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Foreword

The present dissertation, including five published (or accepted for publication)
papers in journals indexed in the Science Citations Index (SCI) adjusts to
regulation regarding PhD Thesis as a compendium of published papers,
approved by Zaragoza’'s University agreement concerning PhD Dissertations’
regulations (“Acuerdo de 25/06/2020 del Consejo de Gobierno de la Universidad
de Zaragoza por el que se aprueba el Reglamento sobre Tesis Doctorales”),
requiring four published papers, with at least three in SCI journals. Chapters I, II,
[ll, 1V, and VIII are in Spanish, whereas chapters V, VI, VII, 1X, and X are in
English, as it is presented under the international mention (“Mencién
internacional en el titulo de doctor”) and had required two positive reports from
experts from non-Spanish scientific institutions.

Document structure

The document has been structured with a general introduction and the
justification of the thematic unity of the publications, followed by the general
objectives statement (Chapter ), and a description of the study area (Chapter II).

The next section, corresponding to the seven central chapters (lll, IV, V, VI, VII,
VIII, IX) are the publications (Chapters Il and IV under review and chapters V to
IX already published) and they delve into the partial objectives of the work.

Those chapters are composed by an initial page with publication data
(bibliographic reference, impact factor, and journal ranking in the Journal of
Citations Report 2020, last available in the moment of submitting this dissertation)
followed by the publication itself as it appears in the journal. Each paper has
approximately the following sections: introduction, study area, methodology,
results, discussion, and conclusions. These seven chapters-publications are
independent, although they relate each other since they have been developed in
the same study zone and with the same global PhD Thesis objective.

Finally, Chapter X presents the joint discussion, integrating the results of the
different chapters, and the final conclusions of the PhD Thesis.
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ABSTRACT

Groundwater quality depends on the balance among natural characteristics of the
aquifer system and the anthropogenic activities carried out in the area. The
territorial land use model determines the groundwater quality status and its
temporal evolution, whereas, on the contrary, groundwater quality may affect
dependent human activities. In order to enhance a sustainable relationship
between the natural potentiality of the system and the human activities, a holistic
approach must be followed. This work is based on a deep knowledge of the
hydrogeological functioning of the aquifers, with the aim of analysing its quality
for the last forty years, under several changes in land uses. Based on this
information, the determining factors of groundwater risk to pollution in the area
are analysed, a methodology is proposed to assess and map this type of risk,
and the effects of pollution over socio-economic activities that depends on
groundwater are estimated.

The ultimate objective of this PhD Thesis was to study the hydrogeological
functioning of the Gallocanta Lake System, and the spatial-temporal evolution of
groundwater quality as the starting point to develop a method for assessing
groundwater risk to pollution, especially nitrates, that fits to a rural territorial
model. The partial objectives were the hydrogeological characterization of the
basin, the evaluation of groundwater pollution under European Union’s
Directives, the analysis of the components of risk in the area (hazard, intrinsic
vulnerability, social vulnerability and socio-economic impact), as well as the
review of its usual methods of analysis and mapping in order to provide a new
and better risk assessment method.

Regarding the sources of information used in this work, the endorheic Gallocanta
Basin (540 km?) has been analysed based on qualitative and quantitative data.
The geological and hydrogeological framework of the study have been based on
previous studies and reports published by public administrations and
researchers, which have been updated and reviewed by fieldwork. Additionally,
the risk assessment has been carried out according to data obtained from
national, regional and local official databases, as well as fieldwork.

The results could be separated in three research lines: contribution to the
hydrogeological characterization of the Gallocanta System, spatial-temporal
evolution of groundwater quality, and proposal of a method to assess
groundwater risk to pollution by nitrates from agricultural sources.

According to the hydrogeological modelling, it has been proven the discharge of
the Gallocanta Basin to the Piedra Basin and the Ortiz Basin (NO), and to the
Jiloca Basin (SE), at the Ojos de Caminreal Springs. The estimated flow to the
Piedra and Ortiz rivers was 4.77 Hm®y, whereas the flow to the Jiloca River was
1.85 HmM3ly.

In relation to the diachronic analysis of the qualitative status at the Gallocanta
Groundwater Body, overall, the average nitrate concentration within the whole
study area increased from 57.2 mg L in 1999, before the implementation of the
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action programmes related to the Nitrate Directive, to 62.4 mg L in 2017.
However, individually, after the implementation of the programmes, 24 % of the
sampling points showed decreasing trends after the implementation of the action
programmes.

Regarding to the risk analysis, a review of the hazard assessment methods to
pollution is provided, and a new index is proposed to assess and map
groundwater hazard to pollution by nitrates from agricultural sources, the so-
called NIHI (Nitrogen Input Hazard Index). The hazard to groundwater pollution
was low and moderate in 64 % of the study area according to several generic
hazard indexes, whereas according to the NIHI specific hazard index, a 44 % of
the area was classified as high hazard. The hazard classification proposed by the
NIHI fits better to the real groundwater pollution status in the area.

The study also proposes a method to assess risk of pollution, which is based on
the NIHI, the intrinsic vulnerability classification calculated by the modified
DRASTIC index, which ranges between very low and high in the area, and a
social vulnerability index that estimates a moderate vulnerability of the whole
study area. According to this method, the risk level to groundwater pollution was
high in 23 % of the study area, whereas the potential socioeconomic impact of
that risk is moderate.

Thus, it is estimated a moderate and high potential risk level in 47 % of the study
area. It is highlighted that the current quality control system and the strategies
implemented to mitigate pollution in the area requires substantial changes and
improvements at different levels. Starting from a deeper comprehension of the
hydrogeology, to the rethinking of the methods used to assess risk components,
as well as the effectiveness of the Nitrate Vulnerable Zone concept, the
delimitation of those areas, and the territorial and social consequences of its
implementation.
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RESUMEN

La calidad de las aguas subterraneas en una zona depende del equilibrio entre
las potencialidades naturales del sistema acuifero, y las actividades humanas
gue en ella se desarrollan. En un doble sentido, el modelo territorial de uso del
suelo condiciona el estado de las aguas subterraneas y su evolucion en el
tiempo, a la vez que la calidad del recurso hidrico compromete la actividad
humana dependiente del mismo. Para promover una relacion sostenible entre la
potencialidad natural y la actividad humana derivada, es necesario aplicar una
perspectiva holistica de la situacion. En esta investigacion se parte del
conocimiento exhaustivo del funcionamiento hidrogeoldgico del sistema acuifero,
para analizar a continuacion como ha evolucionado su estado de contaminacion
hasta la actualidad en distintos escenarios de usos del suelo en el entorno. A
partir de estos datos, se analizan y evallan los factores condicionantes del riesgo
de contaminacion de aguas subterrAdneas en la zona, y se propone una
metodologia revisada para la evaluacion y cartografia del riesgo de
contaminacion de las aguas subterraneas y de las consecuencias de la misma
sobre el medio humano que depende del recurso hidrico.

El objetivo final de esta tesis es estudiar el funcionamiento hidrogeolégico del
sistema de Gallocanta, y la evolucién espacio-temporal del estado de
contaminacion de sus aguas subterraneas como punto de partida para proponer
un procedimiento de evaluacion del riesgo de contaminacién, especialmente por
nitratos de origen agrario, afin a un modelo territorial rural. Los objetivos
especificos son, ademas de la caracterizacion hidrogeoldgica y de la estimacion
del nivel de contaminacion del sistema, el analisis de los distintos componentes
del riesgo en la zona (peligrosidad, vulnerabilidad intrinseca, vulnerabilidad del
medio humano e impacto socio-economico de la contaminacion), y la revision de
sus respectivos sistemas de evaluacion y cartografia, para poder aportar una
metodologia de evaluacion del riesgo renovada.

Respecto a las fuentes en las que se fundamenta la tesis, la cuenca endorreica
de Gallocanta (540 km?) se estudia a partir de datos cuantitativos y cualitativos.
La caracterizacion geoldgica e hidrogeolégica de la zona se basa en trabajos
previos elaborados por investigadores y organismos publicos, que se han
revisado, completado y actualizado mediante trabajo de campo. Por otra parte,
el andlisis de cada uno de los componentes del riesgo se basa en datos
adquiridos sobre el terreno y en la informacion disponible en bases de datos
locales, regionales y nacionales de distintos organismos oficiales.

Los resultados obtenidos se refieren a tres lineas de analisis: aportaciones a la
caracterizacion hidrogeolégica del sistema de Gallocanta, evolucidon espacio-
temporal del estado de contaminacion de las aguas subterraneas y propuesta de
una metodologia revisada para la evaluacion del riesgo de contaminacion de
acuiferos por nitratos de origen agrario.

En lo que se refiere a la modelizacion hidrogeoldgica del sistema, los resultados
muestran la transferencia subterrdnea de la cuenca hidrolégica de Gallocanta
hacia las vecinas cuencas del rio Jiloca, por los Ojos de Caminreal, y del sistema
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Piedra-Ortiz, al noroeste. Hacia el Jiloca, se han estimado unas transferencias
de 1,19 Hm%afio desde la cuenca endorreica de Gallocanta, mientras que las
transferencias estimadas hacia el sistema Piedra-Ortiz han sido de
4,05 Hm3/afio.

En relacién al analisis diacrénico del estado cualitativo de las aguas subterraneas
en la zona de estudio, en términos globales, para toda el area analizada, se
observa que el valor medio de contaminacion en los puntos de muestreo pasé
de 57,2 mg L'* en 1999, justo antes de laimplementacion de los planes de accién
basados en la Directiva de Nitratos, a 62,4 mg L en 2017. Sin embargo, si el
andlisis temporal se realiza a nivel individual, en cada uno de los puntos
muestreados, se observa una tendencia decreciente de la concentracion de
nitratos en un 24 % de ellos, a partir de la implementacion de los citados planes.

Respecto al andlisis del riesgo, se aporta una revisiéon de los métodos de
evaluacion de la peligrosidad de contaminacion, y se propone un indice propio
llamado NIHI (Nitrogen Input Hazard Index) para la evaluacion y cartografia de
la peligrosidad de contaminacion por nitratos de origen agrario. La peligrosidad
obtenida para el area de estudio segun varios indices de peligrosidad
generalistas la clasifican entre baja y moderada en aproximadamente el 64 % de
la zona de estudio, hecho que no se corresponde con los datos empiricos de
contaminacion observados en la zona, que muestran valores elevados de
contaminantes como los nitratos. Los valores de peligrosidad obtenidos segun el
indice NIHI se ajustan en mayor medida al nivel de contaminacion real en la
zona, ya que un 44 % de ella se clasifica como de peligro alto.

En la investigacion se propone un procedimiento para la evaluacion global del
riesgo de contaminacion, calculado a partir de los valores de peligrosidad
obtenidos mediante el indice NIHI, los valores de vulnerabilidad intrinseca
estimados a través del indice DRASTIC Reducido, (que en la zona oscilan entre
muy bajo y alto), y los de vulnerabilidad social, que considera la vulnerabilidad
en la zona como Moderada. Segun esta metodologia, se estima que el riesgo de
contaminacion de las aguas subterraneas es alto en un 23 % de la zona de
estudio, mientras que el potencial impacto socioeconémico de dicho riesgo es
moderado en toda la zona.

Se concluye que el nivel de afeccion por la contaminacion del sistema acuifero
de Gallocanta es elevado, como también lo es el nivel de riesgo potencial. Se
observa igualmente que el actual sistema de evaluacion de la calidad, y las
estrategias aplicadas para el control de la contaminacién en la zona requieren
cambios importantes a distintos niveles, desde la profundizacion en el
conocimiento hidrogeoldgico del sistema, hasta la reconceptualizacion de los
métodos de evaluacion de los componentes del riesgo, asi como del término
“zona vulnerable”, su delimitacién, y sus implicaciones territoriales y sociales.
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1. Impacto ambiental de las actividades humanas en las aguas.

La proteccidon de las aguas subterraneas y superficiales es en la actualidad un
asunto global, que involucra tanto a paises como a organizaciones
supranacionales (UNESCO, 2019), y que se encuentra incluida entre los
Objetivos de Desarrollo Sostenible y Agenda 2030 de las Naciones Unidas
(Objetivo 6, Meta 6.6.), asi como en la Estrategia para la Biodiversidad de aqui
a 2030 de la Unién Europea (UE) y en el Pacto Verde Europeo (CE, 2020).

Existe consenso sobre el impacto que las actividades humanas como la
urbanizacion, la industria o las actividades agropecuarias tienen sobre las aguas
superficiales y subterraneas (UNESCO, 2019; Mautner et al., 2020). Por un lado,
la extraccion de recursos para usos antropicos puede llevar asociada la
sobreexplotacion de los acuiferos, lo cual puede a su vez provocar problemas de
contaminacion (Foster y Chilton, 2003; Zhang et al., 2019) y salinizacion (Alfarrah
y Walraevens, 2018), mientras que, desde un punto de vista cualitativo, las
actividades humanas son la principal amenaza para la calidad de las aguas
(Romijn, 2004). Aunque en ocasiones dicha calidad en los ecosistemas de la
naturaleza se puede deteriorar por procesos naturales, los usos del suelo y las
actividades localizadas tanto en entornos urbanos como rurales pueden
repercutir negativamente en la calidad de las aguas subterraneas debido, entre
otros procesos, a la infiltracion de sustancias contaminantes. Ademas, las
presiones producidas por el ser humano en las masas de agua pueden durar
mucho tiempo, ya que no solamente aumentan la contaminacién, sino que
también dificultan y ralentizan la velocidad de recuperacion de las mismas.

Las fuentes de contaminacion son variadas, ya que practicamente cualquier tipo
de actividad o infraestructura construida por el ser humano puede comprometer
la calidad del agua subterranea si se dan las condiciones necesarias (Zaporozec,
2004). Esta variedad también se observa en la toxicidad de los potenciales
contaminantes de cada actividad, que incluyen tanto a aquellos relacionados con
la fertilizacion de los cultivos en zonas eminentemente agricolas y ganaderas,
como nitratos (Capri et al., 2009), fosfatos (Rao y Prasad, 1997), o pesticidas
(Foster et al., 1991), como a otros compuestos como serian los metales pesados
en zonas con actividad minera e industrial (Kumar et al., 2020), intrusion marina
en zonas costeras (Costall et al., 2020), e incluso los denominados
contaminantes emergentes en zonas urbanas (Stuart et al., 2011) y rurales
(Zandaryaa y Mateo-Sagasta, 2018). No obstante, aunque los impactos de
ciertos contaminantes, como los fertilizantes, pesticidas y herbicidas utilizados
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por la agricultura, sean menos visibles, estos pueden llegar a ser tan peligrosos
como otros de origen industrial, debido a su acumulacion (Romijn, 2004).

Al diferenciar las fuentes de contaminacion en funcién de su tipologia, pueden
distinguirse fuentes puntuales y fuentes difusas. Las primeras hacen referencia
a los puntos de emisién facilmente identificables en el espacio (tanques de
almacenamiento de residuos, puntos de emision de aguas residuales, etc.), y
son faciles de localizar, catalogar, tratar, o, en su caso, aislar del ecosistema a
través de medidas de control y gestion. En cambio, las fuentes difusas son
aguellas en las que la emision tiene lugar en un area relativamente extensa,
siendo, por tanto, actividades complejas de mitigar, controlar y aislar, ya que la
entrada de los contaminantes ocurre tanto vertical, a traves de infiltracion, como
horizontalmente, a través del lixiviado de las sustancias hacia cursos de agua
gue las arrastran a otros lugares aguas abajo. Por lo tanto, en muchos casos,
estas fuentes son las grandes amenazas para producir la contaminacion de las
aguas subterraneas ya que la zona de origen puede localizarse a kilometros de
distancia de donde se encuentra la masa de agua subterranea afectada.

Entre las fuentes de contaminacion difusa, las zonas agricolas son consideradas
como las principales (Novotny, 1999), debido principalmente a la utilizacién de
fertilizantes y herbicidas y al desarrollo de la agricultura de regadio. Entre los
contaminantes de origen agricola mas comunes se encuentran las sales (Garcia-
Garizabal et al., 2014; Merchan et al., 2015), los pesticidas (Pérez-Lucas et al.,
2018) y los nutrientes, especialmente los nitratos (Mateo-Sagasta et al., 2017;
Causapé, 2009; Abrahdo et al., 2011)

La intensidad de la contaminacién difusa en areas agricolas depende de la
tipologia de cultivos, siendo mayor en areas extensas de monocultivo. En
comparacion al monocultivo, la rotacion de cultivos tradicionales, las zonas de
pastos o los cultivos ecoldgicos presentan una menor probabilidad de emision
(Foster et al., 2002). Otros aspectos a tener en cuenta son el tipo de cultivo, las
caracteristicas del suelo, el manejo hidrico de las parcelas o la tipologia de los
agroquimicos aplicados.

Por lo tanto, en el contexto actual, en un mundo cada vez mas urbanizado, con
una demanda creciente de zonas de cultivo y con una poblacién en aumento, la
cual necesita mayores recursos hidricos y sistemas de gestion del agua mas
eficaces, la apuesta por el manejo sostenible de las aguas superficiales y
subterraneas y la proteccion de la calidad de los recursos hidricos es un aspecto
fundamental en las politicas ambientales tanto en los paises desarrollados como
en aquellos actualmente en desarrollo.
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2. Gestion de las aguas y su sostenibilidad.

La contaminacion de las aguas puede definirse como la accién y el efecto de
introducir materias o formas de energia, o inducir condiciones en el agua que, de
modo directo o indirecto, impliguen una alteracion perjudicial de su calidad en
relacion con los usos posteriores, con la salud humana, o con los ecosistemas
acuaticos o terrestres directamente asociados a los acuaticos (Texto Refundido
de la Ley de Aguas, Real Decreto Legislativo, 1/2001). La gestion sostenible de
las aguas, tanto superficiales como subterraneas, tiene que estar basada, por un
lado, en la prevencion de la sobreexplotacion de los recursos hidricos,
especialmente los subterraneos y, por otro lado, en la prevenciéon de la
contaminacion originada por las actividades humanas (Smith et al. 2016).

Segun datos publicados por la Unién Europea, el 75 % de la poblacién que vive
en los paises miembros depende de las aguas subterraneas para su
abastecimiento (EC, 2008). Segun esta misma organizacion internacional, en
2018, el 74 % de las masas de agua subterranea de los paises miembros
presentaban un buen estado cualitativo, mientras que ese porcentaje alcanzaba
el 90 % en relacion al buen estado cuantitativo (EEA, 2018).

A nivel global, aproximadamente el 67 % de las aguas subterraneas extraidas
se utilizan para riego, el 22 % para usos domésticos y el 11 % para actividades
industriales (van der Gun, 2012), por lo tanto, es en la gestion y en la mejora de
la eficacia de los riegos donde existe una mayor posibilidad de mejora en relacion
a la sostenibilidad de la explotacion de las aguas subterraneas. A este respecto,
dada la incertidumbre generada por el contexto actual de Cambio Climético en
cuanto a las disponibilidades hidricas a corto y medio plazo, se esta trabajando
en la mayor eficiencia de los riegos (Rai et al., 2017) y en la reutilizacibn mas
segura de aguas residuales que han pasado por un proceso de depuracion
previo y que vuelven a ser (tiles para su uso como aguas de riego (Mateo-
Sagasta et al., 2013; Natasha et al., 2020), especialmente en regiones aridas y
semi-aridas donde la necesidad de agua es alin mas acuciante.

A nivel comunitario/europeo, existen una serie de Directivas de la Union Europea
encargadas de la proteccion y la gestion sostenible de las aguas en el territorio
de los paises miembros. La Directiva Marco del Agua (2000/60/CE) es la base
sobre la que se articula la politica comunitaria en lo que se refiere a la proteccion
de las aguas superficiales y subterraneas, ya que actia como eje vertebrador de
las politicas de proteccion del agua en los paises miembros.
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Esta directiva fue implementada debido a la creciente presion derivada del
continuo crecimiento en la demanda de agua de buena calidad, estando entre
sus objetivos la prevencién del deterioro, la proteccion y la mejora del estado
cualitativo de los ecosistemas acuaticos, y el uso sostenible del agua basado en
la proteccidn de los recursos hidricos disponibles (CE, 2000). Relacionadas con
la Directiva Marco del Agua se han publicado otras directivas que han servido
para afianzar la politica hidrica de la Union Europea. Algunos ejemplos son la
Directiva para la proteccion de las aguas contra la contaminacion producida por
nitratos utilizados en la agricultura, conocida como la Directiva de Nitratos
(91/676/CEE), la Directiva de Proteccion de las Aguas Subterraneas contra la
contaminacion y el deterioro (2006/118/CE), la Directiva 96/61/CE relativa a la
prevencion y al control integrados de la contaminacion o la Directiva 2020/2184
relativa a la calidad de las aguas destinadas al consumo humano.

Estas directivas colocan a las aguas subterraneas como objeto de proteccion
primordial, dada su naturaleza como recurso natural valioso, su relevancia como
el recurso hidrico méas sensible e importante de la Unién Europea, y el hecho de
gue sean la fuente principal del suministro de agua para uso humano en su
territorio (CE, 2006). Desde un punto de vista cualitativo, la proteccion de las
aguas subterraneas esta sustentada por su utilizacion como como fuente de
agua potable en el presente o en el futuro, de forma que su proteccion impida un
deterioro en su nivel de calidad y garantice que dichos niveles no den lugar a
impactos y a riesgos para la salud humana y el medio ambiente. Para ello, entre
otras medidas, establecen criterios para valorar el buen estado quimico de las
aguas, normas de calidad, y valores umbrales. Para dicho fin, se plantea la
necesidad de utilizar redes de control de calidad de las aguas subterraneas que
sirvan como fuente de datos para el andlisis de la evolucion del estado quimico
en las masas de agua y la evaluacion de las tendencias.

3. Contaminacion de las aguas por nitratos de origen agrario

Como se ha mencionado, la proteccién de las aguas es un asunto primordial,
abordado tanto desde el ambito cientifico y académico, como desde el legislativo,
por entidades nacionales y supranacionales en muchas zonas del planeta.
Actualmente, la rapida urbanizacién de nuevas zonas, la industrializacion y la
intensificacion de la agricultura, con el fin de satisfacer la creciente demanda de
alimentos por parte de la poblacion, lleva asociado el deterioro de una parte
importante de los recursos hidricos, bien por sobreexplotacion para
abastecimiento humano y riegos, o bien por la pérdida de calidad quimica de las
aguas, hasta el punto que su utilidad pueda verse comprometida. Esta pérdida
de calidad suele venir provocada por la introduccion de contaminantes de origen
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antropico en los sistemas hidricos. La variedad, tipologia y nocividad de dichos
contaminantes es amplia, asi como su tiempo de residencia en el sistema y sus
potenciales afecciones ambientales y sanitarias.

Entre los contaminantes mas comunes se encuentran los nitratos (NOz’), debido
a su estabilidad, su alta solubilidad y su movilidad (Zhang et al. 2015). De forma
natural, la concentracibn en las masas de aguas es relativamente baja
(< 10 mg LY), por lo que concentraciones mas altas suelen estar asociadas a un
origen antropogénico externo (Gu et al., 2018). La alta movilidad del nitrato
presente en el suelo hace que este sea facilmente lixiviado y arrastrado por el
agua de lluvia o los retornos de los riegos, y que se acumule en masas de agua
superficiales o subterraneas. Su concentracion puede tener serias repercusiones
ambientales (Hornung, 1999; Evanylo et al., 2008) y llegar a ser nocivas para la
salud humana (Chen et al., 2016, Adimalla, 2020).

Las fuentes de emisién de nitratos pueden localizarse en entornos urbanos,
relacionadas con puntos de emision de residuos domésticos (Jin et al., 2004;
Zendehbad et al., 2019) e industriales (Zhang et al., 2015) no obstante las
actividades agricolas se consideran la principal fuente de contaminacion
(Novotny, 1999), debido a la fertilizacion nitrogenada y al uso de abonos
organicos procedentes de actividades ganaderas. Las zonas agricolas que son
fertilizadas con estos productos actian como una fuente de contaminacion
difusa, que es compleja de mitigar, controlar e incluso estimar.

Las altas concentraciones de nitratos que se registran en determinadas masas
de agua tienen consecuencias especialmente preocupantes cuando afectan a
aguas que son destinadas a abastecer a la poblacion, ya que el suministro puede
verse seriamente comprometido, con la consecuente afeccion a la poblacion. En
dichos casos, aparece como principal objetivo la garantia de la salud de la
poblacién, por lo que la mejora en la red de control y de la informacién
hidrogeoldgica se sitla en la base de los procesos de gestidén y control.

Recientemente, en el marco de la Union Europea, se han planteado una serie de
estrategias frente a la contaminacién difusa por nitratos en linea con la Estrategia
de Biodiversidad para 2030, en el marco del Pacto Verde Europeo, que
contribuyen a abordar el problema. Entre sus objetivos, estas estrategias
incluyen conseguir el objetivo de «contaminacion cero» en relacion a los flujos
de nitrégeno procedentes de fertilizantes, garantizando al mismo tiempo que las
tierras de cultivo no pierdan fertilidad (CE, 2020). Para ello, se plantea la
reduccion minima del 20 % en el uso de fertilizantes, que implicarian una
reduccion del 50 % en las pérdidas de nutrientes. Estas medidas tienen que
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basarse en la ejecucion plena de la legislacion medioambiental pertinente,
informando a los Estado miembros las reducciones de los aportes de nutrientes
que son necesarias, siempre basado en una fertilizacién equilibrada y una
gestidon sostenible de la fertilizacion durante todo el ciclo de vida del nitrogeno.
Dichos objetivos deben alcanzarse antes de finales de 2030, mientras que el
limite determinado por la Directiva Marco del Agua para alcanzar los objetivos
ambientales en las masas de agua se establece a finales de 2027.

De esta forma, tanto en la Estrategia de Biodiversidad para 2030 de la Union
Europea como en el Pacto Verde Europeo, se apuesta por la implementacion de
practicas sostenibles, como el fomento de técnicas agricolas que contribuyan a
la sostenibilidad de la naturaleza y de la agricultura a largo plazo. Para ello, la
colaboraciéon de administraciones y agricultores es esencial, asi como la
obtencién de informacion fiable a través de redes de control y seguimiento.

4. Informacién hidrogeoldgicay evaluacién del riesgo

La informacién hidrogeologica es fundamental para cualquier estudio que incluya
la evaluacion del riesgo de contaminacion de las aguas subterrdneas. Ademas,
también es un requisito para el establecimiento de las condiciones iniciales de
funcionamiento y en la construccion del modelo conceptual en la implementacion
de modelos hidrogeoldgicos que simulen el funcionamiento del sistema.

La modelizacién hidrogeologica se emplea ampliamente como una herramienta
adicional en el estudio y el andlisis de la sostenibilidad ambiental y el riesgo (De
Schepper et al., 2014; Gordzynskyi y Svidzinska, 2017). La capacidad que tienen
los modelos de simulacion hidrogeoldgica para reconstruir situaciones pasadas
y representar escenarios actuales es muy Util para simular escenarios futuros en
los que las condiciones climaticas y de gestion hidrica serian diferentes.

Estos modelos acoplados de flujos subterraneos se construyen a partir de los
datos obtenidos en campafias de muestreo, con la instalacion de equipos
distribuidos por la extension de la masa de agua que se quiere estudiar (De
Schepper et al., 2014). No obstante, la informacion de partida también puede
fundamentarse en los datos de las redes de control de organismos publicos e
instituciones encargadas de la gestion y el control de los recursos hidricos
subterraneos y superficiales, las cuales suelen ofrecer series de datos
suficientemente largas y robustas (Cannata et al., 2017). Estas redes tienen
como objeto principal el diagndstico de las masas de agua, cumpliendo con lo
establecido en las Directivas de la Uniébn Europea relativas al control,
seguimiento y proteccion de las aguas subterraneas.
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La dependencia de la poblacién de los recursos hidricos subterraneos y la
proteccion para garantizar su calidad estad estrechamente relacionada con la
implementacion de evaluaciones ambientales que incluyan el analisis del riesgo,
que analizan su naturaleza y determinan sus niveles (Lacasse, 2013). Esta
evaluacion se basa en el analisis de los componentes del riesgo, que incluyen
los peligros o amenazas, la vulnerabilidad del medio y la presencia de elementos
gue puedan estar expuestos y sean dependientes, y proporciona las bases para
llevar a cabo medidas de proteccion de las aguas subterraneas (Daly et
al., 2004).

La evaluacion ambiental del riesgo de contaminacidn se sustenta sobre
informacion de todo tipo, tanto hidrogeoldgica, como geoldgica, topografica,
edafica, geomorfoldgica y relativa al uso del suelo. Ademas, se complementa
con datos socioeconOmicos Y territoriales que permiten incluir una vision holistica
del territorio y un analisis integral y completo de la zona de estudio.

Tradicionalmente, la evaluacion del riesgo de contaminacion de las aguas
subterraneas sigue un enfoque en el que se analiza el origen del contaminante,
el medio por el que es transportado, y el acuifero en el que se deposita 0 que se
ve afectado (Zaporozec, 2004). En esta linea, la informacion proporcionada por
los modelos hidrogeoldgicos, como el funcionamiento regional y local de los
acuiferos, las direcciones de flujo, o las condiciones intrinsecas de los mismos
(espesor, profundidad, litologia, etc.) son condicionantes fundamentales para
explicar la vulnerabilidad intrinseca de la zona, condicionando, por tanto, la
valoracion resultante del riesgo. Asi lo reflejan los humerosos indices creados
para la clasificacion de la vulnerabilidad intrinseca de los acuiferos a la
contaminacion: DRASTIC (Aller et al. 1987), EPIK (Doerfliger et al. 1999), GOD
(Foster et al. 2002), COP (Vias et al., 2006), LU-IV (Arauzo, 2016), etc., los
cuales se basan en las caracteristicas intrinsecas de los acuiferos y su entorno.
También destacan otros indices especificos para ciertos contaminantes, como
los nitratos, entre los que cabe mencionar el indice NLHI (Birkle et al., 2005), el
NHI (O’Geen et al., 2020) o el VINAS (Rebolledo et al., 2016).

De esta forma, la integracion de un modelo hidrogeoldgico del funcionamiento
de las aguas subterraneas y su complementacion con un analisis integral del
riesgo pueden ser utilizados para el desarrollo de una metodologia dirigida a
evaluar la sostenibilidad ambiental del territorio, a la vez que se abordan las
actuales carencias, necesidades y retos para una gestion eficaz del riesgo de
contaminacion en las aguas subterraneas.
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5. Carencias, necesidades y retos para una gestion eficaz del riesgo de
contaminacién de las aguas subterraneas.

El estudio del riesgo de contaminacion de las aguas subterraneas tiene un
enfoque eminentemente aplicado, teniendo como principal objetivo y utilidad su
uso por parte de cientificos y autoridades competentes para gestionar y prevenir
escenarios potenciales de contaminacion con repercusiones territoriales sobre la
poblacién o la naturaleza. En los ultimos afios, los estudios de peligrosidad,
vulnerabilidad y riesgo se han convertido en una de las herramientas més utiles
para la prevencion y el control de la contaminacioén de las aguas subterraneas
(Foster et al., 2002; Shrestha et al., 2016).

En este contexto, los aspectos relativos a la prevencion presentan una serie de
deficiencias que tienen como consecuencia la ineficacia de las medidas y los
programas implementados. Al analizar las causas de esas deficiencias, se
observa que muchas de ellas tienen que ver con una mala conceptualizacion de
base tanto de los métodos para cartografiar y delimitar peligrosidad,
vulnerabilidad y riesgo, tal y como han observado autores como Arauzo (2016),
y se muestra en esta tesis (Capitulo VII). A este respecto, la voluntad integradora
de los indices de peligrosidad y vulnerabilidad tiende a infravalorar ciertos usos
y actividades al compararlas con otras cuya nocividad es mayor. Este es el caso
de la agricultura, tal y como se analiza en los capitulos VI y VII, de forma que
ciertas actividades se consideran como mas peligrosas a pesar de su menor
probabilidad de ocurrencia, mientras que zonas agricolas en las que existe un
flujo casi constante de contaminante tienen un rango inferior. Ademas, en el caso
de los indices de peligrosidad, la cuantificacion del contaminante potencialmente
emitido es compleja en fuentes de contaminacion difusa, que sin embargo han
de ser clasificadas en los mismos rangos que las fuentes puntuales.

Por otra parte, las causas de las deficiencias en la implementacién de las
medidas también tienen su base en la erronea conceptualizacion al definir las
unidades de diagnéstico en las que fundamentar la prescripcion de medidas
correctas de gestion, es decir, en una incorrecta delimitacion de las Zonas
Vulnerables a Nitratos. Esta misma idea ha sido apoyada por autores como
Arauzo et al. (2011) o Arauzo y Martinez-Bastida (2015), que han abordado las
consecuencias de una incorrecta delimitacion de dichas zonas de proteccion.

Tal y como se recoge en la legislaciébn europea y espafiola aprobada en los
altimos afios, la necesidad de mejorar la eficacia en la gestion del riesgo de
contaminacion de las aguas subterraneas se erige como un reto a alcanzar por
parte de los paises miembros, apoyados en los organismos competentes y con
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la colaboracion de los trabajos técnicos y de investigacion desarrollados en
diferentes zonas de estudio. No en vano, en muchos casos, la falta de eficacia
de las medias y las normas impuestas esta relacionada con la falta de control del
complimiento de la legislacién. A nivel europeo, a pesar del solido marco
legislativo en materia medioambiental, se ha observado que su aplicacion sobre
el terreno sufre recurrentes retrasos (CE, 2020). Por lo tanto, la UE, en el marco
de la Estrategia de la UE sobre la biodiversidad de aqui a 2030, se marca como
objetivo reforzar la aplicacién y el control del cumplimiento de su legislacién, a
través de la estrecha colaboracion con los Estados miembros, pero también con
las agencias medioambientales y las administraciones competentes,

De esta forma, las metodologias presentadas en los siguientes capitulos de esta
tesis pretenden, entre otras cosas, favorecer la implementacion y el control de la
legislacion comunitaria en materia de contaminacion de aguas subterraneas a
través a una mejor evaluacion del riesgo de contaminacion de las aguas
subterraneas, la cual conlleve a una mejor delimitacion de las areas a gestionar.

6. Objetivos de la investigacion

En el contexto presentado, se intenta responder a las siguientes preguntas de
investigacion:

- ¢Como funciona hidrogeologicamente el sistema acuifero de Gallocanta?
¢, Coémo influye el modelo hidrogeoldgico en el riesgo de contaminacion (o
en la trasmision de contaminantes)?

- ¢Cbmo ha evolucionado la calidad del agua en el sistema en el pasado
en distintos escenarios de uso del suelo? ¢Cual es el estado de
contaminacion del sistema en la actualidad?

- ¢Qué factores son determinantes del riesgo de contaminacion de las
aguas subterraneas en entornos rurales?

- ¢Son los métodos de evaluacion y cartografia de los distintos
componentes del riesgo de contaminacién de las aguas subterraneas
mejorables? ¢ Qué carencias presentan?

- ¢Qué mejoras deben realizarse para abordar el riesgo de contaminacién
de las aguas subterraneas con una perspectiva integrada que permita una
gestion mas eficaz del problema?

Para responder a dichas preguntas, el objetivo principal de esta tesis fue estudiar
el funcionamiento hidrogeolégico del sistema de Gallocanta, y la evolucion
espacio-temporal del estado de contaminacion de sus aguas subterrdneas como
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punto de partida para proponer un procedimiento de evaluacion integral del
riesgo de contaminacion, especialmente por nitratos de origen agrario, afin a un
modelo territorial rural. Dicho andlisis integral del riesgo incluye la evaluacién
pormenorizada de sus componentes: peligrosidad, vulnerabilidad y exposicion.

