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Resumen extendido

La contaminacion del agua subterranea es un problema a nivel mundial, afectando a numerosos
acuiferos y al suministro procedente de los mismos, asi como a ecosistemas de alto valor
ecoldgico. La contaminacion de las masas de agua subterraneas esta relacionada con los usos del
suelo, y depende tanto de la vulnerabilidad de los acuiferos a la contaminacion, como del
funcionamiento del sistema y la capacidad de renovacion del mismo (Zwahlen 2003). Ademas,
en zonas costeras, los acuiferos pueden experimentar problemas de contaminacion por intrusion
marina asociada normalmente con la sobreexplotacion de los mismos (Custodio 2010; Garcia-
Menéndez et al. 2016). La intrusiébn marina incrementa la salinidad del agua subterranea
disminuyendo la disponibilidad de agua dulce y deteriorando los ecosistemas dependientes.

Los problemas en las aguas subterrdneas no sélo proceden de la contaminacion, sino también de
los impactos sobre la disponibilidad del recurso debido a la sobreexplotacion de los acuiferos.
Factores como la actividad agraria de regadio en grandes extensiones y el aumento de la poblacién
estacional en ciertas zonas producen un incremento de las presiones en los recursos hidricos
subterraneos que resultan insostenibles en el tiempo. Esta sobreexplotacion de las masas de agua
subterranea estd condicionada por la escasez de agua superficial, problema que se agrava como
consecuencia del cambio climatico (CC) (Tramblay et al., 2020).

De acuerdo con la Directiva Marco del Agua (DMA, EU 2000) y la Directiva 2006/118/CE
relativa a la proteccion de las aguas subterraneas contra la contaminacion y el deterioro (Directiva
Hija de Aguas subterraneas) (EU 2006), es fundamental que las aguas subterraneas alcancen un
buen estado quimico y cuantitativo, con el fin de proteger la salud humana, los ecosistemas
naturales y garantizar el suministro del recurso. A partir de la incorporacion de esta normativa ha
aumentado la necesidad de desarrollar metodologias que permitan caracterizar de una manera
rapida y sencilla las masas de agua subterraneas con el fin de identificar aquellas que se
encuentren en riesgo por algun tipo de presion (Ballesteros et al. 2016). Asi mismo, se requiere
el seguimiento y evaluacion del estado y la vulnerabilidad de las masas de agua subterraneas para
garantizar el cumplimiento de los objetivos marcados mediante estrategias de gestion sostenibles.

La DMA tiene como objeto no sélo mejorar el estado de los sistemas acuaticos si no también la
proteccidn de los mismos a largo plazo contribuyendo a un uso del agua sostenible.

En una situacién de globalizacion y de clima cambiante como en la que nos encontramos, y
teniendo en cuenta los retos planteados por la DMA, es necesario disefiar estrategias de adaptacion
gue nos permitan adelantarnos a posibles situaciones futuras mediante una gestion sostenible,
identificando los riesgos y proponiendo medidas para paliar sus efectos (Iglesias y Garrote 2015)

Los estudios de CC estiman que se producira una modificacion en la distribucién espaciotemporal
de las variables climaticas e hidroldgicas, efecto que ya se aprecia en los Gltimos afios en la
Peninsula. En concreto, para las cuencas mediterraneas, se espera una importante disminucion de
los recursos debido al aumento de la frecuencia de periodos de sequia con el consecuente impacto
ambiental, econdmico y social (Iglesias et al, 2017). Una disminucion de la precipitacion junto
con un probable aumento de la temperatura producira grandes impactos futuros en la recarga de
los acuiferos (Pulido-Velazquez et al., 2017). Este hecho, unido a un incremento de las
extracciones de agua subterranea debido a la escasez de recursos superficiales, supondria un
significativo deterioro tanto cuantitativo como cualitativo de las masas de aguas subterraneas.

Para el analisis de los impactos hidrolégicos futuros del CC es necesario contar con modelos
previamente calibrados para propagar el efecto de las variables climaticas en las variables
hidrolégicas. Se precisa simular series climaticas futuras generadas a escala local a partir del
reescalado de las simulaciones con modelos climéticos (Collados-Lara et al. 2018).

Ademas de la caracterizacion del estado global de las masas de agua, para el disefio de estrategias
de adaptacién sostenibles también es necesario evaluar la vulnerabilidad de las mismas a la
contaminacion. El grado de proteccidn precisado por las masas de agua subterraneas depende de
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la vulnerabilidad intrinseca, que se define como la susceptibilidad de los acuiferos a la
contaminacion por accion antropica (Foster 1987). Cuando en la evaluacion de la vulnerabilidad
se introducen factores relativos a un contaminante determinado se habla de vulnerabilidad
especifica (Vrba and Zaporozec 1994).

Existen numerosas metodologias para evaluar la vulnerabilidad intrinseca, desde modelos de
simulacion basados en procesos fisicos hasta técnicas basadas en indices. Estos Gltimos tienen un
coste computacional mucho menor que los anteriores y los datos requeridos para su aplicacion
suelen estar disponibles para cualquier caso de estudio (Kumar et al 2015). Atendiendo a las
metodologias basadas en indices, se han desarrollado diferentes aproximaciones. Algunos son
aplicables a cualquier tipo de acuifero, como DRASTIC (Aller et al. 1987), mientras que otros
son especificos para sistemas acuiferos concretos, como el método COP para acuiferos karsticos
(Viasetal. 2006). A pesar de que el método DRASTIC se desarroll6 para evaluar la vulnerabilidad
en cualquier tipo de acuifero, numerosas investigaciones han puesto de manifiesto que su uso no
es siempre adecuado en acuiferos karsticos (Panagopoulos et al. 2006; Jiménez-Madrid et al.
2013). También existen métodos especificos para evaluar la vulnerabilidad a la intrusion como
por ejemplo GALDIT (Chachadi y Lobo-Ferreira 2005). Estas metodologias basadas en indices
consisten en la combinacién de mapas de propiedades intrinsecas y/o de los contaminantes que
se evaluan, obteniendo el indice de vulnerabilidad mediante la asignhacién de una puntuacién a
cada variable. Los indices suelen dividirse en rangos que determinan el grado de vulnerabilidad
de la masa de agua y se representan espacialmente en forma de mapas para identificar las zonas
mas susceptibles a la contaminacion. Bajo este enfoque, los distintos métodos en ocasiones dan
lugar a resultados muy diferentes e incluso contradictorios en una misma zona de estudio, siendo
dificil la comparacion y validacion de los resultados (Gogu et al., 2003). Por este motivo surge la
necesidad de unificar criterios y proponer metodologias de aplicacion general para la evaluacion
de la vulnerabilidad en diferentes tipologias de acuiferos, que permita comparar resultados con el
objetivo de establecer medidas prioritarias en la gestion a escala de cuenca.

Los mapas de vulnerabilidad obtenidos con los métodos expuestos deben ser validados para
evaluar la fiabilidad de los resultados. En la literatura se encuentran diferentes técnicas de
validacion de los mapas de vulnerabilidad como por ejemplo correlacion con contaminantes
(Huan et al 2012), tiempo de transito por la zona no saturada zone (Neukum et al 2007; Zivanovic
et al 2016), modelos de transporte de contaminantes (Neukum and Azzam 2009; Yu et al 2015) o
mediante la determinacion del tiempo de residencia de forma distribuida (Dedewanou et al 2015;
Schwartz 2006). Estos métodos, aunque ofrecen una gran precision, presentan limitaciones,
especialmente en referencia a la escala de aplicacion, disponibilidad de los datos necesarios para
su aplicacion y coste computacional. Cuando se trata de un estudio a escala regional resulta
imposible aplicar un mismo método en todos los acuiferos y, por tanto, comparar los resultados,
debido a los inconvenientes mencionados. Un método agregado, sin embargo, permite realizar
una evaluacién preliminar y puede ser aplicado en zonas de gran extension con informacion
limitada, permitiendo comparar el estado global y la vulnerabilidad de diferentes acuiferos.

Una adecuada gestién de las aguas subterraneas debe atender no sélo a cuestiones relacionadas
con la calidad del agua, sino también a la proteccidn de la cantidad de recurso/reservas disponibles
(DMA, 2000). El conocimiento de variables como la capacidad de renovacion del agua
subterranea en los acuiferos, servira de ayuda en el proceso de toma de decisiones en la
planificacién y gestion de los recursos hidricos subterraneos, asi como para identificar problemas
relacionados con el estado cualitativo y cuantitativo de los ecosistemas dependientes (Newman et
al. 2010). Los acuiferos que tienen un tiempo de renovacion pequefio son mas vulnerables a la
explotacién (Pulido-Velazquez et al. 2020; Martos-Rosillo et al. 2013), situacidon que se vera
agravada en el futuro debido al cambio climéatico. El tiempo de renovacion también esta
relacionado con la resiliencia de los sistemas a periodos de explotacién intensiva, aspecto clave
para la identificacion de acuiferos estratégicos para la gestion de sequias y para la definicién de
estrategias de adaptacion al CC.
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Esta investigacion pretende contribuir al avance del conocimiento en algunas lagunas
identificadas en la literatura en relacion con la caracterizacion del estado global, vulnerabilidad y
riesgo a la contaminacion de las masas de agua subterraneas. Se analizan tanto periodos historicos,
como potenciales impactos de escenarios futuros de CC, con el objetivo de generar informacién
para identificar/valorar medidas de gestion sostenibles (medidas de adaptacion). Se plantean
metodologias simples basadas en indices, que permiten una evaluacion rapida y sencilla a partir
de un limitado nimero de datos disponibles, obteniendo una primera aproximacion del estado
global y vulnerabilidad de las masas de agua subterraneas. La informacion generada ayuda a
identificar recursos/reservas estratégicas y/o vulnerables, y a la definicion de medidas para una
gestion sostenible. La metodologia propuesta ha sido implementada en ArcGIS mediante el
desarrollo de tres modelos en el entorno “Model Builder”. Esta herramienta permite realizar los
calculos necesarios para determinar los indices propuestos en un instante de tiempo determinado,
su evolucion en un periodo histérico o en potenciales escenarios futuros de cambio climatico.
Existen otras herramientas para evaluar la intrusion en un acuifero, pero ninguno de ellas permite
analizar conjuntamente la evolucion del estado global y la vulnerabilidad a la intrusion,
proporcionando resultados amigables en forma de gréficos, estadisticos y series temporales. Esta
tesis también contribuye al avance en la armonizacién de metodologias de analisis de la
vulnerabilidad y riesgo a la contaminacion, asi como su validacion de manera agregada a escala
de acuifero. Finalmente, se propone un novedoso andlisis agregado del riesgo a la contaminacion
a partir del tiempo de renovacion medio del acuifero, que permite obtener una primera
aproximacién sobre la sostenibilidad de la explotacion del sistema ante escenarios historicos y
potenciales escenarios futuros de CC. Esta metodologia, que ha sido empleada en un caso de
estudio a escala de cuenca, puede ser aplicable a un amplio nimero de acuiferos ya que utiliza
datos frecuentemente disponibles en la mayoria de los casos.

De acuerdo con las motivaciones expuestas, la finalidad de esta tesis doctoral es el desarrollo de
metodologias que permitan analizar de forma agregada, el estado global y la vulnerabilidad de las
masas de agua subterranea y evaluar el impacto de potenciales escenarios de CC con el fin de
poder establecer medidas de gestion sostenibles en el futuro. Para demostrar su utilidad, estas
metodologias se aplican a varios casos de estudio, a escala de acuifero y de cuenca. Dentro de
este objetivo general se pueden distinguir los siguientes objetivos especificos:

(1) Propuesta de metodologia basada en indices para sintetizar el estado global y la
vulnerabilidad a la intrusion en acuiferos costeros.

(2) Analisis del impacto de potenciales escenarios futuros de cambio global (CG) en el estado
y vulnerabilidad de acuiferos costeros.

(3) Desarrollo de una herramienta automatica en entorno ArcGIS para facilitar la aplicacion
de la metodologia propuesta de analisis y sintesis del estado global y la vulnerabilidad a
la intrusion a escala de acuifero.

(4) Estudio de la vulnerabilidad a la contaminacion de masas de agua subterrdneas en
sistemas a escala de cuenca. Armonizacién de la evaluacion mediante una metodologia
aplicable a acuiferos detriticos y karsticos.

(5) Anélisis agregado del riesgo a la contaminacion a partir del tiempo de renovacién medio
del acuifero. Estudio de impactos del CC en la sostenibilidad de la explotacién de los
sistemas analizados.

Los objetivos de esta tesis incluyen aspectos metodolégicos y su aplicacion a casos de estudio
concretos, que permiten evaluar la utilidad de las metodologias propuestas. Como casos de estudio
para el analisis del estado global y la vulnerabilidad a la intrusion, se han seleccionado dos
acuiferos mediterraneos costeros con problemas de salinizacion debido a la sobreexplotacion
(Plana de Oropesa y Torreblanca y Plana de Vinaroz). La metodologia propuesta para armonizar
la evaluacion de la vulnerabilidad en diferentes tipologias de acuiferos y el analisis agregado del
riesgo a la contaminacion se ha aplicado en la Cuenca del Alto Guadiana. Esta cuenca integra
ocho masas de agua subterraneas incluyendo acuiferos de diferente tipologia, con graves
problemas de contaminacion por nitratos. Ademas, algunos de ellos sometidos a una explotacion
intensiva, lo que ha llevado al deterioro de ecosistemas dependientes de alto valor ecoldgico
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(humedales RAMSAR). En la cuenca del Alto Guadiana se analizan también potenciales impactos
del CC en el riesgo a la contaminacion. Estos casos de estudio se describen en los distintos
capitulos de la tesis.

Las principales contribuciones de esta tesis doctoral son:

- Propuesta de metodologia basada en indices para sintetizar el estado global y la
vulnerabilidad a la intrusién en acuiferos costeros.

Se ha propuesto un nuevo método para el analisis, a escala de acuifero, del estado global y
vulnerabilidad a la intrusion en acuiferos costeros a partir de un andlisis mixto agregado-
distribuido. EI método estd basado en un enfoque conceptual de la intrusion que permite sintetizar
los resultados de una manera visual a escala de acuifero. Se proponen indices que se obtienen a
partir de informacion sobre la geometria del acuifero y datos histéricos de monitoreo
(concentracion de cloruros y nivel piezométrico). EI método no requiere la implementacion de
modelos complejos y se puede aplicar incluso en casos de estudio con un reducido nimero de
datos disponibles. Esta aproximacion requiere estimar previamente mapas con la distribucién de
la concentracion media del ion cloruro en el acuifero en el periodo histérico a considerar. Estos
mapas se pueden obtener mediante interpolacion espacial de datos procedentes de las redes de
observacion o, de forma méas precisa, mediante un modelo de densidad variable. Para identificar
la zona afectada por intrusion es necesario fijar un umbral de concentracion de cloruros, que,
dependiendo del objetivo perseguido, puede ser el fondo geoquimico natural, o cualquier umbral
definido como aceptable para usos especificos del agua (el valor considerado para consumo
humano, o incluso cualquier otro valor de referencia establecido por las autoridades competentes).
Combinando el mapa de concentracién de cloruros con el espesor saturado en el acuifero, y
teniendo en cuenta el umbral establecido, se puede calcular el volumen de recurso afectado y no
afectado por intrusion. Estos volimenes se representan en forma de seccién conceptual mediante
rectangulos definidos por el Espesor afectado (Tra) y la Penetracion (P) de la intrusion en sentido
perpendicular a la costa. La intensidad de la intrusion en esa zona queda definida por el
Incremento de concentracion (IC) por encima del umbral establecido, calculado como la
diferencia entre la concentracion de cloruros en el volumen afectado y dicho valor de referencia.
El producto de espesor afectado, penetracion de la intrusion e incremento de concentracion da
como resultado la Masa de la zona afectada (Ma), que se define como la masa total adicional de
cloruros que tiene una concentracion por encima del umbral establecido. Este indice agregado
(Ma) permite analizar la evolucion del estado global de intrusion en un acuifero, asi como
comparar el estado de diferentes acuiferos con el fin de establecer medidas prioritarias en la
gestiéon. Los resultados de esta metodologia se presentan mediante mapas y secciones
transversales representativas de valores instantaneos o medios en un periodo determinado, asi
como series temporales de indices agregados para todo el acuifero. Las series temporales permiten
ademas analizar la evolucion del problema de manera agregada, asi como la resiliencia y
tendencia de la intrusion en el acuifero. La Resiliencia se ha definido como el méximo cambio
relativo del indice Ma en un periodo de seis afios, de acuerdo con los horizontes de los planes de
gestién. La Tendencia se calcula como la diferencia relativa entre los valores de Ma al principio
y final del periodo de seis afios. Asi, la Resiliencia muestra el cambio potencial a corto plazo,
mientras que la Tendencia indica la evolucion de la masa afectada en el periodo temporal
considerado. El analisis de la vulnerabilidad a la intrusién se realiza de manera analoga, pero en
lugar de emplear la concentracion de cloruros como indicador, se utiliza el valor de la
vulnerabilidad previamente calculado mediante el método GALDIT. En este caso se propone usar
como umbral el valor de vulnerabilidad a partir del cual la vulnerabilidad es alta (esto es,
GALDIT>7,5). El indice de vulnerabilidad agregado L_GALDIT se define como el valor de
vulnerabilidad (indice GALDIT) ponderado por el volumen en cada celda o zona del acuifero.
Este método puede ser til para identificar acuiferos en riesgo de no alcanzar los objetivos de la
DMA y permite comparar el problema de intrusion en varios acuiferos y en diferentes periodos
temporales. Se ha aplicado en los acuiferos Plana de Oropesa-Torreblanca y Plana de Vinaroz, en
la provincia de Castell6n, dos acuiferos costeros con graves problemas de intrusion. Los
resultados muestran que, aungue la Plana de Oropesa-Torreblanca se encuentra mas afectada que
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la Plana de Vinaroz en términos de concentracion de cloruros, tiene una capacidad de
recuperacion mayor, aunque ello requeriria cambios importantes en la explotacion. Ademas, la
Plana de Oropesa-Torreblanca presenta una mayor vulnerabilidad a la intrusién, tanto en términos
de magnitud como en extensién de la misma. La Plana de Vinaroz también es vulnerable en toda
su extension, aunque con vulnerabilidad moderada, y s6lo una parte del acuifero se encuentra
afectada con altas concentraciones de cloruros.

