for groundwater pollution. Three
intervals were created depending on the NR and the NOs- concentrations: low hazard

level, moderate hazard level and high hazard level (Table 4).
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Table 4. Hazard levels according to NOs-concentration and NR thresholds.

NOs-Concentration (mg L) NR (kg N ha") Hazard Level
<25 <22 Low
25-50 22-45 Moderate
>50 >45 High
3. Results

Based on the crop map (Figure 4a), the NR map (Figure 5) and the hazard map were
obtained (Figure 6). The highest nitrogen fertilizer requirements were found in the south-
western part of the lake, in the surroundings of Bello and Torralba de los Sisones. The
nitrogen fertilizer requirements are especially high in irrigated areas, where expected
yields are higher. NR in most of the study area was between 80 and 120 kg N/ha (8310 ha),
whereas the extent of crops whose NR was higher than 120 kg N/ha was 195 ha. NR was
null in natural areas and forests, natural pastures, grazing areas, and in legumes, which
are able to obtain nitrogen without additional fertilizer supply.

NR kg N/ha
[IGallocanta Lake Y 80 - 120 Nitrogen Requirement
Municipalities <40 [M120-160
D g 40 - 80 > 160
km|
0 2 4 6

Figure 5. Nitrogen fertilization requirement (NR) map.

Regarding the hazard NIHI map (Figure 6), most of the crops in the area are consid-
ered in the high hazard level (44% of the study area), whereas legumes, fodder crops and
fallow lands are included within the low hazard level (23% of the study area). Finally,
sunflower (3.8% of the study area) is included within the moderate hazard level.
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The high hazard level is observed across the whole GGB. Except for the highest or
steepest zones of the Sierra de Santa Cruz, which is parallel to the lake, high hazard areas
can be observed in the rest of the study area. Even on the western shore of the lake, where
the slope is steeper and water quickly flows to the lake, crops are classified in the high
hazard level. Crops in the high hazard level were also observed at the east and north sides
of the Sierra de Santa Cruz, as well as on the flat areas to the north, west and south sectors
of the Gallocanta Lake, where large plots are devoted to winter cereals, corn and potato.

NIHI Nitrate Concentration mg/L NIHI and Nitrate
B o O <25 080 = 100/ callocantaLake |- Concentration in 2019

Moderate O 25 - 50 >100 D Municipalities
tow  (50-80

Figure 6. Nitrogen Input Hazard Index (NIHI) and NOs™ map.

In relation to the low hazard level, pastures, and fallow lands are mostly located in
the southwestern zones, the surroundings of the Gallocanta Lake and the Sierra de Santa
Cruz. Due to steep gradients and poor soil quality in the sierra, natural areas are combined
with pastures, whereas crops are found on the foothills. The flood plains in the south and
southwestern surroundings of the Gallocanta Lake are also devoted to pastures, whereas
fallow lands are commonly observed across the study area.
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4. Discussion
4.1. Efectiveness of the NIHI

The NIHI has an interval delimitation basis, exclusively based on the nitrogen fertilizer
requirements of the crops. The use of the nitrogen fertilizer requirements allows its application
in a wide range of areas, since the method is flexible and adaptable to the agro-hydrological
parameters of each place. Thus, a crop can have different NR and be classified in a hazard
level depending on the study area.

When developing a hazard index or a risk methodology based on a quantitative ap-
proach, and one easy to map and reproduce, it is recommended to use a measurable parame-
ter which may help to establish the thresholds between hazard intervals. This process should
be preferential compared to indexes that establish levels of hazard based on arbitrary criteria.
In the case of nitrate pollution, nitrate concentration has proved to be appropriate in different
scenarios [32,45]. In this research, this parameter was used to create thresholds between haz-
ard categories. Even though concentration can be used to calibrate the index, nitrate concen-
tration is not a valid indicator of good versus bad agricultural management [46] (i.e., good
agricultural management may also produce a high nitrate concentration in groundwater). The
relationship between nitrogen supply and nitrate concentration may be weak due to several
parameters related to intrinsic vulnerability. These reasons should be deeply analyzed when
a risk assessment is being carried out. However, in a hazard assessment, those parameters
related to vulnerability should not be considered. In any case, it must be highlighted that the
aim of the index is to offer a better approach for interval delimitation, based on a measurable
parameter instead of using arbitrary criteria.