Los objetivos parciales, los cuales han sido tratados en las diferentes
publicaciones que componen la base principal de esta tesis han sido:

- Revisar y ampliar el modelo de funcionamiento hidrogeol6gico de la
cuenca de Gallocanta, para lo cual ha sido necesario realizar una revision
geoldgica de la zona con el objetivo de mejorar la informacion existente y
gue sirviera de soporte inicial para el modelo conceptual del nuevo modelo
hidrogeologico (Capitulos 111y 1V)

- Analizar la evolucién y las tendencias en los niveles de contaminacion por
nitratos de la masa de agua subterranea de Gallocanta en distintos
escenarios de usos del suelo (Articulo 1; Capitulo V)

- Examinar las propuestas metodoldgicas existentes para el analisis de la
peligrosidad de contaminacién de las aguas subterraneas y detectar sus
carencias. Evaluar e inventariar las posibles fuentes potenciales de
contaminacion en la cuenca de Gallocanta (Articulo 2; Capitulo VI).

- Desarrollar e implementar una metodologia especifica revisada para
cartografiar la peligrosidad de contaminacion de las aguas subterraneas
por nitratos de origen agrario, y aplicarla en la masa de agua subterranea
de Gallocanta (Articulo 3; Capitulo VII).

- Revision metodoldgica de evaluacion de la vulnerabilidad del medio
humano a la contaminacién de las aguas subterraneas, y aplicacion a la
masa de agua subterranea de Gallocanta (Articulo 4; Capitulo VIII)

- Realizar una propuesta para la evaluacién integral del riesgo de
contaminacion de las aguas subterraneas a los nitratos de origen agrario.
Aplicacion en la masa de agua subterranea de Gallocanta (Articulo 5;
Capitulo 1X).

Todos los capitulos que componen esta tesis se han llevado a cabo en la misma
zona de estudio. El hilo conductor que los une es la mejora de los métodos de
evaluacion cartografica del riesgo de contaminacién de las aguas subterraneas,
para la obtencion de mapas prescriptivos y preventivos mas eficaces en la
gestion del problema. Se ha pretendido, como conjunto, obtener una vision
holistica del funcionamiento hidrogeoldgico del sistema, asi como de su estado
ambiental.
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I. Area de Estudio

1. Localizacién geografica

La zona de estudio es la cuenca hidrografica de la laguna de Gallocanta, entre
las provincias de Zaragoza, Teruel (ambas en Aragén), y Guadalajara (en
Castilla-La Mancha). Se trata de una cuenca endorreica de 540 kmz?, en el limite
suroccidental de la cuenca hidrogréafica del rio Ebro, la cual ocupa la mayor parte
del cuadrante nororiental de la peninsula ibérica (Figura 2.1). Una de las
caracteristicas principales de la zona de estudio es la diferente extension de la
cuenca superficial y la cuenca subterranea, siendo esta ultima una cuenca de
223 km2 y estando practicamente comprendida en su totalidad dentro de la
cuenca superficial (CHE, 2003).

La cuenca de Gallocanta se encuentra en la zona de confluencia de las ramas
aragonesa y castellana del Sistema Ibérico, y su altitud oscila entre 990 msnm
en su parte mas baja, y los 1.400 msnm de las cotas mas altas, en las sierras de
Santa Cruz, en el limite nororiental, y en la Sierra de Caldereros y Menera, al
sur. Sin embargo, el terreno es mayoritariamente plano, limitAndose las mayores
pendientes a las zonas de montafia que conforman los bordes de la cuenca. En
la cuenca se desarrolla un complejo lagunar endorreico, pudiéndose observar
numerosas lagunas de tamario variable, no obstante, en la parte mas baja de la
zona de estudio, como es caracteristico en cuencas endorreicas, se encuentra
la mayor de ellas, la laguna de Gallocanta. Se trata de la laguna salada mas
grande de Europa, con una extension de 19,2 km?, 7,7 km de longitud en su parte
mas larga y 2,8 km en su parte mas ancha, y su orientacion es noroeste-sureste.

Desde un punto de vista hidrologico, existen una red de barrancos y arroyos con
un marcado cardcter estacional que alimentan a la laguna y que tienen su origen
en los bordes montafiosos nororientales (Sierra de Santa Cruz - Valdelacasa) y
suroccidental (Sierra Menera). Estos barrancos Unicamente se activan cuando
las precipitaciones superan un umbral, y en la mayoria de ocasiones, debido a
la poca pendiente del terreno, el agua se infiltra antes de alcanzar la masa de
agua de la laguna. Los principales barrancos son el barranco del Royo y la
Acequia Madre, que nacen en la Sierra de Santa Cruz - Valdelacasa, y la rambla
de Pozuelos, que nace en la Sierra de Menera. Dado que las precipitaciones son
el principal aporte de agua en la cuenca, al igual que ocurre con la red de
barrancos, la laguna de Gallocanta tiene un marcado caracter estacional, y a lo
largo de la historia ha alternado épocas de sequia con periodos humedos
(Losada, 2005; Galvan, 2011).
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Figura 2.1. Localizacion y topografia de la cuenca de Gallocanta

2. Clima

El clima de la zona de estudio puede clasificarse como Mediterraneo semiarido,
con una fuerte influencia altitudinal y continental. A partir de los datos recogidos
por la Agencia Estatal de Meteorologia (AEMET) en las estaciones del entorno
de Gallocanta, la precipitacion media anual para el periodo 1950-2018 fue de
alrededor de 440 mm, encontrandose el maximo de precipitacion en primavera 'y
otofio. El resto del afo, las precipitaciones son escasas, especialmente en
verano, cuando se producen en forma de fuertes tormentas (Figura 2.2) que
suelen ir acompafadas de granizo, y en invierno, cuando caen en forma de
nieve.
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Por su parte, la temperatura media es de 11,6 °C, existiendo una gran amplitud
térmica, debido al caracter continental de la zona y a la influencia de la altitud.
En verano, las temperaturas pueden alcanzar hasta 40 °C, mientras que en
invierno se han observado minimas de hasta -25 °C en localidades como Bello.

Ademas, la zona se encuentra frecuentemente bajo la influencia de un viento
moderado y fuerte de componente noroeste y norte, conocido en toda la regiéon
como cierzo, que puede alcanzar velocidades constantes de hasta 90 km/h.
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Figura 2.2. Diagrama ombrotérmico de Gallocanta para el periodo 1950-2018.

3. Geologia

El origen de la cuenca endorreica de Gallocanta fue propuesto por Gracia et al.
(1999). Dicho origen es fundamentalmente morfolégico, debido a la erosién
karstica sobe los materiales mesozoicos del borde occidental y suroccidental
durante el Mioceno superior y el Plioceno. Esta erosion se desarrolld
verticalmente afectando a rocas carbonatas y solubles, sin embargo, cuando
alcanz6 los materiales insolubles de edad tridsica (Keuper), empezé a
desarrollarse de forma lateral u horizontal, sobre las superficies de erosion de
las mismas rocas carbonatadas cretacicas y jurasicas que se encontraban sobre
el Keuper, dando lugar a un polje (Gracia et al., 1999).

Esta evolucidén de la cuenca es simultanea al desarrollo de otras formas de
erosién sobre materiales mesozoicos que dieron lugar a formas karsticas como
dolinas o sumideros que pueden actuar como lagunas temporales de tamafo
variable (conocidas en la zona como «navajos»). De hecho, en general, la
cuenca de Gallocanta puede considerarse como un complejo multilagunar en el
que la laguna de Gallocanta es la masa de agua de mayor entidad, pero existen
otras de menor entidad en su misma cuenca, como las lagunas de Guialguerrero

17



Hydrogeology Assessment and Groundwater Risk Analysis of Nitrate Pollution in the Gallocanta Basin (Spain)

o la Zaida, asi como multitud de navajos y lagunas de poca extension y forma
redondeada, la mayoria de ellas de agua dulce. La evolucién de la cuenca
endorreica también implica la acumulacién de sedimentos y depésitos en las
zonas mas bajas, arrastrados por los barrancos del entorno, y donde se localizan
las lagunas. Esto favorece la acumulacion de dichos materiales, formando
abanicos aluviales, conos de deyeccion y otras formas de sedimentacion fluvial
en los bordes lagunares, especialmente en el entorno la laguna de Gallocanta.

Desde un punto de vista estratigrafico, se observan una serie de rocas que van
desde los materiales paleozoicos ordovicicos hasta los sedimentos lagunares
del holoceno. Los materiales paleozoicos se limitan a las zonas montafiosas del
borde oriental de la cuenca, en las Sierra de Pardos, Santa Cruz y Valdelacasa.
Son materiales profundamente metamorfizados y fracturados, de naturaleza
pizarrosa-cuarcitica, pudiendo observarse varias formaciones: Borrachon, Deré,
Santed, Cuarcita Armoricana y Alternancia Inferior (CHE, 2003; Hernandez et al.,
1980; Olivé et al., 1980, Portero y Del Olmo, 1981).

En algunas zonas del sector occidental de la cuenca se disponen materiales
terciarios aislados entre si, en estructuras sinclinales sobre rocas cretacicas vy,
esporadicamente, sobre jurasicas, dado su caracter discordante (CHE, 2003).
Desde un punto de vista hidrogeolégico, el terciario es esencialmente
impermeable en sus facies mas lutiticas, excepto si se encuentra sobre facies
conglomeradas, como los materiales paledgenos, donde puede dar lugar a
pequefios acuiferos.

Durante el Holoceno comienza la acumulacion de sedimentos en el fondo de la
laguna (Pérez, 2015). En dicho fondo, formado principalmente por arcillas y
margas, precipitan sales, carbonatos y sulfatos, que provocan la hipersalinidad
de las aguas de la laguna, a pesar de que los aportes hidricos sean de agua
dulce. Estos sedimentos son de edad cuaternaria y ocupan casi toda la parte
central de la cuenca (Luzon et al., 2007), entre los materiales paleozoicos del
borde oriental (Sierra de Santa Cruz-Valdelacasa), y los afloramientos
mesozoicos de la mitad mas occidental. Desde un punto de vista hidrogeoldgico,
estos conforman una unidad con caracteristicas comunes, conocida como
acuifero cuaternario de Gallocanta, que permite su explotaciébn en pequefas
cantidades para usos agricolas o ganaderos.

La mitad occidental de la zona de estudio esta principalmente constituida por
materiales y estructuras cretacicas, pertenecientes a las estribaciones
meridionales del Sistema Ibérico, y a una serie de plataformas carbonatadas, en
las que destacan los conjuntos dolomiticos de Villa de Vés, Ciudad Encantada y
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Pantano de la Tranquera. Estos conjuntos presentan una intensa karstificacion,
por lo que pueden catalogarse como materiales de alta permeabilidad en la zona
de estudio.

Las caracteristicas geoldgicas y estructurales de la cuenca de Gallocanta y su
entorno se describen con mayor profundidad en el Capitulo Ill, dedicado en
exclusiva a la revisiébn geoldgica de la zona y al desarrollo de un modelo
geoldgico tridimensional.

Desde un punto de vista hidrogeolégico, la masa de agua subterranea de
Gallocanta (en adelante, MAS de Gallocanta) es un sistema multicapa,
compuesto por varios acuiferos con diferentes caracteristicas, pero conectados
entre si. Los acuiferos mas importantes son el ya mencionado acuifero
cuaternario de Gallocanta, que funciona como un acuifero libre, ocupa la parte
baja de la cuenca y los alrededores de la laguna de Gallocanta y esta formado
por materiales de relleno como arenas, depdsitos aluviales, y sedimentos
lacustres; y el acuifero mesozoico, compuesto por materiales con diferentes
caracteristicas hidrodinamicas, y en el que se pueden diferenciar calizas y
dolomias del Muschelkalk que se extienden a los pies de las sierras de Pardos,
Santa Cruz y Valdelacasa, materiales dolomiticos y calizas del Jurasico, arenas
de la facies Utrillas y calizas y margas del cretacico superior (CHE, 2016). Las
caracteristicas y el funcionamiento hidrogeoldgico del sistema son explicadas en
profundidad en el Capitulo 1V, en el que se muestra un modelo hidrogeoldgico.

4. Agronomia

Desde hace décadas, la mayor parte de la superficie de la cuenca de Gallocanta
ha estado ocupada por cultivos extensivos de secano. Estos cultivos se
extienden por las amplias zonas practicamente planas que ocupan la zona
central de la cuenca, asi como por los piedemontes en los sectores oriental,
septentrional y meridional. La superficie arable ha permanecido relativamente
constante desde hace décadas, alrededor de los 360 km2 (Corine Land Cover),
estando mas de un 95 % dedicada al cultivo extensivo de secano y a pastos.

Los principales cultivos extensivos de secano en la zona son los cereales de
invierno (trigo, cebada, centeno), cultivos forrajeros como la alfalfa, y el girasol.
Por otra parte, también existen zonas de regadio, alrededor de unos 4,5 km?, en
los que se producen trigo, cebada y patata, apareciendo también pequefas
extensiones de maiz. La técnica mas comun es el riego por aspersion, la mayor
parte de las parcelas de regadio se localizan en la parte suroriental de la laguna,
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en los municipios de Las Cuerlas, Bello y Torralba de los Sisones y son regadas
con agua proveniente de los acuiferos cuaternario y mesozoico.

En los ultimos afos, varios de los municipios en la cuenca han llevado a cabo
reestructuraciones de sus campos de cultivo a través de concentraciones
parcelarias (Las Cuerlas en 2019; Bello en 2019; Gallocanta en 2020), lo cual ha
llevado aparejado un cambio en la superficie de regadio que debe ser observado
y analizado en un futuro cercano.

Respecto a la actividad ganadera, las actividades de ganaderia extensiva estan
en franco declive desde hace décadas, permaneciendo de forma esporadica en
algunos puntos, relacionadas principalmente con cabafias ovinas de pequefio
tamafo que pastan en la zona de estudio durante todo el afio. Simultaneamente,
en los ultimos afios han proliferado granjas de ganado porcino en varios
municipios de la zona de estudio. El tamafio de dichas granjas es variable,
oscilando desde unas decenas de cabezas de ganado, a cientos de ellas, y
siendo Torralba de los Sisones, Bello y Cubel los municipios en los que el nUmero
de explotaciones es mayor.

5. Problemas ambientales en la cuenca de Gallocanta

En 1991, la Union Europea aprobo la Directiva de Nitratos (91/676/EEC) con el
objetivo de proteger las masas de agua subterraneas y superficiales de la
contaminacion causada por los nitratos de origen agrario. En dicha Directiva se
establece una concentracion de 50 mg/L como el limite para declarar una masa
de agua como afectada. Para la proteccién y mitigacion de los dafios en las
masas de agua, la Directiva insta a los paises miembros a declarar areas de
proteccion, llamadas Zonas Vulnerables a la contaminacion por Nitratos (ZVN).
Estas pueden definirse como aquellas zonas que drenen sus aguas a una masa
de agua contaminada o en riesgo de estarlo, contribuyendo asi a la
contaminacion de dichas aguas (EEC, 1991). En estas areas, los paises estan
obligados a implementar programas de control, mitigacion y recuperacion con el
objetivo de reducir la contaminacion en la masa de agua en cuestion. Estos
planes son revisados y actualizados al menos cada 4 afios. Ademas, siguiendo
la Directiva de Nitratos, tienen que aprobarse cédigos de buenas practicas
agricolas, aunque su cumplimiento por parte de los agricultores es voluntario,
por lo que no siempre son efectivos.

A nivel nacional, la transposicién de la Directiva de Nitratos fue implantada en
Espafia con la aprobacién del Real Decreto 261/1996, de 16 de febrero, sobre
proteccion de las aguas contra la contaminacion producida por los nitratos
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procedentes de fuentes agrarias. Recientemente, dicha normativa ha sido
actualizada y ampliada a través del Real Decreto 47/2022, de 18 de enero, sobre
proteccion de las aguas contra la contaminacién difusa producida por los nitratos
procedentes de fuentes agrarias. Este decreto tiene su razén de ser en la
necesidad de conseguir una respuesta mas contundente al problema de la
contaminacion difusa en el territorio espafiol, en base a los pobres resultados
obtenidos hasta el momento contra este problema, lo que ha conllevado
advertencias y sanciones a Espafia por parte de la Comisién Europea, llegando
a denunciarla ante la Corte de Justicia de la Union Europea por la insuficiente
implementacion de la Directiva de Nitratos.

Siguiendo la Directiva de Nitratos y el Real Decreto 261/1996, en 1997, parte de
la masa de agua subterranea de Gallocanta (Unidad Hidrogeoldgica n° 09.44)
fue la primera masa de agua declarada como afectada en Aragon, y ligada a ella,
la primera ZVN, junto con la Unidad Hidrogeologica n® 09.37 Jalén-Huerva (BOA,
1997). Desde entonces, se han sucedido cinco programas de actuacion (2000,
2005, 2009, 2013, y 2021) incluyendo actualizaciones de las superficies
protegidas y cambios en las practicas de fertilizacion, pero la situacion actual de
los acuiferos que componen la masa de agua de Gallocanta sigue lejos de
alcanzar los niveles de concentracion recogidos en la legislacion.

A este respecto, la situacion se ve agravada por el caracter endorreico de la
cuenca y sus caracteristicas climaticas (clima semi-arido mediterraneo), que
hacen que la zona sea especialmente vulnerable a la contaminacion debido a las
bajas precipitaciones, la alta evaporacion y la lenta tasa de renovacion del agua
(Schatt, 1998).

La proteccion de las aguas subterraneas en la masa de agua subterranea de
Gallocanta adquiere una mayor relevancia dado el alto valor ambiental y
ecoldgico de la zona. No en vano, la proteccién ambiental en la laguna y su
entorno se ve ampliada por diferentes figuras de proteccidon centradas en
salvaguardar su calidad ambiental, ecologica y paisajistica. Desde 2006, la zona
se encuentra reconocida como Reserva Natural Dirigida (Ley 11/2006, del
Gobierno de Aragén). Ademas, tanto la laguna como su area circundante estan
reconocidas como Humedal Ramsar y Zona de Especial Proteccion para las
Aves (ZEPA), estando también incluida en la red Natura 2000.

Dadas sus caracteristicas y su localizacion, el entorno de la laguna de Gallocanta
emerge como un punto de paso clave en la migracion de ciertas especies de
aves, siendo la mas emblematica de ellas la grulla coman (Grus grus).
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11l. MODELO GEOLOGICO 3D

Resumen

Los modelos geoldgicos tridimensionales representan la geologia sub-superficial
a partir del desarrollo de estructuras geoldgicas en 3D como una extension de
los mapas geoldgicos.

Los objetivos de este capitulo han sido actualizar la informacién geoldgica previa
de la cuenca de Gallocanta a partir de la ampliacion del area de estudio y el
desarrollo de un modelo tridimensional.

El objetivo final ha sido obtener un modelo geoldgico tridimensional que mejore
el conocimiento del modelo conceptual de funcionamiento hidrogeolégico de la
cuenca, de forma que pueda servir para posteriormente desarrollar un modelo
hidrogeoldgico de la zona de estudio.

Se ha digitalizado y georreferenciado un gran volumen de informacion geolégica
de diferentes fuentes y se ha construido el modelo tridimensional en MOVE 2017.

El resultado obtenido muestra la efectividad de los andlisis tridimensionales
como herramientas para la reconstrucciéon geoldgica de areas complejas, por lo
gue la creacion de un modelo geoldgico tridimensional puede servir de base para
futuras investigaciones geoldgicas e hidrogeoldgicas abordadas en capitulos
posteriores.
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I1l. Modelo Geolégico 3D

1. Introduccién

Los modelos tridimensionales muestran la geologia sub-superficial a través de la
reconstruccioén tridimensional de las estructuras geoldgicas como una extension
de los mapas geologicos (Wellmann et al., 2019). En las ultimas décadas, la
cartografia y la modelizacion (geomodelizacion) tridimensional se ha
desarrollado profusamente como una herramienta para definir de forma precisa
las condiciones sub-superficiales (Turner y Gable, 2007), y dicho desarrollo ha
sido posible gracias a las mejoras tecnoldgicas e informaticas (Berg y
Thorleifson, 2001). Los modelos tridimensionales se usan para solventar las
incertidumbres relacionadas con aspectos medioambientales y antropogénicos,
especialmente desde una perspectiva econdémica (Haldar, 2018), y han
demostrado su utilidad en campos como la prospeccion de hidrocarburos
(Zhuang, 2013), la exploracion de geologia estructural y tectonica (Thornton et
al., 2018), la creacion de catalogos con la localizacion de terremotos (Béthoux et
al., 2016) o el uso sostenible de las aguas subterraneas y su proteccion (Berg y
Thorleifson, 2001; Artimo et al., 2003; Turk et al., 2015). Recientemente, la
modelizacion también ha contribuido a afrontar problematicas ambientales y de
infraestructuras, como el almacenamiento de residuos radiactivos (Mont Terri
Project, 2017) o la construccion de grandes infraestructuras (Vanneschi et al.,
2014).

En relacion a la gestion de las aguas subterraneas, la geomodelizacion ha sido
ampliamente utilizada como input en la modelizacion numérica (Jgrgensen et al.,
2015) para estimar los recursos subterraneos (Hassen et al., 2016) y fomentar
su sostenibilidad y proteccion (Ross et al., 2005; Howahr, 2016), asi como para
simular los flujos y las direcciones de las aguas subterraneas (Ballesteros et al.
2015; Malard et al., 2015). Ademas, ofrecen informacién fundamental para la
modelizacidon de instalaciones de aprovechamiento geotermal de las aguas
subterraneas (Guglielmetti et al., 2013; Zhu et al., 2020).

Kessler et al. (2007) subrayan que un modelo geoldgico robusto es esencial para
entender el marco hidrogeolégico de una zona, siendo la base sobre la cual se
desarrolla un buen modelo hidrogeoldgico. Por su parte, Robins et al. (2005),
también sefalan que el marco geologico y el modelo conceptual de los recursos
hidricos subterraneos deberian ser analizados de forma conjunta para prevenir
errores e incongruencias entre la estructura geologicay la hidrogeologia. De esta
forma, el exceso de simplificacion de las estructuras geoldgicas en los modelos
de aguas subterraneas puede llevar a resultados irreales y conclusiones poco
fiables (Kessler et al., 2007), por lo que cuanto mayor sea la precision de la
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descripcion geologica usada como informacion de entrada en la modelizacion,
mejores seran los resultados que se obtengan.

Una parametrizacion geolégica detallada de un area no solo consiste en la
descripcion de las estructuras geoldgicas, pliegues, y fallas, sino que también
incluye la distribucién, espesor, extension, estratigrafia y sedimentologia de los
materiales (Artimo et al., 2003). El objetivo de dicha parametrizacion geoldgica
es ofrecer una imagen lo mas detallada posible de la geologia sub-superficial, y
un modelo geoldgico conceptual que sea fiable y pueda ser utilizado para la
investigacion y la gestion territorial.

Como se ha descrito en el capitulo anterior, la zona de estudio incluye la mayor
parte de la cuenca endorreica de la laguna de Gallocanta. El area es
fundamentalmente plana, lo que favorece el desarrollo de masas de agua
efimeras de tamafo variable en aquellas partes donde el sustrato rocoso es
impermeable. Este es el caso de la laguna de Gallocanta, que se encuentra en
la parte méas baja de la cuenca, pero también de otras masas de aguas de menor
tamafo que proliferan en la zona.

Las caracteristicas geoldgicas de la cuenca de Gallocanta han sido estudiadas
en las ultimas décadas por varios autores. Villena (1969) elaboré el primer mapa
geoldgico de la zona, y el Instituto Geoldgico y Minero de Espafia (IGME)
cartografié la geologia de la zona en el marco del proyecto MAGNA (Bascones
y Martin, 1979; Del Olmo y Portero, 1980; Herndndez et al., 1980a, 1980b; Olivé
et al., 1980, Portero et al., 1980).

En los siguientes afios, los estudios geologicos se centraron en aspectos
geomorfolégicos y sedimentarios (Gracia, 1990a, 1990b, 1992, 1995; Schiitt,
1998, Luzon et al, 1999; Pérez et al., 1999). Estos trabajos siguieron la
interpretacion geoldgica propuesta por Hernandez y Aranegui (1926) y Dantin
(1941), que consideraron la depresién de Gallocanta como un graben
desarrollado por la actividad de una falla localizada en el limite noreste de la
cuenca. Esta interpretacion fue refutada por Gracia et al. (1999), quién probo que
la cuenca era un gran polje karstico controlado estructuralmente y desarrollado
por la disolucion de las rocas carbonatadas durante el Pleistoceno Superior.
Segun esta interpretacion, la disolucion vertical ces6 cuando alcanzé el sustrato
impermeable tridsico que se extiende bajo los materiales carbonatados,
momento en el que empezo6 a extenderse horizontalmente (Gracia et al., 1999),
favoreciendo el desarrollo de masas de aguas como la laguna de Gallocanta. La
laguna se form6 hace unos 12.200 afios, en el Pleistoceno (Burjarchs et al.,
1996) y su evolucion ha sido analizada a partir del estudio de los sedimentos
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lagunares y de la morfologia de las terrazas perilagunares (Schdtt, 2000; Pérez
et al., 2002; Mayayo et al., 2003, Luzén et al., 2007, Castafieda et al., 2015).

En 2003, la Confederacion Hidrografica del Ebro (CHE) publicé una descripcion
geoldgica detallada de la zona de estudio (CHE, 2003). Dicho estudio incluia
toda la informacién geoldgica, hidrogeoldgica y geomorfoldgica disponible hasta
el momento, asi como otros datos ambientales, que sirvieron para crear un
amplio y detallado modelo hidrogeolégico de la cuenca. En ese trabajo, los
autores desarrollaron un nuevo mapa geoldgico que incluia ocho cortes
geoldgicos perpendiculares a la orientacion del Sistema Ibérico (NO-SE),
localizados en la parte central de la cuenca.

A pesar de la existencia de algunas incertidumbres y dudas estructurales, el
trabajo de la CHE puede considerarse como el estudio mas exhaustivo llevado
a cabo en la zona desde una perspectiva geologica, hidrogeoldgica y ambiental.
Sin embargo, después de veinte afios, algunos datos pueden ser actualizados.
Por lo tanto, el objetivo de este capitulo es proponer una mejora del modelo
anterior a partir de (1) la revision y la extension de la zona modelizada a la mayor
parte de la cuenca de Gallocanta, y (2) el desarrollo de un nuevo modelo
geoldgico tridimensional utilizando un software especifico. Finalmente, el
objetivo principal es obtener un modelo geoldgico detallado que permita
desarrollar una mejor comprensioén conceptual del sistema hidrogeologico de la
cuenca, y que sirva de base para la construccion de un modelo hidrogeolégico
de detalle.

2. Materiales y métodos

El modelo geoldgico desarrollado esta basado en el modelo previo desarrollado
por la CHE y en la cartografia geolégica MAGNA y GEODE publicada por el
IGME. Como parte de la modelizacion geoldgica se ha creado un mapa geolégico
a escala 1:12.500, aunque en este capitulo se muestra a menor escala para
facilitar la visualizacion. Dicho mapa se ha construido a partir de la combinacion
de trabajo de campo, los mapas geolégicos MAGNA (Bascones y Martin, 1979;
Del Olmo y Portero, 1983; Hernandez et al., 1980a, 1980b; Olivé et al., 1980;
Portero et al., 1980), la cartografia GEODE del IGME (Lopez Olmedo et al.,
2021), y el mapa a escala 1:25.000 desarrollado para el modelo hidrogeolégico
elaborado por la CHE (2003). Ademas, estos mapas han sido revisados y
corregidos a partir del trabajo de campo. Una vez dispuesta toda la informacién
recopilada, esta ha sido digitalizada y georreferenciada en un Sistema de
Informacidon Geogréfica, y la informacion de sondeos de la red oficial de la CHE,
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asi como otra informacién estructural (p.ej. pliegues, fallas, etc.) también ha sido
incluida para complementar la informacion geoldgica.

Con el objetivo de sintetizar y simplificar la informacion, los datos geoldgicos se
han dividido en ocho unidades cartograficas, caracterizadas por su similitud
litol6gica y sus parametros hidrogeol6gicos. En cuanto a los cortes geoldgicos,
se han utilizado los mismos cortes usados en el modelo previo desarrollado por
la CHE (C1 a C8, Figura 3.1), y se han creado cuatro nuevos cortes (CO, CP, C2
BIS y C9, Figura 3.1). La informacion ha sido digitalizada y analizada usando
MOVE 2017 (PETEX, 2017). EI mismo software ha sido utilizado para desarrollar
y cartografiar las lineas de base y los horizontes de las unidades hidrogeolégicas
consideradas, las cuales han sido posteriormente integradas en el modelo
hidrogeoldgico.

2.1 Desarrollo del modelo geoldgico

El punto de partida para el desarrollo del modelo ha sido la revision, correccion
y actualizacion del mapa geologico. La informacion existente ha sido
georreferenciada y digitalizada, y su procesamiento en formato shapefile como
poligonos y lineas, representando las unidades geoldgicas y sus contactos, se
ha realizado a través de MOVE 2017. Los datos han sido ajustados y ampliados
para cubrir la mayor extension posible de la cuenca de Gallocanta (Figura 3.2).

Como se ha mencionado previamente, se han delimitado una serie de unidades
cartograficas: Unidad Cuaternario, Unidad Terciario, Unidad Cretacico Superior,
Unidad Cretacico Inferior (Utrillas), Unidad Jurasico, Unidad Keuper, Unidad
Triasica Media-Inferior (Buntsandstein-Muschelkalk), y Unidad Paleozoico. Las
caracteristicas de estas unidades se muestran con mayor profundidad en la
Tabla 3.1. Una vez delimitadas las unidades cartogréficas, se ha incluido en el
mismo software la superficie topogréafica de la zona de estudio a partir del Modelo
Digital del Terreno a escala 1:50.000, disponible en la pagina web del Instituto
Geografico Nacional.

Por ultimo, el espesor de cada horizonte, correspondiente a las unidades
cartograficas, se completo con la informacion obtenida de los cortes geoldgicos,
mediante trabajo de campo, y con los datos obtenidos de los modelos previos y
de la informacion de sondeos realizados en la zona.
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Tabla 3.1. Unidades Cartogréaficas del modelo geologico.

. . Unidad Unidad . . Espesor
Era Sistema Series Cartografica Estratigrafica Litologia (m)
Dep6sitos Arcillas, margas y
Holoceno perilagunares calizas
Pleistoceno Dep6sitos Areniscas, limos y
Cuaternario Superior Cuaternario aluwgles arcillas 10
Pleistoceno Abanicos Conglomerados y
. medio aluviales areniscas
Cenozoico - -
Pleistoceno Cuaternario Brechas, gravas y
inferior indiferenciado depositos de limo
Nedgeno Abanicos Arcillas y areniscas
9 o aluviales distales y
Terciario - 90
. Abanicos Conglomerados y
Paleégeno A .
aluviales areniscas
Fm. Pantano de Brechas dolomiticas
la Tranquera /
Ciudad Calizas Kkarsticas y
Encantada dolomias
. Cretécico Fm. Margas de :
Superior Superior Casa Medina Margas y calizas 600
Cretacico Fm. Villa de Ves / .
Dolomias
Alatoz
Fm. Sot de Chera Margas
. Cretaqco Fc. Arenas de .
Inferior Inferior Utrillas Arenas y arcillas 90
Mesozoico (Utrillas)
Fm. Cuevas .
Labradas Calizas
Jurasico Inferior Jurésico Fm. Cprt~es de Brechas y dolomias 200
Tajuia
Fc. Dolomia de . .
. Calizas y dolomias
Imoén
Superior Keuper Fc. Keuper Arcillas y yesos ~250
Tridsico Medio Triasico Fc. Muschelkalk | Dolomias y margas ~200
Inferior Medio-Inferior | £ gy ntsandstein Areniscas y ~200
limolitas
. - . . . . Areniscas
Paleozoico | Ordovicico | Inferior-medio | Paleozoico Fm. Borrach6n cuarciticas

Una vez creadas las unidades cartograficas se han digitalizado y afiadido al
modelo tridimensional 8 cortes geoldgicos con direccion SO-NE. Para ello, los
cortes geologicos creados en el modelo previo elaborado por la CHE en 2003 se
han corregido, actualizado y alargado para poder definir mejor el modelo.
Ademas, se han creado 4 nuevos cortes (Figura 3.2).

Posteriormente, las fallas, los plegamientos y las lineas de los horizontes
digitalizadas de los cortes geoldgicos tridimensionales se han proyectado sobre
el modelo. Para ello, la herramienta Extend de MOVE 2017 se ha utilizado para
extender aquellas fallas que afectan a varias unidades, asi como para limitar
aguellas que solo afectan a los materiales mesozoicos. Los limites de las
estructuras diapiricas que afectan a los sedimentos triasicos se han ajustado
hasta el limite de la unidad geolégica adyacente, siempre segun se observa en
el mapa geoldgico.
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Figura 3.1. Cortes geoldgicos incluidos en el modelo geolégico tridimensional.
Modificados de CHE (2003)
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3. Geologia del area de estudio

La cuenca de Gallocanta se encuentra en el margen norte de la Rama Castellana
del Sistema Ibérico, una cadena montafiosa intraplaca resultante de la
convergencia entre la placa euroasiatica y la africana (Alvaro et al., 1979; Capote
et al., 2002; De Vicente, 2004).

Las fallas laterales tardo-variscas con direccion NO-SE y NE-SO tienen un rol
clave en la estructura interna del Sistema Ibérico (Arthaud y Matte, 1975). Su
reactivacion con fallas normales favorecié el desarrollo de gruesas cuencas
sedimentarias durante el Mesozoico. La comprension cenozoica produjo la
inversion de las cuencas sedimentarias mesozoicas y generd cabalgamientos y
fallas con una direccién predominante NO-SE (Capote et al., 2002; De Vicente,
2004; Guimera, 2018).

La alineacion dominante en la parte NE divide bruscamente la zona en dos
partes: un relieve tectonico que incluye el basamento varisco, y la depresion
adyacente, que incluye la cubierta mesozoica-cenozoica y los depdsitos del
Holoceno de la laguna de Gallocanta (Figura 3.2). El basamento varisco se
caracteriza por su plegamiento NO-SE, su esquistosidad y un grado bajo de
metamorfismo (Bauluz et al., 1998).

Por su parte, la cubierta mesozoica-terciaria incluye una serie de anticlinales y
sinclinales, asi como numerosas fallas inversas paralelas al anticlinal paleozoico
principal (Figura 3.2). Ademds, las estructuras karsticas asociadas a los
sedimentos del Tridsico Superior, también pueden identificarse a los pies de los
materiales paleozoicos.

En general, la zona esta dominada por fallas inversas profundas que afectan la
cubierta mesozoica-terciaria (Figura 3.2). Estas fallas buzan hacia el suroeste en
la parte noreste de la zona de estudio. Las capas se han desplazado en direccién
noroeste, creando fallas inversas y cabalgamientos orientadas NO-SE
(Figura 3.2), como resultado de un episodio de acortamiento NNE a NE durante
la comprension cenozoica (Liesa et al., 2018). Hacia el centro y el sur de la
depresion, estas fallas tienden a ser mas verticales, relacionadas con estructuras
diapiricas de sedimentos terciarios (Figura 3.2).

Los angulos de buzamiento en los plegamientos son normalmente bajos,
excepto en aquellos situados junto a las fallas. Finalmente, los materiales
cenozoicos se superponen a los depdsitos mesozoicos en el sector occidental
de la zona de estudio (Figura 3.2).
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Mapa Geoldgico de Gallocanta
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Figura 3.2. Mapa geologico de Gallocanta
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3.1 Litoestratigrafia

El registro geoldgico del area de estudio va desde el Paleozoico hasta el
Holoceno, principalmente con una orientacion NO-SE. Se han diferenciado ocho
unidades cartograficas, que se describen a continuacion:

Los materiales paleozoicos son equivalentes a la unidad occidental asturleonesa
del Macizo Hespérico (Pérez et al., 2004), y son similares a la unidad Badules
definida por Lozte (1929) y Carls (1983). La edad de estos materiales oscila entre
el Cambrico Medio y el Ordovicico Inferior, e incluye diferentes formaciones que
han sido consideradas como una sola unidad cartografica en este trabajo. En
ella, se incluyen cuarcitas y pizarras, alternadas con limolitas y areniscas. La
parte superior de la Unidad Paleozoica (Formacion Borrachén, edad Tremadoc),
esta compuesta por pizarras y limolitas grises, que se alternan con niveles poco
espesos de areniscas con estratificacion lenticular.