- Anélisis del impacto de potenciales escenarios futuros de cambio global (CG) en el estado
y vulnerabilidad de acuiferos costeros.

En el acuifero costero Plana de Oropesa-Torreblanca, que presenta graves problemas de
contaminacion por intrusion marina, se analizan los impactos de varios escenarios de CG
(incluyendo CC y medidas de adaptacion) en el estado global y vulnerabilidad a la intrusion. Las
medidas de adaptacion incorporan recursos complementarios en el sistema de acuerdo con el
desarrollo urbanistico. Para la evaluacion de los impactos de los escenarios de CG se utiliza un
modelo de densidad variable, que es alimentado con los resultados de una cadena de modelos que
simulan recarga, necesidades hidricas de los cultivos y retorno de regadios, previamente
calibrados en este acuifero. Esto permite extraer concentracion de cloruros y niveles
piezométricos para los potenciales escenarios futuros. Los escenarios de CC fueron generados
mediante el ensamblado de diferentes proyecciones locales. Se definidé un escenario futuro de
usos del suelo teniendo en cuenta el planeamiento urbanistico de la zona. Mediante la
combinacion de los escenarios de CC con el escenario de usos de suelo se generaron cuatro
escenarios de CG. La metodologia basada en indices desarrollada para sintetizar la dinamica de
la intrusion en un acuifero (primer objetivo descrito) se combina con los resultados del modelo
para evaluar el impacto de los potenciales escenarios de CG en términos de intrusion y
vulnerabilidad a escala de acuifero, teniendo en cuenta que, en lugar de una Unica serie histdrica,
tenemos multiples potenciales series equiprobables. Esta metodologia permite comparar el
impacto medio sobre la intrusién de los diferentes escenarios futuros para un determinado
horizonte temporal. Se analiza ademas la influencia del CC en los escenarios de CG mediante un
analisis de sensibilidad comparando los escenarios de CG con un escenario gque s6lo incluye las
medidas de adaptacion suponiendo que no hay CC. Para analizar la dindmica temporal del indice
agregado que sintetiza el estado global (Ma) en el futuro se propone un nuevo indice, Recovery
rate, definido como la reduccion media del indice Ma en un periodo determinado, que representa
la velocidad de recuperacién media del sistema en el horizonte temporal fijado. Los resultados
muestran que los escenarios de CG producirdn una mayor variabilidad en el estado global y
vulnerabilidad a la intrusion. El anélisis de impactos de escenarios de CG muestra el efecto de las
medidas de adaptacion para hacer frente al aumento de las necesidades hidricas en el futuro,
aunque otras medidas de adaptacion complementarias seran necesarias para afrontar el CC.

- Desarrollo de una herramienta automatica en entorno ArcGIS para facilitar la aplicacion
de la metodologia propuesta de analisis y sintesis del estado global y la vulnerabilidad a
la intrusion a escala de acuifero.

Se ha desarrollado una nueva herramienta de ArcGIS, GIS-SWIAS (GIS tool to analyse SeaWater
Intrusion status and vulnerability at Aquifer Scale), que implementa la metodologia anterior para
el andlisis del estado global y vulnerabilidad a la intrusion a escala de acuifero. Se trata de una
herramienta amigable que puede ser utilizada en cualquier caso de estudio, completamente
integrada en el entorno ArcGIS. Es la primera herramienta en la literatura para realizar un analisis
de este tipo en ArcGIS. Es de facil manejo y es capaz de realizar gran cantidad de operaciones
con alto coste computacional de manera eficiente. La herramienta proporciona resultados en
forma de mapas y secciones transversales, series temporales y estadisticos para mostrar la
intensidad, magnitud y evolucién temporal de la intrusion en un acuifero en instantes de tiempo
determinados o en un periodo temporal. La herramienta se compone de tres modelos desarrollados
en Model Builder de ArcGIS: el primer modelo realiza los calculos para obtener el mapa
distribuido de concentracién de cloruros en el acuifero; el segundo modelo realiza los calculos
para obtener un mapa distribuido de nivel piezométrico; el tercer modelo genera la seccion
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representativa del acuifero identificando la zona afectada y una tabla en formato .xIsx con los
estadisticos de las variables que resumen el estado global del acuifero ante el problema de
intrusion (Tra, P, Ma, entre otros). Ademas, si se analizan diferentes instantes de tiempo, este
altimo modelo también proporciona un grafico mostrando la evolucién de las variables P, Tha,
porcentaje de volumen afectado, concentracion de cloruros en el acuifero y el indice Ma. Esta
herramienta se puede utilizar para analizar la intrusion en casos en los que no hay disponible un
modelo de flujo, mediante la interpolacion de datos de monitoreo, aunque si se dispone de
informacién de concentracion de cloruros y nivel piezométrico de un modelo previamente
calibrado, la herramienta permite también analizar la sostenibilidad de escenarios de gestion
futuros. Dada su versatilidad, GIS-SWIAS es una herramienta Util tanto para investigadores como
técnicos para analizar la intrusion a escala de acuifero bajo diferentes escenarios, lo que puede ser
de ayuda en el proceso de toma de decisiones para la seleccion de estrategias de gestion
sostenibles. Esta herramienta ha sido probada para el analisis historico y de escenarios futuros en
los acuiferos Plana de Oropesa-Torreblanca y Plana de Vinaroz.

- Estudio de la vulnerabilidad a la contaminacién de masas de agua subterrdneas en
sistemas a escala de cuenca. Armonizacion de la evaluacion mediante una metodologia
aplicable a acuiferos detriticos y karsticos.

Se ha realizado un andlisis de la vulnerabilidad a la contaminacion en las masas carbonatadas de
la Cuenca Alta del rio Guadiana aplicando dos métodos conocidos, DRASTIC y COP. EI método
DRASTIC ha sido aplicado en estudios previos a cualquier tipo de acuifero, mientras que el
método COP fue disefiado especificamente para acuiferos carbonatados. Estos métodos muestran
resultados muy diferentes en algunos de los acuiferos analizados. Debido a que la validacién de
los mapas de vulnerabilidad obtenidos muestra una mayor fiabilidad del método COP en la zona
de estudio, se propone realizar una optimizacién del método DRASTIC con el fin de poder
extender el analisis de vulnerabilidad a todas las masas de la Cuenca del Alto Guadiana,
incluyendo las detriticas, y obtener resultados que sean comparables entre los distintos acuiferos.
Este enfoque es anélogo a la hipotesis del medio poroso equivalente que se utiliza para aplicar en
acuiferos karsticos soluciones numéricas desarrolladas para acuiferos detriticos. Este intento de
armonizacion del método DRASTIC se resuelve mediante un problema de optimizacion que
combina analisis estadistico espacial y mineria de datos para encontrar una solucién 6ptima del
problema. Las funciones objetivo de este problema son maximizar la coincidencia en la
clasificacion de la vulnerabilidad con el método COP y minimizar la distancia entre las clases de
vulnerabilidad de DRASTIC y COP. Las variables de decision en el problema de optimizacion
son (1) los rangos del indice DRASTIC y de sus pardmetros numéricos y (2) los pesos de los
parametros de DRASTIC. El dominio de busqueda de la solucion 6ptima se compone de un
numero finito de combinaciones de la clasificacion de DRASTIC y de cada uno de sus parametros
numeéricos. Las distintas clasificaciones se establecen en funcion de criterios estadisticos segun la
distribucion de los datos en el area de estudio. El valor de los pesos para cada parametro varia
entre 1y 5, siguiendo la propuesta original del método DRASTIC. El problema se divide en dos
pasos para su resolucion. Primero se realiza una optimizacion de los rangos de DRASTIC y de
sus parametros mediante la combinacion de todas las clasificaciones posibles definidas
anteriormente. Debido a la gran cantidad de combinaciones posibles que se generan al variar uno
a uno los parametros del indice DRASTIC, se aplica un algoritmo sencillo de arboles de decision
para delimitar el dominio del problema en el segundo paso. En este segundo paso se realiza una
optimizacién del peso de cada parametro de DRASTIC para aquellas combinaciones
seleccionadas en el paso anterior. La solucién Optima (O-DRASTIC) encontrada para los
acuiferos carbonatados, que tiene un porcentaje de coincidencia del 75% con los resultados de
COP para estos acuiferos, fue probada en también en los acuiferos detriticos de la cuenca,
mostrando una mejora significativa en los resultados de validacion de los mapas de vulnerabilidad
con respecto al método original. Un analisis de sensibilidad realizado sobre los cambios en los
parametros de la solucién optima frente al método original revela la influencia de algunas
caracteristicas intrinsecas de los acuiferos en la magnitud de la vulnerabilidad.
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- Andlisis agregado del riesgo a la contaminacién a partir del tiempo de renovacion medio
del acuifero. Estudio de impactos del CC en la sostenibilidad de la explotacion de los
sistemas analizados.

Se propone un nuevo método que permite realizar una primera estimacion y/o validacion agregada
del riesgo a la contaminacion de un acuifero a partir del tiempo medio de residencia del agua
subterranea en el mismo, estimado preliminarmente con un indice agregado sencillo
(T=Almacenamiento/recarga media). El riesgo a la contaminacion se calcula combinando el mapa
de vulnerabilidad (obtenido aplicando el método DRASTIC optimizado anteriormente, O-
DRASTIC) y los usos del suelo que determinan la potencial amenaza de contaminacion. El mapa
de riesgo distribuido en el acuifero se pondera por la superficie del mismo para obtener el indice
agregado L-RISK, que evalua el riesgo a la contaminacion a escala de acuifero. Estos dos indices
agregados se emplearon para calibrar un modelo de regresion lineal basado en la hipdtesis de que
un tiempo de residencia corto estd relacionado con un mayor riesgo a la contaminacion. Se
probaron diferentes transformaciones de las variables L-RISK y T para determinar el modelo que
ofrece una mejor correlacion en los ocho acuiferos de estudio en la Cuenca del Alto Guadiana.
Este modelo permite analizar un gran numero de acuiferos utilizando datos frecuentemente
disponibles. ElI método es Util para identificar potenciales acuiferos estratégicos para establecer
medidas de gestion sostenibles de los recursos hidricos subterraneos, especialmente durante
periodos de sequia. Ademas, también permite realizar un analisis preliminar del impacto del CC
en el indice L-RISK. Los resultados muestran una amplia variabilidad del indice T en los distintos
acuiferos (8-76 afos). Aquellos que tienen un indice T mayor pueden considerarse cOmo recursos
subterraneos estratégicos. El analisis futuro muestra un incremento en el valor medio de T (entre
un 8y 44%) y un descenso del indice L-RISK en todos los acuiferos (1-18%).

Como en todo trabajo de investigacion, para el desarrollo de esta tesis ha sido necesario establecer
ciertas hipotesis que conllevan algunas limitaciones. A continuacidn, se exponen las principales
limitaciones, las cuales ayudan a identificar futuras lineas de investigacion.

- La metodologia propuesta para el analisis del estado global y vulnerabilidad a la intrusion no es
aplicable en acuiferos en pequefias islas, en las que la intrusion presenta una distribucion
particular. Como linea futura se plantea la adaptacion de la misma para el estudio de estos casos.

- La identificacion de la zona afectada por intrusion, se ha llevado a cabo a partir del umbral de
concentracion de cloruros establecido para las aguas de consumo humano y los valores de
referencia determinados por la Confederacion para la evaluacion del estado quimico de las masas
de agua subterrdneas. Como futura linea de investigacion, teniendo en cuenta las significativas
diferencias resultantes de la aplicacion de diferentes métodos descritos en la literatura, se propone
avanzar en la identificacién de una aproximacion que permita homogeneizar criterios para la
definicion del fondo hidrogeoquimico y los valores umbrales, y que sea aplicable de forma
general.

- La optimizacion del método DRASTIC desarrollada con el objetivo de armonizar resultados
para cualquier tipo de acuifero ha sido aplicada en los ocho acuiferos de la cuenca del Alto
Guadiana. Como trabajo futuro se plantea verificar la aplicabilidad de la solucion éptima obtenida
en otros casos de estudio.

- La validez del modelo de regresion propuesto para el analisis del riesgo a la contaminacion a
partir del tiempo de residencia medio también podria ser estudiada en otros casos de estudio.

- En el analisis del riesgo a la contaminacion en la cuenca del Alto Guadiana no se han tenido en
cuenta variables como el grado de fertilizacion aplicada a cada cultivo, tipo de regadio ni los
procesos de lixiviacion del nitrégeno. En el futuro se plantea considerarlos en algunos acuiferos
piloto de la cuenca, analizando y modelando los procesos fisico-quimicos que afectan al
transporte de contaminantes tanto en la zona saturada como no saturada.

- En relacion con la estimacion del tiempo medio de residencia del agua subterranea, ademas de
testear otros indices agregados sencillos, se propone realizar en algunos casos piloto una
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evaluacion distribuida mas precisa mediante la calibracion de modelos de flujo y transporte en
los que se integre informacidn sobre edades del agua deducida de ensayos previos con trazadores.

- Para propagar los impactos del CC se utilizan modelos previamente calibrados (recarga,
requerimiento de cultivos, modelos de flujo), en los que se asume que los parametros permanecen
invariantes en los horizontes futuros, manteniendo la relaciéon entre los inputs y outputs
identificada en el periodo historico.

- Los escenarios futuros de CC simulados corresponden al escenario de emisiones mas pesimista
(RCP 8.5) publicado en el ultimo informe del IPCC (ARS5). Seria interesante evaluar otros
escenarios mas probables.

Palabras clave: hidrologia, recursos hidricos, contaminacion de aguas subterraneas,
vulnerabilidad a la contaminacion, intrusion, métodos basados en indices, cambio climatico
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Summary

Groundwater plays a significant role in the supply of water demands in many regions across the
world, especially in arid and semiarid areas. The distribution of these groundwater resources and
their quantity and quality characteristics depends on the interactions between anthropogenic
activity, the hydrosphere, and climate conditions. They might produce negative impacts, not only
in the availability of resources for different uses (human consumption, irrigation, etc.), but also
in groundwater-dependent ecosystems (Klgve et al. 2014; Quevauviller 2007). Since 2000, after
Water Framework Directive (WFD, EU 2000) came into effect, there has been an increase in the
number of groundwater quality assessment studies, and, consequently, in the development of
methodologies to quantify groundwater pollution. These methodologies intend to contribute in
the identification of the groundwater bodies in risk of not achieving the WFD objectives
(Ballesteros et al. 2016). Moreover, the protection of groundwater resources is a priority issue to
be considered to achieve the sustainable management and maintenance of the good status of water
bodies according to the WFD. The required degree of protection of groundwater resources from
contaminants mainly depends on intrinsic vulnerability and pollution risk due to anthropogenic
activity.