The use of nitrate concentration to establish thresholds between intervals is also sup-
ported by the fact that it is the parameter used by water authorities to implement protection
measures in groundwater bodies.

The ultimate objective of a hazard index is to develop a hazard map that could be useful
for developing management and control measures to mitigate the negative effects of ground-
water pollution and to improve the effectiveness of the environmental measures. To do so,
when categorizing hazard intervals, the categories should be used to distinguish measurable
levels of pollution of water bodies. The weakness of some indexes that consider vulnerability
factors, or that rank hazards on a non-measurable basis, is that the intervals lack a realistic
validity [35]. In the NIHI, the intervals estimate, in an approximate but measurable way, the
potential effect of a certain crop on the groundwater quality. That is, a high hazard level means
that the amount of nitrogen required in a plot would lead to the legal nitrate concentration
threshold of 50 mg L being exceeded.

Regarding the hazard maps, they usually establish thresholds on an arbitrary basis (e.g.,
regular intervals based on the data range), but they do not relate the real hazard influence over
pollution of the aquifer. For this reason, other indexes classify most of the study area in the
low or moderate hazard level [21], even though pollution is very high. Those maps could be
considered as unsuccessful hazard maps.

As stated by De Girolamo et al. [22], the most suitable spatial unit for estimating diffuse
pollution is the basin scale. However, by working on a plot scale within the basin, the level of
detail of the hazard map increases. The plot scale may be considered as the management unit
to control pollution, since it eases the delimitation of areas of significant hazard due to high
nitrogen fertilizer requirements. The delimitation of those areas may be useful for establishing
specific measures related to fertilization rates and dates. Those measures could be included in
the action programs implemented in the Nitrate Vulnerable Zones. These programs have to
be followed on a mandatory basis, but their effectiveness has been frequently questioned
[47,48]. The lack of effectiveness of those programs can be related to the wrong conception of
the most vulnerable zones. The term is used to define polluted zones without considering their
intrinsic or specific vulnerability, and they are delimited using administrative units (e.g., mu-
nicipalities), which have nothing to do with natural water boundaries.
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4.2. Patterns in the Gallocanta Groundwater Body

Previous research in the area [37] already stated that traditional indexes have remark-
able shortcomings when applied to rural areas such as the Gallocanta Basin, whereas the
proposed methodology has shown better results. The fact that most parts of the study area
are classified in the high hazard level is directly related to the situation stated in [21]. The
authors described that most of the aquifers are highly polluted across the GGB, although
the highest concentrations are found at the south and southwestern part of the lake, espe-
cially in the quaternary and the Cretaceous aquifers.

As can be seen in Figure 5, this area is devoted to crops with higher nitrogen fertilizer
requirements, mostly due to irrigation. The comparison between the NIHI map and the
nitrate concentration measured in sampling points shows a clear connection between
them (Figure 6). However, even in sampling points where nitrate concentration is low
(lower than 25 mg L), the surrounding areas are considered as highly hazardous. This is
due two main reasons.

Firstly, when those sampling points are located in foothills, nitrate can be leached
downwards, to flat areas, but it has no time to reach groundwater vertically. Additionally,
those points are in relatively high and hilly areas, where agriculture activity is limited to
small plots. Secondly, the study area is the lowest part of a larger basin, affected by re-
gional groundwater flows. In the study area, groundwater flows from carbonated aquifers
(Cretaceous and Jurassic) to the quaternary upper aquifer, which occupies the bottom of
the basin [40], and the area formerly inundated by the Gallocanta paleo-lake [49]. There-
fore, when nitrate is leached, it follows the regional flow and it is accumulated in certain
areas.