El registro tridsico comienza con las facies Buntsandstein (Triasico Inferior). Es
adyacente a los materiales paleozoicos, a los pies de la Sierra de Pardos-Santa
Cruz (limite NE de la zona de estudio). Los mayores afloramientos se encuentran
al norte de la laguna de Gallocanta, mientras que mas al sur, se encuentran
cubiertos por depoésitos cuaternarios. Dada la poca extension de dichos
afloramientos, conforma una Unica unidad cartografica con los materiales de las
facies Muschelkalk. En esta unidad se incluyen conglomerados cuarciticos,
areniscas, lutitas versicolores y, ocasionalmente, arcillas de las facies Roét
(Ramos, 1979).

Por su parte, los materiales de las facies Muschelkalk (Triasico Medio) afloran
en el limite entre el Paleozoico y los depdsitos cuaternarios, en una banda
paralela a la orientacion de las sierras de Pardos y Santa Cruz. En esta facies
se incluyen dolomias que se alternan con margas dolomiticas y dolomias
recristalizadas (Virgili et al., 1977). Cerca de la zona superior, esta unidad cambia
a una serie de dolomias tableadas y calizas micriticas con margas.

Las facies Keuper (Tridsico Superior) incluyen arcillas y evaporitas, que en
general se presentan intensamente plegadas, pasando de tener gran espesor a
estar practicamente ausentes debido a su comportamiento plastico. Ademas,
estos materiales juegan un papel fundamental en la geologia de la zona, ya que
actuan como nivel de despegue de las estructuras suprayacentes y de las
estructuras asociadas a fallas inversas.
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Los materiales de la unidad cartografica Jurasico se extienden en una estructura
anticlinal por la parte central y occidental de la zona de estudio. Principalmente
consisten en brechas dolomiticas y carniolas, y son de edad Rhaetiense-
Hettangiense (Goy et al., 1976). En algunas areas, se observan calcarenitas y
calizas bioclasticas con algunos niveles de margas del Sinemuriense-
Pliensbachiense.

Los materiales de las facies Utrillas (Aguilar et al., 1971) se solapan sobre las
rocas jurasicas, y ocasionalmente, sobre materiales tridsicos, en los flancos de
las estructuras anticlinales donde aflora la Unidad Jurasica. También se
encuentra presente en la parte baja de las laderas, bajo salientes y afloramientos
de la Unidad Cretacica suprayacente. Esta formada por conglomerados, arenas
y arcillas, y su edad oscila entre el Albiense y el Cenomaniense. Dada su
naturaleza poco consistente, es una unidad que puede mostrar variaciones en
Su espesor sedimentario.

La Unidad Cretacico Superior se corresponde con las estribaciones meridionales
de la rama aragonesa del Sistema Ibérico, y consiste en una serie de plataformas
carbonatadas. Muestran una intensa Kkarstificacion y tienen las mayores
permeabilidades de la zona. La parte inferior de la unidad incluye margas, calizas
y niveles de dolomias masivos (Garcia et al., 1989; Vilas et al., 1982) y su edad
oscila entre el Cenomaniense y el Turoniense. La parte superior esta
principalmente compuesta por dolomias y calizas con intercalaciones de margas,
y son de edad Turoniense-Campaniense.

La Unidad Terciaria esta compuesta por parches aislados que cubren
parcialmente y de manera discordante las estructuras mesozoicas. Puede
separarse en dos grupos, segun sus caracteristicas litologicas y tecténicas. El
grupo mas antiguo, formado por calizas, niveles de conglomerados calcareos y
arenas es de edad Paledgeno, mientras que el mas reciente es del Mioceno e
incluye arcillas sin consolidar y fragmentos de cuarcitas. Finalmente, la Unidad
Cuaternario, de edad Holoceno, esta principalmente compuesta por series
detriticas y representa los depésitos del lago (Luzon et al., 2007).

3.2 Hidrogeologia

La formacion Borrachon (Tremadoc) incluyen principalmente pizarras y limolitas
gue pueden considerarse como impermeables. En cualquier caso, las fracturas
de estos materiales facilitan la transmision del agua, lo que permite que proliferen
los manantiales y las pequefias surgencias conectadas a acuiferos de pequefio
tamarfio sobre cuarcitas.
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Al pie de los afloramientos paleozoicos, los carbonatos tridsicos y los sedimentos
detriticos forman pequefios acuiferos localizados en la franja noreste de la
cuenca, canalizando el agua desde las zonas altas hacia la laguna. La unidad
Keuper es la base impermeable de los acuiferos que se sitian sobre ella, y en
algunas zonas tiende a formar anticlinales y estructuras diapiricas que
condicionan las direcciones de los flujos, especialmente al oeste y al sur de la
laguna.

Por su parte, el Jurasico es el principal acuifero carbonatado de la zona de
estudio, con parametros de permeabilidad muy altos debido a la fracturacion y
karstificacion de los materiales. Sobre él, las arcillas de las facies Utrillas tienen
un caracter fundamentalmente impermeable, funcionando como una unidad de
baja conductividad hidraulica, actuando como acuitardo, y dificultando el flujo
entre las unidades carbonatadas que se extienden por debajo (Unidad Jurasico)
y por encima (Unidad Cretacico Superior). Respecto a esta ultima unidad, los
niveles de margas que la componen presentan una intensa fracturacion, y todas
las formaciones que la componen estan profundamente karstificadas, lo que
hace que actien como un solo acuifero.

Finalmente, los materiales cenozoicos de la Unidad Terciaria son
fundamentalmente impermeables, aunque las facies conglomeraticas y arenosas
actian puntualmente como acuitardos, permitiendo su explotacibn como
pequefios acuiferos locales, mientras que los depdsitos cuaternarios forman una
unidad acuifera independiente, compuesta por una serie de formaciones
relacionadas directamente con la laguna de Gallocanta.

Los parametros hidrodinamicos de cada una de las unidades se muestran en la
Tabla 3.2. Los parametros de conductividad hidraulica han sido modificados a
partir de los valores descritos en CHE (2003), mientras que los parametros de
almacenamiento han sido obtenidos de la misma fuente.

Tabla 3.2. Parametros hidrodindmicos de las unidades cartograficas (CHE, 2003)

Conductividad hidraulica (m/d) Almacenamiento
Unidad Cartografica
KX-KY KZ SS SY
Cuaternario 20 0,5 0,25 0,6
Terciario 0,01 0,00005 0,0001 0,001
Cretacico Superior 1 0,1 0,005 0,005
Cretéacico Inferior Utrillas 0,02 0,0001 0,0001 0,001
Jurasico 5 0,5 0,00005 0,015
Keuper 0,0001 0,0001 0,0000001 0,001
Triasico Medio-Inferior 1 0,005 0,00005 0,005
Paleozoico 0 0 0 0
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4. Resultados

Los principales resultados obtenidos son el mapa geoldgico de la zona de estudio
y el modelo geoldgico tridimensional. Las ocho unidades cartogréficas
delimitadas en funcién de sus caracteristicas hidrogeoldgicas se han creado
tridimensionalmente de forma individual (Figura 3.3).

/\ / X ety AN
A : == oK
; { = o = 2 [

Utrillas (Cretaceous) ¢
/
\ /

/'/' ‘\\\\ ;
o

¥ A

Jurassic 4
/ /

/ \

Keuper (Upper Triassic)

*>

Variscan basement [} Upper Cretaceous

Figura 3.3. Unidades hidrogeoldgicas tridimensionales: Cuaternario, Terciario,
Cretécico Superior, Utrillas, Jurasico, Keuper, Triasico Inferior-Paleozoico.

La unidad modelizada méas antigua es el basamento varisco. Incluye la parte
superior de los materiales paleozoicos, inferida de los cortes geoldgicos, de
datos de sondeos y de los mapas geologicos previos. Para la modelizacion
tridimensional, también incluye los materiales de la Unidad Tridsico Inferior
(Facies Buntsandstein y Muschelkalk).
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Basado en la bibliografia, el grosor de esta unidad no excede los 200 m, y su rol
en el modelo hidrogeoldgico es limitado. Los materiales carbonatados del
Muschelkalk actiian como pequefios acuiferos locales en el sector oriental de la
laguna, favoreciendo los flujos desde las montafias hacia los depdsitos
cuaternarios, y transfiriendo flujos hacia el norte y el sur de la Masa de Agua
Subterranea de Gallocanta.

La base del Keuper puede identificarte en amplias zonas del area de estudio. En
los lugares en los que se ubican estructuras diapiricas, esta unidad puede llegar
a aflorar y condiciona el flujo de aguas subterraneas desde los acuiferos
mesozoicos. La superficie del Keuper se encuentra a poca profundidad en el
sector oriental, y actia como barrera impermeable de los flujos subterraneos bajo
la laguna de Gallocanta. Ademéas, cuando no se encuentra afectada por
accidentes tectonicos, puede alcanzar espesores de varias decenas de metros.
Desde el punto de vista de la modelizacion, la superficie de esta unidad se ha
considerado como la base del modelo hidrogeoldgico, dado su caracter
fundamentalmente impermeable.

La Unidad Jurasica se extiende sobre las facies Keuper y delimita la base del
acuifero jurasico. Su geometria se define por los plegamientos NO-SE y el grosor
de los materiales sedimentarios est4 determinado por numerosas fallas inversas.
La presencia de estructuras diapiricas que ascienden hacia la superficie controla
la extension de la unidad.

La parte menos profunda de la unidad se localiza alrededor de la laguna de la
Zaida, siendo responsable del aporte subterraneo de esta masa de agua
endorreica. El espesor de esta unidad no excede los 200 m, y los horizontes del
modelo tridimensional definen la base del principal acuifero del modelo.

La Unidad Cretacico Inferior (Utrillas) es una unidad discordante que se extiende
sobre la Unidad Jurdsico, y su espesor oscila entre 60 y 90 m. Su caracter
discordante determina la geometria de la unidad en relacién a la Unidad Jurésico
bajo ella, y a la Unidad Cretacico Superior sobre la misma. Al igual que la Unidad
Jurésico, esta unidad esta afectada por estructuras diapiricas.

En el modelo tridimensional, esta unidad presenta un limite inferior irregular, y
desde un punto de vista hidrogeoldgico puede interpretarse como una unidad de
baja permeabilidad debido a su heterogeneidad litolégica (arenas,
conglomerados y arcillas).
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En relacion a la Unidad Cretécico, representa la base del acuifero del Cretacico
Superior. Los afloramientos cretacicos son extensos en la mayor parte de la
franja occidental de la zona de estudio. Al norte, estos afloramientos se localizan
en la cuenca del rio Piedra, hacia el cual drena parte de la zona modelizada.

En los alrededores de la laguna de Gallocanta, esta unidad muestra una suave
inclinaciéon hacia el este y el sur, drenando parcialmente hacia la cuenca del rio
Jiloca. En algunos puntos, el espesor de esta unidad puede alcanzar varios
centenares de metros (hasta 600 m), siendo la unidad de mayor potencia, y
representando el segundo acuifero mas importante de la zona de estudio.

La Unidad Cenozoica (Terciaria) se extiende sobre los materiales cretacicos en
zonas al oeste y el sur de la zona modelizada. Su conexién con los depdsitos
cuaternarios es poco habitual, sugiriendo que las litologias cenozoicas profundas
estan aisladas y se limitan a los cauces de los rios y las lagunas, aunque su
permeabilidad es baja. Su espesor es variable, aunque se estima una
profundidad media inferior a 100 m.

Finalmente, la Unidad Cuaternario se extiende a lo largo de la parte sur y central
de la zona de estudio. Esta unidad alcanza una mayor profundidad al sur de la
laguna de Gallocanta, y se encuentra cubierta por depositos lagunares del
Pleistoceno (depdsitos perilagunares, y sedimentos aluviales), mientras que, al
norte y al sur de la laguna, los sedimentos corresponden a abanicos aluviales y
glacis relacionados con los relieves paleozoicos.

El espesor de la unidad apenas alcanza los 30 m de forma muy puntual, siendo
la profundidad media de unos 10 m. Su disposicién alrededor de la laguna
determina que la unidad tenga un papel importante en el comportamiento
hidrogeoldgico del sistema y en las caracteristicas de los flujos.

5. Discusion
5.1 Actualizacion del modelo geoldgico

El modelo geoldgico obtenido puede considerarse una actualizacién de la
cartografia desarrollada en trabajos previos, aumentando el nivel de detalle y
corrigiendo ciertas imprecisiones de los mapas anteriores. Ademas, la expansion
de la zona modelizada hasta cubrir la mayor parte de la cuenca hidrografica de
la laguna de Gallocanta puede considerarse un avance en si mismo en
comparacion a los modelos geoldgicos previos.
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Por otra parte, el uso de un software de modelizacion tridimensional permite
alcanzar un mayor nivel de precision en términos de definicién y extension de los
horizontes propuestos, los cuales corresponden a la base y el techo de las
unidades cartograficas delimitadas.

La extension de la superficie basal de la Unidad Jurdsico, la cual es la base real
del sistema hidrogeologico de la zona de estudio ha sido delimitada con mayor
precision, y su morfologia determina tanto la direccidn de los flujos en la zona de
estudio como parte de las entradas hacia la laguna de Gallocanta. Dicha
morfologia esta influenciada por la tecténica y la distribucidon de los materiales
impermeables de las facies Keuper en la base del acuifero, formadas por arcillas
y evaporitas.

El mapa geoldgico obtenido también delimita los afloramientos de forma mas
detallada en comparacién a trabajos previos como los de Gracia et al. (2002) o
CHE (2003), donde la informacion en algunas zonas no alcanza tanto nivel de
detalle. En particular, se han cartografiado algunos de los pequefios
afloramientos triasicos (Facies Buntsandstein y Muschelkalk) en los alrededores
de la laguna de Gallocanta. En relacion a los afloramientos de las facies Keuper,
su extension y espesor han sido revisadas detalladamente con el objetivo de
evitar sobreestimaciones y delimitaciones inadecuadas.

En esta misma linea, también se ha prestado una atencién especial a los
materiales mesozoicos, debido a su papel esencial en el funcionamiento
hidrogeoldgico de la cuenca. Las caracteristicas de los afloramientos cretacicos
en toda la parte occidental de la cuenca de estudio se han definido de forma
precisa, Y la interaccion y direccion de buzamiento de los materiales jurdsicos
tanto al norte como al sur de la zona modelizada han sido analizados con el
objetivo de determinar las direcciones de flujo potenciales del acuifero jurasico
regional de la zona.

5.2. Implicaciones del nuevo mapa geolégico

Respecto a las implicaciones del desarrollo del nuevo modelo geoldgico
tridimensional y su utilidad para la construccion de un modelo hidrogeoldgico
gracias a la definicion de los limites de las unidades hidrogeoldgicas, se puede
definir la geometria de la base de los acuiferos, por lo que se pueden estimar los
puntos de descarga y las direcciones de flujo. Ademas, como se vera en el
capitulo 1V, se pueden estimar los flujos subterraneos entre la cuenca endorreica
de Gallocanta y las cuencas vecinas de los rios Piedra-Ortiz y Jiloca.
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Por lo tanto, a partir del modelo geoldgico se puede construir un modelo
hidrogeoldgico robusto que permita profundizar en algunas de las principales
incertidumbres del sistema hidrogeolégico de Gallocanta.

Entre estas incertidumbres se sitla la posible descarga de la Masa de Agua
Subterranea de Gallocanta hacia la cuenca del rio Jiloca a través de los Ojos de
Caminreal. Este manantial actuaria como el area preferencial de descarga de la
cuenca de Gallocanta en el sector sur. El flujo es determinado por la presencia
subterranea de los materiales del Keuper y las estructuras diapiricas. Ademas,
en la parte septentrional del modelo, puede identificarse un area extensa en la
cual la direccion del flujo se dirige hacia el sistema Piedra-Ortiz, siendo variable
la divisoria de aguas en funcion del nivel piezométrico en los materiales
carbonatados.

6. Conclusiones

La modelizacién geoldgica ha permitido delimitar la geologia de la cuenca de
Gallocanta y las estructuras geoldgicas del sistema acuifero multicapa que
alimenta a la laguna de Gallocanta. El desarrollo de un modelo tridimensional
sirve de sustento para la creacion de un modelo hidrogeolégico, abordado en el
Capitulo IV.

La precision del modelo geoldgico tridimensional obtenido permite probar la
efectividad de los softwares de modelizacion tridimensional como una
herramienta util para la reconstruccion geoldgica de un area con una estructura
geoldgica compleja, como es el caso del Sistema Ibérico.

Al comparar el modelo obtenido con los modelos previos, la presencia de diapiros
de materiales del Keuper y de rocas triasicas se ha solventado de una forma mas
precisa y realista, al igual que la delimitacion de las unidades geologicas, fallas
y plegamientos.

Por lo tanto, el modelo geoldgico tridimensional ha permitido estimar los limites
hidrogeoldgicos del area de estudio, los cuales son evaluados en el capitulo
relativo al modelo hidrogeoldgico de la zona de estudio (Capitulo V).

A partir del modelo geoldgico, se atisban dos conexiones hidrogeoldgicas en la
zona de estudio: hacia el norte, conectando la cuenca de Gallocanta con el
sistema Piedra-Ortiz, con una delimitacion variable, y hacia el sur, con el rio
Jiloca a través de los ojos de Caminreal. Ambas conexiones hidrogeoldgicas
potenciales seran analizadas con profundidad en el siguiente capitulo.
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V. MODELIZACION HIDROGEOLOGICA.

Resumen

La correcta gestion y proteccién frente a potenciales contaminantes de las aguas
subterrdneas obliga a tener un elevado conocimiento de su comportamiento. En
este sentido, la modelizacion hidrogeoldgica de Gallocanta, de alto valor
ecoldgico pero amenazada por la contaminacién por nitratos, pretende analizar
sus condiciones en relacion al riesgo de contaminacion y su propagacion.

El modelo desarrollado en codigo MODFLOW en régimen estacionario, una vez
calibrado y validado, dibuja una divisoria de aguas que las dirige desde
Gallocanta hacia las vecinas cuencas del Piedra-Ortiz (4,05 hm?3/afio) y el Jiloca
(1,19 hm3/afio), con pequefas transferencias a la laguna (0,02 hm3/afio), cuya
dindmica esta practicamente condicionada por la aportacion superficial y la
evaporacion. Ello condiciona que, a pesar de la presencia de nitratos en los
acuiferos, la laguna no se encuentre amenazada y sufra una progresiva
salinizacién. Los escenarios simulados en ausencia de captaciones o de
disminucién de la recarga-escorrentia influyen en los flujos transferidos tanto
hacia las cuencas vecinas como sobre las lagunas.

Una vez construido un modelo robusto validado en régimen estacionario, este
debe ser el soporte hacia un modelo en régimen transitorio que permita simular
escenarios de naturalizacion del sistema, gestion sostenible y Cambio Climatico.
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1. Introduccién

Las aguas subterraneas estan reconocidas como uno de los recursos naturales
mas importantes (Van der Gun, 2012). No obstante, debido a su vulnerabilidad y
a la presiobn de las actividades humanas, el conocimiento sobre su
funcionamiento y las dinamicas naturales a las que se ven sometidas es
fundamental para su correcta gestion y uso sostenible. En este contexto, los
estudios hidrogeologicos basados en la modelizaciéon subterranea de los
sistemas acuiferos adquieren especial relevancia, tanto en lo referente a la
atencion de las demandas de agua, como para la comprension del complejo
comportamiento hidrogeoldgico de ciertos sistemas.

La simulacion a través de modelos matematicos es una herramienta que se
utiliza para representar diferentes procesos del ciclo hidrologico (Hartmann et al.,
2012; De Schepper et al., 2014; Chiogna et al., 2018; Kaddoura et al., 2021). En
general, esos modelos estan basados en procesos matematicos complejos que
contemplan aspectos fisicos del funcionamiento hidrolégico de un sistema, y son
implementados en campos diversos (Bittner et al., 2020). Su utilidad incluye
ambitos tan diversos como la estimacion de los recursos subterraneos en
acuiferos sobreexplotados (Kallioras et al., 2010), la sostenibilidad y el impacto
ambiental de actividades como la agricultura sobre las aguas subterraneas (Su
et al., 2021), o la evaluacion del riesgo de contaminacion fisica (Ferguson y
Woodbury, 2004; Gunawardhana et al., 2015) o quimica (Gao et al., 2018; Pérez-
Indoval et al., 2021) de un acuifero.

En general, los modelos de funcionamiento de las aguas subterraneas actuan
como el marco de trabajo para sintetizar y aglutinar la informacion del area de
estudio y la conceptualizacion de los procesos hidrogeolégicos que en ella
ocurren. No obstante, estos modelos son una simplificacion de la realidad
(Doherty, 2015), por lo que la complejidad natural del sistema no puede ser
representada de forma completa, lo que hace que dichos modelos tengan un
cierto nivel de incertidumbre que debe ser evaluado y considerado al interpretar
los resultados (Anderson et al., 2015).

En las ultimas décadas se han lanzado varios codigos para la modelizacion de
las aguas, basados en diferentes métodos y algoritmos. Estos programas han
ido evolucionando con el paso de los afos, las mejoras tecnoldgicas y el
aumento de la capacidad computacional de los equipos. Muchos de esos
programas se han basado en cddigos abiertos para facilitar su expansion y la
utilizacion por parte de otros usuarios de forma gratuita.
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En base a sus importantes caracteristicas medioambientales, su relevancia
desde un punto de vista socioecondmico y sus particularidades hidrogeoldgicas,
los humedales y las lagunas interiores han sido uno de los principales objetos de
estudio de la modelizacién hidrogeolégica. Un ejemplo de ello son los trabajos
desarrollados en el marco de la plataforma FREEWAT (Dadaser-Celik y Celik,
2017; Grodztnskyi y Svidzinska, 2017; Perdikaki et al., 2017). El desarrollo de
esta plataforma surgié como una iniciativa enmarcada en el programa HORIZON
2020, para promover y facilitar la implementacion de las directivas de la Unién
Europea relativas a las aguas (Rossetto et al., 2015).

En este capitulo se ha seleccionado como zona de estudio la cuenca endorreica
de la laguna de Gallocanta, un entorno eminentemente rural, y con un complejo
sistema de funcionamiento hidrogeoldgico. Por sus particularidades vy
caracteristicas, la laguna de Gallocanta y su entorno han sido objeto de estudio
en numerosos trabajos desde diferentes ambitos como la geologia estructural
(Gracia et al., 1999), la geomorfologia (Schiitt, 1998), la sedimentologia (Pérez
et al., 2002), la edafologia (Luna et al., 2016) o la hidrologia (Kuhn et al., 2011).
Ademas, la hidrogeologia de la zona también ha sido estudiada en las ultimas
décadas, principalmente por administraciones ligadas a la gestion del agua.

La hidrogeologia de la cuenca de Gallocanta fue estudiada por IGME (1981) en
el marco del Plan de Investigacién de Aguas Subterraneas. Este trabajo incluye
una individualizacion en subsistemas acuiferos en el que se identifica el
subsistema acuifero Piedra-Gallocanta, aproximadamente coincidente con la
cuenca endorreica de Gallocanta.

El Servicio Geoldgico de la Direccidbn General de Obras Publicas, en 1988,
realizd un estudio regional de las unidades hidrogeoldgicas ligadas a los
acuiferos que alimentan al rio Jiloca (SG DGOH, 1988a). Este estudio aporté un
modelo conceptual geoldgico del valle del alto Jiloca en el que se involucran
transferencias subterrAneas procedentes de la cuenca de Gallocanta. Las
posteriores investigaciones geofisicas del Servicio Geoldgico de la direccion
General de Obras Publicas (SG DGOH, 1988b), confirmadas en los sondeos
realizados por SGOP (1995), detectaron la interrupcion en profundidad de los
grandes acuiferos mesozoicos en el accidente de Caminreal, lo que revela el
importante papel hidrogeoldgico de esta estructura como una barrera a los flujos
regionales de los acuiferos aguas arriba.

En 2003, de nuevo la Confederacion Hidrografica del Ebro (CHE) realizé una
revision exhaustiva de la informacion disponible, mejor6 notablemente el
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conocimiento de la geologia local de este ambito, incorpor6é nueva informacién
foronémica de estaciones de aforo y meteoroldgicas construidas ad hoc para el
proyecto, e implementé un modelo matemético de simulacion de flujo con el
cédigo MODFLOW (CHE, 2003). Este trabajo constituyé un notable impulso al
conocimiento hidrogeolégico de la laguna de Gallocanta y dotdé de una sélida
base técnica para el establecimiento de las primeras normas de explotacion de
la Masa de Agua Subterranea de Gallocanta (MAS de Gallocanta).

A efectos de la modelizacion, CHE (2003) consideré todos los bordes de la MAS
de Gallocanta como cerrados y fijos, asumiendo con ello que la practica totalidad
de los procesos hidrolégicos que atafien a la laguna estan circunscritos al ambito
geografico de la modelizacién. La descarga del sistema se produciria
mayoritariamente por la evaporacion en lamina libre sobre la laguna y por
evapotranspiracion capilar en su zona circundante.

Actualmente puede considerarse que el modelo conceptual de funcionamiento
hidrogeoldgico de Gallocanta es maduro, si bien la complejidad de tratar la
variabilidad temporal de las divisorias hidrogeologicas constituye un hito todavia
no abordado. En este sentido, el modelo que se presenta en este trabajo aporta
como novedad la simulacion del caracter movil de estos limites como medio para
mejorar el conocimiento de la transferencia subterranea entre la cuenca de
Gallocanta y las cuencas del Piedra-Ortiz y del Jiloca. Para ello, el objeto de la
calibracion se ha centrado en los acuiferos regionales responsables de las
transferencias subterraneas hacia las cuencas adyacentes de los rios Piedra y
Jiloca (acuiferos calcareos del Jurésico y Cretacico Superior).

Este analisis de las condiciones de contorno del sistema hidrogeolégico de
Gallocanta tiene especial relevancia en el andlisis del riesgo de contaminacion y
de su propagaciéon a areas en cuencas adyacentes, dado que las aguas
subterrdneas de la cuenca de Gallocanta estan afectadas por contaminacion de
origen agricola.

Por lo tanto, el objetivo del modelo hidrogeolégico presentado es la contribucion
al desarrollo de criterios técnicos y cientificos para entender mejor el
funcionamiento hidrogeoldgico del sistema de Gallocanta, para asi aportar
nuevos conocimientos sobre la propagacion de la contaminacion y su impacto
en los acuiferos de las cuencas adyacentes. Adicionalmente este trabajo sera la
base de futuros estudios de modelizacion hidrogeolégica que analicen el flujo y
transporte de las aguas subterraneas del sistema de Gallocanta en régimen
transitorio.
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2. Materiales y métodos

Para la modelizacion hidrogeoldgica del sistema de Gallocanta se seleccioné la
plataforma FREEWAT, que funciona como un complemento instalable en QGIS
(De Filippis et al., 2017; Rosseto et al., 2019) permitiendo aunar las facilidades
de pre-procesamiento y post-procesamiento de informacién espacial de un
Sistema de Informacién Geogréafica, con la construccion de modelos de
simulacion basados en el codigo MODFLOW.

En la cuenca de Gallocanta se solapan varios niveles acuiferos que se extienden
mas alla de los limites de la cuenca hidrolégica superficial, por lo tanto, la zona
modelizada se ha conceptualizado como un acuifero multicapa con conexiones
entre los principales niveles permeables (Jurasico, Cretacico Superior y
Cuaternario).

Ademas, los niveles calcareos del Muschelkalk constituyen un acuifero profundo
cuya geometria y papel hidrogeolégico son menos conocidos. La geometria
geoldgica de la zona se ha explorado en el Capitulo lll, sirviendo de base para
las actividades desarrolladas en el presente capitulo.

Entre estos niveles permeables existen formaciones de permeabilidad media-
baja a baja, como las del Cretacico Inferior, de caracter detritico y con
conglomerados, areniscas Yy lutitas, que forman parte de las facies Utrillas y se
extienden entre los niveles Jurasico y Cretacico Superior. Por su parte, los
materiales arcillosos del Keuper, que se extienden fundamentalmente bajo el
Cuaternario y puntualmente bajo los acuiferos carbonatados del Mesozoico, se
han considerado de muy baja permeabilidad.

Finalmente, el Paleozoico, constituido por pizarras y cuarcitas, se ha
considerado como el yacente impermeable de todo el conjunto. La estructura
geoldgica esta definida por una serie de cabalgamientos, en los que el Keuper
es el nivel de despegue, lo que le confiere un notable papel como barrera
hidrogeoldgica en algunos sectores.

Para la modelizacion, se ha construido una malla de modelizacién rectangular,
con celdas de 250 m x 250 m (171 filas x 88 columnas), que ocupa la mayor
parte de la cuenca endorreica de Gallocanta, y parte de las cuencas vecinas del
Piedra-Ortiz y Jiloca (Figura 4.1). EI modelo es tridimensional, compuesto por
ocho capas que representan las unidades cartograficas descritas en el capitulo
[ll. Por su escasa entidad, irrepresentable a la escala del modelo, el
Buntsandstein se adhirio al Muschelkalk conformando una unica unidad.

52



IV. Modelizacién Hidrogeoldgica

GHB Piedra-Ortiz

| A -
i y !

 ESPANA <

e,

58 aEn
l.

g Cartada -18E
ittt Reals

= W

: .;Lragulné.—i':le:.' :
TP Zaida ET

: - é“Royo

H
{0

ous g
Caminreal o~

L ounalde
] 1| _Gallocanta.
T ‘B”‘E’ﬁzilefc}s:‘ HH

-— e Km

0 5 10 15 20

Acequia-
Madre

Leyenda

H Cuaternario

J Terciario

. Cretacico Superior
| Utrillas

. Jurasico

B Keuper ;
\j Musch.-Bunts. 1 ; »
B Paleozoico ;—

-

T

1T
T
I

0

i
68
I

&)
o Piezémetro :

® Pozo

e dCaminreal it P E DT w1 Km
e P e R e 0. 1 2 3 4

D EREREEERERER oo

L0

Figura 4.1. Localizacion del ambito de modelizacion y discretizacion del modelo.

De esta forma, se han utilizado una serie de médulos para simular las entradas
y las salidas en el sistema de Gallocanta (Figura 4.2). Se ha implementado la
recarga en el modelo (Médulo RCH) considerando un reparto espacial en funcién
de los pardmetros hidrodinamicos de los materiales aflorantes. La infiltracion
sobre afloramientos calcareos del Jurasico (permeabilidad alta) y Cretacico
Superior (permeabilidad media) se ha asignado tomando los valores propuestos
en CHE (2013), de 0,496 mm/dia y 0,225 mm/dia respectivamente, calculados
mediante un balance hidrometeorologico que fue calibrado a partir de datos
piezométricos en puntos de la red de control que monitorizan estos acuiferos.
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Para los acuiferos detriticos se han empleado las estimaciones realizadas en
CHE (2003), con valores de 0,0411 mm/dia para el cuaternario y 0,0274 mm/dia
para Terciario y facies Utrillas. De este mismo estudio se obtuvo la recarga del
Muschelkalk (0,093 mm/dia), mientras que, para el Keuper y el Paleozoico, se
consideré una recarga nula.
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Figura 4.2. Modelo conceptual y su implementacion en FREEWAT.

Una segunda entrada considerada en la modelizacién hace referencia a las
entradas a las lagunas a través de precipitacion directa (1 mm/dia; AEMET 1970-
2020), mientras que las salidas de las mismas mediante evaporacion en lamina
libre se establecen en 5 mm/dia, estimada por CHE (2003).

Adicionalmente, en las lagunas desembocan barrancos aportando su caudal.
Para la laguna de Gallocanta se han considerado los barrancos de el Royo, la
Acequia Madre y la Rambla de Pozuelos, mientras que hasta la Zaida llegan
barrancos que, con un sistema de afos alternos, derivan artificialmente su agua
hacia Gallocanta a través de la Cafiada Real, pero que, al ser un modelo
estacionario, se consideré su modelizacién natural con destino final en la Zaida.

La escorrentia superficial de estos barrancos se ha estimado mediante el método
del Numero de Curva (SCS, 1972). Este se basa en la estimacion directa de la
escorrentia superficial generada por un evento de lluvia a partir de las
caracteristicas del suelo, de su uso y de su cubierta vegetal. Asi cada sistema
suelo-vegetacion tiene una respuesta frente a la infiltracion que se identifica por
un parametro Gnico. Esta toma valores comprendidos entre 0 (escorrentia
minima) y 100 (escorrentia maxima) que ha sido evaluado a partir de la cobertura
de usos de suelo Corine 2018, segun la metodologia descrita en CEDEX (2003).
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La escorrentia obtenida (Tabla 4.1) fue contrastada con los caudales medidos
algunos afios en estaciones de aforo existentes en los barrancos de El Royo y la
Acequia Madre.

Tabla 4.1. Superficie, Precipitacion, Evapotranspiracion Potencial (ETP), Numero de
Curva (NC) y escorrentia obtenida para los principales barrancos en régimen

estacionario.

Superficie | Precipitacion @ | ETP @ | NC |Escorrentia
Barranco =~ =
km?2 mm/afo mm/ano m3/d
La Cafiada Real 101 454 832 64 620
El Royo 31 499 832 80 1674
Acequia Madre 39 425 824 74 553
Rambla Pozuelos 152 376 825 62 177

@ Media periodo 1970/2020 obtenida de red de estaciones de AEMET.
@ Método Hargreaves (Hargreaves y Samani, 1985).

Dado que a través del lecho de los barrancos también puede haber un
intercambio hidrico con los acuiferos, para su modelizacién se ha empleado el
modulo Direct Runoff Package (SFR2), que permite realizar un balance
detectando tramos ganadores o perdedores en relacion con los acuiferos. La
escorrentia no infiltrada de los barrancos se dirige hacia las lagunas de la Zaida
(Canada Real) y Gallocanta (Barrancos de el Royo, Acequia Madre y Rambla de
Pozuelos).

Respecto a las salidas hidraulicas del modelo, se incluyeron las captaciones de
agua (Modulo Well). Para simplificar la modelizacibn de los 99 pozos
inventariados por CHE se tuvieron en cuenta 29 de ellos, que representaron el
80% de las extracciones estimadas a partir de los volimenes de concesion.

Ademas de la recarga y las extracciones del sistema mediante captaciones, el
modelo considera la interaccion de los acuiferos con las lagunas de Gallocanta
y de la Zaida (Modulo LAK), realizando un balance entre las entradas y salidas
a dichas las lagunas. Este moédulo considera las posibles transferencias
subterraneas de agua entre las lagunas y los acuiferos.

Para ser coherentes con el modelo conceptual basado en estudios precedentes,
la posible salida de agua subterranea hacia la cuenca del Jiloca, identificadas en
los Ojos de Caminreal, se han simulado con el moédulo DRAIN, implementando
una elevacion del dren que se corresponde con la cota de los manantiales
(Figura 4.1.).
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Una de las salidas mas importantes considerada en la modelizacion es la
transferencia subterrdnea hacia los rios Piedra-Ortiz, que se generan en su
mayor parte en los afloramientos jurdsicos y cretacicos de la cabecera de estos
rios y se drenan principalmente en los Ojos de Cimballa, que se encuentran fuera
del ambito de la modelizacién (Figura 4.1).

Para la simulacion de esta trasferencia se ha implementado el paquete General
Head Boundary (GHB) constituyendo un elemento clave en la calibracion del
modelo. Asi pues, se estimaron los caudales base de los rios Piedra en Nuévalos
y Ortiz (Estaciones de Aforo 9008 y 9129; www.chebro.es) mediante el programa
Part, integrado en el USGS GW Toolbox (Barlow et al., 2014).

Se ha estimado que un 93 % de la aportacion media de estos rios es subterranea.
Suponiendo que la contribucion es proporcional a sus areas de recarga, entre 5
y 8 hm?3/afio podrian proceder del ambito del modelo. Por ello se han acotado los
drenajes subterraneos en funcién de la relacion entre el area de recarga total de
estas cuencas y el area de recarga en el ambito de la modelizacién.
Adicionalmente a este dato, para calibrar el modelo se utilizaron 31 piezémetros
(Head Observation Package) cuyos registros medios del periodo 1979-2020
(www.chebro.es) fueron comparados estadisticamente con los resultados
obtenidos por el modelo.