Both groundwater quality and vulnerability are affected by the climate. The future potential
scenarios of Climate Change (CC) will also produce significant impacts on groundwater levels
due to a decrease of the recharge and an increase in water requirements to supply agricultural and
urban demand (Green et al. 2011; Pulido-Velazquez et al. 2018). The analysis of the impacts of
CC on groundwater resources helps to identify and assess adaptation measures and to identify
strategic groundwater bodies to define sustainable management strategies.

The target of this thesis is to develop methodologies to analyse the lumped global status and
vulnerability of groundwater at aquifer scale. It intends to contribute in the harmonization of
methods to assess groundwater vulnerability and risk to pollution. This thesis also introduces an
analyses of potential impacts of future CC scenarios on the global status, vulnerability and risk to
pollution. The contributions generated in the framework of this thesis has been published in the
next SCI papers, which are summarised below:

(1) Global Assessment of Seawater Intrusion Problems (Status and Vulnerability). Water
Resources Management. https://doi.org/10.1007/s11269-018-1952-2

(2) Summarizing the impacts of future potential global change scenarios on seawater
intrusion at the  aquifer  scale. Environmental Earth Sciences.
https://doi.org/10.1007/s12665-020-8847-2

(3) GIS-SWIAS: tool to summarize seawater intrusion status and vulnerability at aquifer
scale. Scientific Programming. Accepted (awaiting publication)

(4) A Novel Approach to Harmonize Vulnerability Assessment in Carbonate and Detrital
Aquifers at Basin Scale. Water. https://doi.org/10.3390/w12112971

(5) A Preliminary Lumped Assessment of Pollution Risk at Aquifer Scale by Using the Mean
Residence Time. Analyses of Potential Climate Change Impacts. Water.
https://doi.org/10.3390/w13070943

(1) A novel method to analyse the status and vulnerability of coastal aquifers to seawater
intrusion (SWI) was proposed. It is based on a conceptual approach of intrusion that
allows to summarised results in a visual way at aquifer scale. The results are presented as
steady pictures (corresponding to instantaneous or mean values in a period), including
maps and 2D conceptual cross-sections, and temporal series of lumped indices. This
method allows coastal groundwater bodies at risk of not achieving good chemical status
according to the Water Framework Directive to be identified. The indices are obtained
from available information about aquifer geometry and historical monitoring data
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)

(chloride concentration and hydraulic head data). This method does not require complex
modelling and it may be applied even in cases where a reduced number of data are
available. This approach requires to estimate distributed maps of chloride concentration
in the historical period. Fields (maps) of chloride concentration and hydraulic head can
be obtained by applying simple interpolation techniques in each date with enough
available information. 3D maps of the saturated thickness (with a finite number of cells)
can be obtained by combining hydraulic head maps with the geometry and the storage
coefficient. Vertical aquifer geometry and storage coefficient can be obtained from
previous 3D models and hydrogeological studies, respectively. If there is insufficient
information to assess the vertical distribution of chloride concentration, an invariant
concentration with depth is assumed at each point, thus obtaining 2D fields of chloride
concentration. From chloride concentration and saturated thickness maps, we can define
the affected and non-affected zone (areas where the chloride concentration level is above
a reference level). 2D representative cross-sections can be deduced to summarise the
mean geometry of the aquifer (thickness of the affected volume, Tr,, and penetration of
the intrusion, P). The intensity of the intrusion is represented by the increment in
concentration, which is defined as the difference between the chloride concentration in
the affected volume and the threshold value of chloride. The lumped index Ma is defined
as the total additional mass of chloride that causes the concentration in some areas to
exceed the natural threshold. It is obtained multiplying the increment of concentration
(IC) by Penetration (P) and affected Thickness (Tra). While 2D maps and cross sections
summarize the extent and magnitude of SWI in an aquifer at a specific time, Ma index
shows the intensity and temporal evolution of the problem. The evolution of the Ma index
can give an overall assessment of the resilience (R) and trend (T) of the aquifer status
according to the SWI problem. We propose calculating Resilience as the maximum
relative change of the Ma index (relative difference between maximum and minimum
value) over six-year periods, which is the horizon defined to update management plans.
Thus, Resilience shows the potential change for a short-term period, taking into account
the measures occurred in this period. Trend is also calculated for six-year periods. It is
defined as the relative difference between the values of Ma at the beginning and end of
the period. A positive trend indicates the mass of water affected is increasing, while a
negative trend indicates an improvement in aquifer status. The combination of Mass of
affected water body (Ma), Resilience of the water body and Trend of SWI defines the
MART index, which summarize SWI evolution in the aquifer. While SWI status is
calculated using only physical variables (chloride concentration and hydraulic head),
vulnerability employs weighted qualitative characteristics. In this study, we summarise
vulnerability status based on the application of the GALDIT method (Aquifer type;
aquifer hydraulic conductivity; height of groundwater head above sea level; distance from
the shore; impact of existing status of SWI; thickness of aquifer being mapped). The
GALDIT scores are classified into three vulnerability classes: High (GALDIT Index
range > 7.5), Moderate (between 5 and 7.5) and Low (< 5). These vulnerability classes
are used to define the thresholds to identify the affected zone (area where vulnerability is
higher than the adopted reference threshold (moderate or high vulnerability)). A lumped
global value of GALDIT (L_GALDIT) is defined by weighting the GALDIT score for
each point with the storage. This method to summarise SWI can be also useful to compare
intrusion problemsin different aquifers and temporal periods. It has been applied to Plana
de Oropesa-Torreblanca and Plana de Vinaroz aquifers, two Mediterranean coastal
aquifers that present SWI problems. The results showed that Plana de Oropesa-
Torreblanca aquifer has a worse status than Plana de Vinaroz. Resilience indicates that
this aquifer has more potential to recover a good status, although it would require great
changes in the current pumping management. Plana de Oropesa-Torreblanca aquifer is
also the most vulnerable of the two aquifers, both in terms of its extent and magnitude.

The impacts of future CC and Global Change (GC) scenarios on SWI are assessed in
Plana de Oropesa-Torreblanca aquifer. Some adaptation measures have been integrated
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in the definition of future GC scenarios. Measures to reduce aquifer demands (adaptation
strategies are mainly focused on LULC changes in the area) and measures on the offer
(eg. Water reuse) are applied to obtain complementary resources to supply demands. In
order to assess the hydrological impacts of those climatic and management scenarios we
simulate them within a modelling framework based on a density-dependent SEAWAT
model whose inputs are defined by a sequential coupling of different models (rainfall-
recharge models, crop irrigation requirements and irrigation return models). It allows to
estimate hydraulic head and chloride concentration fields within the aquifer from the
historical period and other potential scenarios. Representative future CC scenarios were
generated by ensembles of different local projections and a future LULC scenario was
defined in accordance with the plan approved by the local government. Four GC scenarios
were defined by combining the LULC scenario and the CC scenarios. These GC scenarios
have been propagated by simulating with the cited calibrated chain of models. The
methodology proposed in the previous objective (1) and the results from the SEAWAT
model are combined to summarize the impacts of potential GC scenarios in terms of SWI
status and vulnerability at the aquifer scale through steady pictures (maps and conceptual
2D cross sections for specific dates or statistics of a period) and time series for lumped
indices. The dynamic of the lumped indices is analyzed taking into account the
particularities of the future scenarios. In an historical assessment we have a single real
climatic series that allows to draw conclusions about the resilience and trend in the
aquifer. But in the assessment of future scenarios infinite potential future series could be
feasible (although we finally considered a limited number of them), and, therefore, the
summary of the time series analyses should not be performed in the same way. In this
work we propose to use a new index, the recovery rate, which can be obtained from the
evolution of the global indices Ma and L_GALDIT. It is defined as the mean reduction
in the index value in a given period. The impacts of CC are analysed though a sensitivity
analysis in order to quantify the influence of the CC on the simulated GC scenarios. We
compare results obtained for the GC scenarios, which include both, future LULC and
potential future CC scenarios, and a future LULC scenario defined assuming that there is
not CC. The results show that GC scenarios will produce higher variability of SWI status
and vulnerability. The analysis of the impacts of future GC scenarios shows the effect of
adaptation measures in order to cope with the growing water requirements. It reveals that
complementary adaptation strategies are needed in order to cope with CC.

The proposed methodology to assess and summarise SWI and vulnerability at aquifer
scale has been implement in GIS-SWIAS (SeaWater Intrusion status and vulnerability at
Aquifer Scale), a novel generalized ArcGIS ArcToolbox. It is a user-friendly tool that
can be applied to any aquifer and is fully integrated in the ArcGIS environment, which is
a widely available software. It is the first ArcGIS tool with these characteristics focussing
on SWI analyses that we can find in the literature. GIS-SWIAS is able to deal with geo-
referenced information, it is easy to introduce the required data (inputs) and to efficiently
perform the demanding computational operations required. Its outputs are in the form of
shapefiles, reports and images (maps, conceptual cross sections and time series of lumped
indices) to summarize the magnitude, intensity and temporal evolution of SWI within an
aquifer for specific dates or by showing statistics for a chosen time period. GIS-SWIAS
is an ArcGIS ArcToolbox composed by three models programmed in ModelBuilder.
These models have been compiled by adding different tools from ArcToolbox to produce
a complete lumped assessment of the SWI at aquifer scale. GIS-SWIAS can be shared
with other users and it can be added as a Toolbox in ArcGIS. The first model, “Chloride
concentration map” model, generates a classified chloride concentration shapefile from a
point feature table in text format by using Inverse Distance Weighting (IDW)
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interpolation technique (other interpolation techniques could be implemented in this
tool). The second one, “Hydraulic head map” model, generates a classified hydraulic head
shapefile from a point feature table in text format. It also generates a shapefile containing
aquifer variables (chloride concentration and hydraulic head values) and aquifer
parameters (storage coefficient and bottom of the aquifer). Finally, the “Summarizing
SWI” model, generates Excel® tables containing statistics that summarizing SWI at
aquifer scale. It also generates conceptual cross sections (.shp), where the mean affected
and non-affected volume are drawn for the aquifer (average values over a time period or
instantaneous values on a specific date). If different dates are analyzed, it shows graphs
representing the temporal evolution of Pa and Ta variables, percentage of affected
volume, chloride concentration within the aquifer and Ma index (or lumped vulnerability
index). GIS-SWIAS can be applied to assess historical SWI dynamic in cases where there
is no groundwater flow model. In those cases, the spatial distribution is assessed by
applying simple interpolation techniques. Nevertheless, if we want a rational quantitative
analysis of the sustainability of alternative management scenarios to SWI problem, the
GIS-SWIAS tool requires that information on hydraulic head and chloride concentration
distribution are generated from simulations of their impacts by a calibrated density-
dependent flow model. In such cases, adaptation strategies to potential future scenarios-
whose distributed impacts have to be propagated within the previously calibrated models-
could usefully be analyzed and compared using this tool. Given all these ways that the
GIS-SWIAS tool can be applied, it provides a valuable tool for both researcher and
technician to assess SWI dynamics and aquifer resilience under different scenarios. It can
support the decision-making process by helping to make a rational selection of
sustainable management strategies. Its performance for the analyses of historical and
potential future scenarios were tested and confirmed in Plana de Oropesa-Torreblanca
and Plana de Vinaroz aquifers.

(4) A novel method was proposed in order to harmonise the vulnerability assessment in
different aquifer typologies. Two well-known vulnerability methods, DRASTIC and
COP, were applied in five carbonate aquifers in the Upper Guadiana Basin. The validation
analyses demonstrated a higher confidence in the vulnerability assessment provided by
the COP method in the carbonate aquifers. An adaptation of DRASTIC index is made in
order to obtain reliable vulnerability assessments in carbonate aquifers. This approach is
analogous to the hypothesis of “equivalent porous medium”, which applies to karstic
aquifers the numerical solution developed for detrital aquifers. The proposed method
solves an optimization problem to minimize the differences between the assessments
provided by the modified DRASTIC and COP methods. Decision trees and spatial
statistics analyses were combined to identify the ranges and weights of DRASTIC
parameters to produce an optimal solution. Two objective functions were tested: (A) to
maximize the percentage of spatial coincidence between DRASTIC and COP
vulnerability classes; and (B) to minimize the distance between the vulnerability classes
in DRASTIC and COP. The decision variables in this optimization problem are (1) the
ranges (of the DRASTIC index and its parameters) and (2) the weights of the DRASTIC
parameters. The ranges of the DRASTIC parameters and index are proposed based on the
available data in the study area and covering a wide range of hypothetical cases. Only
weights between 1 to 5 are considered, following the original proposal of DRASTIC
method. The optimal solution is sought following two steps. First, DRASTIC
vulnerability maps are calculated modifying only the ranges of parameters and the
classification of the DRASTIC index. All the DRASTIC maps are evaluated through the
objective functions. In order to reduce the number of calculations, we employ data mining
techniques (decision trees) to select the values of the variables domain to be tested.
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Decision trees are applied in order to find out the ranges for each parameter that gives the
highest coincidence and a lowest distance between vulnerability classes assigned using
DRASTIC and COP. In this second step, the weights of parameters are introduced as new
variables to compute all the feasible combinations of weights and parameter ranges
selected in the previous step. The DRASTIC index is calculated for all the combinations
of weights and selected classifications in step 1. The optimal solution (O-DRASTIC)
matches the COP vulnerability classification for carbonate aquifers in 75% of the area,
while maintaining a reliable assessment of the detrital aquifers in the Upper Guadiana
Basin.

(5) A new method was proposed to make a preliminary estimation of the risk for groundwater
pollution at the aquifer scale in the Upper Guadiana Basin through the lumped turnover
time index (T index). A new lumped index (L-RISK index) was defined to assess the
significance of the risk for pollution at the aquifer scale. Both L-RISK and T indices were
employed to calibrate a linear regression model based on the assumption that a higher
groundwater vulnerability is related to a shorter residence time. A simple linear regression
model was defined in order to approximate the L-RISK as a function of the mean
residence time, calculated as the T index, in the studied aquifers. Different
transformations of the analyzed variables (y = L-RISK and x = T) were performed in
order to determine the model that provided the better correlation. The regression model
showed a good inverse correlation in the eight aquifers of the Upper Guadiana Basin.
This novel method can be applied to analyze a wide range of aquifers with limited
information in order to identify potential strategic aquifers. It also allows one to make a
preliminary assessment of the impacts of climate change on L-RISK. The results showed
a high variability of the T index in the eight aquifers (8—76 years). Three of them had
significant greater mean T values, which could be considered to be the main strategic
groundwater resources. In the future, the T index will increase between 8 and 44%, and
the L-RISK will decrease in all aquifers (1-18%). These results are useful to identify
strategic groundwater bodies to define sustainable management measures of groundwater
resources.

Keywords: Hydrology; water resources; climate change impacts; groundwater pollution;
groundwater vulnerability to contamination; seawater intrusion; index-based methods;
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Capitulo 1: Introduccién

Capitulo 1: Introduccion

En este capitulo se exponen los principales motivos que han llevado al desarrollo de esta tesis
doctoral. Tras una breve exposicion de la problematica de la contaminacion y escasez de los
recursos hidricos subterraneos y su relacion con el cambio climatico, se enumeran los principales
objetivos de esta tesis, la metodologia seguida para la consecucion de dichos objetivos, asi como
los casos de estudio que han servido de aplicacion de las metodologias propuestas. Finalmente se
resume la organizacion del resto de la tesis y el contenido de cada uno de los capitulos.

1. Motivacién

El agua subterranea juega un papel importante en el suministro de agua a nivel mundial,
especialmente en zonas semiaridas. La distribucion de los recursos hidricos subterraneos, asi
como la cantidad y sus caracteristicas quimicas dependen de la interaccion entre la hidrosfera,
actividad antropicay el clima, que puede producir impactos negativos no sélo en la disponibilidad
de agua para los diferentes usos (consumo, regadio, etc) sino también en los ecosistemas
dependientes (Klgve et al. 2014; Quevauviller 2007).

La contaminacion de las masas de agua subterraneas esta relacionada con los usos del suelo, y
depende tanto de la vulnerabilidad de los acuiferos a la contaminacion, como del funcionamiento
del sistema y la capacidad de renovacion del mismo (Zwahlen 2003). Ademas, en zonas costeras,
los acuiferos pueden experimentar problemas de contaminacién por intrusién marina asociada
normalmente con la sobreexplotacion de los mismos (Custodio 2010; Garcia-Menéndez et al.
2016). La intrusion marina incrementa la salinidad del agua subterranea disminuyendo la
disponibilidad de agua dulce y deteriorando los ecosistemas dependientes.