Unfortunately, sampling equipment has not been installed in areas classified in the
highest hazard level such as Castején de Tornos (eastern part of the study area) and
Torralba de los Sisones (southern part of the study area). Most of the arable land in those
municipalities is devoted to crops with high NR; even in Torralba de los Sisones irrigated
crops have been recently developed. From a hydrogeological approach, the connection of
both areas with the lowest part of the basin (where the Gallocanta Lake is located) is de-
pendent of the regional groundwater flows. Groundwater from the eastern part flows
westwards through quaternary materials, whereas the southern area may be influenced
by regional flows related to carbonated materials. The direction of groundwater flows in
this area depends on the piezometric level, so water can flow northwards when the water
table is low, and southwards if the water table is high enough [50].

The fact that the GGB is an endorheic basin strongly enhances both temporal persis-
tence and nitrate accumulation in the aquifers. Similar effects have been detected in other
saline endorheic basins by Valiente et al. [51]. This influences the low thresholds estab-
lished to consider a crop in the moderate and high hazard levels. The relatively low water
renewal rate is key in endorheic environments and pollution usually persists for decades.
The role of denitrification processes when estimating groundwater’s intrinsic vulnerabil-
ity has been already described by authors such as Aschonitis et al. [52] and Busico et al.
[53]. In the Gallocanta Basin, Menéndez-Serra et al. [54] analyzed microbial functional
composition, and they found predominance of potential nitrification, nitrate oxidation
and nitrogen assimilation, whereas nitrate reduction and nitrate ammonification was
lower. Unfortunately, there are no available data about denitrification processes and ni-
trogenous gas losses in the area.

The study area can be considered a good example of pollution dynamics in this type
of environment, since pollution by nitrates from agriculture sources has been observed
since the first measurements in the late 1970s [55]. Therefore, the delimitation of the most
hazardous sites of the area could be a useful tool to solve the issue by paying more atten-
tion to the most hazardous areas.
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5. Conclusions

Currently, risk analyses are usually carried out once an area has been polluted, and
it requires mitigation and control measures. However, these types of environmental anal-
yses are useful either when the area is polluted or if it is at risk. Hazard mapping must be
based on measurable and comparable parameters, and the use of hazard maps when es-
tablishing mitigation and control measures in groundwater is highly recommended, es-
pecially in the current climate change scenario, when water scarcity may be recurrent.

The NIHI is a powerful hazard index that can be used to estimate the environmental
consequences (NOs- concentration in groundwater) of agricultural activities, based on its
characteristics and nitrogen fertilizer requirements (NR). The index provides advantages
for hazard analysis and mapping: compared to previous methods, which may be confus-
ing, it allows independent assessment of hazard factors and the hazard intervals are based
on the relation between nitrogen input and the level of groundwater pollution. In addi-
tion, the method is adaptable so it can be easily applied to a wide range of scenarios.

Our results in the GGB showed that most of the study area presents a high hazard
level. The hazard classification displayed in the hazard map is in line with the high NOs-
concentration observed in the GGB since the late 1970s. The NIHI map provides a more
realistic hazard map compared to previous hazard indexes, which underestimate hazard
levels and classified most of the study area in the low and moderate hazard levels.

The hazard map obtained by the NIHI application may be used for future risk assess-
ments and, eventually, as a tool to apply specific control measures in certain areas that are
potentially at risk of increased nitrate pollution. In the GGB, the control programs imple-
mented during the past decades have proven failures due to the lack of appropriate crite-
ria when delimiting the Nitrate Vulnerable Zones, and recurrent stoppages in water sup-
ply due to high NOs- concentration have affected some of the villages in the area. There-
fore, any tool that may improve the implementation of more accurate spatial measures,
together with a better understanding of the hydrogeological dynamics, would lead to a
recovery of groundwater quality in a more effective and rapid way.
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