Durante el proceso de calibracién se detectaron discrepancias importantes en
los piezometros del jurasico cercanos a la laguna de la Zaida, lo cual sugiere la
existencia de otro accidente geolégico en profundidad (posiblemente un
cabalgamiento ciego despegado a nivel del Keuper), que condiciona el
funcionamiento hidrogeoldgico parcialmente independizando del sector norte en
funcién del estado de llenado de los niveles del Jurasico. Este accidente,
pendiente de confirmar por nuevos estudios de prospeccién geologica, fue
simulado hidrogeoldgicamente formando una barrera de permeabilidad reducida
en el Jurasico de la zona.

Una vez validado el modelo, se han realizado simulaciones en régimen
estacionario sin captaciones de agua subterranea (estado natural), y otras
simulaciones con un descenso del 20 % en la recarga, escorrentia y precipitacion
directa a las lagunas, como una primera aproximacion al posible efecto del
Cambio Climatico, tal y como se prevé en el entorno del Mediterraneo (Saadi et
al., 2015; MedEEC, 2019).
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3. Resultados y Discusion

3.1 Validacién del modelo

El modelo arrojé una transferencia de agua desde su ambito a las cuencas del
Piedra-Ortiz de 6,72 hm?afio que es un valor del orden estimado a partir del
caudal base de estos rios y su proporcion a las areas de recarga (entre 5y
8 hm3/afio).

El calculo del indice Nash-Sutcliffe Efficiency con los valores calculados y
observados en 31 piezOmetros otorga un valor de 0,8 que segun Moriasi et al.
(2007) supone un buen ajuste. Los niveles piezométricos del acuifero cuaternario
varian en un limitado rango de cota con pequefias diferencias entre valores
observados y calculados (Figura 4.3).

Las cotas piezométricas del Cretacico Superior, Jurasico e incluso Muschelkalk
fueron bien simuladas distribuyéndose a lo largo de la linea 1:1 con valores tanto
por encima como por debajo de ella. De la regresion entre valores observados y
calculados por el modelo se desprende que existe una relacion estadisticamente
significativa (p < 0,05). El estadistico R? indica que el modelo es capaz de
explicar el 81 % de la variabilidad de los valores observados.
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Figura 4.3. Valores piezométricos calculados y observados. La linea de puntos gris
indica la recta 1:1.
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3.2. Analisis de las piezometrias.

El mapa de isopiezas del acuifero jurasico obtenido en régimen estacionario
dibuja una divisoria de aguas al oeste de la laguna de Gallocanta, cerca del
barranco de Pozuelos, lo que indica que desde ella el flujo se mueve por un lado
hacia el NO, direccion al sistema Piedra-Ortiz y por el otro hacia el SE, direccion
a los Ojos de Caminreal (Figura 4.4). El cabalgamiento deducido en el entorno
de la Zaida rompe la continuidad en la direccion del flujo y el gradiente hidraulico.

Respecto al acuifero cretacico, el patrén es muy similar, con la divisoria de aguas
practicamente coincidente con la del Jurasico, lo que parece indicar una posible
conexion entre los dos acuiferos. Para el acuifero cretcico, el efecto del
cabalgamiento ya no es tan manifiesto y se detecta un flujo subterrdneo marginal
en direccién a la laguna de Gallocanta, canalizado a través de los recubrimientos
cuaternarios.
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Figura 4.4. Mapa de isopiezas para unidades hidroestratigraficas del Jurasico y
Cretécico Superior.
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En ambos casos, la divisoria de aguas esta desplazada unos 2,5 km al sur del
limite considerado para la definicion de la MAS de Gallocanta. Se trata realmente
de un amplio sector en el que la piezometria del acuifero jurasico, y
especialmente en el acuifero cretacico, definen un tramo de unos 5,5 km de
longitud en direccion NO-SE con un gradiente piezométrico muy bajo (< 0,02 %).
Esta disposicion piezométrica en forma de domo con un amplio apice de muy
bajo gradiente es el ambito previsible de divagacion de la divisoria hidrogeoldgica
entre los flujos NO-SE.

Finalmente, la piezometria del Cuaternario perilagunar esta en relacion directa
con el nivel de llenado de la laguna de Gallocanta, y su disposicion temporal esta
fuertemente condicionada por el caracter estacional de la misma. Por tanto, los
procesos de evaporacion en ldmina libre sobre la laguna y de evapotranspiracion
capilar que tienen lugar en su entorno, o en el propio vaso, cuando su nivel de
llenado es muy bajo, tienen una marcada impronta estacional que no es tratable
en régimen estacionario.

En el esquema hidrogeolégico regional, los flujos hacia la laguna son
relativamente pequefos, si bien son de gran importancia para el sostén del
ecosistema asociado a la misma. Estos flujos deberan ser tratados
especificamente en la modelizacion en régimen transitorio. Ademas, el acuifero
Muschelkalk es un acuifero profundo en su mayor parte, del que se dispone poca
informacion hidrogeoldgica. En superficie sélo se dispone de informacion en la
estrecha banda de afloramiento adosada a las sierras paleozoicas.

3.3. Balance hidrico.

La cuenca endorreica de Gallocanta incluida en el ambito de la modelizacion
contabiliza una recarga de agua de 5,74 hm?afio, de los cuales 0,89 hm3/afio
(15,5 % de la recarga) se han estimado que salen de los sistemas acuiferos por
las captaciones de pozos, fundamentalmente para regadio, abastecimiento de
ganado y abastecimiento urbano.

El 70 % de la recarga (4,05 hm3/afio) se trasvasarian al sistema Piedra-Ortiz, y
el 20 % (1,19 hm3/afio) a la cuenca del Jiloca (Figura 4.5), existiendo una
discrepancia del 6,5 % mas de salidas que de entradas obtenidas por el modelo.
En relacion a la conexion entre los barrancos y los acuiferos, el modelo ha
cuantificado las entradas por infiltracion de los barrancos a la cuenca de
Gallocanta en 0,02 hm3afio, mismo valor que el drenaje de los acuiferos por
€es0s mismos barrancos, con lo que el balance neto es nulo.
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Figura 4.5. Recarga, captaciones, intercambio con los barrancos y transferencia de
agua subterranea (hm?afio) entre la cuenca endorreica de Gallocanta incluida en el
modelo y las cuencas vecinas del Piedra-Ortiz y Jiloca para el a) escenario actual,
b) escenario sin captaciones y c¢) escenario con reduccion de un 20 % en la recarga,
escorrentia y precipitacion directa. Las flechas azules indican los procesos de entrada
de agua al sistema, mientras que las flechas naranjas indican los procesos de salidas
de agua del sistema.

Los resultados de transferencia de agua entre las cuencas son sensiblemente
inferiores a los estimados en el PIAS (IGME, 1981), que fueron 15y 8 hm?/afio
hacia Jiloca y Piedra-Ortiz, respectivamente. Posteriormente, en el caso del
Jiloca se redujeron a 7 hm3/afio en DGOH y CHE (1990), lo que supone un valor
mucho mas cercano al cuantificado por el presente modelo. Por su parte, el
modelo precedente (CHE, 2003) no considero transferencia de agua a las
cuencas vecinas ya que su ambito de modelizacion se centré al entorno mas
proximo a la laguna de Gallocanta.
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El hecho de que las salidas hacia el Piedra-Ortiz sean superiores a las salidas
hacia el Jiloca se basa en la disposicion de los materiales jurasicos al norte de
la laguna de Gallocanta, y a la presencia de los materiales impermeables del
Keuper. Si bien estos materiales no llegan a aislar la conexién hidraulica entre el
entorno de la laguna de la Zaida y los alrededores de la laguna de Gallocanta, si
dificultan el flujo hasta el punto de que los piezometros al norte de dicha laguna
presentan niveles mas bajos y un comportamiento diferente. Esta caracteristica
ya fue observada por CHE (2003) en su modelizacion, considerandose entonces
esta conexion como un limite movil, que oscila y varia su posicion en funcion del
nivel piezométrico.

En el caso de las descargas subterraneas hacia el Jiloca, hay que tener en
cuenta que el accidente de Caminreal desempefia un papel hidrolégico regional
clave como barrera negativa. Los Ojos de Caminreal son una zona de surgencias
donde confluyen los aportes de acuiferos mesozoicos del valle del Jiloca con los
aportes procedentes de Gallocanta, que segun el modelo supondrian un 17 %
de los 7 hm®/afio estimados para el manantial en DGOH y CHE (1990).

En cuanto al balance en las lagunas (Tabla 4.2), al margen de la precipitacion
directa y la escorrentia, el modelo cuantifica un pequefio aporte de agua
subterranea (0,02 Hm3afio) que apenas supone un 1,4 % de las entradas a la
laguna de Gallocanta.

Tabla 4.2. Balance hidrico en las lagunas de Gallocanta y La Zaida para a) escenario

actual, b) escenario sin captaciones y ¢) escenario con reduccion del 20 % en la recarga,
escorrentia y precipitacion directa.

Componente Escenario | Gallocanta | Zaida
a 0,29 0,05
Precipitacion b 0,34 0,05
c 0,25 0,04
a 1,15 0,22
E'I(Eh%?a%g? S| Escorrentia b 1,27 0,22
c 0,87 0,17
Fluio a 0,02 0,00
Subteriéneo b 0,09 0,00
c 0,03 0,00
a 1,47 0,23
Evaporacion b 1,72 0,23
S-SALIDAS C 1,55 0,22
(hm?3/afio) Flujo a 0,00 0,07
Subterraneo b 0,00 0,06
c 0,00 0,07
a -0,7 -10,2
Discrepancia=200-[(E-S)/(E+S)] b -1,2 -7,1
c -30,1 -32,8
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En cambio, la laguna de la Zaida no recibe aportes subterraneos si no que se
evacla agua a traves de los acuiferos suponiendo un 23 % de las salidas totales.
El modelo otorga un volumen a las lagunas de Gallocanta y Zaida de 0,58 y
0,07 hm?/afio, respectivamente.

En relaciéon a los escenarios simulados para evaluar posibles situaciones futuras
en la gestion del agua, y contextos ambientales asociados al Cambio Climéatico,
el escenario b simula el funcionamiento hidrogeoldgico sin bombeos en los pozos
(Tabla 4.2). En este escenario no solo aumenta las salidas hacia el Piedra-Ortiz
(4,55 hm3/afio) y hacia el Jiloca (1,26 hm?3afio), sino que el balance entre
infiltracion y drenaje de los barrancos es ganador (0,12 hm3/afio) aportando mas
agua por escorrentia, particularmente a la laguna de Gallocanta (1,27 hm3/afio).

Adicionalmente a la llegada de una mayor escorrentia a la laguna de Gallocanta,
la ausencia de captaciones conlleva también un mayor flujo subterraneo entrante
(0,06 hm?3/afio) lo que el modelo cuantifica en un mayor volumen de agua en la
laguna (0,72 hm3/afio) que implica un incremento en la superficie inundada y con
ello de la precipitacion directa (0,34 hm?3/afio) y evaporaciéon en lamina libre
(1,72 hm3/afio).

Como contraposicion, el escenario ¢, que simula el descenso de un 20 % en la
recarga, escorrentia y precipitacion directa, provocaria un descenso del 13 % y
16 % en las transferencias de agua hacia el Piedra-Ortiz y Jiloca,
respectivamente (Figura 4.5), a pesar de que las extracciones de las captaciones
disminuyen un 18 % debido a que algunos pozos quedan secos. La infiltracion
de los barrancos sigue siendo la misma, si bien el drenaje del acuifero por ellos
se reduce a la mitad como consecuencia del descenso del nivel piezométrico.
En este ultimo escenario las lagunas se ven especialmente afectadas por la
disminucién de sus aportes a través de las escorrentias de los barrancos
(Tabla 4.2).

La incertidumbre del modelo en este Ultimo escenario es mayor, debido
fundamentalmente al aumento de la incertidumbre en la estimacion de la
evaporacion en lamina libre. En ello incide la relacion entre el volumen y la
superficie de agua de las lagunas, que debera ser abordado con una mayor
definicibn geométrica mediante el refinamiento de la discretizacion espacial de
las celdas que representan las lagunas. Otro factor en el que se necesita mayor
conocimiento es la relacién entre la tasa de evaporaciéon y la salinidad de la
laguna en condiciones de muy baja aportacion. Estos factores seran tenidos en
cuenta en la modelizacion en régimen transitorio.
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4. Conclusiones

Una vez calibrado el modelo, se ha validado aceptablemente con unas salidas
hacia el sistema Piedra-Ortiz acordes a las estimaciones de los aportes
deducidos de caudal base de estos rios, y hacia el Jiloca acordes con el caudal
de los manantiales de Caminreal. Adicionalmente, los niveles medios
observados en 31 piezometros fueron replicados razonablemente por el modelo,
si bien, se simuld un accidente geoldgico en el Jurasico cercano a la laguna de
la Zaida que seria necesario confirmar con prospecciones geoldgicas.

A diferencia de modelos anteriores de Gallocanta, el presente trabajo posibilita
que las divisorias de aguas sean maoviles. En régimen estacionario esta divisoria
es practicamente coincidente para el acuifero jurasico y cretacico apuntando
hacia una conexion entre ambos.

Asi pues, salvo un pequefio flujo del acuifero cretacico que se dirige a la laguna
de Gallocanta, el resto del flujo subterraneo de los acuiferos cretacico y jurasico
se dirige desde la divisoria de aguas en el entorno de la rambla de Pozuelos
hacia las vecinas cuencas del Piedra-Ortiz y Jiloca. EI modelo cuantifica esta
transferencia de agua en régimen estacionario en 4,05 y 1,19 Hm?%afo,
respectivamente, lo que puede implicar una transferencia significativa también
en contaminantes agrarios desde la Zona Vulnerable a la Contaminacion por
Nitratos de Gallocanta (Gobierno de Aragon, 2021).

Por otra parte, la no coincidencia de la divisoria de aguas con los limites de la
Masa de Agua Subterranea de Gallocanta invita también a hacer una reflexion
sobre su disefio y toda la normativa legislada a partir de ella.

Las pequefias entradas de agua subterranea a la laguna de Gallocanta (1,4 %
de las entradas) demuestran su dependencia de las escorrentias superficiales a
la vez que justifican la escasa concentracion de nitrato que presentan sus aguas.
De lo contrario, las aguas de la laguna podrian tener un grave problema
ambiental, pues no presenta salidas a través de los acuiferos, siendo su Unica
salida la evaporacion.

Esto provoca una progresiva salinizacion y una nula tasa de renovaciéon. Como
contrapunto, un 23 % del agua de la Zaida se evacua subterrdneamente lo que
le confiere ser una laguna de agua dulce que posibilita ser cultivada en afos
alternos.
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El modelo estacionario actual, mas enfocado al estudio regional, no ha permitido
analizar con detalle la relacion entre el acuifero cuaternario y la laguna de
Gallocanta debido al marcado caréacter estacional de la relacién entre ambos sélo
se puede abordar en régimen transitorio. No obstante, el Cuaternario puede jugar
un papel de conexion de los acuiferos subyacentes con la laguna de Gallocanta,
gue como se ha cuantificado, no representa volumenes importantes dentro del
esquema regional.

Por su parte, la simulacién de la ausencia de captaciones conlleva, en régimen
estacionario, incrementos en las transferencias a las cuencas vecinas (12 %
para Piedra-Ortiz y 6 % para el Jiloca), asi como una mayor llegada de agua,
tanto superficial como subterranea, a la laguna de Gallocanta, que aumentaria
su extensiéon un 18 %.

En contraposicion, la simulacion de un descenso del 20 % en la recarga,
escorrentia y precipitacion directa, implica descensos en las transferencias a las
cuencas vecinas del 13 % para el sistema Piedra-Ortiz y del 16 % para la cuenca
del Jiloca), asi como una menor llegada de agua a las lagunas.

Por lo tanto, una vez construido un modelo conceptual robusto, validado en
régimen estacionario, este debe ser el soporte hacia la ejecucion de un modelo
en régimen transitorio que permita simular escenarios de naturalizacién del
sistema, gestion sostenible y Cambio Climético, tanto para los recursos hidricos
como para potenciales contaminantes de la zona, especialmente el nitrato.
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Abstract

Nitrate pollution from agricultural sources is one of the biggest issues facing groundwater management in the European Union
(EU). During the last three decades, tens of nitrate vulnerable zones (NVZ) have been designated across the EU, aiming to make
the problem more manageable. The Gallocanta Groundwater Body in NE Spain was declared as an NVZ in 1997, and after more
than 20 years, significant improvements in water quality were expected to be observed. In the present study, the spatiotemporal
trend of nitrate concentration within the Gallocanta NVZ in the last 38 years was assessed, and the effectiveness of the NVZ
implementation was tested. Data from the official Ebro Basin Confederation monitoring network from 1980 to 2018 were used,
and the results showed an increasing but fluctuating trend in nitrate concentration since 1980. Although a slight improvement was
detected after the NVZ designation in 1997, the low rate of improvement would take decades to reach desirable levels in most of
the area. The lack of update and control of action programmes, the inappropriate NVZ delimitation, and the influence of natural
factors seem to be the reasons for the failure of the nitrate reduction measures. Currently, nitrate pollution and groundwater
management are a matter of concern for the EU, so given the recurring problems in water supply in the area and the nonfulfillment
of the goal of good quality status, more demanding measures are needed to be implemented in the short term.

Keywords Contamination - Endorreism - Groundwater management - Nitrate - Spain

Introduction (e.g. Kyllmar et al. 2005; Liu et al. 2005; Matzeu et al. 2017,
Serio et al. 2018). Nitrate (NO5 ) concentrations found natu-
Nitrate pollution in surface water and groundwater has been  rally in groundwater are low, but there are increases in con-
related to human activities in many countries across the world ~ centration, mainly associated with anthropogenic factors such
as agricultural fertilizer application, animal farming, and in-
Electronic supplementary material The online version of this article dustrial and urban wastewater discharges (Liu et al. 2005;
(httpsi//doi,o'rg/ 1.0.100.7/s10040—020—(.)2184—0) contains supplementary Dubrovsky et al. 2010). Whereas animal farming and indus-
material, which is available to authorized users. . . . - .
trial or urban discharges are relatively easy to mitigate, since
they usually originate from point sources, NO3 ™ leaching from
agricultural sources is considered a nonpoint source (Sutton
etal. 2011) and is harder to control and prevent. NO3  arising
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nitrogen from agricultural land to aquifers and surface water
due to the high mobility of NO; (Billen et al. 2013; Merchan
et al. 2015; Serio et al. 2018). The impact of leaching varies
considerably with climate conditions, type of soil, lithology,
depth of the vadose zone, irrigation/fertilizer management
practices, land use, depth to the water table, and topography,
among others (Di and Cameron 2002; Quemada et al. 2013;
Arauzo 2017).

High levels of NO;  have a negative impact, e.g. the eutro-
phication of water bodies and the development of methemo-
globinemia in infants (USEPA 2007). As a consequence, the
quality of surface water and groundwater for human use has
been protected by several countries. In the USA and Canada,
the NO5~ limit in drinking water is 45 mg L' (USEPA 1996;
Health Canada 2013), whereas the recommendation of the
World Health Organization is a threshold of 50 mg L'
(WHO 2011). In the European Union (EU), the Nitrates
Directive 91/676/EEC aims to protect water bodies against
pollution caused by nitrate from agricultural sources, and set
the threshold at 50 mg L™ to declare water bodies as affected
(EEC 1991). If concentrations are within the range of 25—
50 mg L', the water body can be considered at risk and
protection measures should be taken (BOE 1996). The
Nitrates Directive also established that the European states
should identify and designate protected areas based on NO;
concentration levels. The so-called nitrate vulnerable zones
(NVZ) are defined as areas of land that drain into polluted
water or waters at risk of pollution and which contribute to
the pollution of those waters (EEC 1991). In these areas, ac-
tion programmes must be implemented to deal with the pol-
lution. Instead of appointing specific areas, the member states
can decide to include all their agricultural territory under ac-
tion programmes, as has been done in countries such as
Austria, Denmark, Germany, Ireland or The Netherlands. In
addition, member states are also required to establish codes of
good agricultural practice (CPAP) to be implemented by
farmers on a voluntary basis, action programmes within
NVZs on a compulsory basis, and to carry out control
programmes every 4 years.

Despite the important legislative effort, several studies
have called into doubt the efficiency of this procedure, due
to the significant differences in the way that NVZs are desig-
nated in each country, the voluntary basis of the application of
the CPAP, and the ambiguous interpretation of the action
programmes (e.g. Worrall et al. 2009; Arauzo and Martinez-
Bastida 2015; Richard et al. 2018). The European
Commission (EC) itself questions the effectiveness of the
NVZ declaration and its action programmes (EC 2010;
2018) since the criteria are not explicit, and in some countries
the declared zone is limited to small areas around the moni-
toring stations, which leads to declaring isolated or
fragmented areas that are not a representation of the affected
water bodies. According to the reports submitted by the
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member states to the EC, in 2015 the total area declared as
NVZ in Europe increased by 12% with respect to 2012,
reaching 2,175,861 kmz, or ca. 61% of the agricultural land
(EC 2018).

Assessment of the efficiency of the NVZ implementation
across Europe has been traditionally carried out by the EC,
focusing on a country scale. In 2003 and 2009, the
International MonNO3 workshops took place focusing on
monitoring the effectiveness of the Nitrates Directive action
programmes in different countries (Fraters et al. 2005, 2011).
In addition, several studies have assessed the effectiveness of
NVZ designation on the improvement of NO3~ levels in water
bodies at a catchment scale. For instance, Neal et al. (2006),
Lord et al. (2007), and Worrall et al. (2009) analysed NO5
concentration in NVZs linked to surface water bodies in the
UK, Rojek et al. (2017) compared NO5  trends in groundwa-
ter in NVZs and non-NVZs in Poland, and Arauzo and
Valladolid (2011) and Arauzo and Martinez-Bastida (2015)
observed a lack of defined criteria when designating NVZs
in different catchments in Spain, which resulted in an inappro-
priate area designation and thus in the failure of the action
programmes. On the other hand, others studies have focused
on the farmers’ and stakeholders’ perspectives. Musacchio
et al. (2019) analysed NO3 ™ concentration trend in the River
Po catchment in Italy and developed a “net-map” of actors in
water governance. In Scotland (UK), MacGregor and Warren
(2006) questioned whether the measures associated with NVZ
were enough to reduce diffuse NO3 ™ pollution; in this case, an
improvement in water quality in the long-term associated with
NVZ regulations, economic pressures and the role of farmers
could be demonstrated (MacGregor and Warren 2015).

Following the Nitrates Directive, in 1997 the Gallocanta
Groundwater Body (GGB) was designated as one of the first
NVZs in Spain (BOA 1997). The GGB is a particular case due
to its relationship with a lagoon of international interest
(Ramsar Convention) located in an endorheic catchment.
The first NVZ declaration protected 155 km? surrounding
the lagoon and the south part of the groundwater body. In
2008, the NVZ was extended to 208 km” in the III Action
Programme which was continued by the IV and the V
Action Programme in 2013 and 2019. Following the
Spanish legislation, the new delimitation excluded part of
the former NVZ area, due to low concentration levels recorded
on that zone. Despite all of this and the long period (20 years)
since the NVZ implementation, and despite several action
programmes and changes in the extension of the NVZ, an
improvement in the NO;  concentration within the GGB
should be expected. Thus, this study aimed to analyse the
NO;  dynamics in the GGB. The specific objectives were:
(1) to understand NO3 ™~ dynamics in the aquifers; (2) to detect
and quantify trends in NO3 ™~ concentration through the last ca.
38 years, and (3) to test the efficiency of the NVZ protection
program and related measures in the long term.
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Methods and materials
Study site

The study area encompasses 540 km?, covering the
Gallocanta Lagoon catchment, an endorheic basin located in
the Autonomous Communities of Aragéon and Castilla-La
Mancha (north-east Spain). This catchment is within the
Gallocanta Hydrogeologic Unit and it is characterized by the
different extensions of the surface water and the groundwater
catchments (Fig. 1). The latter (223 km?) is almost completely
contained within the former.

Topographic elevation in the catchment ranges from 990 m
above sea level (ASL) at the lowest part, where the lagoon is
located, up to 1,400 m ASL in the NE (Sierra de Santa Cruz)
and SW (Sierra de Menera) boundaries. Some short and
ephemeral water courses flow from those mountains to the
lagoon when rainfall is high enough. However, the territory
has a flat morphology, so that surface-water infiltrates into the
aquifers before it can reach the lagoon for most of the time.

The climate in the area is Mediterranean semiarid, with a
remarkable continental and altitudinal influence and peak
rainfall in spring and fall. Annual rainfall is 391 £ 112 mm
(average = standard deviation), which denotes the high inter-
annual variation typical of Mediterranean climate, and the
annual mean temperature is 11.6 °C.

According to the water basin authority, Ebro Hydrographic
Confederation (CHE from its Spanish acronym), the GGB is
associated with the groundwater catchment. It is a multilayer
aquifer system composed of an unconfined detritic Quaternary
aquifer surrounding the lagoon, and Mesozoic carbonated
aquifers (partially permeable) formed by materials with differ-
ent hydraulic properties: Utrillas sandy materials, fractured
and karstic Cretaceous and Jurassic limestones, and sandy
low-permeability Triassic materials. There is a Paleozoic aqui-
fer in the eastern area of the basin, under the Sierra de Santa
Cruz layer, with low hydraulic conductivity and is practically
unpolluted (CHE 2016). The Quaternary aquifer covers the
lowest lands and it is composed of filling materials (quarzitic
sand, alluvial fans, glacis and Quaternary lake sediments;
CHE 2012). Its hydraulic conductivity is high (0.5 m day ")
and the thickness ranges between 5 and 20 m. In relation to the
Mesozoic aquifers, the Utrillas formation can be considered as
an aquitard. Due to its low hydraulic conductivity
(0.0001 m day "), it partially separates the Cretaceous and
the Jurassic aquifers (CHE 2003). On the other hand, the un-
confined carbonated Cretaceous aquifer has moderate hydrau-
lic conductivity due to fracturation and karstification (CHE
2016). It has a thickness between 200 and 300 m and covers
the western parts of the basin. Cretaceous outcrops cover large
areas in the western, south-western and southern of the study
area. The Jurassic aquifer is also extended over the western
part of the basin. It can be considered a diffuse-flow
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carbonated aquifer. Its hydraulic conductivity is high due to
fracturation and karstification, and its thickness ranges be-
tween 200 and 250 m (CHE 2003). The Triassic materials
are composed of Buntsandstein facies, abutting at the eastern
Paleozoic range, with low hydraulic conductivity and covered
by Quaternary materials. The Carbonated Muschelkalk facies
is next to (1) the Buntsandstein materials, with moderate hy-
draulic conductivity due to fracturation, which supplies water
to towns in the foothills of the sierras at the eastern part of the
lagoon, and (2) the Keuper facies, which covers large areas
beneath the Quaternary materials and prevents groundwater
flowing between the Triassic and the Quaternary aquifers and
between the rest of aquifers in some sections (CHE 2003).

All the aquifers are recharged by rainfall. The Cretaceous
and Jurassic aquifer inputs are rainfall at the outcrops that
infiltrates through the unsaturated zone, whereas the
Quaternary aquifer inputs are rainfall, flows from the
Cretaceous and Jurassic aquifers near to the lagoon, and irri-
gation return flows. Vertical infiltration of ephemeral water
flows recharges the Cretaceous and the Triassic aquifers.
Lateral infiltration from adjacent aquifers recharges the
Cretaceous and the Quaternary Aquifer. Irrigation return
flows mainly recharge the Cretaceous and the Quaternary
aquifer. On the other hand, Gallocanta Lagoon is the natural
discharge area of the GGB. The Quaternary aquifer feeds the
lagoon, but losses are also caused by evapotranspiration and
groundwater pumping. The Triassic aquifer discharges to
springs and to the Quaternary aquifer through lateral flows,
whereas discharges from the Cretaceous aquifer also comes
from lateral flows to the Quaternary aquifer and from ground-
water pumping. Finally, the Jurassic aquifer laterally dis-
charges to the Cretaceous and the Quaternary aquifers, and
groundwater directly flows to the lagoon near the north-west
shoreline. Therefore, from a hydrogeological perspective, the
Cretaceous and Jurassic aquifers are the most relevant, not
only because of their hydraulic characteristics but also be-
cause of their direct connection to the Quaternary aquifer near
the lagoon. On the other hand, the Paleozoic aquifer feeds
some springs in the lowest part of the slopes at the eastern
boundary of the basin and has very low hydraulic conductivity
and little connection, whereas the Triassic one has small size
and only the Muschelkalk rocks can store usable amounts of
groundwater.

The limits of the GGB are fixed at the eastern and southern
areas and mostly coincide with the surface watershed, whereas
the western and northern boundaries are hard to delimit due to
the absence of faults or diapirs that serve as tectonic boundary
(CHE 2003).

Groundwater flow is relatively radial towards the lagoon,
but given the shape of the basin, the main flow direction is
from west to east. The Cretaceous and Jurassic aquifers, which
are independent of each other but both extend across the
north-western, western and south-western areas of the lagoon,
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are connected to the upper Quaternary aquifer, and significant
flow occurs when the potentiometric surface is sufficiently
high. In addition, groundwater from the Jurassic aquifer di-
rectly reaches the lagoon at its northern area through several
outcrops (CHE 2003). Both the Cretaceous and the Jurassic

aquifers present high temporal variability, being the most in-
fluenced by dry periods, whereas the Quaternary aquifer
remained less affected by the lack of rainfall, probably due
to incorporation of irrigation return flows during the irrigation
season (Fig. 2).
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In the Gallocanta catchment, urban and industrial spots are
irrelevant (1%) since the area is largely occupied by forests
(13%), semi natural areas (16%) and arable land (67%). Most
of the agricultural land is rainfed, and winter wheat is the
predominant cultivated crop, with fertilization rates ranging
from 100200 kg N ha ' year ', according to agronomic rec-
ommendations followed in the area (Lopez Bellido et al.
2010).

In the last decades, small irrigated areas (about 5 ha) have
been developed around the southern and south-western
boundary of the lagoon, mainly devoted to potatoes and her-
baceous crops. The annual groundwater uptake for irrigation
and human usage was estimated to be 1 hm® by the Ebro
Hydrographic Confederation (CHE 2003).

The agricultural land extension in the Gallocanta Basin has
remained almost unaltered for the last few decades. According
to CORINE Land Cover, in 1990 the arable land area was
365 kmz, mainly rainfed crops, and in 2018 the extent was
360 km” (Table 1). Nevertheless, yield was highly variable as
it was strongly influenced by several environmental factors,

among which rainfall is expected to be one of the main ones
(Pena-Gallardo et al. 2019). Median yield obtained between
1986 and 2018 in a control plot was 3,770 kg ha '. The max-
imum yield in that period was obtained in 1989
(7,710 kg ha_l), whereas in 2001, 2008, 2010 and 2011 the
crop was not harvested due to low expected production after
visual inspection by farmers (personal interview with
farmers).

Available data

Water quality data were obtained from the CHE database,
freely available on the CHE website (CHE 2019). First, all
the water quality data available at 70 monitoring stations
(674 analysis) distributed across the study area from 1980 to
2018 were collected. The monitoring stations network is com-
posed of boreholes and wells, whose depths range between 3
and 281 m. The network is complemented with some springs.
Due to legal requirements from the Water Framework
Directive, the monitoring network has experienced significant

Table 1 Agricultural land extent

Agricultural land area (km?)

Wheat yield (kg ha ') NO;  concentration (mg LY

(CORINE Land Cover), yield and Year

average nitrate concentration

(NO5") in GGB in 1990, 2000, 1990 365

2006, 2012 and 2018 2000 366
2006 363
2012 354
2018 360

3,987 56.4
7,426 57.8
2,776 76.9
3,274 69.6
4,600 66.7

“In a representative control plot
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changes throughout this period. Indeed, the collected data
cover stations no longer in use and those included in the cur-
rent Nitrate Control Network. Available water-table informa-
tion from 28 monitoring stations from the Official Piezometric
Network from the watershed authority (CHE) was also con-
sidered for the analysis.

Additionally, data describing the agricultural system in the
study area were collected, including both official sources (ag-
ricultural statistics collected by the regional administration)
and data collated by the farmers’ collective. In particular,
winter-wheat yield data from 1985 to 2018 in a control plot
within the catchment, managed by a municipal farming coop-
erative located in one of the municipalities in the study area,
were analysed to understand the probable nitrogen stock in the
soil, and to explore relationships among production and NO3z
concentration in the GGB. Rainfed wheat and barley occupy
most of the agricultural land (SIOSE 2018). A significant
influence of water availability and drought over winter wheat
yield at medium and long time-scale (6—9 months), especially
in dry areas, has been reported (Pefia-Gallardo et al. 2019). In
the Gallocanta Basin, yield is expected to depend mainly on
rainfall amount and available water within the soil, so precip-
itation data have been used to correlate annual yield and NO5 ™
concentration in the groundwater body.

Data treatment

The consistency of available data was rather heterogeneous
since dates and monitoring frequencies were different during
the study period and between sites. To compute an overall
mean NO;3  concentration, all available records were aggre-
gated to an annual time step, while years with no data or only
one measurement were deemed unrepresentative and thus not
considered for subsequent analysis. Different aggregation
methods (average, median, interpolation of punctual values
and surface-weighted average) were tested, but they did not
show significant differences among them. For simplicity’s
sake, the average of all available data in a particular year, as
indicative of the overall NO5  concentration, was used.

The available data were also analysed on a station by station
basis. After an exploratory analysis of the available data, fol-
lowing the recommendations of the Water Framework
Directive’s Common Implementation Strategy Guideline No.
18 (European Commission 2009), the monitoring points with
sufficient information to perform statistical trends analysis were
selected. Out of the 70 monitoring stations, 26 of them fulfilled
the criteria of sufficient data (at least 10 samples). Nine of them
had records before the NVZ implementation, with an average
of 19 samples/station (ranging from 10 to 35 samples). Those
nine monitoring points were used to explore trends across the
study area before the NVZ implementation, and the remaining
17 stations (19 samples/station, ranging from 10 to 49 samples)
complete the analysis after the NVZ came into effect.
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Unfortunately, there was no station covering the whole study
period, as monitoring networks were significantly modified
during the implementation of the Water Framework Directive.
Out of the 26 selected monitoring stations, 13 tapped the
shallowest Quaternary aquifer, nine of them the Cretaceous
aquifer, two of them the Jurassic aquifer, and only one for both
the Triassic aquifer and the Palaeozoic aquifer.

Nitrate concentration distribution

A 6-month classification was used to map the study area. In
order to assess and compare the evolution and distribution of
NO; concentration across the study area, maps using NO;z
concentration in spring and autumn were created for three
selected years (based on the amount of available data and
the coincidence with beginning of records, NVZ implementa-
tion and the more recent available data): 1981, 1999 and 2017.
In addition, data were separately treated and presented for
each single aquifer.

Nitrate time series

The overall NO; ™ trend analysis was calculated for data from
1980 to 2018. Considering 2000 to be the year that the I
Action Programme was implemented, a distinction in trend
performance was made. Separated trend analyses were carried
out for data from 1980 to 2000, and from 2001 to 2018, for the
whole study area and for each single aquifer. The non-
parametric Mann-Kendall test, using a 95% significance level,
was applied to detect significant trends both during the whole
study period and during each stage (pre and post NVZ imple-
mentation). The non-parametric Mann-Kendall test is one of
the most used for trend analysis in hydrological data and it has
been shown to be effective in detecting trends (e.g. Hirsch
et al. 1982, 1991; Yue et al. 2002; Yue and Pilon 2004;
Gonzales-Inca et al. 2016; Urresti-Estala et al. 2016;
Musacchio et al. 2019). The magnitude of the increasing and
decreasing trends (in mg L' year ') was calculated by using
Sen’s slope. In addition, the non-parametric Wilcoxon rank-
sum test was used to explore the differences in NO;  concen-
tration before and after the NVZ implementation.