En las ultimas décadas, especialmente desde los afios 70 con la extension de la agricultura y el
incremento de la urbanizacién, se observé un claro empeoramiento de la calidad de los sistemas
hidricos en Espafia, asi como un significativo descenso de los niveles piezométricos (Sahuquillo
1991; Conan et al. 2003). El deterioro de los recursos hidricos cre6 alarma en distintos grupos de
la sociedad produciendo un incremento de la concienciacion sobre la necesidad de proteger los
sistemas hidricos. Actualmente es una cuestion de prioridad en todos los planes de cuenca
alcanzar una gestion sostenible y el mantenimiento del buen estado de las masas de agua para
cumplir con los objetivos de la Directiva Marco del Agua (DMA, EU 2000).

A partir de la entrada en vigor de la DMA aument6 la necesidad de desarrollar metodologias que
permitan caracterizar de una manera rapida y sencilla las masas de agua subterraneas con el fin
de identificar aquellas que se encuentren en riesgo por algun tipo de presion (Ballesteros et al.
2016). Asi mismo, se requiere el seguimiento y evaluacion del estado y la vulnerabilidad de las
masas de agua subterraneas para garantizar el cumplimiento de los objetivos marcados mediante
estrategias de gestion sostenibles. La DMA tiene como objeto no s6lo mejorar el estado de los
sistemas acuaticos si no también la proteccion de los mismos a largo plazo contribuyendo a un
uso del agua sostenible.

Ademas de la caracterizacién del estado global de las masas de agua, conocer la vulnerabilidad
de las mismas a la contaminacién ayuda al correcto disefio de estrategias de adaptacion
sostenibles. El grado de proteccion natural de las masas de agua subterraneas depende de la
vulnerabilidad intrinseca, que se define como la susceptibilidad de los acuiferos a la
contaminacion por accion antrdpica (Foster 1987). Cuando en la evaluacién de la vulnerabilidad
se introducen factores relativos a un contaminante determinado se habla de vulnerabilidad
especifica (Vrba and Zaporozec 1994).

Para apoyar en el proceso de toma de decisiones es importante contar con resultados procedentes
de métodos generales que sean comparables y facilmente aplicables, que permitan evaluar tanto
el estado global como la vulnerabilidad del sistema, con el fin de identificar aquellos que necesitan
una actuacion prioritaria. Los métodos agregados, aunque menos precisos que los distribuidos,
resultan adecuados para este fin, ya que permiten realizar una evaluacién preliminar en amplias
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zonas mediante aproximaciones sencillas que requieren datos facilmente disponibles. Para que
los resultados en los distintos acuiferos sean comparables, se precisa armonizar criterios y
metodologias de evaluacion. Por otro lado, para la planificacion futura es imprescindible la
consideracion de los impactos del CC sobre la distribucién espacio temporal de las variables
climéticas e hidrologicas.

Esta investigacion pretende contribuir al avance del conocimiento en algunas lagunas
identificadas en la literatura en relacion con la caracterizacion del estado global, vulnerabilidad y
riesgo a la contaminacion de las masas de agua subterraneas.

2. Objetivos

De acuerdo con la motivacion expuesta en el apartado anterior, la finalidad de esta tesis es el
desarrollo de metodologias que permitan analizar, de forma agregada, el estado global y la
vulnerabilidad de las masas de agua subterranea a escala de acuifero y evaluar el impacto de
potenciales escenarios del CC con el fin de poder establecer medidas de gestion sostenibles en el
futuro. Para demostrar su utilidad, estas metodologias se aplican a varios casos de estudio, a escala
de acuifero y de cuenca. Dentro de este objetivo general se pueden distinguir los siguientes
objetivos especificos:

(1) Propuesta de metodologia basada en indices para sintetizar el estado global y
vulnerabilidad al problema de intrusién de acuiferos costeros.

(2) Analisis del impacto de escenarios futuros de CG en el estado global y vulnerabilidad en
zonas costeras.

(3) Desarrollo de una herramienta automatica en entorno ArcGIS para la aplicacion de la
metodologia de analisis y sintesis del estado global y la vulnerabilidad a la intrusién.

(4) Estudio de la vulnerabilidad a la contaminacion de masas de agua subterraneas a escala
de cuenca y armonizacion de una metodologia aplicable a acuiferos detriticos y kérsticos.

(5) Analisis agregado del riesgo a la contaminacién a escala de acuifero a partir del tiempo
de renovacion medio del acuifero y anélisis de impactos del CC en la sostenibilidad de la
explotacion de los sistemas analizados.

3. Metodologia

A continuacion, se resume el enfoque metodoldgico seguido en esta tesis para cumplir los
objetivos anteriormente descritos. Los capitulos 2-6 contienen las cinco publicaciones que se han
desarrollado en el marco de esta tesis, donde se explica de manera detallada el método seguido
para alcanzar cada uno de los cinco objetivos expuestos. Ademas, en cada publicacion se incluye
un diagrama de flujo con los pasos necesarios para aplicar dichas metodologias.

El primer objetivo marcado en esta tesis surge de la necesidad de establecer una metodologia que
permita identificar acuiferos vulnerables a la contaminacién y en riesgo de no cumplir los
objetivos establecidos por la DMA en relacién con la intrusién marina. Para ello se plantea una
conceptualizacion del proceso de intrusion a escala de acuifero 0 masa de agua subterranea que
permite, de una manera sencilla y visual, representar su dindmica en forma de mapas, secciones
conceptuales 2D e indices agregados. Dicha aproximacion requiere estimar previamente mapas
con la distribucidn de la concentracion media del ion cloruro en el acuifero en el periodo historico
a considerar. Estos mapas se pueden obtener mediante interpolacion espacial de datos procedentes
de las redes de observacion o, de forma mas precisa, mediante un modelo de densidad variable.
Para identificar la zona afectada por intrusion se precisa fijar un umbral de concentracién de
cloruros, que, dependiendo del objetivo perseguido, puede ser el fondo geoquimico natural, o
cualquier umbral definido como aceptable para usos especificos del agua (el limite considerado
para consumo humano, o incluso cualquier otro valor de referencia establecido por las autoridades
competentes). Combinando el mapa de concentracion de cloruros con el espesor saturado en el
acuifero, y teniendo en cuenta el umbral establecido, se puede calcular el volumen de recurso
afectado y no afectado por intrusion. Estos volimenes se representan en forma de seccion
conceptual mediante rectangulos definidos por el espesor medio y la distancia media
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perpendicular a la costa. En concreto, el volumen afectado queda definido por el Espesor afectado
(Tha) y la Penetracion (P) de la intrusion en sentido perpendicular a la costa. La intensidad de la
intrusién en esa zona queda definida por el Incremento de concentracion (IC) por encima del
umbral establecido, calculado como la diferencia entre la concentracion de cloruros en el volumen
afectado y dicho valor de referencia. El producto de espesor afectado, penetracion de la intrusion
e incremento de concentracion da como resultado la Masa de la zona afectada (Ma), que se define
como la masa total adicional de cloruros que tiene una concentracion por encima del umbral
establecido. Este indice agregado (Ma) permite analizar la evolucion del estado global de
intrusién en un acuifero, asi como comparar el estado de diferentes acuiferos con el fin de
establecer medidas prioritarias en la gestion. A partir del indice Ma se puede analizar la
Resiliencia y Tendencia del acuifero en relacion con la intrusion. La Resiliencia se ha definido
como el maximo cambio relativo del indice Ma en un periodo de seis afios, de acuerdo con los
horizontes de los planes de gestion. La Tendencia se calcula como la diferencia relativa entre los
valores de Ma al principio y final del periodo de seis afios. Asi, la Resiliencia muestra el cambio
potencial a corto plazo, mientras que la Tendencia indica la evolucion de la masa afectada en el
periodo temporal considerado. El analisis de la vulnerabilidad a la intrusion se realiza de manera
analoga, pero en lugar de emplear la concentracion de cloruros como indicador, se utiliza el valor
de la vulnerabilidad previamente calculado mediante el método GALDIT. En este caso se propone
usar como umbral el valor de vulnerabilidad a partir del cual la vulnerabilidad es alta (esto es,
GALDIT>7,5). El indice de vulnerabilidad agregado L_GALDIT se define como el valor de
vulnerabilidad (indice GALDIT) ponderado por el volumen en cada celda o zona del acuifero.

El segundo objetivo de esta tesis es el analisis del impacto de escenarios futuros de CC y CG en
el estado y vulnerabilidad a la intrusion de acuiferos costeros. Para ello es necesario contar con
un modelo de flujo previamente calibrado que permita realizar la propagacion de impactos de
potenciales escenarios futuros en la concentracién de cloruros y nivel piezométrico. Los
escenarios de CG se definen mediante la combinacion de potenciales escenarios locales de CC
previamente generados y usos del suelo. La metodologia basada en indices desarrollada para
sintetizar la dindmica de la intrusion en un acuifero (primer objetivo descrito) se combina con los
resultados del modelo para evaluar el impacto de los potenciales escenarios de CG en términos
de intrusion y vulnerabilidad a escala de acuifero, teniendo en cuenta que, en lugar de una Unica
serie historica, tenemos multiples potenciales series equiprobables. Esta metodologia permite
comparar el impacto medio sobre la intrusion de los diferentes escenarios futuros para un
determinado horizonte temporal. Se analiza ademas la influencia del CC en los escenarios de CG
mediante un analisis de sensibilidad comparando los escenarios de CG con un escenario que sélo
incluye las medidas de adaptacidn suponiendo que no hay CC. Para analizar la dindmica temporal
en el futuro del indice agregado que sintetiza el estado global (Ma) se propone un nuevo indice,
Recovery rate, definido como la reduccion media del indice Ma en un periodo determinado, que
representa la velocidad de recuperacién media del sistema en el horizonte temporal fijado.

Esta metodologia basada en indices para el analisis agregado del estado global y vulnerabilidad a
la intrusién se ha implementado en una herramienta desarrollada en ArcGIS, llamada GIS-
SWIAS. GIS-SWIAS permite realizar los célculos necesarios de una manera rapida y sencilla en
un entorno amigable, proporcionando resultados en forma de mapas y secciones transversales,
series temporales y estadisticos para mostrar la intensidad, magnitud y evolucién temporal de la
intrusién en un acuifero en instantes de tiempo determinados o para un periodo de temporal. El
desarrollo de esta aplicacion se corresponde con el tercer objetivo de esta tesis. La herramienta se
compone de tres modelos desarrollados en Model Builder de ArcGIS: el primer modelo realiza
los célculos para obtener el mapa distribuido de concentracion de cloruros en el acuifero; el
segundo modelo realiza los calculos para obtener un mapa distribuido de nivel piezométrico; el
tercer modelo genera la seccidn representativa del acuifero identificando la zona afectada y una
tabla en formato .xIsx con los estadisticos de las variables que resumen el estado global del
acuifero ante el problema de intrusion (Th, P, Ma, entre otros). Ademas, si se analizan diferentes
instantes de tiempo, este modelo también proporciona un grafico mostrando la evolucién de las
variables P, Tns, porcentaje de volumen afectado, concentracion de cloruros en el acuifero y el
indice Ma. Esta herramienta se puede utilizar para analizar la intrusion en casos en los que no hay
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disponible un modelo de flujo, mediante la interpolacién de datos de monitoreo, aunque si se
dispone de informacion de concentracion de cloruros y nivel piezométrico de un modelo
previamente calibrado, la herramienta permite también analizar la sostenibilidad de escenarios de
gestion futuros. Dada su versatilidad, GIS-SWIAS es una herramienta Util tanto para
investigadores como técnicos para analizar la intrusion a escala de acuifero bajo diferentes
escenarios, lo que puede ser de ayuda en el proceso de toma de decisiones para la seleccion de
estrategias de gestion sostenibles

Los dos ultimos objetivos de esta tesis surgen como necesidad de avanzar en la armonizacion de
metodologias de analisis de la vulnerabilidad y riesgo a la contaminacion, asi como su validacion
de manera agregada a escala de acuifero.

Se propone realizar una adaptacion del método DRASTIC para obtener un método armonizado
que permita analizar la vulnerabilidad a la contaminacion de manera homogénea tanto en
acuiferos detriticos como carbonatados. Esto permite comparar los resultados entre distintos
acuiferos en una cuenca con el fin de valorar adecuadamente las medidas de gestion en relacion
con la proteccién de la calidad de los recursos hidricos subterraneos. La adaptacion del método
DRASTIC se realiza mediante la resolucién de un problema de optimizacion cuya funcién
objetivo es maximizar la coincidencia en la clasificacion de la vulnerabilidad con el método COP
y minimizar la distancia entre las clases de vulnerabilidad de DRASTIC y COP. Aunque el
método COP muestra resultados mas satisfactorios en los acuiferos carbonatados de la cuenca de
estudio de acuerdo con la validacion realizada, éste método no se puede aplicar en acuiferos
detriticos. Sin embargo, el método DRASTIC se ha aplicado en numerosos estudios en acuiferos
de cualquier tipologia. Por este motivo se propone realizar una adaptacion de DRASTIC para
obtener unos resultados fiables en una cuenca compuesta por acuiferos de diferente tipologia. Las
variables de decision en el problema de optimizacion son (1) los rangos del indice DRASTIC y
de sus pardmetros numéricos y (2) los pesos de los pardmetros de DRASTIC. El dominio de
busqueda de la solucion 6ptima se compone de un ndmero finito de combinaciones de la
clasificacion de DRASTIC y de cada uno de sus pardmetros numéricos. Las distintas
clasificaciones se establecen en funcion de criterios estadisticos segun la distribucion de los datos
en el area de estudio. El valor de los pesos para cada pardmetro varia entre 1 y 5, siguiendo la
propuesta original del método DRASTIC. El problema se divide en dos pasos para su resolucion.
Primero se realiza una optimizacion de los rangos de DRASTIC y de sus parametros mediante la
combinacion de todas las clasificaciones posibles definidas anteriormente. Debido a la gran
cantidad de combinaciones posibles que se generan al variar uno a uno los parametros del indice
DRASTIC, se aplica un algoritmo sencillo de &rboles de decision para delimitar el dominio del
problema en el segundo paso. En este segundo paso se realiza una optimizacion del peso de cada
parametro de DRASTIC para aquellas combinaciones seleccionadas en el paso anterior. Mediante
la resolucion de este problema de optimizacion se obtiene un método de vulnerabilidad (O-
DRASTIC) que mejora notablemente los resultados de la validacion de los mapas tanto en
acuiferos carbonatados como en detriticos en la zona de estudio.

Finalmente, continuando con la propuesta de armonizacidén de metodologias a escala de acuifero,
se propone un nuevo método que permite realizar una primera estimacion y/o validacion agregada
del riesgo a la contaminacion de un acuifero a partir del tiempo medio de residencia del agua
subterranea en el mismo. El riesgo a la contaminacion se calcula combinando el mapa de
vulnerabilidad (obtenido aplicando el método DRASTIC optimizado anteriormente, O-
DRASTIC) y los usos del suelo que determinan la potencial amenaza de contaminacion. EI mapa
de riesgo distribuido en el acuifero se pondera por la superficie del mismo para obtener el indice
agregado L-RISK. El tiempo de residencia medio (T), que es un indicador de la susceptibilidad a
la contaminacion del agua subterranea, se aproxima mediante un indice agregado sencillo:
T=Almacenamiento/Recarga media. Estos dos indices agregados se emplearon para calibrar un
modelo de regresion lineal basado en la hipdtesis de que un tiempo de residencia corto esta
relacionado con un mayor riesgo a la contaminacidon. Se probaron diferentes transformaciones de
las variables L-RISK y T para determinar el modelo que ofrece una mejor correlacion. Este
modelo se utiliza para realizar un andlisis preliminar del impacto del CC en el indice L-RISK. EI
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método propuesto permite analizar un gran nimero de acuiferos utilizando datos frecuentemente
disponibles. Ademas, resulta Util para identificar potenciales acuiferos estratégicos para establecer
medidas de gestion sostenibles de los recursos hidricos subterraneos, especialmente durante
periodos de sequia.

4. Casos de estudio

Los casos de estudio seleccionados en esta tesis incluyen acuiferos sobreexplotados y con graves
problemas de contaminacién, tanto por intrusion marina como por la actividad agricola. La
aplicacion de las metodologias propuestas a estos casos de estudio permite demostrar la utilidad
de las mismas. Los casos de estudio seleccionados para el analisis del estado global y
vulnerabilidad a la intrusion son dos acuiferos costeros Mediterraneos, situados en Castellon, con
graves problemas de salinizacion debido a la sobreexplotacion. La armonizacion de metodologias
de evaluacion de la vulnerabilidad y el analisis agregado del riesgo a la contaminacién se ha
realizado en la Cuenca del Alto Guadiana, que integran acuiferos de diferente tipologia, con
graves problemas de contaminacion por nitratos, algunos de ellos sometidos también a una
explotacion intensiva, que ha provocado el deterioro de ecosistemas dependientes de alto valor
ecologico como son las Lagunas de Ruidera, entre otros. Estos casos de estudio se describen de
manera mas detallada en los distintos capitulos de la tesis.

5. Organizacion de la tesis

Esta tesis se organiza en siete capitulos, cuyo contenido se resume a continuacion.

En el capitulo 1 se introduce la motivacidén de esta tesis, los objetivos y casos de estudio
analizados. Los cinco objetivos principales expuestos se corresponden con cinco articulos
cientificos publicados en revistas indexadas de alto impacto (una publicacion Q1, tres
publicaciones Q2 y una publicacién Q4).

Cada una de estas publicaciones se incluyen en los capitulos 2-6 durante el desarrollo de la tesis.

Finalmente, en el capitulo 7 se exponen las conclusiones generales y posibles lineas futuras de
investigacion que han sido identificadas durante el desarrollo de esta tesis.
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Abstract

In this research paper we propose a novel method to perform an integrated analysis of the status
and vulnerability of coastal aquifers to seawater intrusion (SWI). The method is based on a
conceptual approach of intrusion that allows to summarised results in a visual way at different
spatial scales, moving from steady pictures (corresponding to instantaneous or mean values in a
period) including maps and 2D conceptual cross-sections and temporal series of lumped indices.
Our aim is to help in the identification of coastal groundwater bodies at risk of not achieving good
chemical status according to the Water Framework Directive. The indices are obtained from
available information about aquifer geometry and historical monitoring data (chloride
concentration and hydraulic head data). This method may be applied even in cases where a
reduced number of data are available. It does not require complex modelling and has been
implemented in a GIS tool that encourages its use in other cases. Analysis of the evolution of
historical time series of these indices can be used to assess resilience and trends with respect to
SWI problems. This method can be also useful to compare intrusion problemsin different aquifers
and temporal periods.
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Keywords Global change; Seawater intrusion; Coastal aquifer; Lumped indices; Vulnerability
1. Introduction

Seawater intrusion affects a great number of coastal aquifers all over the world, and this is a
problem often due to the intense economic activity in these zones and the consequent exploitation
of their groundwater resources. Several authors have highlighted this problem in Africa (Steyl
and Dennis 2010; Bouderbala 2015), America (Barlow and Reichard 2010, Boschetti et al. 2015),
Asia (Parck et al. 2012; Pratheepa et al. 2015), Oceania (Werner and Gallagher 2006; Werner
2010) and Europe (Custodio 2010; Garcia-Menéndez et al. 2016). In Mediterranean Europe,
seawater intrusion (SWI) is a common problem in Spain (Guhl et al. 2006; Garcia-Menéndez et
al. 2016), Italy (Barrocu 2003; Benini et al. 2016), Greece (Petalas and Lambrakis 2006; Kazakis
et al. 2016), and Turkey (Gunay 1997; Arslan et al. 2012). It is due to several factors such as a
high summer population density and the intensification of irrigated croplands, which increment
the risk of SWI. These factors have led to an increasing water demand since the 1970s. Since
2000, after Water Framework Directive (2000) came into effect, there has been an increase in the
number of groundwater quality assessment studies, and consequently in the development of
methodologies to quantify groundwater pollution in an aquifer.

Many different distributed approaches have been applied to assess spatio-temporal distribution of
GW quality issues in coastal regions, depending on the aim of the investigation. They can be
classified into two main groups: physical quantitative assessment of aquifer status and mixed
guantitative-qualitative assessment of vulnerability to seawater intrusion.

The spatio-temporal distribution of the aquifer status can be estimated from available information
by applying different modelling approaches (simple interpolation methods or sharp interface
solutions and density dependent approaches). The flow models have been extensively applied to
study SWI problems (Smith 2004; Eeman et al. 2011). They attempt to determine the position of
the seawater-freshwater interface and to simulate SWI processes using analytical or numerical
procedures. Several authors have discussed the advantages and limitations of different
quantitative flow approaches (Llopis-Albert and Pulido-Velazquez 2014). Numerical approaches
can simulate complex intrusion processes under transient conditions, but they require numerical
approaches and excessive data to obtain a parsimonious approach with enough data to calculate
representative parameters on a large scale (with significantly greater requirements in density-
dependent flow approaches) (Wriedt and Bouraoui 2009).

On the other hand, qualitative methods can be applied to assess vulnerability and/or risk mapping
in coastal regions. They aim to identify the parts of a groundwater body that could be
contaminated as a result of human activities, taking into account physiographic characteristics
such as geology or piezometric level. A numerical index or score is assigned to the different
attributes, which are then weighted. The numerical scores cluster similar areas into classes of
vulnerability (e.g., low, moderate and high), which are then displayed on a map. They can be used
to define hydrogeological subregions with different levels of severity (Kumar et al. 2015). Due to
their easy implementation, many index-based techniques have been applied to assess
vulnerability. Several authors have criticised the roughness of these index-based methods,
however they also reveal the easy implementation and interpretation of these techniques to get a
preliminary assessment of vulnerability of groundwater bodies (Werner et al. 2012).

The groundwater vulnerability assessment technique was started in 1987 by Aller et al. (1987)
through the development of DRASTIC, though this system has undergone several modifications
over time (Kumar et al. 2015). Several indices have been developed to assess vulnerability to
pollution (SINTAC (Civita 1994), EPIK (Doerfliger et al. 1999) and AVI (Stempvoort et al.
1993)) but they are not usually employed to evaluate vulnerability to SWI. The GALDIT method
was developed by Chachadi and Lobo-Ferreira (2001) with the aim of assessing the spatial
vulnerability of hydrogeological settings to SWI. GALDIT has been mostly used to perform large-
scale assessments of SWI (Benini et al. 2016). The major drawback of this method is that the
effect of pumping on the SWI process is not considered (Trabelsi et al. 2016). Despite this
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limitation, this model shows many advantages, such as its low computational cost. Moreover, it
requires few, easy to collect historical variables and parameters, and it can be applied over large
areas. However, vulnerability methods only highlight specific areas in the aquifer that are at risk
or prone to pollution due to their intrinsic characteristics, whereas it might be interesting to adopt
measures in order to improve them. In the literature, there are examples of works developed to
provide a global assessment of aquifer status (e.g., Ballesteros et al. 2016), but none that address
aquifer vulnerability.

In this paper we propose a new systematic method to analyse status and vulnerability to SWI at
different spatial scales. The method is based on a conceptual approach that allows to define steady
pictures (representing instantaneous or mean values in a period) to move from maps to 2D
schematic cross sections, and temporal series of lumped indices. The analysis of these temporal
series of the indices, which summarize global status and vulnerability, allows to study the SWI
dynamic, resilience and trend. The proposed method can be useful to identify aquifers in risk of
not achieve the objective defined in the Water Framework Directive (2000). The paper is
structured as follows. Section 2 describes the method, defining the proposed indices and
specifying the steps to obtain them. Section 3 describes the case studies and the available data,
while Section 4 outlines the results and discussion. Section 5 gives our main conclusions.

2. Methodology

The inputs required and the steps to be followed to apply the method are represented in Figure
2.1. The inputs include variables (to characterise the historical evolution of hydraulic head and
chloride concentration) and parameters (to define aquifer geometry and hydrodynamic behaviour)
to determine the overall status of the aquifer. The data describing the historical evolution could
come from direct observation (monitoring network) or other techniques (geophysical
applications, etc.). For the vulnerability assessment, other intrinsic information is also needed as
inputs to apply the proposed method.

The steps proposed in order to summarize status and vulnerability to SWI through visual pictures
and time series are described in the next subsections.

2.1. Assessment of Seawater Intrusion (SWI) Status
The described inputs will be employed to assess SWI status according to the following steps:
2.1.1. Maps of Chloride Concentration

Fields (maps) of chloride concentration and hydraulic head can be obtained by applying simple
interpolation techniques in each date with enough available information. 3D maps of the saturated
thickness (with a finite number of cells) can be obtained by combining hydraulic head maps with
the geometry and the storage coefficient. Vertical aquifer geometry and storage coefficient can
be obtained from previous 3D models and hydrogeological studies respectively. If there is
insufficient information to assess the vertical distribution of chloride concentration, an invariant
concentration with depth is assumed at each point, thus obtaining 2D fields of chloride
concentration.

From chloride concentration and saturated thickness maps, we can define the affected and non-
affected zone (areas where the chloride concentration level is above the natural background level).
This threshold, which depends on the geochemistry of the aquifer, is difficult to determine. Some
European projects (“BBRIDGE”) (Dahlstrom and Miiller 2006) have provided recommendations
for its calculation, based on methodologies applied in some countries. Some of them determine.
Some European projects (“BBRIDGE”) (Dahlstrom and Muiller 2006) have provided
recommendations for its calculation, based on methodologies applied in some countries. Some of
them determine the background level as the concentration in non- contaminated areas. Other
define the threshold as 90 percentile of the concentration measured in the groundwater monitoring
network, while sometimes they only use data from monitoring networks to define a background
concentration. In other cases the threshold is based on the typical background level, the origin of

40



Andlisis y sintesis de impactos del cambio global en el estado y vulnerabilidad de masas de agua subterraneas

the chloride (natural or anthropogenic) and the possible impacts on ecosystems or human health.
For this area we can calculate the affected volume taking into account the storage coefficient and

the aquifer geometry.
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Figure 2.1. Flow chart of methodology
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2D representative cross-sections can be deduced to summarise the mean geometry (thickness and
penetration) and intensity of the intrusion (increment in concentration). The average affected

thickness (Tha) and inland penetration (P) of intrusion can be calculated as follow:

_ 2Vicvy)

Tha(m) = 552 1)

P(m) = 2Vicvy (2)
Tha*Lcoast

Visry(m3) = S;(m?) * by(m) * a (3)
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where:

- Viewy is the storage in each cell (m®) with a concentration greater than V;
- Siis the surface area of each cell (m?);

- byis the saturated thickness at each instant considered (m);

- a s the storage coefficient;

- Lecoast IS the length of coastline (m);

The chloride concentration (C) of the affected area is:

mg\ _ 2(Cicvn*Vicvy)
¢ () =T @
VT(% = Reference threshold 5)

where:

- Cjis the concentration (mg/l) in each cell;
- Vg is the total storage (m®) with a concentration greater than V;

The increment of concentration (IC) above the threshold (V) in the affected volume is:
mg
Ic (T) =C-V, (6)
Cross sections give an overview of the magnitude and intensity of the intrusion process per linear
metre of coast at a specific time. Mean cross sections can also be obtained for a time period.
2.1.3. Global Index: Mass of Affected Area (Ma)

The index Ma is defined as the total additional mass of chloride that causes the concentration in
some areas to exceed the natural threshold. It is obtained multiplying the increment of
concentration (IC) by Penetration (P) and affected Thickness (Tra) from Egs. 1 and 2.

k -
Ma (*2) = P(m) + IC (B2) x 1073 + Ty (m) @)
The concept of Ma involves some simplifications, which are schematised in Figure 2.1.

While 2D maps and cross sections summarize the extent and magnitude of SWI in an aquifer at a
specific time, Ma index show the intensity and temporal evolution of the problem.

2.1.4. Resilience and Trend (MART)

The evolution of the Ma index can give an overall assessment of the resilience (R) and trend (T)
of the aquifer status according to the SWI problem.

We propose calculating Resilience as the maximum relative change of the Ma index (relative
difference between maximum and minimum value) over six-year periods, which is the horizon
defined to update management plans in the Water Framework Directive (2000). Thus, Resilience
shows the potential change for a short-term period, taking into account the measures occurred in
this period.

Trend is also calculated for six-year periods. It is defined as the relative difference between the
values of Ma at the beginning and end of the period. A positive trend indicates the mass of water
affected is increasing, while a negative trend indicates an improvement in aquifer status. The
combination of Mass of affected water body (Ma), Resilience (R) of the water body and Trend
(T) of SWI defines the MART index, which summarize SWI evolution in the aquifer.

2.2. Assessment of Vulnerability to SWI

While SWI status is calculated using only physical variables (chloride concentration and
hydraulic head), vulnerability employs weighted qualitative characteristics. In this study, we
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summarise vulnerability status based on the application of the GALDIT method (Aquifer type;
aquifer hydraulic conductivity; height of groundwater head above sea level; distance from the
shore; impact of existing status of SWI; thickness of aquifer being mapped) (Chachadi and Lobo-
Ferreira 2005).

2.2.1. Maps of Vulnerability

Vulnerability maps are displayed from GALDIT method. The GALDIT Index is obtained by
applying the expression:

6
GALDIT Index = Z;:# )
where Wi is the weight of the i indicator and R; is the importance rating of the i"" indicator. The
GALDIT scores are then classified into three vulnerability classes: High (GALDIT Index range
>7.5), Moderate (between 5 and 7.5) and Low (< 5). These vulnerability classes are the threshold
to define the affected zone (area where vulnerability is higher than the adopted reference threshold
(moderate or high vulnerability)).

For this area we can calculate the affected volume taking into account the storage coefficient and
the aquifer geometry.

2.2.2. 2D Cross-Sections: Penetration and Thickness. Vulnerability Classes

2D cross sections can be deduced to summarise the mean geometry and intensity of the GALDIT
vulnerability score. Penetration (PL_GALDIT) and Thickness (Tha. caLoir) can be calculated
from formulas 9 and 10:

LVieVy gaLpir) (9)

T m) =
ha L_caLpiT (M) S SV, GALDIT)

XViev,
Py garprr(m) = T - GA:fIT) (10)
ha L_GALDIT *tcoast
Vi>v, GaLpir) (m3) = $;(m?) * b;(m) * (11)
VT GALDIT = GALDIT threshold (G = 7,5; G = 5) (12)

- ViewreaLom the storage in each cell (m®) with a concentration greater than V, gaLor;
- Siis the surface area of each cell (m?);

- byis the saturated thickness at each instant considered (m);

- ais the storage coefficient;

- Lcoastis the length of coastline (m).

The intensity of vulnerability is the GALDIT score in each zone for the thresholds established.
2.2.3. Global Index: L_GALDIT

A lumped global value of GALDIT (L_GALDIT) is defined by weighting the GALDIT score for
each point with the storage (Eq. 13). This weighted value of GALDIT assesses the overall
vulnerability of the aquifer. On the other hand, a lumped affected value of GALDIT can be
obtained for the different thresholds (Egs. 14 and 15).

L_GALDIT = £E271) (13)
L_GALDIThigh _ 2(Giz7,5*Vi(27,5)) (14)
Viz7,5)
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2(Giz5)*Vi(z5))
L_GALDIThigh+moderate = o (15)

Vizs)
- Giis the value of GALDIT in each cell;
- Viis the storage in each cell;
- Vs the total storage in the aquifer;
- Gigzs) is the value of GALDIT of each cell greater or equal to 7,5;
- Gigs Is the value of GALDIT of each cell greater or equal to 5;
- Vigrs is the volume of each cell with a value of GALDIT >7,5;
- Vjes) is the volume of each cell with a value of GALDIT >5;
- Vg5 is the total volume with a value of GALDIT >7,5;
- Vs is the total volume with a value of GALDIT >5;

2.2.4. Resilience and Trend

An analogous procedure to the one described for the MART index is applied to determine the
evolution over time of the L_GALDIT index, the Resilience and Trend of aquifer vulnerability.
The method employs the spatial distribution of the storage coefficient to obtain affected volume
in the lumped indices (MART and L_GALDIT) and hydrogeological parameters as the
transmissivity are implicitly considered in the spatial distribution of the hydraulic head, which
considers effects of the aquifer system. Even so it does not require complex modelling approaches
and has been implemented in a GIS tool that encourages its application to other cases.