The Mann-Kendall test and Sen’s slope were also individu-
ally applied to the 26 selected monitoring stations and their
trends were classified as nonsignificant, decreasing, or increas-
ing. The 26 monitoring stations were also classified based on
the aquifer they tap and Wilcoxon rank-sum test was applied to
find differences in NO3~ concentration among aquifers.
Besides, in order to explore the relationship between water level
and NO;  concentration in the aquifer, three stations tapping
different aquifers and with both water-level and NO;  data
available were selected for the assessment. Trend analysis and
statistical comparisons were performed using the MAKESENS
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template (Salmi et al. 2002) and the R software (R
Development Core Team 2016).

Results
Nitrate concentration dynamics

The NO; concentration at most of the monitoring stations in
the GGB is high. The median NO;z  concentration in the study
area from 1980 to 2017 was 57.2 mg L™' (maximum =
311 mg L™" and minimum = 0.1 mg L") and the average con-
centration was 66.0 mg L™'. Regarding the Nitrates Directive
thresholds, 58.9% of the samples were above 50 mg L™ and
only 16.5% were below 25 mg L' (unaffected waters).

Spatial patterns

In relation to the stations that were polluted throughout the
study period, most of them were located in the southern and
western parts of the groundwater body (Fig. 3). These stations
tapped the Cretaceous, the Jurassic and the Quaternary aqui-
fers and all of them far exceeded concentrations above
50 mg L. Stations located in the eastern and northern parts
of the GGB, which tapped the Jurassic, Quaternary, Triassic
and Paleozoic aquifers, showed lower concentrations.
Concentrations in some of the stations located far from the
groundwater boundary or at the foot of the Sierra de Santa
Cruz remained low during the 30 years of study, even under
the limit of 25 mg L ™"

During the study period, the Cretaceous aquifer was the
most affected (mean NO3; =77.4 mg LY, followed by the
Quaternary (mean=74.7 mg L"), the Jurassic (mean =
60.2 mg L") and the Triassic (mean =45.2 mg LY. There
were significant differences in NO; concentration between
the Quaternary and the Triassic aquifers (p <0.001), the
Quaternary and the Jurassic (p =0.019), the Jurassic and the
Cretaceous (p <0.001), and between the Cretaceous and the
Triassic aquifers (p <0.001), but not between the Quaternary
and the Cretaceous ones, which are the most polluted.

Temporal variation

In general, NO3™ concentration was higher in spring at most of
the points and in most years, although some years presented
an inverse pattern, with higher NO;~ concentration in autumn
(Fig. 3). These differences are associated with the distribution
of rainfall across seasons in any particular year. During the
study period, the Cretaceous aquifer constantly recorded mean
NO;  concentrations above 50 mg L' since 1980, while the
Quaternary remained below the Nitrates Directive threshold
until the mid-1980s. However, mean concentration within the
Jurassic aquifer fluctuated since 2001.
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Fig. 3 Relationship between nitrate concentration (NO3 ) and water table
in representative monitoring stations in the a Quaternary, b Cretaceous,
and c Jurassic aquifers

The results showed a different behaviour in NO;  dynam-
ics depending on the aquifer, likely pertaining to the
Cretaceous and the Jurassic aquifers, since both showed lower
concentrations when the water table was higher (Fig. 4). Both
aquifers have been observed to be widely polluted and extend
across the western, south-western and southern areas of the
groundwater body and they are respectively characterized by
medium and high hydraulic conductivity due to fissuring and
karstification.

Long-term trends

The results showed how average NOz™ concentration contin-
uously increased from the late 1970s until mid-2000 (Fig. 5).
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<« Fig. 4 Mean nitrate concentration (mg Lfl) in the Paleozoic, Triassic,
Jurassic, Cretaceous and Quaternary aquifers in a spring 1981, b spring
1999, ¢ spring 2017, d autumn 1981, e autumn 1999 and f autumn 2017.
Symbols represent the sampling points associated with nitrate
concentrations

From 2007, NO5; concentration decreased until 2013 and
then increased again until 2018. Overall, trend analyses high-
light a significant increasing trend in NO;  concentration from
1980 to 2018 in the area (p =0.003), peaking in 2007 (aver-
age=106 mg L™'; n=15). The annual magnitude of increase
was 0.54 mg L ™" year ' (p<0.01). Considering all available
samples, the average NO5 concentrations were 57.7 mg L™
and 72.1 mg L™ during the pre- and post-NVZ implementa-
tion stages, respectively.

Focusing on the trend analysis of the 26 selected monitor-
ing points, out of the nine suitable for trend analysis before
2000, none of them recorded decreasing trends, 78% had non-
significant trends, and 22% had increasing trend (Table 2).
The magnitude of those trends was between 1.3 and
2.4 mg L™ year ' and 66% of the sites were above the
Nitrates Directive threshold of 50 mg L™". The stations with
increasing trends tapped the Cretaceous and the Quaternary
aquifers. After the NVZ implementation, remarkable differ-
ences were found, i.e. out of the 17 stations, 24% showed
decreasing trends, 42% had nonsignificant trends, and 18%
were increasing. In addition, the ranges of decreasing and
increasing magnitude were—-2.7 to —0.7 and 0.2 to
0.6 mg L' year ', respectively (Table 2), with differences
in the increasing-trend magnitudes (p = 0.05). The monitoring
stations with increasing trend tapped the Jurassic, the
Quaternary and the Triassic aquifers, whereas the stations with
decreasing trends tapped the Cretaceous and also the Jurassic
and the Quaternary aquifers. A higher proportion of decreas-
ing trends was found in stations with concentrations above
50 mg L' whereas increasing trends were detected in already
affected stations and in stations at risk. As mentioned

previously, stations with low concentrations remained unaf-
fected during the study period.

The highest increasing trends were located around the
south and south-western parts of the lagoon, whereas the de-
creasing trends were at the central part of the NVZ (Fig. 6).
Until the NVZ implementation, strong and significant increas-
ing trends took place in the zone (Fig. 6), and after the imple-
mentation, the patterns appear to have changed and non-
detected or decreasing trends are evident (Fig. 6).

Discussion
Nitrate patterns in Gallocanta

Groundwater nitrate concentrations in the GGB have been
increasing since the late 1970s. High concentrations were al-
ready registered in the early 1980s (mean of 44.8 mg L™ in
1980) and the results suggested that use of nitrogen fertilizer
has increased since then, probably due to lower prices and
case of application (Ahmed et al. 2017). The average NO3
concentration continued to increase seven years after the NVZ
implementation, then it started to decrease until 2013. Since
then, the trend has fluctuated (Fig. 5). It is hard to distinguish
whether that rise is due to (1) the necessary time lag to observe
improvements attributed to the NVZ Action Programmes im-
plemented for the first time in 2000, or (2) the lack of appli-
cation of the measures of the action programmes. Indeed, a
large range of variation has been reported in the time lag
required for a response in NO;  dynamics after a change in
N fertilizer application (Vero et al. 2018). For instance, time
lags of decades have been observed in groundwater and sur-
face water in northern mainland Europe (Kronvang et al.
2008; Sohier et al. 2009), whereas time lags of less than a year
were reported in surface-water bodies in the UK (Worrall et al.
2009) or groundwater bodies in Spain (Kuhn et al. 2011). In
the Gallocanta basin, CHE (2003) showed that time lag in the
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Table 2 Nitrate concentration trends in the 26 selected monitoring points during the periods of pre- and post-Nitrate Vulnerable Zone (NVZ)

implementation

Designation n  Increasing Nondetected Decreasing Range of increasing trend Range of decreasing trend % Above
trend (%) trend (%) trend (%) (mg L! yearfl) (mg L! yearfl) 50 mg L!

Pre-NVZ 9 22 78 - +13-+24 - 67

Post-NVZ 17 18 42 24 +0.2—+0.6 —2.7t0 0.7 65

area surrounding the lagoon was up to 10 years. In any case,
the necessary delay between measures implementation and
water quality response and its dependence on farmer behav-
iour and catchment characteristics has been highlighted in
several studies (e.g. Kronvang et al. 2008; Burt et al. 2011,
Wang et al. 2016). In the GGB case, the hydrological and
social context suggested that the low effectiveness of the mea-
sures adopted by farmers explains the rising concentration
after the NVZ implementation, since the aquifers have shown
rather significant responses to changes in water inputs and/or
NO; on a year to year basis (Kuhn et al. 2011).

Despite this, the NVZ implementation could have had
slight but still positive influence over NO3  concentration,
according to the performed trend analysis. Indeed, although
not apparent in actual concentrations, significant improve-
ments were observed in both the percentage of stations show-
ing increasing or decreasing trends, and the magnitude of the
increasing trends when comparing pre-NVZ and post-NVZ
concentrations at the selected stations. These observations
could indicate a change in pattern introduced by good agricul-
tural practices in the area. This idea is also supported by the
relatively stable agricultural land uses in Gallocanta. In the last
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decades, the area of agricultural land and type of crops have
remained unaltered; therefore, changes in groundwater nitrate
concentration could have been caused by changes in nitrogen
input.

Regarding the spatial distribution of trends, the Jurassic
and the Cretaceous aquifers showed lower nitrate concentra-
tions when the water table was higher, mainly due to the
fissuring and karstification. As a consequence, recharge water
can easily reach the water table throughout outcrops and its
vulnerability to pollution is high. However, simultaneously,
unpolluted water from rain can quickly get into the aquifer and
the consequent higher water table helps to decrease NO3~
concentration through dilution. Similar patterns have been ob-
served worldwide, e.g. in Italy (Rotiroti et al. 2019) or in the
US (Bohlke et al. 2007). On the other hand, the detritic
Quaternary aquifer is fed by direct vertical recharge from the
vadose zone, which leached NO;  on its way down, and by
groundwater flow from the Cretaceous and Jurassic aquifers.
This NO; may reach the Quaternary aquifer and then in-
crease in concentration. The mean NO5; concentration was
very high in this aquifer during the study period. The NO3~
concentration remained low at monitoring points with less
than 25 mg L', whereas the greatest decreasing trends were
found at stations with NO3 ™ concentration above the threshold
of 50 mg L™". Sampling points with the highest mean concen-
tration were located at the southern part of the lagoon, near to
lowlands and irrigated areas, which likely contribute irrigation
return flows to the aquifer according to observations reported
in other study cases (Andrés and Cuchi 2014; Merchan et al.
2015). In fact, high NO3  concentration in drinking water
wells in this area have recurrently caused restrictions to public
water supply in the past in several towns of the study area, as
reported in local newspapers (e.g. Heraldo de Aragon
September 20th 2015; Gallocanta Town Council November
18th 2019).

In spite of the apparent improvement, it cannot be omitted
that after almost 20 years and four action programmes, the
improvements clearly are below expectations and should be
considered as insufficient, since current NO5;  concentration is
even higher than in 2000. In addition, for those stations with
declining trends, it would take several decades to achieve
recommended levels by the Nitrates Directive, given the esti-
mated trends in this study.

The results are in line with other studies within NVZs. The
assessment of NO5  trends in groundwater has been studied
both in NVZs (Arauzo and Valladolid 2011, Arauzo and
Martinez-Bastida 2015; Musacchio et al. 2016) and in non-
NVZs (Batlle Aguilar et al. 2007; Hansen et al. 2011; Lopez
et al. 2015) in several regions within the European Union.
These studies underline that groundwater pollution is an issue
across Europe and the situation is far from being solved. For
instance, Urresti-Estala et al. (2016) found no improvements
in water quality in sectors of an extensive catchment in
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southern Spain with agricultural land as the main land use,
whereas Rojek et al. (2017) reported higher increasing trends
in NVZs than those in non-NVZs in Poland. Studies carried
out in countries that declared its entire surface as an NVZ
showed, in general, better results in decreasing NO;  and re-
versal trends have been reported (Visser et al. 2007; Kronvang
et al. 2008; Hansen et al. 2011). For the success of NVZ
implementation, these authors emphasize the consideration
of local conditions, the need of stricter control measures and
the proper NVZ delineation for the success of NVZ
implementation.

Adequacy of NVZ delimitation and effectivity of
action programmes

The definition of NVZ included in the Nitrates Directive refers
to all known areas of land in their territories which drain into
the waters affected (and which could be affected) and which
contribute to pollution (Nitrates Directive, Art. 3). This defi-
nition includes a clear hydrological/hydrogeological connota-
tion, which means that feasible NO;  sources in the whole
basin draining into a water body should be declared; however,
within the endorheic Gallocanta Basin, only 38% of the sur-
ficial watershed is under NVZ designation. The nitrate vulner-
able zone surrounds the lagoon and it occupies the lowlands of
the basin, while in the highlands, which are predominantly
rainfed agricultural lands, no fertilizer restrictions are in order.
Given the hydrological and hydrogeological continuity
among these domains, it is very likely that surface water or
interflow leach available nitrogen in soils of agricultural plots
at the higher lands and flow to the lowest areas, transporting
NO; , where it infiltrates into the aquifers. It is well proven
within scientific literature that time lags may prevent the NVZ
from achieving NO;  reduction goals within the designated
periods (Vero et al. 2018). Although, according to CHE
(2003), time lag in the area surrounding the lagoon is up to
10 years, distant zones have longer time lags due to the dis-
tance from the lowlands. Those areas supply nitrate to the
protected area a long time after the nitrogen was applied.
This flux complicates the proper functioning of the NVZ not
only in the present, but also in the next decades, so any mea-
sure taken within the NVZ would be masked by pollutant
fluxes from adjacent areas. The declaration of the whole basin
as an NVZ would help to control the nitrogen input and, thus,
to improve the groundwater quality in the long term. Indeed,
this is not the only case in which an NVZ does not follow
hydrological considerations, as similar cases have been report-
ed in other catchments in Spain (e.g. Arauzo et al. 2011).
From the revelations already mentioned, it is clear that hydro-
logical knowledge of the water body should be considered in
NVZ designation.

Both the Nitrates Directive and the action programmes
mention the control measures, but, in general, they are vague
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and do not include specifications about frequency of control
measures, responsibility for action, or applicable sanctions. A
way to promote farmers’ reduction in fertiliser use could be an
increase in the control of the level of compliance within the
action programmes measures and economic imperatives. In
relation to economic matters, higher cost of fertiliser or stricter
economic bans may also reduce and/or optimize the use of
fertiliser. In fact, evidence of water quality improvements as
a result of the combination of economic imperatives and leg-
islative requirements has been reported in the UK (Macgregor
and Warren 2015). Indeed, the capital role of farmers, stake-
holders and governance configuration in the success of the
action programmes has been highlighted in several studies
(Trifu et al. 2013; MacGregor and Warren 2015; Musacchio
et al. 2019). These studies emphasize the need to involve and
convince farmers and to make them part of the decision-
making process, since they are a key part in the achievement
of'a good water quality status. Additionally, it can be conclud-
ed that actions on a voluntary basis without economic incen-
tives are destined to failure.

From a legal approach, after four action programmes
(2000, 2005, 2009 and 2013) yielding only minor improve-
ments in groundwater quality, these programs still opt for
continuing to apply the same measures over and over. Those
measures basically are related to fertilize application rates
based on the type of crop, the type of fertiliser, the water
management regime and the soil characteristics. According
to the Nitrates Directive, additional or reinforcing measures
have to be implemented if no improvements are detected. The
Nitrates Directive also established that a new action pro-
gramme should have been already implemented. The nonful-
fillment of the Nitrates Directive in relation to the renewal of
the action programmes is indicative of the lack of control of
the NVZ. The current action programme measures attempt to
control nitrogen output by limiting inputs either directly by
agreement with land owners or indirectly by subsidizing land-
use changes away from high-input crops, as has been done, for
instance, in the UK (Worrall et al. 2009). In the light of the
results, this approach could not be the most effective, espe-
cially in rural and extensive rainfed areas such as the
Gallocanta Basin.

Particularities of endorheic watersheds

From an environmental perspective, endorheic basins in dry
and semi-arid regions are particularly vulnerable to pollution
because of their low precipitation and high evaporation rates
(Schiitt 1998). Since no other output but evapotranspiration is
possible, one of the main components in the mass balance
typical of other watersheds (i.e. losses through river or aquifer
flow to downstream water bodies) is missing. Consequently,
the water renewal rate in endorheic basins is in general lower
than in nonendorheic ones and any pollutant incorporated in
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the system lacking significant gaseous losses is likely to build
up in water bodies.

In the study case, GGB is associated to an endorheic basin
draining into Gallocanta lagoon. This fact supposes a signifi-
cant challenge for water management for the aforementioned
reasons. Indeed, one of the main components in the nitrogen
balance in many watersheds is associated to NO3  losses in
river flow, which are mainly missing in this case. Although
there is some evidence of a likely hydrological connection of
GGB with other nonendorheic water bodies (Jiloca River),
further research is on course regarding this issue. The current
knowledge of the system suggests that water (and nitrogen)
losses to other water bodies are a minor component of the
balance in this particular case.

Regarding N gaseous losses, previous studies in other
Spanish endorheic saline lakes have showed significant atten-
uation of NO5 in the lake—aquifer system by heterotrophic
denitrification (Gomez-Alday et al. 2014) and denitrification
processes related to organic carbon oxidation in the surround-
ing area of the lake and the freshwater—saltwater interface
(Valiente et al. 2018). Although there are no available data
on gaseous N losses in GGB, the low NO3 concentration
observed in the lagoon (mean concentration=6.1 mg L")
suggests that natural attenuation processes play a key role
for decreasing NO;  in the basin. Among them, denitrification
could be highlighted. Given the relatively high greenhouse
effect associated to denitrification (NO and/or N,O losses),
the fact that this loss replaces losses to downstream water
bodies deserves further attention in future research.

Conclusion

Assessing the effectiveness of NVZs by using long-time series
data is a necessary step for testing the level of success of the
Nitrates Directive policies. Twenty years after the NVZ im-
plementation at Gallocanta, mean NOs concentration was
still above the threshold of 50 mg L™", which led to the con-
clusion that the lack of application of the action programmes
and the inadequate delimitation of the NVZ seem to be the
main causes of the failure of the implementation. Both factors
allow uncontrolled nitrate input in the groundwater system
and thus mask any likely improvement achieved by the correct
implementation of the measures at the NVZ. Hydrogeological
functioning of the system may also be influenced by natural
factors such as the necessary time lag from the implementation
of the measures to the observation of improvement, although
it has been shown that this cannot explain the minor decreas-
ing trends observed in the whole basin. After 20 years, slight
advances have been achieved and the rate of change would
take decades to reach compliance with legal requirements,
which was already unmet in 2015. After the NVZ implemen-
tation, decreasing trends were observed in some long-term
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monitoring stations, but the general trend of the area has been
fluctuant across the study period, so the necessary improve-
ment driven by the mitigation measures cannot be confirmed.
Given that stoppages in water supply due to high NO5™ con-
centration in groundwater have affected several towns in the
area, the lack of an alternative for supplying drinking water to
the population, and the current concern about NO;  pollution
in the European Union, stricter measures and changes in the
Nitrates Directive application should be considered in the
short term.
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Abstract

Anthropogenic activities are the main sources of groundwater pollution. In order to prevent
groundwater degradation and to apply suitable mitigation measures, hazard maps are a useful
instrument for decision makers. The ultimate goal of the research is to analyse the effectiveness of

several groundwater hazard indexes at the Gallocanta Lagoon Basin. To do so, the Hazard Index,
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the Danger of Contamination Index and the Pollutant Origin and its Surcharge Hydraulically
method were applied and compare, and the potentialities and weaknesses of the resulting maps
have been analysed. Accurate hazard maps were obtained and, based on their methodological
approach, significant differences were found in relation to the rating process, the inventory of the
sources, and the treatment of quantity and likelihood. In the light of the results, the indexes
tended to undervalue the hazard level of agricultural activities, which were the main sources of
pollution of the study area. Therefore, due to the characteristic land uses of the study area, typical

of the Mediterranean context, some proposals to improve the indexes have been suggested.

Key words: hazard index; aquifer pollution; cartography; hazard map; human contamination.

Resumen

Las actividades humanas son la principal fuente de contaminacién de las aguas subterrdneas.
Para la prevencién de su degradacion vy la aplicacién de las medidas de mitigacion apropiadas,
los mapas de peligrosidad son una herramienta Util para los responsables de la toma de
decisiones. El objetivo dltimo del articulo es analizar la eficacia de indices para la elaboracién de
carfografias de peligrosidad de contaminacién de acuiferos en el entorno de la Laguna de
Gallocanta. Se han aplicado y comparado el indice de Peligrosidad, el indice de Peligro de
Contaminacién y el Método de Origen del Contaminante y su Carga Hidraulica, y se han
analizado las potencialidades y limitaciones de la cartografia resultante. Se han obtenido mapas
precisos, sin embargo, se han observado diferencias entre los indices debido a sus enfoques
metodoldgicos, relacionadas con el proceso de puntuacién de las actividades contaminantes, el
inventariado de dichas actividades y el tratamiento de factores como la cantidad y la
probabilidad. En base a los resultados obtenidos, los indices han mostrado tendencia a
infravalorar el peligro de las actividades agrarias, las principales en la zona de estudio. Por lo
tanto, dadas las caracteristicas de los usos del suelo de la zona, propias del ambito

mediterrdneo, se han realizado algunas propuestas de mejora de los indices.

Palabras clave: indice de peligrosidad; contaminacion de acuiferos; cartografia; mapa de

peligrosidad; contaminacién humana.

1 Introduction

Groundwater is a key resource for human supply worldwide (Foster & Chilton, 2003). Not in

vain, at least 50% of the global population depends on it to satisfy their basic daily water needs
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(UNESCO, 2015), and this proportion increases to 75% in the European Union (EU) (Vargas,
2018). In the last decades, the expansion of anthropogenic activities (i.e. agriculture,
urbanization, industry, etc.) that use groundwater have considerably increase the pressure over
these resources throughout the world (Cosgrove & Rijsberman, 2000; Llamas & Custodio, 2002;
Foster et al., 2002; EASAC, 2010; UNESCO, 2015). Consequently, according to Gleeson et al.
(2012), 20% of the world’s aquifers were over-exploited, and 38% of the European water bodies
were under agricultural pollution threat (UNESCO, 2015). The issue is even more threatening in
the Mediterranean area, where the inter-annual and the infra-annual rainfall variations enhance the
use of groundwater (Moreno et al., 2005), especially in the climate’s change context, where

more recurrent droughts and dry periods are expected (IPCC, 2018).

Anthropogenic pressures might last for a long time and they do not only increase pollutant
concentrations, but also slow down the quantity and quality of the recovery rates. Once aquifers
become polluted, contamination persists and it is difficult to remove it due to either their storage,
long residence time or physical inaccessibility (Foster & Chilton, 2003). In addition, monitoring
and restoration of the aquifers is more difficult than in surface waters, and so it is pollution
prevention (Vargas, 2018). However, prevention must be an essential component in groundwater
management. Indeed, in the last years, hazard, vulnerability, and risk assessment studies have
become one of the most useful tools for groundwater pollution prevention and control (Foster et
al., 2002; Shrestha et al., 2016). The aim of these studies is to identify and delimit those areas

that are prone to be polluted as a consequence of anthropogenic activities (Busico et al., 2017).

Groundwater pollution risk is defined as the probability that an adverse outcome occurs in a
person or group of people as the consequence of a certain concentration of a hazardous agent
from anthropogenic activities (Vias, 2005). Risk depends both on pollutants harmfulness and on
the level of exposure (Daly et al., 2004). Therefore, in the context of groundwater pollution, a
hazard is defined as a potential source of pollution resulting from human activities (Zwahlen et al.,
2004). The role of the water resources and the environment regulator is to mount groundwater
quality and quantity protection programs, which should include the delimitation of land-use

zoning and the implementation of groundwater protection measures (Foster et al., 2002).

Groundwater deterioration can directly affect surface water bodies, wetlands, and protected
areas. Therefore, in order to guarantee groundwater sustainability and to protect the good quality
of the aquifers, water authorities have established laws for the groundwater’s management and

protection (Foster and Candela, 2007). Since the 1990s, the protection of groundwater has
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become in one of the most pressing objectives in the EU. The Nitrates Directive 91/676/EEC
(ND) and the Urban Wastewater Treatment Directive 91/271/EEC (UWTD) aimed to protect,
reduce, and prevent, water pollution caused by nitrates from agricultural sources, and by
discharges from urban and industrial waste waters (EEC, 1991a; EEC 1991b). More recently, the
Water Frame Directive 2000,/60/CE (WFD) and, specifically, the Groundwater Directive
2006,/118/EC (GWD) aimed to prevent and face groundwater pollution in the EU by limiting the
discharges of pollutants into groundwater systems and by designing measures for the reversal of
pollution trends (EC, 2000; EC, 2006). In this context, hazard maps at a proper scale are key
instruments both for national and local authorities with responsibilities at the planning and
decision-making level for (1) the assessment of groundwater pollution, and (2) the correct

implementation of preventive and mitigating measures (Mimi & Assi, 2009).

In the last decades, several authors have proposed approaches to evaluate and map pollution
hazard (Johansson and Hirata, 2004). In the seventies, Mazurek published one of the first hazard
indexes, the modification of the LeGrand method (Mazurek, 1979). In the next decade, Foster
and Hirata proposed the Pollutant Origin Surcharge Hydraulically (POSH) method (Foster &
Hirata, 1988) at catchment scale, which was modified in 2002 (Foster et al., 2002). This method
classified the pollutant according to their sources and their hydraulic surcharge. Already in the
1990s, Civita and Di Maio (1997) created the Danger Contamination Index (DCI), which was the
result of the combination of the intrinsic hazard of different types of pollutants derived from

anthropogenic activities.

In the framework of the WFD, the European Commission enhanced the COST Action 620. This
scientific report included approaches for assessing and mapping groundwater vulnerability,
hazard, and risk, in order to develop a consistent European approach for the protection of karst
groundwater (Zwahlen et al., 2004). The COST Action 620 also proposed a method for rating
and mapping existing and potential groundwater contamination sources, the so-called Hazard
Index (De Ketelaere et al., 2004). In the COST Action project, the hazard mapping approach
was applied and validated in karstic aquifers across Europe: in Spain (Andreo et al., 2004),
Germany (Goldscheider et al., 2004), Austria (Cichocki et al., 2004) or Hungary (Madl-Szényi

al., 2004). In addition, this approach was widely implemented in other countries by many
authors: Vias (2005) and Jiménez-Madrid et al. (2010) mapped hazards in karstic aquifers in
southern Spain, Entezari et al. (2016) analysed risk in karst aquifers in Iran based on the Hi
methodology, and Kuisi et al. (2074) assessed groundwater vulnerability and hazard in an arid

region in Jordan. Mimi and Assi (2009) also opted for the HI method for mapping groundwater
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hazard and risk in Palestina, whereas Hamamin et al. (2018) used it for mapping a water-bearing
unit in Irag. In addition, despite this method was specifically created for karstic aquifers, it was
also successfully applied to groundwater bodies with different hydrogeological characteristics
(e.g. Dimitriou et al. (2008) assessed pollution hazards in a heavily industrialised catchment in
Greece, composed by carbonated and detritic aquifers, and Boulabeiz et al. (2019) mapped

hazards sources as part of a risk analysis in a coastal Quaternary aquifer in Algeria).

The selection of the study area is justifiable, considering it is highly valuable from an ecological
point of view. Not in vain, it has been declared as a Site of Community Interest, Special
Protection Area for Birds, Ramsar wetland and Nature Reserve. In addition, from an economic
perspective, intensive agriculture and livestock farming are the main activities and thus, the most
relevant sources of employment. However, those activities are considerably pollutant and both
ecological and agronomic contexts are dependent on the groundwater quality. Therefore, the

identification and regulation of the potential sources of pollution need to be addressed urgently.

The groundwater pollution data collected in the area highlight that current protection measures
related to the declaration of the study area as a Nitrate Vulnerable Zone in 1997 (Gobierno de
Aragén, 1997) are insufficient. Following the Nitrate Directive (EEC, 1991a), several Action
Programmes have been implemented in the last twenty years, but nitrate concentration is still
higher than in 1997. Therefore, in the current climate change context, groundwater quality status
may be expected to deteriorate if a different mitigation approach is not applied. Among the
critics to the system of Nitrate Vulnerable Zones delimitation, it should be addressed that the term
is misleading and that it does not take info account the spatial transportation of the pollutant on
the surface nor in the aquifer. The system ignores two essential aspects of the groundwater
pollution procedure: firstly, the spatial distribution of the sources of pollution, and secondly, the
intrinsic vulnerability of the aquifer. Thus, the creation of a hazard map of the study area achieves

an additional value as a tool for improving the pollution management in the area.

The ultimate goal of the research is to assess the efficiency of groundwater pollution hazard
indexes widely accepted by the scientific community. To this end, three methods (the Hazard
Index, the Danger Contamination Index and the Pollutant Origin Surcharge Hydraulically Index)
have been applied. Based on a comparative method, the requirements, potentialities and

weaknesses of the indexes at the Gallocanta Lagoon surroundings have been analysed.
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1.1 Study area

The study area covers the 540 km?2 of the Gallocanta Lagoon catchment, an endorheic sub-basin
included within the Gallocanta Hydrogeologic Unit (GHU) and located in the southern boundary
of the Ebro Basin, in Spain (Figure 1). The climate is classified as Mediterranean semi-arid, due to
the continental and altitudinal influence. The average annual precipitation for the period 1950—
2018 was around 400 mm, peaking in Spring and Autumn, whereas the average temperature is
11.6 °C. The elevation ranges from 990 m a.s.|. in the middle of the basin to up to 1400 m in the
NE and SW boundaries. However, the mean slope is 4% and the morphology of the study area

is basically flat in most of the catchment.

Figure 1. Gallocanta Basin topography and location
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The GHU is a multilayer aquifer system (Figure 2), which includes at the eastern limit a Paleozoic
aquifer with low permeability, an unconfined shallow Quaternary aquifer occupying the central
and south areas of the basin, and several carbonated aquifers formed by rocks with different
hydrogeological characteristics: sandy low permeable Triassic materials, and karstic Cretaceous
and Jurassic limestones (CHE, 2003). The Triassic materials have low hydraulic conductivity and
they are extended beneath the Quaternary sediments in the central area of the basin. The
interaction between Quaternary and Triassic materials, mainly Keuper facies, prevents
groundwater to leave the basin and facilitates the presence of the lagoon (Gracia et al. 1999). On
the other hand, the Cretaceous and the Jurassic aquifers may be considered the most important
aquifers of the area (CHE, 2016). Cretaceous and Jurassic rocks outcrop at large areas at north,
west and south (Pérez et al. 2002), and from a hydrogeological point of view, both have similar
characteristics. They directly feed the Quaternary aquifer at the central part of the basin and even
the Jurassic is connected to the lagoon in its northwest shore. From a social perspective, both of

them supply water for the human use in the central and western part of the basin.

Figure 2. Left: Geologic map of the Gallocanta Basin (Quaternary: silt, clay and gravel
sediments; Cretaceous: limestone, dolomite, sandstone and loam; Jurassic: dolomite,
carniola and loam; Triassic: clay, loam and sandstone; Paleozoic: quarizite, slate, clay and

sandstone). Right: Land uses in the Gallocanta Basin
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In this geological framework, the anthropogenic activity has created a typically rural landscape,
the estimated population of the area is less than 2000 inhabitants, with small villages
(population <300 inhabitants) and scattered setftlements related to agriculture and livestock.
According to the municipal census, the most populated villages in 2018 were Used (271

inhabitants), Bello (225 inhabitants) and Tornos (213 inhabitants).

According to the Spanish Cadastre (2018), the predominant land use in the study area is arable
land (67%), followed by natural or semi-natural areas (15%), forests (14%), and the lagoon and its
surrounding wetland (3%), whereas the extension occupied by urban or industrial sites is only 1%
(Figure 2). Tertiary activities are marginal, and the road system is composed by regional roads

and a dense network of tracks.

Figure 3. Agricultural water management
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In conjunction with the arable land, urban and industrial uses are the main sources of potential
pollutants, so to catalogue them is an indispensable first step for mapping hazards in the area. In
the case of arable lands, most of them are industrialised rainfed crops, dedicated to wheat,
barley, some almond trees and sunflowers. On the other hand, irrigation areas are basically
devoted to wheat, barley and potatoes, and they occupy 450 ha in the south, west and north
shores of the lagoon (Figure 3). In some plots, industrial monoculture of wheat and barley is
combined with sunflowers both in irrigated and rainfed areas. Fertilization rates are adapted to

the crop needs based on the potential harvest.

Undoubtedly, agricultural activities are the predominant source of pollution, especially nitrates,
not only from arable lands, but also from factory farms. Most of them are pig, cattle and sheep
farms. The total livestock heads in the area are around 50,000 (Figure 4). Pig and sheep farms
are broadly located across most of the municipalities within the study area, although they are
especially relevant in the north (Cubel and Used), south (Torralba de los Sisones and Blancas)
and southwestern (Odén) boundaries of the study area (Figure 5). On the other hand, cattle farms
are exclusively located in Tornos and Cubel. Additionally, there are several areas of traditional
extensive grazing for ovine and caprine flocks, which are mostly located in the natural and semi-

natural areas of the basin.

Figure 4. Surface (ha) of the agricultural lands and livestock population

for each municipality in the Gallocanta Basin in 2013

1800 18000

1600 + u [rrigation = Qvine/Caprine  + 16000
1400 {- Rainfed Swine + 14000
1200 + ] = Bovine + 12000

+ 10000

+ 8000

livestock head

+ 6000

-+ 4000
—+ 2000
I. | | = L 'm .

27 & Caer . e 7 & & o { G: S: T U 7
g ol st fdd,} GO [ ,baobba/%%_” e%% Ubes as C"Wa\g a.'/acé% ey Oﬁ%‘ao@ Segr & ge
S Siso e s Flaieg

Source: own elaboration

103



Hydrogeology Assessment and Groundwater Risk Analysis to Nitrate Pollution in the Gallocanta Basin (Spain)
2 Methods

2.1 Inventory and mapping of the potential hazard sources

The first step has been the data collection in order to develop accurate variables. Several
statistical sources and personal interviews with owners have been used for the inventory. Table 1
shows the variables, the criteria applied for classifying the activities in categories, and the source

of information.

Table 1. Inventory of pollution sources

Variable

Criteria

Categories

Source

Urbanisation

Urban land uses
according to the
Spanish Cadastre

Urban areas

Spanish Cadastre
(2019)

Isolated houses

Housing detached
from urban areas

With septic tank
Without septic tank

Spanish Cadastre
(2019)

Paved surface

Urban streets and
roads

Urban pavement

Geographical
Institute of Aragon
(2019)

Waste water

Water treatment

Treated water

Geographical

discharges Not treated water Institute of Aragon
(2019)
Dumps Interception of the Reach the piezometric | Spanish Cadastre

piezometric level

level
Does not reach the
piezometric level

(2019) and Ebro
Hydrographic
Confederation
(2018)

Roads and tracks

Daily Traffic Intensity

<200 cars/day
200-500 cars/day
500-1000 cars/day

Government of
Aragon (2013)

Car parking areas

Type of pavement

Pavement

Spanish Cadastre

(2019)
Cemeteries Type of burial Burial Ground truth visit
Niche (2019)

Industrial farms
depending on herd

size

Number of animals

<5000 livestock head
5000-10000 livestock
head

>10000 livestock
head

Ebro Hydrographic
Confederation
(2019)

Industrial farms
depending on
specie

Livestock specie

Swine
Ovine/Caprine
Bovine

Ebro Hydrographic
Confederation
(2019)
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Table 1. Continuation

Variable Criteria Categories Source
State of conservation | Year of construction <10 years Aerial
of slurry tanks or 10-15 years photointerpretation
pools >15 years (PNOA, 2018)
Size of the tank or Storage volume >10000 hm® Personal interview
pool <10000 hm* with owners
Stockpiles of Type of fertiliser Type of fertiliser Personal interview
fertilisers and with owners
pesticides
Agricultural Management infensity | Intensive Spanish Cadastre
management level Non-intensive (2019)
Agricultural water Irrigation type Irrigated Spanish Cadastre
management Rainfed (2019)

Extensive grazing

Area of extensive

Pasturing area

Ebro Hydrographic

Confederation
(2019)

grazing

Source: own elaboration

For the inventory and mapping process, aerial photos (PNOA, 2018) have been acquired,
collected and utilised for delimiting activities and land uses. Supervised interpretation of the
aerial photos was combined with ground truth visits, data from the Government of Aragon, the
Ebro Hydrographic Confederation and the Spanish Official Cadastre in order to build an
accurate inventory of existing and potential pollutant sources. Detailed information about the
location and use of the buildings has been obtained from the Spanish Cadastre. Based on this
information, the variables urbanisation, that included the urban areas, and isolated houses, which
included houses remote from the villages, were built; and the variable paved surface (paved
streets and roads within the urban area) was inferred from the urbanised area. The Spanish
Official Cadastre has also been used for distinguishing between different types of crop and water
management regimes, e.g. irrigated or non-irrigated areas, with which the variables infensive
cultivation lands (rainfed) and intensive cultivation lands (irrigated) were built. Related aspects as
soil classification, irrigation type and fertilisation have been considered for classifying the
variables according fo the indexes’ requirements. The data from the Cadastre were essential for
the variables road and tracks, dumps and car parking areas. All these activities were categorised
by the alphanumeric database of the Spanish Cadastre. Respectively, the Daily Traffic Intensity
and type of vehicle, the interception of the piezometric level and the pavement were considered
when classifying the variables in each index. Additionally, the information about those variables

was complemented by aerial photo interpretation, fieldwork and data collection from the spatial
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database of the Government of Aragon, which allowed us to distinguish specific land uses and
activities such as cemeteries (cemeferies), untreated sewage discharges (waste water discharges),
waste water pools or tanks (slurry pools or tanks) and production and storing of fertilisers

(stockpile of fertilisers).