3. Study Area

3.1. Geological and Hydrogeological Characterisation

The study area is situated on the Mediterranean coast of Spain, in Castellon province. Two
different aquifers were studied: the Plana de Oropesa-Torreblanca and Plana de Vinaroz (Figure
2.2). The increasing population since 1970 and the continuing agricultural exploitation have
produced SWI problems of different entity in these aquifers.

Both aquifers are unconfined, heterogeneous, detrital and multilayer aquifers composed of gravel
and sand levels in a silty clay matrix (Ballesteros et al. 2016). Figure 2.2 also shows the
hydrogeology of these aquifers. The transmissivity in the Plio-Quaternary Plana de Oropesa
Torreblanca aquifer ranges from 300 to 1000 m2/day (Garcia-Menéndez et al. 2016) and the
storage coefficient varies between 2 and 12%, while in Plana de Vinaroz these parameters take
the value of 250-1200 m2/day and 5-15% respectively.

3.1.Data

Historic data for the variables of chloride concentration and hydraulic head were provided by the
Confederacién Hidrogréafica del Jucar. There are no data for this study area from 1988 to 1989 or
from 2001 to 2005. The number of observation wells varies over time and also from one aquifer
to another. The number of monitoring points of chloride concentration in Plana de Oropesa-
Torreblanca and Plana de Vinaroz aquifers varies between 12 and 34 and 9-58 respectively, while
the monitoring points of hydraulic head ranges between 9 and 19 and 6— 28 in both aquifers.

The number of data available was also variable for each observation point over the period.
Observation points were considered if they had data for at least 20% of the study period.

The chloride concentration exceeds 1000 mg/l in zones close to the coast in both aquifers. Points
inland exhibit lower concentrations that are more stable through time. Concentrations increased
over the 1980s as a consequence of the expansion in irrigated croplands, associated with a period
of scarce rainfall. Subsequently, there was a drop in mean chloride concentrations due to the
reduction in pumping, together with improved hydrological planning (Figure 2.3).

Groundwater flow in both aquifers approximately follows a NW-SE direction before discharging
to the sea. The range of piezometric levels varies significantly depending on the aquifer: in the
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Plana de Oropesa-Torreblanca the piezometric level at points furthest from the coast is about 3 m
a.s.l., while in the Plana de Vinaroz it reaches 50 m a.s.l. The piezometric level is depressed in
both aquifers at certain times in zones close to the coast.

Aquifer geometry is derived from previous 3D models (Renau Prufionosa 2013). The Plana de
Oropesa-Torreblanca aquifer is wedge-shaped being the maximum thickest located near to the
coastline, where it can reach 90 m thick. The Plana de Vinaroz has a lenticular geometry and its
thickness varies between 30 m and 160 m in the inland zones.

- Plana de Vinaroz Aquifer

N Surface area (km?): 106
Coastline longitude (km): 23

% Width (km): 4 - 6
B / Transmissivity (m2/day) : 250 - 1200
N 5 5 Storage coefficient (%): 5 - 15
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L 500 m
S 0m
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- Mediterranean Sea
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Figure 2.2. Situation of the study area and hydrogeology
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Figure 2.3. Observation points for chloride concentration and evolution of the chloride concentrations in
monitoring points in Plana de Oropesa-Torreblanca (top) and Plana de Vinaroz (down) aquifers

4. Results

Here we present the results obtained when the proposed methodology was applied to the two case
studies.

4.1. MART Index

4.1.1. 2D - 3D Maps. Evolution of Chloride Concentration and Affected Volume
(Graphics)

In terms of the natural background, two different chloride thresholds were used for the
calculations. First, a chloride concentration level is established according to the natural
background for each aquifer. In CHJ (2016) a reference value of 1100 mg/l is established for both
Plana de Oropesa-Torreblanca and Plana de Vinaroz aquifers. In order to analyse the sensitivity
to the threshold value, we also tested a threshold of 250 mg/I, which is the default value for all
aquifers set in other previous studies (Ballesteros et al. 2016).

Figure 2.4 shows an example of the chloride concentration map obtained, with the affected and
unaffected zones for both thresholds.

The 2D maps of chloride concentration show that the zone of SWI in Plana de Oropesa-
Torreblanca aquifer grew. However Plana de Vinaroz aquifer has undergone a slight improve-
ment in the study period. Moreover the affected zone in the Plana de Oropesa is significantly
greater than for Plana de Vinaroz (Figure 2.5a).
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The mean concentration in the zone affected for each aquifer, based on the natural background
threshold concentration, lies between 2000 and 2500 mg/l in both aquifers over almost the entire
period (Figure 2.5b). Although a fall in mean chloride concentration of the affected zone is
observed in Plana de Oropesa-Torreblanca aquifer from 1977 to 1983, it does not indicate an
improvement in the water quality in this period since the affected volume increased in this period
(Figure 2.5a). Chloride concentration is spread over a wider area although the mean concentration
in the impacted zone diminished.

The mean chloride concentration in the entire aquifer shows an increasing trend until 1987 (Figure
2.5b), which may be explained by the increased abstractions made during this period; after this
date, chloride concentrations fell again. The greater the distance between the mean aquifer
concentration and the mean concentration in the affected zone, the better the overall status of the
aquifer. This does not mean that the aquifer does not suffer grave SWI problems in certain zones.
In the Plana de Oropesa-Torreblanca these curves are very close, and so there are significant SWI
problems over almost all of the aquifer, the difference being much greater than in the Plana de
Vinaroz.

Lastly, we analysed the sensitivity of the results to variations in the reference value used. The
volume affected using a threshold of 250 mg/I for the two aquifers is much greater than when
using a threshold corresponding to the natural background of each aquifer (Figure 2.5a). In
contrast, of course, the mean concentration of the zone affected using the natural background
threshold (Figure 2.5b) is much larger. This phenomenon highlights the need to determine the
natural background of each aquifer precisely, since the assessment of whether there are SWI
problems is quite sensitive to this threshold value.

2D-maps
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S <250 [0 3000
s 500 [ 4000
' 1000 [ 5000

2000 [ > 5000

Threshold

250 mg/I 1100 mg/I

Fresh water (non-affected area)
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Figure 2.4. Chloride concentration maps in Plana de Oropesa-Torreblanca for October 1985
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Figure 2.5. Evolution of (a) affected volume (rg (%)) and (b) average chloride concentration in total aquifer
and in the affected volume for the two aquifers

4.1.2. 2D Cross-Sections: Penetration and Thickness. Increase in Concentration

The volume of the Plana de Vinaroz aquifer is significantly larger than the Plana de Oropesa-
Torreblanca (Figure 2.6). In both aquifers, the thickness affected is greater than the mean
thickness of the aquifer. These results are consistent with the aquifer geometry and the location
of affected areas.

Again, the sensitivity of the results to the reference value used can be seen. The lower the value
of the threshold, the further the affected zone extends inland. For example, using the 250 mg/I
threshold, the entire Plana de Oropesa-Torreblanca aquifer is affected during certain years.
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Both penetration and thickness reveal the proportion of the aquifer affected.
4.1.3. Global Index: Mass of Affected Area (Ma)

The trend of the index Ma in the two aquifers is similar for both thresholds tested (Figure 2.7). In
general, there was a period when the water quality in the aquifers fell continuously (1977-1986),
with Ma rising until 1986. In subsequent years, there was a generalised improvement in both
aquifers, particularly after 2007. This improvement could be the result of the wet period from
2002 to 2004 (Garcia-Menéndez et al. 2016) and the effect of newly implemented policies to
comply with the Water Framework Directive (2000).

The value of Ma (Figure 2.7) in the Plana de Oropesa-Torreblanca for the natural background is
greater than in the Plana de Vinaroz, indicating that the Plana de Oropesa-Torreblanca is in a
more critical state than the Plana de Vinaroz. This index, Ma, provides information about the
overall importance of SWI in each aquifer and its evolution over time. For a more detailed
description of the problem, this index can be combined with the mean concentration of the
affected zone (to give an idea of the intensity of the problem) and the 2D section (which informs
about the size of the zone affected). For example, comparing the mean concentration of the
affected zone when considering the natural background level as the threshold for identifying the
presence of SWI in each of the two aquifers (Figure 2.5b), it can be seen that they take similar
values (2000-2500 mg/l); however, the section affected in the Plana de Oropesa-Torreblanca
(Figure 2.6) and the proportion of its volume affected (Figure 2.5a) are much greater than in the
Plana de Vinaroz. These results indicate that the Plana de Oropesa-Torreblanca aquifer suffers
grave problems due to SWI over almost all its entirety.
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Figure 2.6. Average cross-sections for two thresholds (natural background and 250 mg/l) (MART index)
over the period 1977-2015 (vertical exaggeration scale: 500)

4.1.4. Resilience and Trend (MART)

Higher values of Resilience were obtained for the period up to 1987 (Figure 2.8), which indicates
that changes in the intrusion were more significant. The value of Trend in the Plana de Oropesa-
Torreblanca is positive and also elevated, showing that the change has been a deterioration in the
state of the aquifer; while in the Plana de Vinaroz there are periods of improvement (negative
trend) though the changes are not significant (low resilience values).
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Although changes have decreased in the last period, the values of Resilience in Plana de Oropesa-

Torreblanca aquifer are higher than in Plana de Vinaroz aquifer.
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The results are represented only for the threshold established by the natural background (1100

mg/l).

Due to the geometry and hydrodynamics of each aquifer, it is more complicated in some aquifers
to recover good water quality than in others. In this way, the geometry is more of an obstructing

factor in the case of Plana de Oropesa-Torreblanca, which is thickest close to the coastline.

4.2. GALDIT Index

4.2.1. Maps. Vulnerability and Identification of Affected Volume (Graphics)

Figure 2.9 shows examples of vulnerability maps from GALDIT for a specific date in both
aquifers studied. The red circles indicate zones where changes occurred during the study period

(1977-2015).
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Figure 2.9. L_GALDIT maps in Plana de Oropesa-Torreblanca for April 2015

This leads to several conclusions. In the Plana de Vinaroz aquifer the zone of mean vulnerability
occupies almost the whole aquifer while the zone of low vulnerability is very small since
conductivity is greatly elevated in almost the entire aquifer.

The Plana de Oropesa-Torreblanca aquifer is highly vulnerable due to the charac- teristics of its
formation (it is an aquifer lying parallel to the coast with a wedge shaped geometry, very shallow
inland, thicker close to the coastline, and with high conductivity) and to the elevated chloride
concentration along the coastline. Further- more, the concentration of bicarbonates is low, which
is an indicator of the presence of seawater (Chachadi and Lobo-Ferreira 2005).

The volume affected when considering each vulnerability threshold shows little temporal
variability over the period of study (1977-2015).

4.2.2. 2D Cross Sections: Penetration and Thickness. Vulnerability Classes

There are certain similarities in the cross-sections of L_GALDIT (Figure 2.10) and MART. In the
Plana de Oropesa-Torrebanca aquifer, the sections obtained for MART for both threshold are
similar as those obtained for GALDIT though less so for the Plana de Vinaroz.

It should be borne in mind that the vulnerability and the overall state of the aquifer do not have
to concur. Poor quality is not necessarily found in a vulnerable zone. The zone affected by
intrusion can be small, even if a large part of the aquifer is classed as vulnerable due to its intrinsic
characteristics.

4.2.3. Lumped Index: L_GALDIT. Resilience and Trend

The aggregated index, L_GALDIT (Figure 2.11), exhibits little variability compared to the Ma
Index (Figure 2.8). This is due to the various factors that are used in calculating vulnerability
(Benini et al. 2016), especially those factors that have greater weight and less spatial variability
(conductivity and distance from the coast), which help to smooth out the results.

Almost the entire extension of both aquifers has moderate+high vulnerability. Nevertheless, in
the Plana de Oropesa-Torreblanca, the mean vulnerability is higher. These results indicate that
the Plana de Oropesa-Torreblanca aquifer is much more vulnerable quantitatively, and second,
that the vulnerable zone occupies a much larger extension.
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Resilience and Trend are represented only for the threshold delimiting high vulnerability
(GALDIT = 7.5). The Resilience values are low and very similar in both the Plana de Vinaroz
and Plana de Oropesa-Torreblanca (values less than 0.01). Such low values are due to the fact
that the values of the index L_GALDIT vary within a narrow range, as well as to the fact that the
index has low variability due to the reasons commented above.
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5. Conclusions

This paper presents a novel methodology for assessing the overall status of seawater intrusion and
vulnerability in coastal aquifers using a mixed lumped-distributed analysis. The problem of
chloride contamination is represented in coastal aquifers on different spatial scales, obtaining 2D
maps, mean cross-sections and an aggregated index of overall state. In addition, we propose an
aggregated index for assessing vulnerability, L_GALDIT, based on the GALDIT method that is
already known. The method allows the significance of intrusion and vulnerability to be compared
across different aquifers and time periods. Moreover, it can be used to assess resilience and trend
respect to SWI.

In terms of the overall status of the two aquifers studied, we deduce that the Plana de Oropesa-
Torreblanca aquifer has a worse state and it needs more important changes in groundwater use.
Resilience indicates that this aquifer has more potential to recover a good status, although it would
require great changes in the current pumping management. In addition, due to its intrinsic
characteristics it has a high vulnerability and is susceptible to contamination. With respect to
vulnerability, again the Plana de Oropesa-Torreblanca is the more vulnerable of the two aquifers,
both in terms of its extent and magnitude. Though the Plana de Vinaroz is also vulnerable over
almost all of it extent, the value for vulnerability is moderate. Bearing in mind the overall status
and vulnerability conjointly, we can say that the aquifer affected in the Plana de Oropesa-
Torreblanca (47.6-86.7%) is similar to the aquifer classified as vulnerable (56.6-99.8%) for both
thresholds. However, in the Plana de Vinaroz, though the majority of the aquifer is vulnerable
(94.1% with an index of moderate vulnerability), no all of it exhibits SWI problems (the aquifer
affected by high chloride concentration is less than 66% of the total aquifer).

Acknowledgments This work have been partially supported by the CGL2013-48424-C2-2-R
project and the Plan de Garantia Juvenil from Mineco, co-financing by BEI and FSE.