The geodatabase of the Ebro Hydrographic Confederation was used to obtain spatial information
about potential sources of groundwater pollution: the location of water treatment plants and
discharges of waste water, which were employed for the variable sewage from treatment plants;
the location, the type of livestock and the nitrogen load of farms were considered for the variable
indlustrial farms, and the traditional grazing areas were included in the variable extensive grazing,

together with the estimated nitrogen load.

In the cases of the DCI and the POSH methods, in which additional information about variables is
required (e.g. the type of livestock, the type of fertilisation, the area covered by sewage system,
the water management, the soil characteristics, etc.), further data and information were collected,
analysed and used for the classification of each source in the proper hazard level. This
information was also useful for the calculation of the quantity and the likelihood factors of the HI.
Once all the information had been collected and mapped, the data have been reviewed,
corrected, and updated by 2019, since they had errors related to the type of land uses and the

lack of geospatial accuracy.

Following the hazard classification proposed by the hazard methods, all the activities that could
potentially be a source of pollution have been categorised in three main groups: urban and
infrastructural uses, industrial uses, and agricultural uses. Once the activities had been
categorised, ArcGIS 10.5 (ESRI, 2016) has been the GIS software used for the integration,
collection, storing, transforming, overlap and displaying of the spatial data. Besides, all the
relevant details related to the potential pollution of the activities have also been collected and

included as attributes in a data base, e.g. size, area, year of construction, population, efc.
2.2 Hazard indexes application

Three independent hazard indexes have been selected for hazard mapping: the Hazard Index
(HI), proposed by De Keteleare et al., (2004), the DCI index (Civita and De Maio, 1997), and the
POSH index (Foster et al.,, 2002). The methods have been applied in the study area and
afterwards a comparative analysis of the results has been carried out. The aim has been to assess
the potentialities and weaknesses of each method, as well as their suitability for hazard mapping.

The mapping process has been developed as described below:
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a) Hazard Index (De Ketelaere et al., 2004)

Based on the step-by-step procedure proposed in the framework of the COST Action 620 (De

Ketelaere et al., 2004), the hazard map was reached following the described instructions:
e Step 1: Definition and inventory of hazards

The objective is to cover all the hazards that may be significant to groundwater in a practical and
economically feasible manner. A threelevel classification is proposed to categorise hazards for
groundwater protection purposes. Level | distinguishes hazards in three main categories
according to the land use, i.e. infrastructural, industrial and agricultural activities (Table 2). Level |l
is based on the main source of possible contamination (solid or liquid contaminants), and is
referred to the types of industrial or agricultural activities, including their specific range of
contaminants. Finally, Level Ill describes 96 specific activities and specific land uses related to the

Level Il of subdivision.

Table 2. Classification of hazards observed in the study area, according to the HI

LEVEL | CATEGORIES OF LEVEL Il CATEGORIES OF HAZARDS
HAZARDS
Infrastructural development Waste water
Municipal waste
Fuels

Transport and traffic

Recreational facilities

Diverse hazards

Industrial activities Mining (in operation and abandoned)
Excavation sites

Oil and gas exploration

Industrial plants

Power plants

Industrial storage

Diverting and treatment of waste water
Livestock and agriculture Livestock

Agriculture

Source: De Ketelaere et al. (2004)

e Step 2: Hazard Data Requirements

The aim of assessing the potential harmfulness of each hazard requires information on the nature
of the activity, the type of the substance, the amount of substance that can be released, or the
status of the installation. Information about the nature of the activity have been obtained from the

Spanish Cadastre, data related to the type of the substance and the status of the installation were
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collected from the Government of Aragon and the amount of substance that can be release has
been estimated by using aerial photo to measure the size of the sources of pollution (plots, slurry
pools, dumps, efc.). That information was complemented with fieldwork and personal

communication with farmers and local population.
e Step 3: Rating and Weighting of Hazards

The HI considers three factors for the hazard assessment process: the toxicity of the pollutant (H),
the quantity of pollutant that can be released (Qy), and the likelihood of a hazardous event (Ry).
The proposed weighting values of the H factor vary between 10 and 100. The criteria for
weighting hazards are related to the toxicity, solubility and mobility of relevant substances
associated with each type of hazard. Thus, the determination of weighting coefficient judges the
potential degree of harmfulness of those hazards. Beyond the degree of harmfulness, the quantity
of a harmful substance that can be release is also a relevant factor when ranking hazards. In order
to improve the rating process maintaining a fair balance with the H values, a ranking (Q,) factor
between 0.8 (low) and 1.2 (high) is multiplied by H. Finally, the third relevant factor in the rating
process is the likelihood (Rf) of a hazardous event based on the infrastructural level of
maintenance, the security measures adopted, or the surrounding conditions. This factor ranges
between 1 (when no reduction of the probability takes place) and O (when there is no risk of

groundwater contamination).

The method leaves the specialists to ascribe Q, and R values based on the existing factors that
influence the quantity of harmful substance and the likelihood of a hazardous event. In our case,
those factors were adapted to the study area casuistry and to the available data. The factors were
directly or indirectly related to the potential amount of pollutant that can be released (Table 3), as
well as to the likelihood of discharge (Table 4). In order to ease the hazard mapping process, Q,
and Ry factors were modified when published and trustworthy information was available. Finally,
the criteria for ranking Q, and Rf were established according to the range of values of each
hazard in the study area. Both Table 3 and Table 4 show the hazard, the criteria used for ranking

the Q, and the Ry factors, the source of information and the range of values.
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Table 3. Criteria for the modification of the @, factor in the study area

Risk Analysis I: Sources of Groundwater Pollution

HAZARD CRITERIA SOURCE (year) RANGE
Urbanisation Built-up area Spanish Cadastre (2019) | 0.8-1.2
. . . Spanish Statistical Office
Waste water discharges | Number of inhabitants . <
into surface courses dumping waste water INE on its Spanis 0.81.2
Acronym) (2018)
Road Daily Traffic Intensity Government of Aragon
0.8-1.2
(2013)
Car parking area Size of the parking Spanish Cadastre (2019) | 1-1.2
Agriculture Type of crop according to its | Spanish Cadastre (2019)
. 0.8-1.2
fertilisation needs
Factory farm Size of the facilities Spanish Cadastre (2019) | 0.8-1.2
Slurry storage tanks Volume storage Spanish Cadastre (2019) | 0.8-1.2
Source: own elaboration
Table 4. Criteria for the modification of the R¢ factor in the study area
HAZARD CRITERIA SOURCE RANGE
Cemetery Type of burial Ground truth visit 0.8
Car parking area Type of pavement Spanish Cadastre (2019) | 0.95-1
Agriculture Water management (rainfed Spanish Cadastre (2019) | 0.9-
or irrigation)
Slurry storage tank Year of construction Aerial photo 0.9
Stockpile of fertilisers | Protection measures Personal interview 0.9

Source: own elaboration

e Step 4: Calculation of the Hazard Index (HI) and mapping

The HI describes the degree of harmfulness of each hazard. The following formula is used for its

calculation:
Hl = Hx Q, x Rf

Where HI is the hazard index, H is he weighting value of each hazard, Q, is the ranking factor,

and Ry is the reduction factor.

The range of HI is 0—120 scores. For an appropriate interpretation, when mapping the index, a
subdivision of less than five or six classes and a proper scale of the data and the map output are
suggested. In addition, when more than one hazard overlaps, it is also recommended to show

the one that has the higher score.
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b) Danger Contamination Index (Civita & De Maio, 1997)

This method was proposed by Civita and De Maio (1997), aiming to territorialise the risk from the

contemporary presence of several contamination sources. This method is based on intrinsic

hazard criteria, i.e. the specific characteristics of the sources of pollution. A Danger of

Contamination Index (DCI) value, ranging from 1 to 9, is individually aftributed to industrial,

agricultural and livestock activities, and other punctual contamination sources. Table 5 summarises

the DCI classification.

Table 5. Classification of the hazards observed in the study area according to the DCI

DCI CATTLE BREEDING OTHER PUNCTUAL AGRICULTURE
SOURCES
Storage tanks of toxic
8 and/or hazardous
waste
7 USW unlined disposals
6 Cultivation with high chemical
support
Intensive swine, poultry, rabbit, Cultivation with limited chemical
5 |breeding with more than 500 support and with spreading of
quintals of live breeding weight swine and rabbit manure
Intensive swine, breeding with
less than 500 quintals of live
4 |breeding weight
Intensive sheep/goat breeding
and horse breeding
. : Cultivation with limited chemical
3 InTenswe cattle with more than support and Spreading of catfle
50 units
manure
Cultivation (fruit, vineyard or
2 |Generic farm or wild livestock seed) with limited chemical
support
1 Crazing

Source: Civita & De Maio (1997)

Furthermore, in order fo take into account the presence of structural and non-structural protection

actions, the authors recommended a reclassification at a lower hazard level, reducing the DCI

value when necessary, following the operator criteria. At the same time, for some industries, the

operator should also choose the DCI value based on the type of work, the water consumption

rate, the existence of effluents storage, or the discharge of substances of a high potential impact

on the quantity and quality of the groundwater.
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c) Pollutant Origin Surcharge Hydraulically (Foster et al., 2002)

The Pollutant Origin Surcharge Hydraulically (POSH) method was created by Foster & Hirata in
1988 and modified by Foster et al. (2002), and it can be used to classify the pollutant emissions
infto groundwater. The method focuses on the source of the pollutant and on its hydraulic
surcharge by using the location and the size of the potential pollutant activity, the type of activity

and the water consumption.

The method distinguishes between punctual contamination sources and multi-punctual and diffuse
contamination sources (Table 6 and Table 7). The multi-punctual and diffuse classification
categorises urban wastewater discharges and agricultural activities, whereas the punctual
classification includes urban solid waste, industry, refuse tanks, urban activities and mining and
oil industries. This method opts for a qualitative ranking instead of a score grading rank; thus, it
proposes a simple classification of the activities according to its potential of contamination: high,
moderate and low. In case more than one activity overlaps, it is suggested to show the one with

the highest level.

Table 6. Classification of the point pollution sources observed

in the study area, according to the POSH method

Subsurface contaminants POLLUTION SOURCE

Load Potential In-situ sanitation Agricultural practices
Intensive cash crops and most
monocultures on well-drained soils in
humid climates or with low-efficiency
irrigation, intensive grazing on heavily
fertilised meadows
Moderate Intermediate between above and below
Traditional crop rotations, extensive
pasture land, high-efficiency irrigated
cropping in arid areas

Population density

Elevated >100 inhab,/ha

Population density <50

Reduced inhab/ha

Source: Foster et al. (2002)
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Table 7. Classification of the diffuse pollution sources observed in the study area,

according to the POSH method

Subsurface
contaminants

POLLUTION SOURCE

Solid waste disposal

Wastewater lagoons

Miscellaneous

wastes

urban, agro-industrial

Load Potential urban
Elovated Any effluent if area
>5ha
Rainfall >500mm /y with
residential/ industrial type | Residential sewage if
Moderate 1/agro-industrial wastes, | area >5ha, other cases
all other cases
Rainfall <500mm/y with N .
Reduced residential /agro-industrial Residential, mixed Cemeteries

Source: Foster et al. (2002)

2.3 Comparative assess of the hazard indexes

The use of different ranks when scoring land uses and the heterogeneity of the quantifying
process make harder to reach conclusions about the efficiency of each method. Aiming to ease
comparison, a two-steps standardisation process of the scores given by the HI, the DCI, and the
POSH indexes to potentially hazardous activities was carried out. First, the scores were
reclassified to a 1to 10 quantitative increasing scale, from very low to very high hazard levels.
On the second step, the scores were then gathered in a five-interval regular and qualitative
classification, which was used for mapping. The resulting classification includes five classes: very
low, low, moderate, high and very high hazard levels, which is reproducible and can be easily

followed by a non-specialist public. Table 8 shows the equivalence of the original scores and the

quantity and qualitative standardised classification.
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Table 8. Summary of the intervals of the HI, the DCI and the POSH approaches,

and the standardised classification used for comparison

STANDARDISED STANDARDISED
SCORES INTERVALS il DLl FOSH
1 1-12 1
Very low
2 12-24 2 Low
3 24-36
Low 3
4 36-48
4
5 48-60
Moderate K Moderate
6 60-72
6
7 72-84
High 7
8 84-96
8 )
9 96-108 High
Very high
10 108-120 | 9

Source: own elaboration

3 Results

3.1. Hazard inventory

A series of activities were inventoried as potential pollution sources in the study area and they
were gathered in urban and agricultural sources. The HI, the DCl and the POSH indexes list
different contamination sources according to their methodological approach. Table 9 shows the
hazards listed in each index and Figure 5 displays the spatial location of those sources of

pollution.
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Figure 5. Inventory of the potential pollution sources. Unclassified hazard map
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Table 9. Inventory of the potential pollution sources considered

by each method in the study area

CLASS HAZARD HI DCI POSH

Urbanisation

Isolated houses

Paved surfaces

Waste water discharges
Urban hazards Sewage from treatment plants
Dumps

Roads and tracks

Car parking areas

Cemeteries

Industrial farms

Slurry pools
Agriculture and Stockpiles of fertilisers and pesticides
livestock Intensive cultivation lands (rainfed)

Intensive cultivation lands (irrigated)
Extensive grazing

Source: own elaboration

3.2. Hazard mapping
a) HI Method

The hazard map (Figure 6) allowed to conclude that the main class of hazard index is low type
(66.5 % of the study area), and only a few punctual pressures of very low (<1 %) and moderate
(<1 %) hazard levels were found. The scores of the HI in the study area ranged between 18 and
54 (Figure 10). The predominant low level was given to waste water infrastructures, e.g.
urbanisation with sewer systems, drains for runoff from paved surfaces, and waste water
treatment and discharge plants; transport infrastructures, e.g. roads and tracks; agricultural land
uses, e.g. rainfed and irrigated areas; and livestock facilities, e.g. farms and modern slurry
storage fanks and pools. On the other hand, very low hazard level included certain rainfed crops
with low fertilising needs, small farms, animal barns, and cemeteries, whereas isolated houses
without sewer systems, old slurry storage pools and waste water discharge pipelines without
treatment, were classified as moderate hazard level activities. Neither high nor very high hazard
level activities were found in the study area. The most hazardous activities considered by the Hl
were isolated houses without sewer systems and waste water discharge into surface water courses
(H = 45), which were included within the infrastructural group, and pools of slurry storage

(H = 45), included within the agriculture and livestock group.
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Figure 6. Groundwater pollution hazard map of the Gallocanta Catchment (HI Method)
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b) DCI Method

The map shows the hazard classification based on the DCI method (Figure 7). In the study area,
the DCI ranges between 1 and 8. Thus, no extreme values of 9 were given to any land use in the
basin (Figure 10). According to the hazard ranking, most of the area may be classified in the
moderate hazard level (63.5 % of the study area scores between 4 and 6), whereas <1 % of the
study area is ranked in the low (DCI = 2-3) or high (DCl = 8) hazard level. Intensive livestock
farming, irrigated areas and rainfed crops, were classified as moderate, storage of hazardous
wastes from farming was designated as high, and generic farms and crops with limited chemical

support (fruit and vineyards) were considered as low hazardous activities. Extensive grazing areas
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were also considered as low hazardous activities (DCI = 1). Therefore, the most harmful activity is

the storage of toxic or hazardous wastes in tanks or pools (DCI=8).

Figure 7. Groundwater pollution hazard map of the Gallocanta Catchment (DCI method)

608000 614000 620000 626000 632000 638000
Il 1 I | 1 1

Darocy "

i

455? 000
4552000

452?000 453?000 4544]000
T T
4536000 4544000

T
4528000

452?000
T
4520000

Monrd
del Cal

451?000
T
4512000

T T T T T T
608000 614000 620000 626000 632000 638000

Hazard Level Hazard Classification
- + - n Dume (DCI Method)
B : s I ¢ £ Industrial farm
[©]  Slurry tank or pool 0 5 10
s o I - T E— kT

Source: own elaboration

c) POSH Method

In this case, the low range of the hazard classification allows to classify activities within the three
levels of hazard (Figure 10). The majority of the study area has been designated in the low
hazard level (62.9 %) due to rainfed agricultural lands, extensive pasturelands, urban areas with
sewer systems and low population density, and small graveyards. The moderate (<1 %) and the

high level (< 1%) have been only found in isolated plots. The latter was basically related to
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irrigation areas, whereas the moderate designation belongs to factory farms, waste water

treatment and discharge plants, and slurry tanks (Figure 8).

Figure 8. Groundwater pollution hazard map of the Gallocanta Catchment (POSH Method)

608000 620000 626000 632000 638000
1 1 1 1 1

< - Dareea "

614000
Il

4552000
1
T
4552000

4544000
1
y
s
]
T
4544000

4536000
1
T
4536000

.
*
T
4528000

4528000
1

4520000
1
T
4520000

4512000
1
T
4512000

T T T T T T
608000 614000 620000 626000 632000 638000

Hazard Level

Waste water discharges

Hazard Classification

. o p Loump (POSH Method)
Moderate % Cemetery

- 3 4 Industrial farm 0 5 10
S © Sy tank or pool —— — T

Source: own elaboration
3.3. Hazard mapping standardisation

In the case of the standardised HI method, no changes were found in the inferval’s classification
due to the similar gathering process used by both indexes. Nevertheless, more notorious

variation could be observed when reclassifying the DCI and the POSH classes.
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Table 10. Surface extension of hazards according to the standardised hazard index

Index Very Low (%) | Low (%) Moderate (%) High (%) Verz/(%)l;hgh
HI <0.05 66.5 <0.05
DCl <0.05 63.5 <0.05
POSH 62.9 <0.05 0.84
Stand. HI <0.05 66.5 <0.05
Stand. DCI 0.05 627 0.84 <0.05
Stand. POSH 0.15 627 0.03 0.84

Source: own elaboration

Figure 9 shows the maps obtained after the standardisation procedure. In relation to the
standardised DCI (Figure 9), less than 1% of the study area was considered in the low (0.05%),
high (0.84%) or very high (<0.01%) classes, whereas 62.7% of the territory was situated in areas
with a moderate hazard level. In the case of the standardised POSH index, the sum of the
extension of the low, high and very high classes (0.15%, 0.03% and 0.84%, respectively)
represents the 1% of the study area. Meanwhile, the rest of the basin (62.7%) was included in the
moderate hazard level. As shown in Table 10, even after the standardisation procedure, still no
areas of high or very high hazard levels were found in the HI, where the low inferval is the
uppermost. On the contrary, the Standardised POSH index and the DCI did not classify any
activity in the very low hazard level. Overall, the DCI and the POSH indexes ranked activities in
the same intervals, but the classification of those activities varies from one to another. Whereas
the DCI mostly ranked activities in the moderate level, the same activities are classified in the low
or high levels in the POSH index. After the standardisation, the moderate level become into the
dominant inferval both in the DCI and the POSH methods, although slight differences still exist,

especially in the high and very high intervals.
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Figure 9. Standardised hazard maps of the Gallocanta Catchment
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4 Discussion

The comparison of the results highlights a series of differences in relation to the hazard
classification in the study area, which are based on the different methodological conception of
each index. Those variable methodological approaches are evidenced in three aspects described
below: the heterogeneity of the hazard rating process, the differences in the inventory of

hazards, and the influence of factors such as likelihood or quantity.
4.1. Differences related to the rating procedure

It has been already mentioned that the Level | of the HI index distinguishes between infrastructural
facilities, industrial activities and agricultural and livestock land uses. This is a standard
classification that can be easily used for any kind of regional analysis. It is similar to the one
selected by the DCI and by the POSH. The first considers industry, cattle breeding, agriculture
and other punctual sources related to urbanisation and infrastructures, whereas POSH separates
punctual and non-punctual sources but also distinguishes among industry, oil and mine activities,
agricultural practises, urban discharges, and other activities such as urban solid waste, waste
water pools or sewer systems. Setting a weighting system based on the harmfulness of the
potential pollutant allows a comparison between the different types of hazards (De Ketelaere et
al., 2004). However, a quantitative comparison of the weights has revealed significant
differences both between activities in a cerfain index and between the same activities in each

index.

Due to the toxicity of the pollutants and to the long residence time in the groundwater system,
industrial activities have been generally considered highly harmful for groundwater (Gallagher et
al., 2008; Pal, 2017, Santucci et al., 2018). However, due to the different types of industry, not
all of them have been classified with the same hazard level. The variation in industries typologies
has been reflected in the scores of the HI, the DCI and the POSH indexes, since the industry
group have had the widest range of scores. Overall, the most hazardous activities belong to the
industry group (e.g. nuclear waste site, petroleum refining and chemical, gas, and oil industries).
These activities have been considered significantly more harmful than the most hazardous
activities from the agriculture and livestock group (waste water irrigation, H = 60; cultivation with
high chemical support, DCI = 6; and intensive cultivation zones, POSH = High) but similar to the
infrastructural group (waste water injection well, H = 85; toxic or hazardous unlined waste

disposal, DCI = 9; and abandoned urban areas, POSH = High).
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The variation in the classification of the slurry storage tanks in each index could be useful for
analysing how the differences in the methodological approach can modify the weight they give to
each activity and thus, the hazard map. Both the HI, the DCI and the POSH methods listed this
activity, but whereas the first classifies it within the moderate hazard level, the DCl included it as a
highly hazardous activity, and the POSH method listed it in the low hazard level. The
consequence of this heterogeneity on the hazard classification may be the design of confusing
maps that are not representative. The lack of specific criteria when assessing groundwater
hazards is also evident if an analysis of the land uses’ classifications is done. In the HI, during the
weighting step, every type of crop is treated in the same way, without taking into account plant
needs nor irrigation regime. Cultivation areas are therefore ranked between the very low hazard
level and the low hazard level. The consequences are homogeneous maps that are not
representative of the real hazard of those areas. On a different perspective, the DCI and the
POSH index methodologies try to make differences between agricultural areas based on the
crops needs, the presence of irrigated or rainfed areas and the use of fertilisers. The result is a

better resolution on the potential hazard of cultivation areas.

Apart from the methodological approach of each index for the weighting procedure, the
differences between the scores range, and the use of quantitative and qualitative classification,
made hard the comparison of hazard maps. In order to allow the comparison of the hazard ranks,
a standardisation of the scores was performed. Figure 10 shows the ranges of the scores for each
index and for the related standardised index in the study area. As shown, the standardisation
process slightly changes the hazard ranking used by each method. The HI scores remain in the
same infervals after the standardisation procedure, since the original classification in five intervals
is similar to the categorisation used by the standardised index. In the case of the DCI, the range
of scores in the study area was from 110 8, whereas the modified index ranges between very low
and very high levels. On the other hand, the POSH index completely covered the spectrum of
classification. Nevertheless, the standardised POSH index ranged from low to very high level.
Compared with the DCI and the POSH index, the HI showed a tendency to underrate hazard in

spite of the standardisation.
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Figure 10. Score and interval ranges for the original and the standardised methods
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Furthermore, the differences in the hazard level during the rating process and its proportional
characteristics may be masked by the unappropriated designation of intervals when classifying
and mapping the hazards. This issue was especially evident for the HI, where the wide range of
scores leaded to categorise several intervals. The authors suggested a subdivision of less than
five or six intervals (De Ketelaere et al., 2004), so, following the indications, a five-interval
classification was applied for the HI in the study area. However, due to the territorial context, the
prevalence of low level hazardous activities, and the reduced area of moderate and very low
hazardous activities, the resulting map barely differentiates between intervals. A similar issue
occurs when mapping the DCI, which distinguishes nine categories of hazard. In this case, the
POSH index only distinguishes three levels of hazard. This simple classification may ease the map
creation process and the reader understanding, although details have been lost due to the

generalisation approach.
4.2. Differences related to the inventory of hazards

In regard to the lack of heterogeneity of the hazard maps, the influence of the number of
activities listed in each index should also be taken into account. If a short list of land uses tends to
the generalisation of hazards, a too detailed list of activities, similar to the one proposed by the
HI, is undoubtedly useful. However, very diverse study areas were needed since, in territories
with a low variety of land uses, the index was prone to be litlle discriminant. In those cases, land
uses usually had similar pollution potential, thus, they were gathered in the same interval. In this
type of areas, approaches with narrower score ranges may represent results in a more

heterogeneous way. This is the case of the Gallocanta Basin, where the predominance of
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agricultural and livestock activities is reflected in a homogeneous hazard classification for the HI,
whereas the POSH index shows activities within the high, the moderate and the low hazard
levels. The values of the activities categorised by the HI range between 18 and 54, so they all
are classified in the very low, low, or moderate intervals, while the DCI and the POSH indexes
range between 1 and 8 and from low to high levels, respectively. Therefore, extreme values are

not represented in the study area.

The different approaches during the inventory of hazard steps were related to the list of hazards
classified by each index. Although the indexes followed a similar classification, they did not
distinguish the same sources of pollution and the degree of detail they reached was variable. As
a consequence, in methods that did not list detailed sources (e.g. the DCI and the POSH),
several sources may be uncatalogued and thus, hazard level would be inaccurate. For example,
in the Gallocanta Basin, conventional roads, rural tracks, isolated houses without sewer systems
and cultivation lands could be considered as important sources of pollution. Nevertheless, roads,
tracks and isolated houses are not included in the DCI nor in the POSH index classification,
whereas agricultural lands are not extensively classified in the HI. As aforementioned, the
agricultural plots, are the main land use in the Gallocanta basin. Traditionally, agriculture has
been widely recognised as one of the most hazardous activities for groundwater quality (Sutton et
al., 2011; Wick et al., 2012; Zhang et al., 2019), due to the leaching of fertilisers and pesticides
used for increasing production. Consequently, in agricultural areas, the most frequent pollutants
are nitrates and other contaminants related to fertilisation, which could be considered less harmful
than contaminants from industrial or urban sources and are easier to mitigate by natural
dissolution (Vias, 2005). This author observed that the HI index is intrinsically weak when rating
the hazard level of some sources of pollution. In this regard, the low hazard level associated to
most of the urban and agricultural sources in the study area were based on the conceptual
approaches of the indexes and on the idea of the lower persistence of the pollutants, especially
compared to other types of substances like heavy metals or industrial sewage (Burri et al., 2019).
However, the fact is that most of the groundwater bodies that have been declared as affected by

nitrate contamination in the EU last years or decades to recover a good quality status (EC, 2018).

Whereas in industrial and urban areas the pollution is mostly punctual or lineal, and is basically
based on an accident or a hazardous event, diffuse pollution from agriculture provides a slow but
constant flux of pollutants to groundwater, which is hard to prevent and control. The most
extended way to protect groundwater is related to the implementation of action programmes that

establish legal threshold of fertilisation, control measures, and fertilisation rates (Worrall et al.,
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2009). The establishment of a specific law for nitrate pollution from agricultural sources in the EU
(ND 91/671/EEC) and the implementation of several NVZs across the continent serve as a

reference of the magnitude of this issue in Europe.

In spite of this, the HI and the DCI classify agriculture below moderate hazard level, and only the
POSH method put intensive agriculture areas with low irrigation efficiency on the same level that
pollutants from heavy industries. This fact could be contradictory with the current groundwater
situation in the Gallocanta Basin, since mean nitrate concentration in the aquifers is above the
legal threshold of 50 mg L, and some sites reach concentrations of 120 mg L (CHE, 2016).
The idea of the agriculture undervaluation as a source of pollution is supported by two
evidences. On one hand, the GGB is partially declared as a Nitrate Vulnerable Zone, therefore,
the use of fertilisers is legally established. On the other hand, intrinsic vulnerability of the area to
groundwater pollution is not very high (CHE, 2019). Both facts seem to highlight that the risk of
groundwater pollution has been underrated due to inaccurate rating of diffuse pollution sources,

mainly agricultural activities.
4.3 Differences related to the treatment of quantity and probability

The hazard indexes base the hazard classification on three factors: the toxicity of the substance,
the quantity of pollutant that can be released, and the likelihood of a hazardous event. However,

each method considered those factors from a different approach.

The quantity of potential polluting substances discharged does not allow a direct relationship with
their incidence as groundwater contaminants, and it is the subsurface mobility and persistence of
contaminants that are the key factors (Foster et al., 2002). Overall, some correlation between the
amounts of fertilisers used, the leaching rate, and the quantity of pollutants that reach

groundwater, can be stated (Foster et al., 2002).

The HI infroduces quantity (Qn) as a correction factor in the index calculation formula. The aim is
to modify the harmfulness of anthropogenic activities based on the quantity of pollutant liable to
be released. Nevertheless, according to the authors, the influence of this factor should not
substantially deviate the weighting value assigned to a certain hazard (De Ketelaere et al., 2004).
Therefore, the range of values proposed by this index prevent from obtaining a high or very high
categorisation in activities with low toxicity, which can pollute groundwater if the flux is intensive
but constant. Vias (2005) already mentioned this weakness and highlighted that the index could
lead to fail in the representation of the real situation in the study area. In addition, the basis of the

HI is mainly the toxicity of the pollutants instead of the quantity, so the variations related to this
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factor are usually irrelevant. This is evidenced by the fact that 30% and 43% of the listed sources,

respectively, are able to increase or decrease its hazard level due to the Q,, (Vias, 2005).

In the case of the DCI, the index is based on the water consumption, the type of work, and the
presence of refluents or refuses storage with high toxicity (Civita & Di Maio, 1997), but it does
not take into account the amount of those refluents. On the other hand, the POSH method
considers quantities of pollutant substances used or discharged on its classification of points and
diffuse sources of pollution. In the case of non-punctual sources, the amount and type of fertiliser
is infrinsically related to the agricultural practices, which determines the hazard level. In urban
sources, the ranking is based on the proportion of lands uncovered by sewerage systems and the
population density, thus, the quantity of pollutants discharged are qualitatively considered in the
categorisation of sources. Moreover, the point sources direcily quantify the amount of hazardous
chemicals substances used by industries for the hazard classification. It also indirectly estimates

the amounts of pollutants in relation to the size of urban and industrial areas.

Apart from the quantity, another key aspect when assessing hazards is the estimation of the
likelihood of occurrence of a hazardous event. Generally, the hazard level of a particular activity
is related to the probability of groundwater pollution. However, this statement did not apply from
the diffuse pollution perspective, which works as a low but constant source of pollution, i.e. the
low hazard level of agriculture and urban activities do not involve low likelihood of groundwater

pollution.

The HI considers likelihood of groundwater pollution as a reduction factor (Rf) when assessing
potential sources of contamination (De Ketelaere et al., 2004). This method follows a quantitative
approach, and gives a likelihood value to each activity. The type of activity, the presence of
protection and security measures, or the age of the facilities, determine the value of Ry, which is
included in the HI calculation formula. Thus, in cases where Rfis zero, it is considered that no
risk of groundwater pollution exists, whereas if no information about such measures is known, R¢

is set to one, and no reduction of the potential impact to the groundwater occurs.

A large number of anthropogenic activities are potentially capable of generating a significant
contaminant load, although only a few types are commonly responsible for the majority of the
serious cases of groundwater pollution (Foster et al., 2002). From the HI approach, the
quantitative determination of the probability of contamination is hard to achieve, and the
estimation of the rate of reduction strongly differs from one activity to another. For instance, in the

study area, probabilities of diffuse pollution from agricultural and urban sources are difficult to
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quantify, thus the value of Rfwas close to one in most of the potential sources, depending on the
type of crop and the distance to the sewerage system, respectively. The type of crop, the quantity
of fertilisers applied or the status of the sewerage system are useful indicators, although only
small deviations from one are recommended to be applied in order to not underestimate hazards

(De Ketelaere et al., 2004).

The DCI basically follows the rating system proposed by the USEPA (1978) and Mazurek (1979),
but it also includes agricultural activities and diffused sources. This index considers that a
probabilistic evaluation of the hazardous events cannot predict the frequency of future
groundwater contamination (Ducci, 1999) and should not be applied to groundwater. In this
manner, it omits both the inclusion of a correction factor as well as the qualitative consideration of
probability during the weighting process. However, the DCI infrinsically considers the influence
of the probability, since it recommends a reclassification at a lower hazard level when structural

or non-structural measures are present.

In contrast to the HI, the POSH method uses a qualitative approach, in which the likelihood is
previously taken into account during the categorisation of anthropogenic activities. The POSH
method characterises the potential sources of pollution on the basis of the likelihood of the
presence of contaminants into groundwater, and its persistence and mobility (Foster et al., 2002).
The likelihood is then associated with the type of anthropogenic activity and the estimated
hydraulic surcharge based on the water use. In the case of agricultural activities, the probability
of the presence of a contaminant load depends on the type of agricultural activity. Usually, more
traditional crop rotations, extensive pasture or ecological farming present less probability of
pollution than monoculture, irrigated or intensive cultivation. The categorisation of agricultural
lands based on its potential to pollute groundwater systems generally depends on soil properties,
rainfall or irrigation regimes, the type of crop and the quantity and variety of fertiliser and
pesticide applied. In the study area, the POSH index includes irrigated areas in the high hazard

level due 1o the intensive use of fertilisers and the irrigation management.

The estimation of the quantity and the likelihood factor in the study area depended on the
available information and on the quality of the collected data. Table 3 and Table 4 list the sources
in which Q, and Rf have been modified. Following the instructions proposed by De Ketelaere et
al. (2004), when no information was available, Q, has been set to 1.2 and Rf has been set to 1.

Thus, the hazard estimation showed the maximum hazard potential.
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4.4 Common challenges of hazard mapping and proposal for improvement

The inventory and delimitation of the potential sources of pollution have had to deal with a
traditional issue of the data spatial representation; this is the concurrent representation of
punctual, linear and polygonal elements on a map (Pueyo et al., 2006). Bearing in mind that the
objective was to obtain a comprehensive and easily legible map at a catchment scale, which
could include all the potential hazards, the symbology has tried to represent different activities in
a logical way. The hazards have been represented on the maps by means of symbols or patterns
of different colour to indicate their potential degree of harmfulness. As a thematic map, the

hazard maps show the distribution and location of different types of hazard:s.

Punctual symbols have been used to represent located but not innocuous hazards (e.g. factory
farms, slurry storage tanks, waste water treatment plants, etc.), whose size cannot be presented in
any other way but using this kind of symbols due to its small dimensions. On the other hand,
extensive activities, usually related to sources of diffuse pollution as agricultural lands or

urbanisation areas, have been presented by means of polygons of variable size.