References

Aller L, Bennett T, Lehr JH, Perry RJ, Hackett G (1987) DRASTIC: a standardized system for
evaluating groundwater pollution potentials using hydrogeological settings. Environmental
Protection Agency, EPA 600/2-87-035; pp 622

Arslan H, Cemek B, Demir Y (2012) Determination of seawater intrusion via hydrochemicals and
isotopes in Bafra plain, Turkey. Water Resour Manag 26(13):3907-3922.
https://doi.org/10.1007/s11269-012-0112-3

Ballesteros BJ, Morell I, Garcia-Menéndez O, Renau-Prufionosa A (2016) A standardized index
for assessing seawater intrusion in coastal aquifers: the SITE index. Water Resour Manag
30(13):4513-4527. https://doi. org/10.1007/5s11269-016-1433-4

Barlow PM, Reichard EG (2010) Saltwater intrusion in coastal regions of North America.
Hydrogeol J 18(1): 247-260. https://doi.org/10.1007/s10040-009-0514-3

Barrocu G (2003) Seawater intrusion in coastal aquifers in Italy. Coastal Aquifers Intrusion
Technology: Mediterranean Countries. IGME (ed). ISBN:84-7840-470-8

Benini L, Antonellini M, Laghi L (2016) Assessment of water resources availability and
groundwater salinization in future climate and land use change scenarios: a case study from a
coastal drainage basin in Italy. Water Resour Manag 30:731-745. https://doi.org/10.1007/s11269-
015-1187-4

Boschetti T, Gonzalez-Hernandez P, Hernandez-Diaz R, Naclerio G, Celico F (2015) Seawater
intrusion in the Guanahacabibes Peninsula (Pinar del Rio Province, western Cuba): effects on
karst development and water isotope composition. Environ Earth Sci 73:5703-5719. https://doi.
0rg/10.1007/s12665-014-3825-1

53



Capitulo 2: Global Assessment of Seawater Intrusion Problems (Status and Vulnerability)

Bouderbala A (2015) Groundwater salinization in semi-arid zones: an example from Nador plain
(Tipaza, Algeria). Environ Earth Sci 73:5479-5496. https://doi.org/10.1007/s12665-014-3801-9

Chachadi AG, Lobo-Ferreira JP (2001) Sea water intrusion vulnerability mapping of aquifers
using GALDIT method. In: Proc. Workshop on Modelling in Hydrogeology (Anna University,
Chennai), 143-156, and in COASTIN A Coastal Policy Research Newsletter, Number 4, March
2001. New Delhi, TERI, 7-9, cf. http://www.teriin.org/-teri-wr/coastin/newslett/coastin4.pdf

Chachadi AG, Lobo-Ferreira JP (2005) Assessing aquifer vulnerability to sea-water intrusion
using GALDIT method: part 2 — GALDIT indicator descriptions. IAHS and LNEC, Proceedings
of the 4th The Fourth Inter Celtic Colloguium on Hydrology and Management of Water
Resources, held at Universidade do Minho, Guimarées, Portugal, July 11-13, 2005

CHJ (2016) (Jucar Water Agency) Jucar River Basin Plan. Demarcacion hidrogréfica del Jucar.
Confederacion Hidrogréfica del Jacar. Ministry of Agriculture, Food and Environment, Spain

Civita MV (1994) Le carte della vulnerabilita degli acquiferi all'inquinamento: Teoria & pratica
(Groundwater vulnerability maps to contamination: Theory and practice). Pitagora, Bologna

Custodio E (2010) Coastal aquifers of Europe: an overview. Hydrogeol J 18:269-280

Doerfliger N, Jeannin PY, Zwahlen F (1999) Water wvulnerability assessment in karst
environments: a new method of defining protection areas using a multi-attribute approach and
GIS tools (EPIK method). Environ Geol 39:165-176

Dahlstrom K, Miller D (2006) D14: Report on National Methodologies for Groundwater
Threshold Values. BRIDGE project, Background Criteria for the Identification of Groundwater
Thresholds, 6th Framework Programme Contract, 6538

Eeman S, Leijnse A, Raats PAC, Van Der Zee SEATM (2011) Analysis of the thickness of a
fresh water lens and of the transition zone between this lens and upwelling saline water. Adv
Water Resour 34:291-302. https://doi.org/10.1016/j.advwatres.2010.12.001

Garcia-Menéndez O, Morell |, Ballesteros BJ, Renau-Prufionosa A, Esteller MV (2016) Spatial
characterization of the seawater upconing process in a coastal Mediterranean aquifer (Plana de
Castellon,  Spain):  evolution and  controls.  Environ  Earth  Sci  75:728.
https://doi.org/10.1007/s12665-016-5531-7

Guhl F, Pulido-Bosch A, Pulido-Leboeuf P, Gisbert J, Sanchez-Martos F, Vallejos A (2006)
Geometry and dynamics of the freshwater-seawater interface in a coastal aquifer in southeastern
Spain. Hydrol Sci J 51(3): 543-555. https://doi.org/10.1623/hysj.51.3.543

Gunay G (1997) Solutions of seawater intrusion problems in Turkey. Chap. 15 of Seawater
intrusion in coastal aquifers. Guidelines for study, monitoring and control. FAO. 153 pp.
ISBN:92-5-103986-0

Kazakis N, Pavlou A, Vargemezis G, Voudouris KS, Soulios G, Pliakas F, Tsokas G (2016)
Seawater intrusion mapping using electrical resistivity tomography and hydrochemical data. An
application in the coastal area of eastern Thermaikos Gulf, Greece. Sci Total Environ 543:373—
387. https://doi.org/10.1016/j. scitotenv.2015.11.041

Kumar P, Bansod BK, Debnath SK, Thakur PK, Ghanshyam C (2015) Index-based groundwater
vulnerability mapping models using hydrogeological settings: a critical evaluation. Environ
Impact Assess Rev 51:38-49

Llopis-Albert C, Pulido-Velazquez D (2014) Discussion about the validity of sharp-interface
models to deal with seawater intrusion in coastal aquifers. Hydrol Process 28:3642-3654.
https://doi.org/10.1002/hyp.9908

54



Andlisis y sintesis de impactos del cambio global en el estado y vulnerabilidad de masas de agua subterraneas

Parck Y, Lee JY, Kim JH, Song SH (2012) National scale evaluation of groundwater chemistry
in Korea coastal aquifers: evidences of seawater intrusion. Environ Earth Sci 66:707—718.
https://doi.org/10.1007/s12665- 011-1278-3

Petalas C, Lambrakis N (2006) Simulation of intense salinization phenomena in coastal aquifers
of Thrace. J Hydrol 324:51-64. https://doi.org/10.1016/j.hjydrol.2005.09.031

Pratheepa V, Ramesh S, Sukumaran N, Murugesan AG (2015) Identification of the sources for
groundwater salinization in the coastal aquifers of Southern Tamil Nadu, India. Environ Earth Sci
74:2819-2829. https://doi.org/10.1007/s12665-015-4303-0

Renau Prufionosa A (2013) Nueva herramienta para la gestion de las aguas subterraneas en
acuiferos costeros. Volumen ecoldgico de remediacion (VER). Metodologia y aplicacion a la
Plana de Oropesa-Torreblanca (MASub 080.110), Universitat Jaume |

Smith AJ (2004) Mixed convection and density-dependent seawater circulation in coastal
aquifers. Water Resour Res 40:W083091-W.083091. https://doi.org/10.1029/2003WR002977

Stempvoort DV, Ewert L, Wassenaar L (1993) Aquifer vulnerability index: a GIS-compatible
method for groundwater vulnerability mapping. Can Water Resour J 18:25-37

Steyl G, Dennis | (2010) Review of coastal-area aquifers in Africa. Hydrogeol J 18:217-225.
https://doi. org/10.1007/s10040-009-05459

Trabelsi N, Triki I, Hentati I, Zairi M (2016) Aquifer vulnerability and seawater intrusion risk
using GALDIT, GQISWI and GIS: case of a coastal aquifer in Tunisia. Environ Earth Sci 75:1—
19

Water Framework Directive (WFD) (2000) Directiva 2000/60/CE del Parlamento Europeo y del
Consejo de 23 de Octubre de 2000. Diario Oficial de las Comunidades Europeas de 22/12/2000.
L 327/ 1-327/32

Werner AD (2010) A review of seawater intrusion and its management in Australia. Hydrogeol J
18:281-285.

Werner AD, Gallagher MR (2006) Characterisation of sea-water intrusion in the Pioneer Valley,
Australia using hydrochemistry and three-dimensional numerical modelling. Hydrogeol J
14:1452-1469

Werner AD, Ward JD, Morgan LK, Simmons CT, Robinson NI, Teubner MD (2012)
Vulnerability indicators of sea water intrusion. Ground Water 50(1):48-58

Wriedt G, Bouraoui F (2009) Large scale screening of seawater intrusion risk in Europe —
methodological development and pilot application along the Spanish Mediterranean coast.
Luxembourg: European Commission, Joint Research Centre, Institute for Environment and
Sustainability. https://doi.org/10.2788/19371

55



Capitulo 3: Summarizing the impacts of future potential global change scenarios on seawater intrusion at the aquifer
scale.

Capitulo 3: Summarizing the impacts of future potential global change
scenarios on seawater intrusion at the aquifer scale

Environmental Earth Sciences (2020) 79:99
https://doi.org/10.1007/512665-020-8847-2

THEMATIC ISSUE q

Summarizing the impacts of future potential global change scenarios
on seawater intrusion at the aquifer scale

Leticia Baena-Ruiz'® - David Pulido-Velazquez' - Antonio-Juan Collados-Lara’ - Arianna Renau-Prufionosa? -

Ignacio Morell? - Javier Senent—:&paricio3 - Carlos Llopis—aﬂu.lbert4

Received: 14 February 2019 / Accepted: 10 February 2020 / Published online: 21 February 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Reference: Baena-Ruiz, L., Pulido-Velazquez, D., Collados-Lara, AJ. et al. Summarizing the
impacts of future potential global change scenarios on seawater intrusion at the aquifer scale.
Environ Earth Sci 79, 99 (2020). https://doi.org/10.1007/s12665-020-8847-2

Authors and affiliations:

Leticia Baena Ruiz®*", David Pulido-Velazquez®, Aantonio-Juan Collados-Lara®, Arianna
Renau-Prufionosa®, Ignacio Morell® Javier Senent-Aparicio®, Carlos Llopis-Albert®

D IGME, Granada, Spain. Ibaenar@gmail.com; d.pulido@igme.es; ajcollados@gmail.com

@ Jaume | University, Castellon, Spain. arenau@quest.uji.es

® Catholic University of Murcia (UCAM), Campus de los Jerénimos, 30107 Guadalupe (Murcia),
Spain. jsenent@ucam.edu

@ Centro de Investigacion en Ingenieria Mecanica (CIIM), Universitat Politecnica de Valéncia,
Camino de Vera s/n, 46022 Valencia, Spain. cllopisa@upvnet.upv.es

*Corresponding author
Abstract

Climate change affects rainfall and temperature producing a breakdown in the water balance and
a variation in the dynamic of freshwater—seawater in coastal areas, exacerbating seawater
intrusion (SWI) problems. The target of this paper is to pro- pose a method to assess and analyze
impacts of future global change (GC) scenarios on SWI at the aquifer scale in a coastal area. Some
adaptation measures have been integrated in the definition of future GC scenarios incorporating
complementary resources within the system in accordance with urban development planning. The
proposed methodology summarizes the impacts of potential GC scenarios in terms of SWI status
and vulnerability at the aquifer scale through steady pictures (maps and conceptual 2D cross
sections for specific dates or statistics of a period) and time series for lumped indices. It is applied
to the Plana de Oropesa-Torreblanca aquifer. The results summarize the influence of GC scenarios
in the global status and vulnerability to SWI under some management scenarios. These GC
scenarios would produce higher variability of SWI status and vulnerability.

Keywords Global change impacts; Adaptation measures; Seawater intrusion; Status and
vulnerability; Coastal aquifer; Lumped index
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1. Introduction

It is a fact that climate change (CC) would imply a variation in the patterns of temperature and
precipitation in the future. In general, in the Mediterranean area an increase in temperature and a
decrease in precipitation is expected. The available potential future scenarios show higher
evapotranspiration, a lower groundwater (GW) recharge and an increase of the sea level. In
coastal areas, the problem is exacerbated due to overexploitation, intensifying SWI. Therefore,
maintaining acceptable quantity and quality characteristics of GW reserves is important to ensure
demand water supply (Sola et al. 2013; Renau-Prufionosa et al. 2016).

Many investigations have focused on sea-level rise as an important effect of GC on SWI in coastal
aquifers (Werner and Simmons 2009; Ferguson and Gleeson 2012; Loaiciga et al. 2012; Benini
et al. 2016), but many aquifers are more vulnerable to CC effects on GW recharge and pumping
than to sea-level rise (Ferguson and Gleeson 2012; Rasmussen et al. 2013).

An increase in temperature and a decrease in precipitation will force a greater use of available
water resources, especially GW. It is due to the recharge decrease and the increase in crop water
requirements and, therefore, in the pumping rates. Overexploitation is the main problem in most
coastal aquifers, since it produces inland penetration of the saltwater. Therefore, to reduce the
impacts of GC on SWI, different adaptation strategies could be applied. They include measures
to reduce aquifer demands such as land use and land cover (LULC) changes, modernization and
adaptation of irrigation areas and/or economic instruments (Escriba-Bou et al. 2017; Grundmann
et al. 2012; Robins et al. 1999). Different measures focused on the offer could be also applied to
obtain complementary resources to supply demands, as for example water reuse, desalinations,
water transfers and conjunctive use measures (Trinh et al. 2012; McEvoy and Wilder 2012;
Pulido-Velazquez et al. 2011).

Many authors have assessed hydrological impacts of CC and/or LULC changes in the SWI
phenomenon using sharp interface or density-dependent flow models to simulate hydraulic head
and salinity in the aquifer (Pulido-Velazquez et al. 2018; Romanazzi et al. 2015; Klove et al.
2014; Rajan et al. 2006). Potential climate scenarios are defined by simulating future emission
scenarios within physically based climatic models [general circulation models (GCMs) and
regional climatic models (RCMSs)]. Due to the significant bias that usually appears between the
historical information and the control simulation of the model, to make this climate information
relevant for case study, we need to translate them to the regional local scale by applying some
statistical corrections (Collados-Lara et al. 2018). Distributed hydrological models are useful
tools to propagate scenarios to assess the impacts on hydrological variables at the specific time
and location. Nevertheless, they do not allow drawing direct conclusions about the impacts on
SWI (status and vulnerability) at the aquifer scale. For this purpose, an approach such as an index-
based method, defined from the output of the model, is a useful tool to analyze this issue. It can
also help to summarize SWI problems at the aquifer scale in different periods and identify aquifers
in risk of not achieving good chemical status according to the Water Framework Directive (WFD
2000; CHJ 2015).

The vulnerability to contamination in coastal aquifers under future climate scenarios has been
previously studied by several authors by employing different vulnerability indices. Li and
Merchant (2013) employed a modified DRASTIC index to model GW vulnerability under future
climate and LULC scenarios. Benini et al. (2016) used the GALDIT method to assess
vulnerability in the Quinto Basin by employing some CC and LULC change scenarios in a long-
term period. They did not use a flow model to simulate salinity and hydraulic head variables.
Luoma et al. (2017) assessed the potential impacts of CC on the vulnerability to pollution of an
aquifer comparing AVI, SINTACS and GALDIT methods. Although the assessment of
vulnerability under future scenarios using an index-based method has been applied by different
authors (Huang et al. 2017; Koutroulis et al. 2018), none of them have summarized and analyzed
this issue at the aquifer scale.
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In Baena-Ruiz et al. (2018), a novel index-based method was proposed to perform an integrated
assessment of the global status and vulnerability to SWI in coastal aquifers. The methodology
was applied in the Plana de Oropesa- Torreblanca and Plana de Vinaroz aquifers. It was obtained
from hydraulic head and chloride concentration data avail- able in observation wells for the
historical period from 1977 to 2015. In that approach, the distributed fields of variables required
to define the indices were obtained by applying a simple interpolation method.

This paper intends to achieve a novel objective, to assess the impacts of future GC and CC
scenarios on the global status and vulnerability to SWI at the aquifer scale. We propose to perform
it by combining a method to summarize SW1 at the aquifer scale and the outputs of an integrated
method to propagate the impacts of GC scenarios (including adaptation strategies). It intends to
contribute to the definition of methods to harmonize the assessment of GC impacts on SWI
problems (status and vulnerability) at the aquifer scale. It would not only allow to compare the
significance of SWI in different historical and future periods in an aquifer, but also to compare
results between different aquifers. The method proposed by Baena-Ruiz et al. (2018) will be
adapted to analyze future potential scenarios, since, instead of having a single well-known series
(as in the historical period), an infinite number of potential future series are feasible and we
analyze some of them. The method will be applied to the Plana de Oropesa-Torreblanca case
study, where the impacts of different future GC scenarios are compared. A sensitivity analysis is
conducted to assess the influence of CC on the simulated scenarios.

2. Methodology

Figure 3.1 shows the inputs and the method that we propose to follow to achieve the novel
objective. It allows to identify the steps to follow to assess the analyses of impacts of future GC
and CC scenarios at the aquifer scale (considering adaptation strategies to CC).

UNDERLYING METHODOLOGY

" — — — — — — — — — — — — —

/INPUTS (DATA & MODELLING FRAMEWORK)

(Pulido-Velazquez et al, 2018)

(NEW SWI ASSESSMENT at AQUIFER scale \

|
| Hydrological IMPACTS of FUTURE local GC scenarios |
|
|

| (Historical & future)

| —[ —————— / # > IMPACTS of future GC & ADAPTATION scenarios
= Maps
= Conceptual cross sections

= Time series

INDEX METHODS (MaRT)

|  SUMMARIZE at AQUIFER scale
| GLOBAL STATUS & VULNERABILITY

\
I
I
I
\l (Baena-Ruiz et al, 2018) y
N e e e e e 7

Figure 3.1.Flowchart of the proposed methodology

QIMPACTS of CC in future scenarios )

2.1. Impacts of future GC scenarios and adaptation scenarios at the aquifer scale

Baena-Ruiz et al. (2018) proposed a method to summarize the dynamic of the historical status
and vulnerability to SWI at the aquifer scale. It was applied to the Plana de Oropesa Torrablanca
aquifer, with the required distributed fields (hydraulic head and chloride concentration) obtained
by using a simple interpolation method, which was applied to the in situ measurements. These
interpolation approaches cannot be employed to assess future scenarios in which we need physical
models to propagate the potential future conditions to obtain the cited variable fields. In these
cases, the use of a chain of models, which includes a density- dependent flow model, will be
required to assess those fields (Pulido-Velazquez et al. 2018).
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To summarize the outputs of the models developed in Pulido-Velazquez et al. (2018) in terms of
future SWI results (status and vulnerability) at the aquifer scale, we propose to adapt the Baena-
Ruiz et al. (2018) method to deal with the particularities of these future potential scenarios. The
method will be also employed to analyze future SWI vulnerability, taking into account other
intrinsic aquifer parameters (aquifer type and conductivity). In order to summarize the results,
steady pictures (maps of affected area and 2D conceptual cross sections) and lumped indices will
be employed. The method will be implemented in a GIS tool that helps to apply it to other case
studies.