The spatial representation of punctual symbols faces two main issues at the study area. First, at the
regional scale, the size of the figures should be big enough to be easily observable, which
usually means a lack of accuracy related to the precise location of the activity. Secondly, the
overlapping of nearby points complicates the interpretation of the map. In general, punctual
sources of pollution classified in the high or very high level are not properly perceived as
dangerous by the general public due to the size of the symbols on the maps. In relation to this, it
is not possible to visually compare between the relevance of the diffuse and the punctual

pollution. Those semiotic and representation problems have not been solved by any method.

The accuracy of the map in relation to the distribution of the hazards is dependent on the quality
of the original data and the scale of information (De Ketelaere et al., 2004). In the Gallocanta
Basin, a high resolution scale was used to collect data, whereas the scale of the output map was
regional. Consequently, the level of detail of the original data was higher than the resolution of
the output map, so following the instructions given by Conrad et al. (2004), most of the local
information should be adapted to the output scale, although this usually implies a loss of
information or accuracy. Accurate and detailed data are essential when mapping hazards, since
the correct delimitation of hazardous areas can make the difference in the case of the
implementation of policies aimed to protect both the environment and human beings. In this

study, punctual sources of pollution have been represented by means of polygons or punctual
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symbols in regional maps, but have been complemented with maps with larger scales where

needed.

Finally, both the tendency of the homogeneity of the uses at the study area, the wide range of
hazard degrees of the methods and the detailed comparative analysis of the indexes, allow us to
observe conceptual limitations. Those limitations skew the results in two ways: firstly, they tend to
make the hazard maps uniform, and secondly, they are prone to undervalue the hazard level of
cerfain rural activities. Among the causes of those limitations, it can be highlighted the fact that
the more harmful activities are given, the higher the hazard ranking, even though the hazardous
event is less likely than constant pollution from low harmfulness activities in the long term.
Consequently, non-point sources of pollution (e.g. agriculture) are systematically gathered in the
moderate and low intervals, without taking into account consistent hazard levels related to the
constant flux of pollution from diffuse activities compared to the eventual contamination from
punctual sources. Another cause could be that the thresholds of the low, moderate and high
hazard levels are not based on objective criteria. In theory, a division into regular intervals does
not follow a proportional criterion between the interval classification and the existent pollution

input of the activities.

After the application of the methods and the comparative analysis of the results, several proposals
of improvements may be suggested in order to obtain better hazard maps. (1) It seems necessary
to calibrate the ranking and setting the limits of the infervals by comparing the scores given to the
activities and the collected pollution data of the area. The comparison would allow to improve the
proportionality of the hazard level given by each method, and to avoid contradictions as those
observed in the study area, where the theoretical hazard classification does not match with the
highly polluted groundwater system. (2) It may be considered a change of the treatment to the
diffuse pollution sources, especially in comparison to the punctual sources. The applied methods
give more relevance fo the theoretical harmfulness of a potential hazardous event than to the
likelihood of occurrence of the event itself. Therefore, the potential pollution of non-punctual
activities, such as agriculture, are underrated since their harmfulness is low but constant and

sustained over time, which contribute to the accumulation of pollutants.

5 Conclusions

In this research, groundwater hazard mapping was performed by using HI, DCI and POSH
methods in the Gallocanta Basin (Spain). A comparison of the hazard maps was done to assess

their effectiveness representing potential and existing sources of groundwater pollution, and the
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differences between methods were explored. The main issues of the hazard mapping process
were related to the heterogeneity of the methodological approach and to the tendency of the

methods to underestimate hazard degree in the Mediterranean area.

The results showed that the methods differed in the hazard categorisation of the Gallocanta Basin.
The HI tended to classify most of the study area in the low hazard level, whereas the DCI and the
POSH methods allowed to map sources with a higher hazard level. The variations in the hazard
maps were due to differences in the weighting procedure, the categorisation of potential sources

of pollution, and the influence of factors such as quantity or likelihood.

The methodologies were designed to be applied in different types of contexts so they consider a
wide range of human activities. In comparison to agricultural and urban sources, which are
indirectly related to the low hazard level, industrial activities are classified as the most pollutant
sources. However, in the study area, agriculture and urbanisation are the dominant land uses.
Although such uses have a lower toxicity than the industrial sources, they could eventually be as
hazardous as industrial activities due to its characteristics (e.g. non-point sources, intensive

agriculture and urbanisation, etc.).

In the light of the hazard maps, the hazard level of agricultural and livestock sources is generally
underrated by the applied methods. This is corroborated by the fact that the GHU is partially
affected by pollution from agricultural sources, and consequently declared as a NVZ for twenty
years. In spite of this, they are classified as low or moderate sources of pollution. Therefore,
underestimation of the hazard level may lead to the decision-makers to implement inappropriate
measures committed to reduce the risk of groundwater pollution, and, therefore, to the

inaccuracy of the programmes.
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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 Nitrogen
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 groundwater 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 activities
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 fertil-
izers [6], which are relatively cheap and allow a significant crop increase. However,
contamination from agricultural sources is mainly caused by the use of fertilizers and
manure. Organic and mineral nitrogen are commonly used for fertilization, but the appli-
cation of nitrogen fertilizers above the plants’ needs usually means that the nitrogen and
salt surpluses leach into groundwater bodies [7,8]. Nitrogen usually reaches groundwater
bodies in varying forms, such as organic nitrogen, ammonium or nitrate, (NO3;~) 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].

Whereas lineal and punctual sources are relatively easy to control and mitigate, diffuse
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
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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
algal growth, limiting the oxygen in water for other organisms [12]. Additionally, high
nitrate 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
Directive [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 pol-
lution [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 damaging
to the society and the environment [27]. Therefore, risk assessments are holistic analyses
which include hazard, vulnerability and exposure factors, while hazard assessments are
restricted to the analysis and classification of the potential hazards within an area. Fol-
lowing this approach, several groundwater hazard indexes have been developed (e.g., the
Danger Contamination Index (DCI) [28]; the Pollutant Origin Surcharge Hydraulically
(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
developed specific methodologies for assessing groundwater nitrate pollution [31-33].
Shaffer 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
groundwater 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 combination 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 undervalue 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
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.
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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 pollution
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 potential 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 nitrogen
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™; N Uptake (N 1/1000) is the
nitrogen uptake by the plant; and Output is the expected yield in t ha™'. As aforementioned,
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 characteristics 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 NO3;~ concentration in
the aquifer. With the objective of relating the hazard value with a measurable variable, the
relationship between the NR and the NO3™ concentration in the aquifer could be considered
as a trustful criterion. This relationship has been explored in previous hazard and risk
methodologies [33,38].

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
NOg3™ concentration. The initial hypothesis states that where intrinsic vulnerability is
similar, higher nitrogen input on the surface is proportional to higher NO3~ concentration
in groundwater. Intrinsic vulnerability is based on the inherent natural characteristics (i.e.,
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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 NO3;~ 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, NO3™~ concentration and intrinsic vulnerability
of the aquifer in 2019, by using Statgraphics XVI (Table 1). The square Euclidean distance
and Ward’s method can be used to test the similarity and to obtain hierarchical associations,
respectively [39]. This method analyzes the potential amount of nitrates suitable 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 NO;~ [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 NO;~ [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 NO3™ concentrations measured during the
same period is needed in order to obtain the mean NOj3;~ concentration in the study area.
The correlation between the annual nitrogen supply and the mean NO3~ concentration is
explored. The amount of nitrogen required to reach a certain nitrate concentration in the
aquifer can be estimated based on the mean NO3;~ concentration observed, and thus, the
nitrogen fertilizer requirements at a farm scale to reach that NO3™~ concentration can be
inferred. The Nitrate Directive establishes the level of affection of a water body depending
on the NO3™ 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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Figure 1. Correspondence between NOs~ concentration in groundwater and nitrogen input in
surface.

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 |
> 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.

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 naturally
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
Cretaceous 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
lithological 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 hydrogeological
regime (i.e., flow directions, characteristics of the vadose zone, water table depth, etc.) was
explored in previous research [21].
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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. Accord-
ing 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. Meanwhile, irriga-
tion 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 several
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 NO3~ data from two temporal series have been used. The
NIHI and the resulting hazard maps were calculated for 2019. The evolution of NO3z~
concentration 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
robustness. Fourteen types of crops were considered and 288 NO3;~ 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 management
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
dependent 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
C 1 Oat 74 X 46
ereals Rye 69 X X 967
Triticale 79 X 418
Corn 263 X 5
Leoumes Vetch -* X 6
& Bitter Vetch - X 11
Tubers Potato 192 X 21
Industrial crops Sunflower 38 X X 861
Alfalfa - X 924
Fodder crops 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 between
NR and NO;3~ 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 Confederation
(CHE from its Spanish acronym) on its website. Those maps were developed following the
DRASTIC reduced method [43].

NOj™~ 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 NO3™~ concentration
more than vulnerability, which supports the idea of considering vulnerability as a constant
in the analysis.

Regarding the hazard interval delimitation, the annual NR (kg N ha™!), the annual
amount of nitrogen supplied (kg N) and the NO;~ annual mean concentration were cal-
culated for the 1992-2019 period, based on the crops listed within the study area. The
correlation 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 NO3™~ concentration
was considered. A time lag is required for a response in NO3~ dynamics after nitrogen
fertilization. This correlation was statistically significant (Pearson ¢ = 0.46, p = 0.03), which
allowed us to determine a correlation between the nitrogen supply and the NO3;~ concen-
tration. From this correlation, the total amount of nitrogen needed per unit (kg N ha™') to
reach a certain NOj3~ concentration can be estimated.

With the aim of establishing a measurable criterion to the intervals, the legal limits of
25 mg L' 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 NO3~ 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.

NOj3;~ Concentration (mg L) NR (kg N ha™1) 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
southwestern 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
[|Gallocanta Lake 0 W80 -120 Nitrogen Requirement

. <40 [M120 - 160
Municipalities
O R 40 - 8O > 160

km

0 2 4 6

Figure 5. Nitrogen fertilization requirement (NR) map.
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Figure 6. Nitrogen Input Hazard Index (NIHI) and NO3; ™ map.

Regarding the hazard NIHI map (Figure 6), most of the crops in the area are considered
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.

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.

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
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southwestern surroundings of the Gallocanta Lake are also devoted to pastures, whereas
fallow lands are commonly observed across the study area.

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
approach, and one easy to map and reproduce, it is recommended to use a measurable
parameter 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 hazard categories. Even though concentration can be used to calibrate
the index, nitrate concentration 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
supported 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
groundwater 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
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polluted zones without considering their intrinsic or specific vulnerability, and they are
delimited using administrative units (e.g., municipalities), which have nothing to do with
natural water boundaries.

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, al-
though the highest concentrations are found at the south and southwestern part of the lake,
especially 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 regional 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].
Therefore, 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 Castejon 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
dependent 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 per-
sistence 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
established 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
vulnerability 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
nitrogenous 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

152



Sustainability 2021, 13, 6321

VII. Risk Analysis Il: Groundwater Pollution Hazard by Nitrates

13 of 15

hazardous sites of the area could be a useful tool to solve the issue by paying more attention
to the most hazardous areas.

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 analyses
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 establishing
mitigation and control measures in groundwater is highly recommended, especially 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 (NO3~ 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 confusing,
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 addition,
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 NO5~
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 criteria
when delimiting the Nitrate Vulnerable Zones, and recurrent stoppages in water supply
due to high NO3™ concentration have affected some of the villages in the area. Therefore,
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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Resumen

La vulnerabilidad del medio humano ante la contaminacién de los recursos hidricos esta
relacionada con su dependencia de las aguas subterrdneas para asegurar su
abastecimiento y el de sus bienes y actividades. Este tipo de vulnerabilidad introduce
aspectos socioeconémicos claves para valorar el posible impacto de un evento de
contaminacién. En este estudio se analiza y cartografia la vulnerabilidad de la masa de
agua subterranea de Gallocanta (Aragoén, Espafia). El andlisis de los factores de
vulnerabilidad ofrece una visién pormenorizada de la situacion, y permite la utilizacion de
los mapas como herramientas de apoyo para la toma de decisiones relacionadas con la
gestion del agua. Los resultados muestran que la vulnerabilidad se ha clasificado como
moderada. Ademas, se ha puesto de manifiesto la falta de alternativas de abastecimiento,
lo que multiplica la dependencia de la poblacién de los recursos subterraneos, haciendo
que su papel sea ain mas importante para el suministro de agua.

Palabras clave: andlisis del riesgo; vulnerabilidad social; aguas subterraneas; riesgo de
contaminacion; Gallocanta

Abstract

Social vulnerability when facing pollution of groundwater resources is related to the
population dependence on them to assure water supply. The analysis of social
vulnerability includes key socio-economic factors in order to assess the potential impact of
a pollution event in a certain area over population and assets. In the present study, social
vulnerability of the Gallocanta Groundwater Body (Aragoén, Spain) is analyzed and
mapped. This analysis provides a detailed insight of the area and it allows the use of the
resulting maps as supporting tools in the decision-making process, specially, related to
water management. The results show that social vulnerability of the Gallocanta
Groundwater Body is moderate, despite the low amount of inhabitants in the area. In
addition, it has been highlighted the lack of alternative water sources, which significantly
increases the population dependence of groundwater and enhances its key role as the
main water supply source in the towns of the study area.

Keywords: risk assessment; social vulnerability; groundwater; pollution risk; Gallocanta
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1. Introduccidén

La vulnerabilidad social o, de forma mas precisa, vulnerabilidad del medio humano
(Perles et al., 2004), puede definirse como la capacidad de la poblacién y su medio
(usos urbanos y rurales, actividades econémicas y productivas, etc.) para afrontar
un evento potencialmente peligroso, en base al nivel de exposicion de la poblacién
y sus bienes, y las caracteristicas de ambas para resistir y recuperarse de dicho
evento.

En el caso concreto del riesgo de contaminacion de las aguas subterraneas, la
vulnerabilidad del medio humano esta relacionada con la dependencia que la
poblacién y sus bienes tienen de dicho recurso, especialmente de la necesidad del
suministro de agua para distintos usos productivos y de abastecimiento basico
(agua potable, riego, otros usos urbanos, etc.). Dicho suministro puede verse
comprometido por factores cuantitativos, es decir, cuando la cantidad de agua
disponible no es suficiente para satisfacer la demanda; o bien por factores
cualitativos, relacionados con la calidad del agua, que puede llegar a ser nociva
para la salud. La calidad de las aguas subterraneas puede verse afectada por la
presencia de contaminantes de origen quimico, como, nutrientes o metales; o porla
proliferacién de microorganismos. Las zonas de emisiéon u origen de estos
contaminantes se pueden considerar como fuentes potenciales del peligro, las
cuales son objeto de analisis de los estudios de peligrosidad (Orellana-Macias y
Perles, 2020). El tercer componente a considerar en la evaluaciéndel riesgo de
contaminacion del recurso hidrico subterraneo es la vulnerabilidad intrinseca del
medio acuifero y del entorno de los manantiales, condicionada esencialmente por
sus caracteristicas naturales, como la litologia, la profundidad a la que se
encuentra el acuifero, el espesor de la zona no saturada, la pendiente del terreno o
la presencia de suelo. La peligrosidad del contaminante, la vulnerabilidad
intrinseca natural del acuifero y vulnerabilidad del medio humano dependiente del
acuifero definen, en resumen, el riesgo de contaminacién de aguas subterraneas.

Tradicionalmente, la vulnerabilidad del medio humano ha sido un componente
incluido en la evaluacion del riesgo de contaminacién de las aguas subterraneas.
No obstante, la dificultad para cuantificar aspectos relacionadas con este tipo de
vulnerabilidad, asi como la complejidad para la correcta definicion y
parametrizacion de los aspectos que pueden ser incluidos como factores de
vulnerabilidad social, son aspectos que dificultan su estudio. Loslimites difusos de
los conceptos de vulnerabilidad social o del medio humano contribuyen a dificultar
la propuesta de métodos estandarizables para su evaluacion y cartografia. Durante
los afios finales del siglo pasado, y la primera década del siglo XXI, numerosos
trabajos se centraron en la inclusion de la vulnerabilidad social dentro del estudio
global del riesgo (Liverman, 1990; Dow y Downing, 1995; Cutter, 1996; Cutter et
al, 2000; Delmonaco et al, 2005). Siguiendo el enfoque tradicional para la
evaluacion de los elementos del riesgo desde un punto de vista econémico, se hace
frente a la dificultad de cuantificar ciertos aspectos de la vulnerabilidad que no
siempre tienen un valor material. Este aspecto otorga una nueva perspectiva al
tratar de evaluar el grado de vulnerabilidad de la poblaciéon ante un evento
potencial de contaminacidn o pérdida de calidad para consumo (Massone y Sagua,
2005).
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Para la evaluacion del riesgo, y de los elementos que lo componen, el desarrollo y
la utilizacién de indices que sirven para clasificar variables y comparar zonas es un
método ampliamente utilizado. Massone y Sagua (2005) proponen la creacion de
un indice de vulnerabilidad contextual y un indice de vulnerabilidad especifico,
centrado en la contaminaciéon por nitratos. Posteriormente Sagua et al., (2009)
realizan una revision de este indice con el objetivo de disminuir las variables a
considerar. Perles et al, (2004) dan un paso hacia la conceptuaciéon de la
vulnerabilidad del medio humano y hacia la propuesta de indicadores para su
evaluacién cartografica. Por otro lado, Vias (2005) desarrolla una propuesta
metodolégica completa para el andlisis del riesgo de contaminacién de las aguas
subterraneas, en la que incluye una metodologia especifica para la vulnerabilidad
del medio humano. Perles et al.,, (2009) aplican dicha propuesta, incluyendo una
serie de variables relacionadas con la exposicion de la poblacién y la dependencia
socio-econdémica que la poblacién de la zona tiene de las aguas subterrdneas en el
territorio. En esta misma linea, Gaviria et al, (2011) proponen un indice de
vulnerabilidad humana integrado por la exposicién, la dependencia
socioecondmica y el nivel de resiliencia de la poblacién, mientras que Othax
(2009) apuesta por un indice de vulnerabilidad socioeconémica que incluye,
variables como la educacion, el nivel de ingresos o la salud.

En zonas rurales, el peligro de contaminacion de las aguas subterraneas suele
venir dado por la presencia de fuentes difusas, como los cultivos, o también
puntuales, relacionadas con actividades del sector primario y secundario, mientras
que los factores asociados a la vulnerabilidad y la exposicién suelen tener menos
peso desde un punto de vista cuantitativo. No obstante, aunque el volumen de
poblacién expuesta en estas areas sea menor en comparaciéon con zonas urbanas
densamente pobladas, el consumo de agua para riego y para el sector primario es
alto en muchas zonas, y la dependencia de la poblacién es, en muchos casos, mayor
que en las zonas urbanas, dada la menor frecuencia de suministro alternativo.

En el caso de la masa de agua subterranea de Gallocanta, perteneciente a la cuenca
hidrolégica del Ebro, la sensibilidad y preocupacion por la preservacion del paraje
natural, y su coexistencia con el entorno cultivado, frente a la contaminacién por
nutrientes ha centrado la atencion en las cartografias de riesgo de contaminacion.
La laguna de Gallocanta es un humedal de reconocido interésinternacional,
incluido en la lista RAMSAR de humedales protegidos (Ramsar Convention
Secretariat, 2010), ademas, la zona tiene un reconocido valor natural, estando
reconocida como Zona de Especial Protecciéon para las Aves, Zona de Especial
Conservacion, y estd constituidacomo Reserva Natural Dirigida (Ley 11/2006 del
Gobierno de Aragén) con su correspondiente plan de gestion. Por otro lado, la
principal actividad econdémica de la zona es laagricultura, dela cual depende un alto
porcentaje de la poblacién de forma directa o indirecta.

Las fuentes potenciales de contaminacidn de las aguas subterraneas en la masa de
agua han sido evaluadas y cartografiadas en etapas anteriores de investigacion
(Orellana-Macias y Perles, 2020; Orellana-Macias et al. 2021). Orellana-Macias y
Perles (2020) aplicaron varios indices generales de peligrosidad a la zona de
estudio, obteniéndose una cartografia detallada de las posibles fuentes de emision
de contaminantes en la zona, mientras que en Orellana-Macias et al. (2021), el
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objetivo se centrd en la evaluacion de la peligrosidad ante la contaminacién por
nitratos de origen agrario, ya que dicho contaminante puede considerarse como la
principal fuente de contaminacion de las aguas subterraneas en la zona de estudio.

Junto a estos antecedentes, la Confederacion Hidrografica del Ebro (CHE) ha
elaborado y publicado una cartografia de vulnerabilidad de las masas de agua
dentro de la cuenca del Ebro, entre las que se encuentra la masa de agua de
Gallocanta. Para la evaluacién de la vulnerabilidad, en este caso, se utilizé el
método DRASTIC Reducido (DGOHCA e IGME, 2002), derivado del método
DRASTIC (Aller et al., 1987), ampliamente aceptado por la comunidad cientifica, y
utilizado en numerosos estudios de vulnerabilidad de las aguas subterrdneas
(Antonakos y Lambrakis 2007; Arauzao et al., 2015; Ghazavi y Ebrahimi, 2015)

El estado de la cuestion en la zona muestra que para abordar un analisis integral
del riesgo de contaminaciéon de las aguas subterraneas en la masa de agua de
Gallocanta, el estudio de la vulnerabilidad del medio humano frente a un episodio
de contaminacién sigue siendo la asignatura pendiente. Unicamente a partir de una
visién integrada de los componentes de peligrosidad, vulnerabilidad intrinseca
(natural) y vulnerabilidad del medio humano sera posible obtener una idea
conjunta de las repercusiones reales que el problema de la contaminacién produce
en la poblacién y sus bienes. En este contexto, el objetivo del presente trabajo es, a
partir de los antecedentes previos, evaluar la vulnerabilidad del medio humano
ante el riesgo de contaminacién de las aguas subterraneas en la masa de agua de
Gallocanta. Un objetivo derivado es la obtencién de una cartografia que permita la
evaluacién conjunta en el marco del analisis integral del riesgo de contaminacién
de aguas subterraneas, para generar una cartografia predictiva de utilidad aplicada
en esta zona de alto valor natural y ecolégico, asi como evaluar la idoneidad del
método aplicado a la particularidad de la casuistica en entornos rurales (con
valores agricolas y naturales, baja densidad de poblacidn, nucleos distantes,
predominio del sector primario) del que es representativa la zona de estudio.

2. Metodologia
2.1. Area de estudio

Para definir el area de estudio, la evaluacién y cartografia de la vulnerabilidad
social presenta una peculiaridad, y es que las consecuencias de la contaminacién
de un acuifero no tienen por qué limitarse a los usos, actividades y poblacién
situada en la extension superficial de dicho acuifero. Cualquiera de estos elementos
expuestos puede localizarse geograficamente fuera de los limites de un acuifero,
pero verse afectados si el recurso hidrico del acuifero sufre un evento de
contaminacion. Por este motivo, en la investigacion, la zona de estudio incluye los
términos municipales de las localidades que dependen directamente de los
recursos subterraneos de la masa de agua de Gallocanta (denominada como masa
de agua subterranea n2087 Gallocanta por la Confederacion Hidrografica del Ebro),
estén o no situados sobre el acuifero. En el caso que nos ocupa, existe poblacion y
bienes (actividades agropecuarias y otras actividades productivas) dependientes
del recurso hidrico del acuifero en los siguientes municipios: Santed, Gallocanta,
Las Cuerlas y Berrueco, en la provincia de Zaragoza, y Castejon de Tornos, Tornos,
Bello y Torralba de los Sisones en la provincia de Teruel.

164



VIII. Risk Analysis lll: Social Vulnerability to Groundwater Pollution

La masa de agua subterranea de Gallocanta (MAS Gallocanta) tiene una extension
de 223 km? y forma parte de la cuenca hidrografica del Ebro. Se encuentra en el
limite suroccidental de dicha cuenca, y superficialmente se asocia a la cuenca
endorreica de Gallocanta, la cual tiene una extension superficial de 540 km?
(Figura 1). La masa de agua de Gallocanta esta compuesta por dos acuiferos
principales, uno mesozoico, y otro detritico, con diferentes caracteristicas
hidrodinamicas, mineralizacién (mayor salinidad en el cuaternario) y extensiéon
horizontal y vertical. El acuifero mesozoico se extiende por la mitad occidental de
la zona de estudio y engloba varios niveles de caracteristicas hidraulicas
diferentes, desde calizas y dolomias cretacicas a arenas de Utrillas (CHE, 2016).
Por su parte, el acuifero detritico o cuaternario estd compuesto por arenas del
cuaternario perilagunar, glacis y abanicos de sedimentos cuaternarios. Este
acuifero se solapa parcialmente con el acuifero mesozoico en la parte central de la
cuenca y conecta la laguna de Gallocanta con el acuifero mesozoico.

Figura 1. Localizacion de la Masa de Agua Subterranea de Gallocanta
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Fuente: Elaboracioén propia.

Desde el punto de vista del recurso hidrico, el acuifero cuaternario tiene poco
espesor y una permeabilidad media (CHE, 2003), siendo su explotacidn principal el
riego de cultivos, aunque existen pequefios manantiales de abastecimiento en
localidades como Tornos, Castejon de Tornos y Berrueco. En cambio, el acuifero
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mesozoico presenta grandes espesores y mejores parametros hidrodinamicos,
siendo explotado tanto para regadio como para el abastecimiento de los nucleos
urbanos que se localizan sobre el mismo (Las Cuerlas, Bello y Torralba de los
Sisones). En el caso de las localidades situadas en el sector oriental, los
abastecimientos urbanos se toman de acuiferos locales de pequena extension
sobre materiales tridsicos (Gallocanta), asi como desde manantiales de los
materiales paleozoicos que componen la Sierra de Santa Cruz (Santed y Berrueco).

En lo que se refiere al medio humano del entorno del acuifero y dependiente de él
(abastecimiento urbano y regadio, otras actividades economicas, etc.) se localizan
ocho nucleos de poblacion que utilizan directamente los recursos de los acuiferos
que componen la masa de agua subterranea de Gallocanta: Santed, Gallocanta, Las
Cuerlas y Berrueco, en Zaragoza; y Tornos, Castejon de Tornos, Bello y Torralba de
los Sisones, en Teruel. La densidad de poblacion de la zona de estudio es de 4,15
hab/km?, y la poblacién total de estos municipios es alrededor de 1000 habitantes,
siendo Bello la localidad mas poblada (224 habitantes), y Berrueco la menos
poblada (34 habitantes), segiin datos del Padron Municipal para el afio 2019.

2.2. Evaluacidn de la vulnerabilidad del medio humano

El método utilizado para la evaluacidn de la vulnerabilidad social se fundamenta en
el propuesto por Perles et al. (2004) y Vias (2005). Desde una perspectiva de
analisis integrado del riesgo, esta propuesta metodoldgica considera factores de
exposicién y resistencia de la poblacién y de la actividad econdmica, distinguiendo
en este ultimo caso entre la vulnerabilidad de la actividad agropecuaria y el resto
de actividades productivas. La exposicion tanto de poblacion como de los bienes
dependientes del recurso hidrico del acuifero se matiza en razén de un coeficiente
indicativo de la existencia o no de recursos alternativos en caso de evento de
contaminacion grave. El andlisis de los factores se realiza en dos fases. En la
primera, se estima la vulnerabilidad de cada factor (poblacién expuesta (Vp),
actividad agropecuaria (Vag) y otras actividades productivas (Vs) de forma
independiente, obteniéndose mapas de vulnerabilidad para cada factor; en la
segunda, se unen cada uno de los elementos, obteniéndose un indice numérico (Vy)
que engloba los valores de Vy, Vag, y Vst con el objetivo de obtener un tinico mapa de
vulnerabilidad del medio humano. Se incluye en el analisis, por lo tanto, aspectos
econdmicos y estructurales para el calculo de la vulnerabilidad. El resultado puede
ser combinado con los indices de peligrosidad y vulnerabilidad intrinseca del
acuifero, permitiendo la evaluacién integral del riesgo y la comparaciéon de los
resultados obtenidos con otras zonas.

Exposicion y vulnerabilidad de la poblacion (Vp)

La vulnerabilidad de la poblacion se ha determinado en base a factores de
exposicion (Ep) y resistencia, siendo estos la tipologia de la infraestructura de
abastecimiento (R1p) y el nimero de personas especialmente vulnerables (Rzp).
Los factores de resistencia se han desarrollado para reducir E, en funcion de que la
poblacién sea mas o menos vulnerable. Mientras el factor Ep hace referencia al
numero de habitantes que depende de los recursos hidricos, el factor Rip se centra
en la capacidad de resistir un evento de contaminaciéon por parte de la poblacién
en funcion del tipo de sistema de abastecimiento existente. De esta forma, se

166



VIII. Risk Analysis lll: Social Vulnerability to Groundwater Pollution

distinguen tres tipos de infraestructuras de abastecimiento: basica, cuando existe
un unico punto de abastecimiento; compleja, cuando el abastecimiento se realiza
en varios puntos de un mismo acuifero; externa cuando el abastecimiento se
realiza desde otra masa de agua distinta a la de estudio (Tabla 1).

Tabla 1. Puntuaciones factor Rip

FUNCION DEL | TIPO DE INFRAESTRUCTURA Y | FACTOR | GRADO DE
ACUIFERO ORDEN DE UTILIZACION R1P VULNERABILIDAD
1. Infraestructura de |1 Alto
abastecimiento basica
1. Infraestructura de | 0,9
Exclusiva abastecimiento compleja
1. Infraestructura de | 0,8
abastecimiento basica
2. Infraestructura de
abastecimiento compleja
1. Infraestructura de | 0,6
abastecimiento basica
2. Infraestructura de
abastecimiento externa
1. Infraestructura de | 0,5
abastecimiento compleja
.| 2. Infraestructura de
Complementaria _
abastecimiento externa
1. Infraestructura de | 0,4
abastecimiento basica
2. Infraestructura de
abastecimiento compleja
3. Infraestructura de
abastecimiento externa
1. Infraestructura de | 0,2
abastecimiento externa
2. Infraestructura de
abastecimiento basica
1. Infraestructura de | 0,15
abastecimiento externa
2. Infraestructura de
. abastecimiento compleja
Alternativa
1. Infraestructura de | 0,1
abastecimiento externa
2. Infraestructura de
abastecimiento compleja
3. Infraestructura de
abastecimiento basica
1. Infraestructura de | 0,05

abastecimiento externa

Bajo

Fuente: Perles et al. (2009)
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Al mismo tiempo, un acuifero puede actuar de diferentes formas como fuente de
abastecimiento: exclusivo, cuando es la unica fuente de abastecimiento;
complementario, cuando se combina con otra fuente de abastecimiento; y
alternativo, cuando su papel en el abastecimiento es secundario o eventual. El
resultado de las combinaciones posibles en base a los tipos de infraestructuras y
las funciones del acuifero se muestra en la Tabla 1, donde se recogen las
puntuaciones del factor Rip. La puntuacién del factor varia entre 0,05 y 1, siendo 1
el grado de menor resistencia (mayor vulnerabilidad).

Por otro lado, el factor Rzp hace referencia a los grupos de edad de la poblacion,
siendo esta determinante del grado de afecciéon efectiva que un evento de
contaminacion puede llegar a tener sobre la poblacién. Dada la mayor fragilidad de
la poblacién en los grupos infantil y anciano frente a la potencial intoxicacion, se ha
considerado que los nifios (menores de 15 afios) y los ancianos (mayores de 65),
son los grupos mas vulnerables. Este factor se obtiene calculando el cociente entre
poblacién vulnerable y poblacidn total, variando entre 0 y 1, y siendo 1 el valor de
menor resistencia (mayor vulnerabilidad).

Finalmente, el indice de vulnerabilidad de la poblacién se obtiene a partir de la
siguiente ecuacidn:

Vp=E, x Rip X ¥Rz Ec. 1

Para evitar que el factor Rzp reduzca demasiado el valor de Vp, el indice prevé que
la ponderacién del factor se realice a través de una reduccion no lineal de la
exposicién, utilizdndose la raiz cubica. De esta forma, el valor de la exposicién
puede ser reducido aproximadamente a la mitad como maximo. El limite inferior
de Vp es cero, mientras que el superior estd abierto, y cuanto mayor sea el valor,
mayor es la vulnerabilidad.

Los datos de poblacién por grupo de edad se han obtenido de los datos publicados
del Padrén Municipal para el afo 2019, mientras que la informacién para el calculo
del factor Ripse ha obtenido a partir de la informacién publicada por la
Confederacion Hidrografica del Ebro, complementada con trabajo de campo.

Exposicion y vulnerabilidad de la actividad agropecuaria (Vac)

La estimacidon de la vulnerabilidad de las actividades agricolas ha seguido el mismo
esquema que el factor Vp, basado en factores de exposicion (Eag) y resistencia (Riac
y R2ac). El factor Eag hace referencia a la superficie regada por cada tipo de cultivo
o al tamafio de la cabafia ganadera, por lo que la unidad de andlisis es la hectarea o
la cabeza de ganado por explotacion, respectivamente.

Por su parte, el factor Riag es similar al factor Rip utilizado para la estimacién de la
vulnerabilidad de la poblacion, por lo que se basa en el tipo de la infraestructura de
abastecimiento y en la funcidn del acuifero. En relacion al factor Rzac, este analiza
la vulnerabilidad desde una perspectiva socioecondémica, ya que considera la
rentabilidad econdmica de los productos y su influencia en el empleo de la
poblacidn local. En el caso de los cultivos, la rentabilidad econémica del producto
se ha estimado en base a la productividad de cada cultivo (kg/ha) multiplicada por
su precio de mercado (€/kg), y se expresa en €/ha. En el caso de las actividades
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ganaderas, la unidad de referencia es la cabeza de ganado. Finalmente, el aspecto
social de la vulnerabilidad se ha considerado en base al nimero de empleos y a la
cantidad de jornales necesarios para conseguir una determinada produccion. De
esta forma, el factor Rzac se calcula siguiendo la siguiente ecuacion:

Roac = (€) X (1 + (j/500)) Ec. 2

Donde € es el precio de mercado por hectarea de cultivo o cabeza de ganado, y j es
el nimero de jornales por hectarea o empleos por explotacion ganadera. El valor
de 500 es una constante obtenida del nimero maximo de jornales para los
distintos tipos de cultivo (DAP, 1997).

El valor final de la vulnerabilidad de la actividad agropecuaria se calcula siguiendo
la siguiente ecuacidn:

Yit1EaG X Riag X Roag
=1 Ec. 3
10000

Vig =

Siendo i cada tipo de cultivo o especie de ganado. Al integrar en un sumatorio las
variables de exposicion y resistencia ya explicadas, se tratan las caracteristicas de
cada zona de regadio o explotacion ganadera en relacién al tipo de cultivo o de
ganado, el nimero de empleos asociados, los beneficios econémicos potenciales y
el tipo de abastecimiento. Ademas, se introduce una constante, igual a 10000, que
sirve para facilitar la comprensién y lectura del valor final de vulnerabilidad.

La obtencién de la informacién relativa a la localizacién de las parcelas en regadio,
asi como del nimero de animales a escala municipal, y la rentabilidad econémica
de cada producto se han obtenido de las Estadisticas Agrarias y Ganaderas
publicadas por el Gobierno de Aragén para el afio 2019. Por otra parte, el sueldo de
los empleados se ha obtenido de los datos econdmicos por sectores publicados por
el Gobierno de Aragon, mientras que el nimero de empleados por explotacion se
ha realizado a partir de trabajo de campo. En los casos en los que la informacién no
ha podido ser obtenida, se ha estimado en funcién del tamafio y la titularidad de la
explotacion.

El andlisis de la actividad ganadera y la vulnerabilidad de cada una de las granjas y
factorias localizadas en la zona se ha estimado a partir de los datos publicados por
el Gobierno de Aragon y la Confederacion Hidrografica del Ebro.

Exposicion y vulnerabilidad de otras actividades productivas (Vsr)

El tercer factor para el andlisis de la vulnerabilidad del medio humano es la
vulnerabilidad socioecondémica de otras actividades productivas dependientes de
forma directa de los recursos hidricos subterraneos. Siguiendo el mismo esquema
que en los casos anteriores, este elemento se compone de factores de exposicion y
resistencia: la exposicion de la actividad productiva (Esr), es decir, el namero de
establecimientos dependientes; el tipo de infraestructura de abastecimiento (Risr)
y la rentabilidad socioeconomica de las actividades productivas(Rzsr).

Para calcular el factor Rzsr se ha utilizado el nimero de empleados por rama
productiva, y el salario medio de cada empleado en una actividad productiva
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dependiente. Para el calculo se utiliza la Ec. 2, siendo € es la suma de los salarios
recibidos en cada empresay j el nimero de empleados en la actividad.

Finalmente, el indice de vulnerabilidad Vsr se calcula con la ecuacién siguiente:

Yie1 EsT X RisT X RosT
Vo ===2 Ec. 4
ST 10000

Donde i es cada una de las actividades productivas dependientes segtn el tipo de
abastecimiento, y la sumatoria incluye aspectos socioeconémicos y de tipologia de
abastecimiento.

Los datos relativos al numero de establecimientos por municipio y la informacién
necesaria para el calculo del factor Rast, se ha obtenido a partir de los datos de
empleo y los sueldos medios por sectores publicados por el Gobierno de Aragén a
nivel municipal para el afio 2019.

Vulnerabilidad del medio humano (Vy)

El indice de vulnerabilidad del medio humano es el resultado de la suma
ponderada de los factores de vulnerabilidad ya explicados, relacionados con la
poblacién y las actividades econdmicas. Dicha ponderacion se hace en base a la
importancia de cada factor, y sigue la siguiente ecuacion:

Vu=3V’p + 2V'ac + V'st Ec.5
3. Resultados y discusion
3.1. Vulnerabilidad de la poblacion

Todas las localidades se abastecen integramente de los acuiferos que componen el
sistema de Gallocanta, utilizando en la mayoria de los casos un tinico punto de agua
como fuente de abastecimiento para la localidad, por lo que los valores de Rip
oscilan entre 0,9 y 1 (Tabla 1), segun lo establecido por Perles et al. (2009). En los
municipios en los que el valor de Rip es 0,9, existe mas de un punto de
abastecimiento para la poblacidn.

En relacién a la resistencia de la poblaciéon en funcién de la edad, Berrueco,
Torralba de los Sisones y Santed se clasifican entre los niveles moderado
(porcentaje de poblacién especialmente vulnerable entre el 30 % y el 45 %), y bajo
(porcentaje de poblacién especialmente vulnerable entre el 45 % y el 60 %) en
Gallocanta, Tornos, Las Cuerlas, Bello y Castejon de Tornos. Es decir, en estas
ultimas localidades, el porcentaje de poblacién mdas vulnerable (menores de 15
afios y mayores de 65) es mayor.
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Figura 2. Vulnerabilidad de la poblacion
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Fuente: Elaboracién propia

Los altos porcentajes de poblacién especialmente vulnerable son similares a los
observados por Perles et al. (2009) en zonas rurales de Malaga, y este criterio
también es utilizado por Lima et al. (2019) en zonas rurales de Argentina para
definir factores a analizar en el analisis del riesgo de contaminacion de las aguas

subterraneas, aunque en dicho trabajo, los porcentajes de poblacién especialmente
vulnerable eran mucho menores.

Finalmente, a pesar de los valores altos de los factores Rip y Rzp, la vulnerabilidad
de la poblacion en la masa de agua subterranea de Gallocanta se ha clasificado
como muy baja, debido precisamente a que lacantidad de poblacién expuesta es
baja, limitando la influencia de los factores Rip y Rzp sobre la vulnerabilidad
resultante (Figura 2).
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3.2. Vulnerabilidad de la actividad agropecuaria

Las caracteristicas de los acuiferos que componen la masa de agua de Gallocanta
(direccién preferencial del flujo local subterraneo hacia la laguna) y las
caracteristicas fisicas del territorio (terrenos practicamente planos, espesor de la
zona no saturada (CHE, 2003), etc.) hacen que la mayoria de las areas de cultivo en
regadio se localicen en la zona baja de la cuenca, en el entorno de la laguna. La
superficie total de regadio en la zona de estudio en 2019 es de 270 ha, segtn los
datos obtenidos del Departamento de Agricultura del Gobierno de Aragon, estando
la mayor parte de la zona arable destinada a cultivos de secano.

Ademas, las condiciones climaticas y la altitud reducen significativamente la
variedad de cultivos de los que se puede obtener rendimiento. Los cultivos mas
extendidos en la zona son los cereales de invierno, especialmente trigo y cebada,
asf como leguminosas forrajeras (alfalfa), girasol, maiz y patata.

Como se muestra en la Figura 3, la mayor exposicion tiene lugar en el sector
suroccidental de la laguna, siendo la cebada el cultivo mayoritario. Aunque la
mayor rentabilidad se obtiene en cultivos como el maiz o la patata, la exposicion de
estos es mucho menor, dadas sus necesidades hidricas, y se limita a los
alrededores del nucleo urbano de Bello, al suroeste de la laguna.

Respecto al uso de las aguas subterraneas para riegos, existe una amplia red de
pozos que suministran agua, desde los acuiferos carbonatados del cretacico en la
mitad occidental de la cuenca, y desde pequefios acuiferos locales y de pequefio
espesor en materiales carbonatados del triasico y en depdsitos cuaternarios. El
caracter regional de los acuiferos cretacicos garantiza el suministro de agua de
forma cuasi-permanente, mientras que los pozos que explotan acuiferos locales y
superficiales del cuaternario estan sujetos a los comportamientos ciclicos del nivel
freatico, de forma que el caudal puede reducirse en periodos de sequia. En
cualquier caso, la Unica fuente de agua para el riego en toda la zona de estudio
proviene de las aguas subterraneas, por lo que la dependencia de este recurso es
total.

El resultado final de la vulnerabilidad de la agricultura muestra que las zonas de
mayor vulnerabilidad (Alta) son las relacionadas con cultivos de cebada, y con
cultivos de mayor rentabilidad econémica, como el maiz o la patata (Figura 3).
Estas zonas se localizan de forma exclusiva en el cuadrante suroeste de la zona de
estudio. Por otra parte, el resto de cultivos de la zona, especialmente el trigo y el
girasol, presentan una vulnerabilidad muy baja, bien por su baja exposicidn, bien
por su escasa rentabilidad econémica.
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Figura 3. Vulnerabilidad de las actividades agropecuarias
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Fuente: Elaboracién propia

En relacion a las actividades ganaderas, se han localizado un total de 46
instalaciones de explotacion ganadera. La exposicion total de la cabafia ganadera
ante un evento potencial de contaminacion es alta, contabilizandose unas 35000
cabezas de ganado entre ganado porcino, bovino, caprino y ovino. Aunque las
explotaciones ganaderas se localizan en la mayor parte del area de estudio, su
concentracion es considerablemente mayor en torno a los ntcleos de poblacion del
sury el este de la laguna, como Bello, Torralba de los Sisones y Tornos.
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La vulnerabilidad de dichas explotaciones varia entre muy baja y muy alta,
dependiendo del tipo de animal y el tamafio de la explotacion. Desde un punto de
vista socioecon6mico, la mayor parte de las granjas emplean a menos de 3
personas, lo que repercute directamente en que su vulnerabilidad se menor.
Unicamente las granjas con un mayor nimero de empleados, o con especies con
una mayor rentabilidad econ6mica, como el ganado bovino, alcanzan niveles de
vulnerabilidad que varian entre moderados y muy altos.

3.3. Vulnerabilidad de otras actividades econdémicas (Vsr)

Al igual que ocurre en los factores Vp y Vag, en el factor Vs, la existencia de una red
de abastecimiento que depende exclusivamente de los recursos hidricos del
acuifero hace que los valores de Rist sean muy altos.

Figura 4. Vulnerabilidad por municipio de otras actividades econémicas
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Fuente: Elaboracion propia

La vulnerabilidad de las actividades productivas dependientes del agua
subterranea es moderada en la mayor parte de los municipios de la zona de
estudio (Figura 4). En este grupo se incluyen actividades del sector servicios
(hoteles, restaurantes y comercios) e industrias de pequefio tamafio (industrias
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manufactureras y alimenticias). El municipio con una mayor vulnerabilidad es Las
Cuerlas, debido principalmente a un mayor nimero de poblacién empleada en
actividades dependientes, y, por lo tanto, una mayor exposicion. De forma inversa,
los municipios de Berrueco, Santed, y Castejon de Tornos tienen una
vulnerabilidad muy baja por la baja exposicion de la poblacién en este tipo de
actividades.

3.4. Vulnerabilidad del medio humano

El valor final de la vulnerabilidad del medio humano se muestra en la Figura 5. La
vulnerabilidad se ha clasificado como moderada en toda la zona de estudio. Este
resultado es consecuencia de la vulnerabilidad muy baja con la que se clasifica el
factor Vp, fundamentalmente por la escasa poblacidn expuesta, y por el mayor peso
que tiene este sub-factor en el valor final de la vulnerabilidad. El valor bajo de la
puntuacion en el valor poblaciéon contrasta con el mas elevado obtenido en el
subfactor Vag, que le proporciona una vulnerabilidad media, y la alta
vulnerabilidad del factor Vst, esencialmente motivada por la inexistencia de
alternativas al suministro en caso de contaminacidn.

Figura 5. Vulnerabilidad del medio humano
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El entorno de la laguna de Gallocanta es una zona eminentemente rural, con una
poblacién baja y una actividad econémica basada en la agricultura y en un sector
servicios de caracter local. Si bien la dependencia del agua del acuifero en la zona
es muy alta, las consecuencias de no poder disponer de ella son moderadas desde
un punto de vista socioeconémico. En la Tabla 2 se recogen las puntuaciones de
cada factor a nivel municipal.

Tabla 2. Puntuaciones factores de vulnerabilidad por municipio.

Funcién del .

acuifero Ve Vac Vst
Bello 162.4 23.2 409.9
Castejon de 455 11 5
Tornos

Tornos 147.6 2.2 281.5
Torralbadelos ;4 4.1 367.1
Sisones

Berrueco 247 0.4 90.7
Las Cuerlas 32.8 7.6 679.9
Gallocanta 106.6 1.3 295
Santed 48.1 - 20.3

Fuente: Elaboracion propia Los datos del factor Vac Unicamente hacen referencia a las
zonas de regadio.

Al interpretar estos resultados desde una perspectiva de evaluacién integral del
riesgo, se ofrece una perspectiva de conjunto, con el objetivo de establecer una
gradacion del mismo que permita priorizar posibles actuaciones en unos
municipios u otros. Por lo tanto, debe comprenderse que la contaminacion de los
recursos subterraneos tendria consecuencias negativas sobre la poblacion, al tener
una gran dependencia de dichos recursos, pero en términos econémicos absolutos,
alcanzarian una gran cantidad, dado la baja exposicion. Estos resultados estan en
linea con los expuestos por Perles et al. (2009) y Vias (2005) en zonas rurales de
caracteristicas similares, pero muestran ciertas diferencias con la vulnerabilidad
social observada en otras zonas eminentemente mineras de Bolivia (French et al,,
2017), ya que en dichas zonas el impacto econémico incluso tiene consecuencias
demograficas, trasladando poblacién desde las poblaciones rurales.

En relacién a la idoneidad del método para su aplicacién en zonas eminentemente
rurales, cabe sefialar que el propio desarrollo metodolégico del método trata de
ser suficientemente versatili como para reflejar todos los matices de la
vulnerabilidad del medio humano, incluyendo factores sociales y econémicos, asi
como factores de ponderacion. En general, en el desarrollo de metodologias
enfocadas en la evaluacién de la vulnerabilidad en el medio humano, la posibilidad
de que el autor pueda incluir unos factores a analizar u otros, en funciéon de su
criterio, hace que este tipo de indices sean muy dispares y dispersos entre si
(Dwyer et al, 2004; Con, 2009; Birkmann, 2014). Ademas, en ocasiones, la
redundancia de factores que son similares potencia ciertos resultados, y le resta,
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por tanto, validez a la metodologia, a los resultados obtenidos, y a la cartografia de
vulnerabilidad.

La separacion de la metodologia en tres subfactores facilita la interpretacion de los
resultados, al ser rapida e intuitiva la bisqueda de las causas en el aumento o
descenso de la vulnerabilidad. A diferencia de lo que ocurre con otros indices
(Cutter et al., 2003; Alvarez, 2006), el método, aunque es sintético, no llega a
esconder valores dispares de los indices bajo el uso de valores medios. No
obstante, en la unién de factores en un valor sintético final es inevitable cierta
tendencia a la homogeneizacién y enmascaramiento de los resultados

En un medio rural como el que se presenta en este trabajo, el modelo territorial y
la forma en la que el indice pondera cada uno de los factores puede condicionar los
resultados, ya que la amplitud de escenarios para los que estd pensada la
aplicacion del indice puede tender a la homogeneizacidn, tal y como ocurre en
otros indices de peligrosidad (De Ketelaere et al.,, 2004) y vulnerabilidad (Alvarez,
2006). Dado que el indice otorga un peso mayor al volumen de poblaciéon frente a
las actividades agropecuarias y econdémicas en un entorno eminentemente
despoblado, hace que el valor de este subfactor sea siempre muy bajo. Este hecho
plantea la posibilidad de modificar la ponderacién del indice, o de sus subfactores,
de forma que se diera menor ponderacién a la poblacién, y mayor importancia a
factores como la dependencia exclusiva de un acuifero, o el consumo hidrico para
actividades agricolas, que en entornos rurales suele superar a los volimenes de
abastecimiento a la poblaciéon. De hecho, en el caso de la zona de estudio, es
precisamente esta dependencia exclusiva el aspecto de mayor relevancia para
incrementar el grado de vulnerabilidad de la poblacién, viéndose en cambio el
resultado del subfactor y del indice final de vulnerabilidad del medio humano
superado por la mayor ponderacion del volumen de poblacion.

En este sentido, también es necesario plantearse si el peso de la puntuacién de
cada factor (es decir, cuando la vulnerabilidad es mayor), debe recaer sobre la
vulnerabilidad frente al peligro (vulnerabilidad frente al efecto directo de la
intoxicacion por consumo y/o uso de aguas contaminadas), o sobre la
vulnerabilidad frente al impacto o pérdida econémica (vulnerabilidad frente a la
pérdida econémica en el sector agrario y las actividades econdémicas
dependientes). Siendo este un dilema esencial a la hora de abordar la gestion de la
vulnerabilidad de la poblacién frente a diferentes tipos de riesgo.

4. Conclusiones

El estudio de la vulnerabilidad del medio humano debe ser considerado como un
elemento mas en el analisis integral del riesgo de contaminaciéon de las aguas
subterraneas, ya que, sin una valoracién del mismo, no es posible evaluar de forma
realista y comparada las repercusiones de un evento de contaminacion sobre una
zona. La metodologia aplicada incluye diferentes aspectos socioeconomicos y
estructurales para la estimacion de la vulnerabilidad, la cual permite su
integracion en un analisis mas profundo del riesgo, incluyendo una evaluacion de
la peligrosidad y la vulnerabilidad intrinseca. Para ello, se han identificado y
analizado individualmente factores de exposicion y resistencia.
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En la aplicacién a la zona de estudio, se han obtenido una serie de mapas de
vulnerabilidad, sintetizados en un mapa final que muestra la vulnerabilidad del
medio humano. Dado el caracter eminentemente rural de la zona de estudio y el
bajo volumen de poblacién que en ella se encuentra, se ha observado que la
vulnerabilidad de la poblacién es baja, mientras que la vulnerabilidad de las
actividades agricolas varia entre muy baja y alta, dependiendo de la tipologia de
cultivo y de las caracteristicas de las explotaciones ganaderas. Por otra parte, la
vulnerabilidad de otras actividades productivas varia entre muy baja y alta,
dependiendo de las caracteristicas de cada municipio. No obstante, el analisis ha
puesto de relieve la total dependencia de la mayoria de los municipios de los
recursos hidricos subterraneos, siendo estos la Gnica fuente de abastecimiento en
la mayoria de ellos. Finalmente, el valor de la vulnerabilidad del medio humano es
moderado en toda la zona de estudio, debido principalmente a la relevancia de los
factores de baja resistencia.

Los resultados del andalisis de la vulnerabilidad del medio humano, el analisis
espacial y los mapas resultantes permiten su utilizacién como parte del proceso de
toma de decisiones a escala regional y local. Desde un punto de vista ambiental, el
resultado permite analizar en conjunto la vulnerabilidad de la masa de agua de
Gallocanta, mientras que, desde una perspectiva social, el trabajo refleja la
situacion y la tipologia de las infraestructuras de abastecimiento, la dependencia
de los recursos de agua subterranea en la zona, y la falta de alternativas.
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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~! (Table 1).

Table 1. Proportion of groundwater monitoring stations with concentrations above 50 mg L~! 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 L1 (%)
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-1V, 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
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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 km?. 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 km?), which is an endorheic basin with the
Gallocanta Lake in the lowest part.
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Figure 1. Study area.
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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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Figure 3. Flow chart of the procedure.

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~!; and hazard
is high when the calculated nitrogen fertilizer requirement is higher than the nitrogen
fertilizer estimated to exceed 50 mg L.~! (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, @)

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=HxV, @)

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.

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

Moderate Hazard Low Risk Moderate Risk
High Hazard Moderate 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 (Vsg) 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 x 2Vag + Vsr, 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 x LR) + (P’ x MR) + (P” x 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 km?) of the study
area, the hazard is low, whereas 4% (8.5 km?) is moderate. On the contrary, the hazard level
is high in 45% (100 km?) of the basin, which includes most of the agricultural plots.
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Figure 4. (a) Hazard map; (b) Intrinsic vulnerability map.

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 km?),
moderate in 37% of the area (82 km?) and high in only 1% of the study area (2.3 km?). 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 km?), moderate-risk levels across 24% of the
basin (53.8 km?) and high-risk levels across 22.5% of the basin (50 km?). 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 km?) 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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Figure 5. Risk map and nitrate concentration.

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.~ 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~! 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.

Impact Level Stream Social |mpact
m \
-p Moderate - Urban cores Map

Aquifer Boundary

Km

Figure 6. Impact map.

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].
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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 L1, the threshold to declare a water body as polluted (91/676 EEC), whereas
15% of the samples are below 25 mg L~!. 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 L1,
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~!
were indeed located in highrisk areas, whereas the points with nitrate concentration below
50 mg L~! 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~! 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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X. Discussion and Conclusions

This PhD Thesis has studied the hydrogeological functioning of the Gallocanta
Basin, the groundwater quality status and the risk to groundwater pollution by
nitrates from agricultural sources, a common and relevant problem in agricultural
areas and, specifically, in Spain. The main points covered in the research
correspond to the five published papers included in the study, as well as to
chapter Il and IV. In this chapter, the joint discussion of the results and the
relationship between the papers and the rest of the chapters are discussed,
followed by the main PhD Thesis conclusions.

1. Joint Discussion

The risk level to groundwater pollution in the Gallocanta Basin emerges from the
combination of the hydrogeological functioning, the intrinsic characteristics of the
media, the land uses and the anthropogenic activities. This final discussion deals
with the joint results of the matters assessed in this study and described in detail
in each chapter. The references to the chapters included in this section are made
following the notation used throughout the dissertation (e.g., Chapter IV).

1.1 Hydrogeological settings

The hydrogeological model has showed the general hydrogeological functioning
of the aquifer within the Gallocanta Basin and its surroundings under steady-state
conditions (Chapter 1V). The model highlights an evident connection between the
Gallocanta Basin and the adjacent Piedra-Ortiz Basin and the Jiloca Basin.
According to the model, 1.19 hm3/year flow from the Gallocanta Basin to the
Jiloca Basin, whereas 4.05 hm3/year flow from the Gallocanta Basin to the
Piedra-Ortiz Basin.

Regarding the groundwater flow direction of the Jurassic aquifer, the mobile water
divide is around the Pozuelos Creek, at the eastern part of the Gallocanta Lake.
Northwards, groundwater flows to the Piedra-River Basin, whereas to the south,
groundwater flows to the Jiloca Basin. A similar delimitation is observed in the
Cretaceous aquifer, since the water divide is also located in the surroundings of
the Pozuelos Creek, indicating a connection between both aquifers. Additionally,
a marginal groundwater flow to the east (towards the Gallocanta Lake) is
detected, which is channelled through the Quaternary aquifer.

This sector is a large area in which the hydraulic head of the Jurassic and the
Cretaceous aquifer delimit a zone of 5.5 km with a NW-SE direction and a very
low gradient (0.02 %). This gradient extends along the area in which the water
divide fluctuates with a W-E orientation, so this model enables a mobile water
divide. In the hydrogeological regional diagram, groundwater fluxes towards the
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Gallocanta Lake are small, although they are essential to maintain the ecosystem
associated to the lake, so they will be further analyzed in the transient model of
groundwater flow.

In relation to the water balance of the model, recharge in the portion of the
Gallocanta Basin within the model is 5.74 hm3/year, whereas 0.89 hm?/year is
pumped by wells for irrigation, livestock and human supply, 4.05 hm3/year flow
into the Piedra-Ortiz Basin, and 1.19 hm?/year into the Jiloca Basin. Additionally,
the model quantifies input by infiltration from creeks and output by draining to
those creeks is 0.02 hm3/year.

As seen in Chapters Ill and 1V, the fact that output is higher to the Piedra-Ortiz
Basin is based on the morphology of the Jurassic aquifer, to the north of the
Gallocanta Lake, as well as on the existence of impervious materials of the
Keuper Facies along the western sector of the study area. Although these
materials do not completely obstruct the hydraulic connection between the
Gallocanta Lake and the Zaida Lake, they hinder flux. Heads are lower in
sampling points to the north of the Zaida Lake, and they follow a different pattern.
This hydraulic behavior was already addressed by CHE (2003), and they
considered a mobile water divide in the area, depending on the head.

To the south, the groundwater discharges to the Jiloca Basin are determined by
the Caminreal thrust, which play a key role in the hydrogeological functioning of
the region. Caminreal Wells (Ojos de Caminreal) is a natural spring area where
fluxes from the Mesozoic aquifers of the Jiloca Valley meet the fluxes from
Gallocanta.

With the aim of simulating different scenarios of water management in the current
Climate Change context we modelled three scenarios: (a) the current scenario,
(b) a scenario without pumping, and (c) a 20 % decrease in recharge, runoff and
rainfall. According to scenario b, groundwater output not only increased to the
Piedra-Ortiz Basin and the Jiloca Basin (4.55 hmd/jyear and 1.26 hmd/year,
respectively), but also output to creeks is higher (0.12 hm3/year), thus, runoff to
the Gallocanta lake is consequently higher (1.27 hm3/year). This would lead to
larger size of the lake.

On the contrary, according to scenario c, lower recharge, runoff and rainfall
reduce the output to the Piedra-Ortiz Basin and the Jiloca Basin (13 % and 16 %,
respectively), since groundwater level in the system is significantly lower.
Additionally, drainage to the creeks decrease 50 % as a consequence of lower
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heads. Under this scenario, lakes are severely affected, since they are mainly
feed by rainfall and runoff, whereas groundwater only represent 1.4 % of the input
to the lakes. According to several models, scenario c is likely in the next decades,
since projections estimate significant lower precipitation by the end of the century
in the Mediterranean Region (Saadi et al., 2015; MedEEC, 2019). The results
could be a useful tool for policymakers and water authorities in order to implement
efficient measures addressed to reduce the potential impact of lower water
availability on people and anthropogenic activities. As highlighted in Chapter VIIl,
towns in the study area are completely dependent on groundwater, so it could be
necessary to explore an alternative way to supply freshwater. In addition, from an
environmental point of view, under scenario c, the lower size and water volume
of the lakes would imply the potential loss of fragile ecosystems such as wetlands.
Not in vain, the Gallocanta Lake is included in the Ramsar Wetland List due to its
high environmental value, and it is also recognized as Special Protection Area,
under the European Union Directive on the Conservation of Wild Birds (Directive
2009/147/EC).

Following this environmental approach, it must be highlight that only a small
proportion of the water from the Upper Cretaceous aquifer flows to the Gallocanta
Lake, whereas most of the groundwater fluxes flow to the Piedra-Ortiz Basin and
Jiloca Basin. These connections imply a significant flow of pollutants from the
Gallocanta Basin to the adjacent basins. As addressed in Chaper V, the
Gallocanta Groundwater Body, which is mostly within the Gallocanta Basin, is
declared as a Nitrate Vulnerable Zone since 1999 due to high nitrate
concentration in groundwater. Sampling points tapping the Mesozoic aquifers
have high concentration of nitrates, so the flow of polluted groundwater from
those aquifers to the adjacent basins should increase nitrate concentration in
them. This could help to explain high nitrate concentration in sampling points at
the upper part of the Ortiz Basin, where land devoted to agriculture is low. In fact,
the highest section of the Ortiz Basin is also declared as Nitrate Vulnerable Zone.

On the other hand, the positive consequence of the low input to the lake from
groundwater is that pollution in the lake is very low. Given the current quality
status of the aquifers, if groundwater input were higher, pollution could be a
severe issue in the area, given that the only output of the lake is evaporation, and
water renewal is practically null.

To this regard, the partial lack of coincidence of the water divide and the
boundaries of the Gallocanta Groundwater Body could enhance to rethink the
delimitation of the groundwater bodies, as well as the laws implemented in them.
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In any case, further research is needed in this regard, and the cooperation
between researchers and water authorities is mandatory, since mutual feedback
help to improve the pollution control network, the analysis of available data and
the efficiency of the mitigation measures.

Therefore, a robust groundwater model under steady-state conditions should be
the basis to develop a model under transient conditions, which allow simulating
more complex and realistic scenarios and proposing specific measures to
improve sustainability of water management, estimate time gaps and pollutant
transmission, and delve into multiple environmental scenarios.

1.2 Groundwater quality: evolution and trends

Groundwater monitoring started in the late seventies in the Gallocanta Basin, an
already back then, high nitrate concentrations were observed in the sampling
points tapering both the detritic and the carbonated aquifers. Following the Nitrate
Directive, and after the implementation of the Nitrate Vulnerable Zone in 1997,
starting in 2000, several action programmes have been adopted by the
Government of Aragon in the last twenty years. However, slight improvements
have been observed. While before the implementation of the programmes,
average nitrate concentration was 57 mg L?* and 66 mg L in 1981 and 1999,
respectively. After almost twenty years and four different programmes, average
nitrate concentration observed in sampling points was 68 mg L in 2017. Not in
vain, signs of improvements can be observed when analysing trends. Whereas,
in 1999, trends were increasing in 22 % of the sampling points (p < 0.05), and
none of the points had decreasing trends, in 2017, 24 % of the sites had
decreasing trends (p < 0.05) and the proportion of points with increasing trends
was reduces to 18 % (p < 0.05). Additionally, the rate of increase was reduced
from 1.3-2.4 mg Lt year ! to 0.2-0.6 mg L year "}(Chapter V).

In spite of those improvements in some sampling sites, the general trend of the
study area is slightly increasing (+0.63 mg L year?, p < 0.05), characterized by
fluctuation of decreasing periods followed by rising years. Considering 1999 as
the break point, just before the implementation of the first action programme, two
opposite trends in nitrate concentration can be observed. Through the period
1980-1999, the rate of increase was +0.99 mg L' year?! (non-significant),
whereas the rate shifted to -0.44 mg L! year (non-significant) through the period
2000-2018.

One of the reasons behind the lack of effectiveness of the Nitrate Vulnerable
Zone (NVZ) declaration may be the inappropriate designation of those areas. As
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discussed in Paper I, an incorrect or insufficient delimitation of NVZs implies that
nitrates from zones were any restriction to fertilization are applied can reach de
NVZs. That inaccurate delimitation of the NVZs may be due to the failure of the
criteria proposed by the Nitrate Directive to define those areas, as well as due to
an insufficient knowledge of the hydrogeological functioning of the system, which
is directly related to hazard, vulnerability and risk of the aquifers. As stated by
Arauzo and Martinez-Bastida (2011) and Arauzo (2016), several intrinsic
vulnerability parameters could be used to develop vulnerability indexes for
delimitating and mapping NVZs in a more effective way, and the relationship of
groundwater pollution with hazard, vulnerability and risk is deeply explored in
Chapters IV. The delimitation of NVZs based on intrinsic vulnerability criteria is a
good approach to improve the effectiveness of the measures, since parameters
related to intrinsic characteristics of the aquifer are likely to accurately delimitate
vulnerable areas better than administrative criteria, which may be useless and
even wrongful in some areas.

Thus, given that the control measures are not properly working, it has to be
emphasize that the protection system should be rethought. Even the European
Commission is aware of this lack of effectiveness (EC, 2020), so the first step
could be the reformulation of the official “Vulnerable Zones” concept, which could
be addressed to a more efficient term, having a prescriptive and preventive
nature.

1.3 Hazard assessment

Hazard assessments carried out in the study area followed, firstly, a standard
generic approach, used to list, categorise and map all the potential sources of
groundwater pollution in the basin, and, secondly, a specific hazard index focuses
on nitrate pollution in agricultural areas, the so-called Nitrogen Input Hazard Index
(NIHI), which has been created in the framework of this doctoral thesis. According
to some of the most common generic hazard indexes, such as the Hazard Index,
the Danger Contamination Index or the Pollutant Origin Surcharge Hydraulically,
hazard is classified as Low and Moderate in 64 % of the Gallocanta Basin
(Chapter VI), which is clearly illogical considering the high nitrate concentration
observed in the sampling sites.

Based on the results obtained from each hazard index, the differences observed
among them, and the wide range of activities and land uses covered, which tend
to underrate some (e.g. agricultural activities), an accurate conceptualization of
the index used to estimate hazard is mandatory. In rural areas, the indexes
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implemented to estimate and map sources of pollution should be adapted to the
most common activities causing diffuse pollution, such as agricultural lands.

In this context, the polluting areas and the recipient areas must be distinguished.
Whereas the first are those zones where pollution is emitted, the latter are those
where pollution is accumulated. The delimitation of polluting and recipient areas
is related to both hydrogeological dynamics and risk components. Overall,
polluting areas may be related to hazard, since most of the human activities and
land uses are hazardous in a certain degree. On the other hand, from a risk
approach, the classification of areas follows hazard and vulnerability criteria.
When polluting areas overlaps recipient areas, risk is enhanced since hazard is
high in areas already highly vulnerable.

In this regard, the connection between risk levels and the observed and
measured pollution in groundwater needs to be calibrated. Apart from the poor
implementation of the measures proposed by action programmes, an incorrect
conceptualization of the hazard levels must also be highlighted. Rather than the
common use of qualitative intervals, the use of parameters related to
hydrochemistry and groundwater quality are a good basis to quantify and
categorise hazard methods. The final objective must be the development of
intervals that follow a territorial and measurable approach, and thus, can be
interpreted by technicians and authorities in a rapid and easy way. Having this in
mind, the NIHI was developed and implemented in the Gallocanta Basin. This
index, based on nitrate concentration in representative sampling points across
the study area and nitrogen input from agricultural plots, aims at establishing
hazard levels based on legal thresholds proposed by the Nitrate Directive. As a
result, 44 % of the study area is classified as High Hazard (Chapter VII).

1.4 Vulnerability and risk assessment

Consequences of groundwater pollution affect both environment and human
activities. Paradoxically, human beings, who are the main cause of groundwater
pollution, are one of the most affected species by this issue, not only from a health
perspective, but also from an economic point of view.

In the current global change scenario, more recurrent droughts are expected in
the Iberian Peninsula (IPCC, 2019), so groundwater plays an essential role in
areas where population will increasingly depend on them. An efficient
groundwater management arises as one of the most important issue to deal with
in the next decades by water authorities and policymakers.
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In the case of the towns and villages within the Gallocanta Basin, they exclusively
rely on groundwater for freshwater supply. Under the current scenario, and given
the high nitrate concentration in most of the study area (Chapter V), several
restrictions in freshwater supply has already had to be implemented in some
towns (e.g. Bello and Gallocanta). During those cut-offs, which may last for
weeks, people have to be supplied with water wagons. In this regard, the
assessment of social vulnerability is helpful to prioritize action measures and
thus, to solve the problem. If the climate predictions turn out to be true, it will be
gradually mandatory to improve the assessment methods, in order to make them
more accurate and applicable.

According to the assessment of social vulnerability to groundwater pollution
carried out in the Gallocanta Basin, the area was classified as Moderate. Despite
the high dependence on groundwater for urban supply and irrigation, which
significantly increase social vulnerability, the low size of the population that live
in the area counteracts the final social vulnerability. However, the Gallocanta
Basin is representative of large areas not only in Spain, but also in Europe: large
rural areas mostly devoted to agricultural activities, with low population density,
but where water and groundwater pollution by nitrates from agricultural sources
are frequent.

Regarding the risk assessment to groundwater pollution by nitrates from
agricultural sources, 23 % of the study area was classified as High Risk, 24 % as
Moderate Risk and 25 % as Low Risk. Risk was higher in areas devoted to
agriculture where intrinsic vulnerability was moderate or high, such as floodplains
and alluvial plains around the Gallocanta Lake. Additionally, the impact of
pollution over socio-economic activities was classified as Moderate. A new
methodology to measure vulnerability of the human environment and the
socioeconomic impact of the pollution was proposed with the aim of easing
comparison between aquifers. In this regard, a holistic perspective of risk is need,
considering not only natural aspects, but also socio-economic factors. Not in vain,
risk assessment has proven to be a useful tool for an efficient and accurate water
management. However, this type of assessment has to be developed on robust
and clear conceptual basis, assessed and recognised by scientists and
technicians in order to become beneficial and advantageous for environmental
authorities.
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2. Final conclusions

e The hydrogeological connection of the Gallocanta Basin with the Piedra
River Basin and the Jiloca River Basin is observed. The Gallocanta Basin
mainly discharges to both basin, whereas inputs from them are marginal,
so groundwater recharge in the basin is essentially supplied by rainfall.

e The Gallocanta Lake is mainly feed by rainfall and runoff, whereas
groundwater flow from the Mesozoic and Quaternary aquifers are minimal.

e The simulation of several hydrogeological scenarios showed that changes
in water management and lower rainfall, recharge and runoff would modify
hydrogeological flows and lakes surfaces.

e The hydrogeological functioning of the Gallocanta Groundwater Body and
endorheism influence the groundwater quality status by enhancing
substance accumulation and determining groundwater flow.

e The protection based on the implementation of Nitrate Vulnerable Zones
is failing in the aim of decreasing nitrate concentration in groundwater in
the study area. The current rate of changes would take decades to reach
legal levels proposed by European Union’ Directives, and recurrent cuts in
water supply are observed.

e General hazard indexes tend to underrate hazard in agricultural areas, as
observed in the Gallocanta Basin, where low hazard estimated by generic
hazard indexes are illogical according to the high groundwater pollution
observed in the area. Thus, specific hazard indexes, such as the NIHI, are
needed to accurately map hazard assessment in agricultural areas as the
Gallocanta Basin.

e Hazard to nitrate groundwater pollution based on the NIHI is high in 44 %
of the study area, due to the type of crop and its fertilizer requirements.
The hazard classification fits well with the pollution level observed in the
area.

e Social vulnerability to groundwater pollution was moderate in the study
area. The dependency on groundwater from the aquifers of the Gallocanta
Groundwater Body was very high in all the towns, but the low population
size counteracts this effect and reduces the final social vulnerability.
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Risk assessment to nitrate groundwater pollution based on hazard and
intrinsic vulnerability is high in 23 % of the study area. Most of the High
Risk areas are plains surrounding the Gallocanta Lake, former lakes as La
Lagunica and floodplains used as agricultural plots.

The estimated social impact of groundwater pollution is Moderate in the
study area. The status of the wells tapping the Quaternary aquifer is
slightly worse than those tapping the carbonated aquifers, mainly due to
the land uses and the intrinsic characteristics of the aquifers.

The current system to evaluate and control pollution in the area have
evident deficiencies in order to properly provide a reliable pollution
diagnosis and suggest efficient management actions. Essentially, those
actions should be based on the reconceptualization of the NVZ
delimitation and improvements of the methods aimed to assess risk of
pollution in rural areas. Thus, the need of changes in those aspects is
urgent in the current scenario of climate change and recurrent droughts,
so this study has aimed to provide new insights in the matter.
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