The maps of chloride concentration are directly obtained from the physical model from Pulido-
Velazquez et al. (2018) both for the historical and future periods.

We will also use the definition of affected volume provided by Baena-Ruiz et al. (2018), which
is the volume where the chloride concentration level is above the natural background level.

A conceptual cross-section orthogonal to the coastline will be defined to summarize the SWI
status at aquifer scale. It can be calculated for a specific time and/or for the statistics (eg. mean,
minimum, and maximum values) of a period (historical and/or future). It represents average
affected geometry, including the Penetration (P) and the Affected Thickness (Tha).

P(m) = 2ZVievy 1)

Tha*Lcoast

Where:

- Vievn is the storage in each cell (m®) with a concentration greater than V,
Visvy(m?) = §;(m?) * b;(m) * a;

- V.= Reference threshold (natural background of the aquifer or vulnerability class);

- Lecoast is the length of coastline (m);

- Siis the surface area of each cell in the model (m?);

- byis the saturated thickness at each instant considered (m);

- a s the specific yield,;

- Tnais the affected thickness (m). It can be calculated as follow:

XVivy
Ty(m) = 20202 @

The affected zone has an increment of concentration (IC) above the natural threshold.
ic(®8)=c-y 3)
Where:

- C=Concentration in the affected volume

mg\ _ 2Cicvn*Vicvy))
C( l ) - V(>Vr) (4)

Vulnerability maps were also obtained by applying the GALDIT method (Chachadi and Lobo-
Ferreira 2005), which is described in detail in an Appendix. The affected volume is defined as the
areas in which the vulnerability is higher than a specific vulnerability class or value (eg. High
vulnerability). A conceptual cross section to summarize vulnerability at aquifer scale could be
defined following an analogous reasoning to those applied to assess the status (Baena-Ruiz et al.
2018).

The maps and conceptual cross sections will allow to identify the impacts of future GC scenarios
on the aquifer in terms of affected volume by a chloride concentration above the natural
background or by a high vulnerability, regarding to the historical status. It also allows to compare
impacts of different future scenarios on the status and/or vulnerability to SWI.
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In order to assess the dynamic-of global status and vulnerability at aquifer scale we analyse time
series for two lumped indices: “Ma” and “L_GALDIT” respectively. The “Ma” index is defined
as “the total additional mass of chloride that causes the concentration in some areas to exceed the
natural threshold” (Baena-Ruiz et al. 2018).

Ma (*2) = P(m) + IC (B2) £ 1073 + Ty (m) (5)

In an analogous way, the “L_GALDIT” is defined as the weighted GALDIT index by the aquifer
storage:

L_GALDIT = 270 (6)

where:

- Gijis the value of GALDIT index in each cell (calculated following the GALDIT method
explained in Appendix);

- Viis the storage in each cell;

- Vs the total storage in the aquifer;

In this paper the dynamic of the lumped indices is analyzed taking into account the particularities
of the future scenarios. In an historical assessment we have a single real climatic series that allows
to draw conclusion about the resilience and trend in the aquifer (Baena-Ruiz et al. 2018). But in
the assessment of future scenarios infinite potential future series could be feasible (although we
finally considered a limited number of them), and, therefore, the summary of the time series
analyses should not be performed in the same way.

In this work we propose to use a new index, the recovery rate, which can be obtained from the
evolution of the global indices Ma and L_GALDIT. It is defined as the mean reduction in the
index value in a given period. It may be represented in a box-whisker plot in order to provide a
statistical assessment of the SWI dynamic in future horizons. The recovery rate for Ma index,
which represents the mean recovery velocity of the system, is defined as follow:

Ma,— Ma,_
Recovery rate = % )

Where:

- Ma is the global status (Ma index) in a specific date “t”;
- Matn is the global status (Ma index) in a specific date “t-n”;
- n s the difference between the date “t” and “t-n” (at monthly scale);

2.2. Impacts of CC in future scenarios

The impacts of CC are analysed though a sensitivity analysis in order to quantify the influence of
the CC on the simulated GC scenarios. We compare results obtained for the GC scenarios, which
include both, future LULC and potential future CC scenarios, and a future LULC scenario defined
assuming that there is not CC. The relative differences in the global status (Ma%) and GW
vulnerability (L_GALDIT%) for those scenarios are obtained with the next expressions:

«100 (8)

=t

L_GALDIT(x)—L_GALDIT
L_GALDIT

L_GALDIT% = ( ) * 100 )

Where:

- Ma% s the variation of the global status (Ma index) due to CC, expressed as a percentage;
- Ma(x) is the average global status (Ma index) for each GC scenario;
- Mais the average global status index (Ma index) for LULC scenario;
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- L _GALDITY% is the variation of the vulnerability (L_GALDIT index) due to CC,
expressed as a percentage;

- L_GALDIT(x) is the average vulnerability (L_GALDIT index) for each GC scenario;

- L_GALDIT is the average vulnerability index (L_GALDIT) for LULC scenario;

3. Description of the study area and available information

The Plana de Oropesa-Torreblanca is a detrital Mediterranean aquifer which extends over 75 km?
in the province of Castellon in Spain. It has a length of 21 km and a width of between 2.5 and 6
km. This Plio-Quaternary aquifer is unconfined and heterogeneous and consist on a silty clay
matrix with gravel and sand levels. The aquifer is wedge-shaped and it can reach 90 m thick near
to the coast. The transmissivity varies between 300-1000 m?/day (Renau-Prufionosa et al. 2016)
and the storage coefficient ranges from 2-12%. Figure 3.2 show the location and hydrogeology
of the aquifer.
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Figure 3.2. Situation of the study area and hydrogeological sections

The wetland Prat de Cabanes is situated in the central zone of the Plana, parallel to coastline. It
extends approximately 9 km?. Its formation is due to the clogging of an old lagoon that reaches
several meters thick. This wetland is separated from the sea by a coastal bar of sorted pebbles.

The aquifer is laterally connected with adjacent aquifers which provide inflows to the system
(Giménez and Morell 1997). In addition, the aquifer is fed by infiltration of precipitation and
irrigation returns. Pumped abstractions, drains to the Prat de Cabanes wetland and GW discharges
to sea compound the outflows to the system (Pulido-Velazquez et al. 2018). Groundwater follows
a NW-SE direction under natural conditions (Giménez and Morell 1997; Renau-Prufionosa et al.
2016).

3.1. Data: hydro-climatic conditions, LULC, and pumping data

Historical temperature and precipitation data come from the Spain02 project dataset (Herrera et
al. 2012; Herrera et al. 2016). The monthly average precipitation in the period 1973-2010 varied
between 20-30 mm in summer and it reached almost 80 mm in the rainiest month. The monthly
average temperature went from 12°C to 28°C throughout the year.

In the study area there have been important land use changes from 70’s. Until 1995 there was a
transformation in the crop irrigation, turning it into irrigation lands. From this date to 2010 the
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main change was an increase of artificial surfaces (mainly residential LULC along the coast)
(Feranec et al. 2010) and an improvement in the efficiency of irrigation techniques (CHJ 2015).

Pumping was deduced from historical data. The mean annual pumping in the historical period is
22 hmd/year approximately. The land use changes are reflected in the evolution of total pumping
in the Plana de Oropesa-Torreblanca aquifer. First, the transformation into irrigated croplands
from 1975 to 1995 produce an increase in pumping from 15 hm?®year to a maximum of 35
hmd/year. It produced a drop in GW level and higher SWI problems. Later the transformation of
irrigation techniques and land uses led to a reduction in pumping to a minimum rate around 13
hm?/year (Pulido-Velazquez et al. 2018).

3.2. Future LULC scenarios. Implementation of adaptation measures

The future LULC change scenarios are defined taking into account the urban development
planning. It has projected land uses changes that are mainly the construction of golf courses and
the transformation of the land use from agricultural to residential. The main changes in each
municipality are the following (Figure 3.3):

- In Alcala de Xivert there are not expected significant changes.

- The Urban Development Plan for Torreblanca contemplates the land use change from
agricultural to residential (70% of the total area of municipality will be classified as
buildable residential or industrial). In the coastal area, north of Prat de Cabanes Natural
Park, Dofia Blanca Golf Course has been projected.

- In Cabanes and Oropesa municipalities the integrated development plan Marina d’Or
Golf has been approved. It will include three golf courses, private urbanization, hotels
and landscapes areas.

In order to mitigate the impacts of CC on the GC scenarios, we have also considered the next
adaptation measures to increase complementary resources. These adaptation measures were also
requirements included in the Urban Development Plan: the irrigation in the golf courses must be
supplied by reclaimed water from residential use and water from desalinization plant will be used
for human consumption.

In order to make the model more realistic, we assume that these land use changes would be
executed gradually from 2015 to 2035. Figure 3.3 shows the evolution of changes in time.
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Figure 3.3. Expected land use changes in the Plana de Oropesa-Torreblanca aquifer (2010-2035)
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3.3. Future GC scenarios and propagation of impacts

Pulido-Velazquez et al. (2018) generated four potential future climate scenarios (CC scenarios)
for Plana de Oropesa-Torreblanca aquifer by employing control and future climatic series data
simulated with RCMs in the framework of the CORDEX project (2013) for the most pessimistic
emission scenario RCP8.5. All these climate scenarios showed an increase in mean temperature
(= 1°C on average) with respect to the historical period (1973-2010). The future mean rainfall
also showed a decrease (up to 24% monthly) for every month except September and October, in
which a relative increase was predicted (up to 30%). These months are the rainiest in the study
area and frequent storms occur. The local future scenarios show an increment in these extreme
rainfall events (Pulido-Velazquez et al. 2018).

These climate scenarios were combined with a land use change scenario (Section 3.2), including
some adaptation measures oriented to define more feasible/realistic future scenarios in accordance
with the urban development planning, in which complementary resources will be incorporated
within the system (water reuse and water from desalination plants for human consumption in the
new urban areas).

The next scenarios were finally analyzed:

- Four GC scenarios (GC1, GC2, GC3, GC4) defined by combining four climate scenarios
with the future LULC scenario;

- The LULC scenario was defined assuming that there is not CC;

- In the baseline scenario we assume that the LULC will be maintained as in 2010 and the
historical hydro-climatic characteristics will be analogous to those of the period 2006-
2010.

A modelling framework was defined with a chain of auxiliary models (rainfall-recharge models,
crop irrigation requirements, and irrigation returns models) that provide the inputs to a density
dependent flow model (SEAWAT). It was calibrated from the estimated historical pumping and
recharge (deduced from the climate and land use data) (Section 3.1 and 3.2) in the aquifer and the
hydraulic head and chloride concentration data available in the observation points during the
period 1981-2010. Data from 1973 to 1981 were used to validate it. This model was used to
propagate the impacts of the plausible future GC scenarios. It provided a spatio-temporal
distribution of the chloride concentration and the hydraulic head evolution for the different GC
scenarios. The available volume of resource can be estimated from the hydraulic head and the
aquifer geometry. The water budget for each GC scenario was also calculated by using SEAWAT
model with the Visual Modflow interface. It allows to understand the system dynamic due to CC
and LULC changes.

4. Results and discussion

The proposed methodology is applied to Plana de Oropesa-Torreblanca aquifer in order to assess
impacts of GC scenarios on SWI at aquifer scale.

4.1. Impacts of future GC scenarios and adaptation scenarios at aquifer scale

The six scenarios defined have been simulated by using SEAWAT model. Field maps of chloride
concentration and hydraulic head were previously obtained as output of this model. The area
affected by SWI in the aquifer has been identified taking into account the natural background in
the aquifer, which is 1100 mg/l of chloride concentration (CHJ 2015; Baena-Ruiz et al. 2018).
Figure 3.4 shows the largest affected areas in the historical period and in the future period for
different scenarios (future baseline, LULC and GC4). The future baseline and LULC scenarios
(defined including the cited adaptation measures) do not show a clear deterioration of the aquifer.
The worst hypothetical scenario is the GC4, in which practically the whole aquifer would have a
chloride concentration above 1100 mg/l. GC4 experiments an increment of 10% in the affected
volume regarding to the baseline scenario in 2010 (the started point of the future period in this
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study). As can be seen in Figure 3.4, the aquifer already had a large affected volume in 2010
(more than 80%) (Pulido-Velazquez et al, 2018).

The affected areas in terms of high vulnerability is pretty similar for the future LULC and baseline
scenarios. The GC4 scenario shows a zone of high vulnerability at the north of the aquifer that
corresponds with an area with high conductivity.
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Non-affected area
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Bl Affected area
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above Vr)

(b) | VULNERABILITY

Non-affected area
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Bl Affected area
(high vulnerability)

BASELINE BASELINE GC4 LULC

0 5 10 20 Kilometers

Figure 3.4. Maps of affected areas in the years with the largest affected volume (a) chloride concentration
and (b) vulnerability

Due to the applied adaptation strategies, the considered changes in land use (LULC scenario)
would not produce a high increase in the maximum values of affected volume. The reduction of
pumping in this LULC scenario would reduce the amplitude of the fluctuations of the affected
volumes within the aquifer (Figure 3.5(a) and 3.5(b)). Those non-distributed stresses cause that
faster fluctuations on the aquifer status. Note that the LULC scenarios are defined assuming that
the adaptation measures contemplated within the Urban Development Plan (reduction of pumping
due to water reuse and water desalination) will be applied, which would help to reduce the
potential impacts of these LULC scenario on SWI. On the other hand, the waterproofing due to
the increase in the residential use contributes to a lower recharge (increasing slightly the mean
sea water intrusion volume) in the future and the urbanized area in Torreblanca would continue
being supplied with GW.

The GC scenarios (GC1, GC2, GC3, GC4) show an increase in their variability and in the affected
volume regarding to the baseline scenario, which is obtained from the output of the calibrated
SEAWAT model in the historical period and considering the LULC remains as in 2010 and there
is not CC in the future. Taking into account that this increase is not observed in the LULC
scenarios, it is mainly due to the impact of CC (Figure 3.5(a) and 3.5(b)). The decrease in pumping
in GC scenarios is less significant than the reduction of the inflows in the aquifer (lateral GW
inflow + recharge) producing an increase in the affected volume.
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(a) GLOBALSTATUS (b) VULNERABILITY

Affected volume (%)

—Baseline —+-GC1 GC2 GC3 ---GC4 — LuLCc

Figure 3.5. Evolution of (a) affected volume by a chloride concentration above 1100 mg/l and (b) affected
volume by high vulnerability

All potential future GC scenarios would undergo an increase in average and maximum affected
conceptual cross section, although the aquifer was largely affected in the historical period (Pulido-
Velazquez et al. 2018). The LULC scenario (including adaptation measures) does not show
substantial changes in the affected areas with respect the baseline scenario, while GC3 and GC4
scenarios involve the largest affected area in the aquifer (Figure 3.6). The expected future climatic
conditions would have a negative impact in the salinization of the aquifer resources and in its
vulnerability to SWI.
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Figure 3.6. Average historical and maximum future affected cross-sections (linear dimensions in
kilometers. Vertical exaggeration scale: 500)

The global indices (Ma and L_GALDIT) calculated for the baseline, LULC and the GC scenarios
(Figure 3.7) show that LULC changes would not produce a clear deterioration of the global status
and vulnerability of the aquifer. The continuous growing trend (in the LULC and GC scenarios)
in the Ma index observed from 2025 (Figure 3.7(b)) are related with the impacts of the planned
urbanization of a large area in Torreblanca, which produces an increase of chloride
concentrations. GC scenarios forecast a large affected mass in the future, which is mainly due to
the potential climatic conditions. The maximum values of the lumped indices (Ma and
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L_GALDIT) during the GC scenarios are induced by periods with high temperature and low
precipitation.

The LULC scenario does not produce significant changes in the vulnerability. The vulnerability
is more sensitive to the GC scenarios. All of them show a significant increase in its variability
and a mean increase in the vulnerability, but there are some periods in which the vulnerability

even decreases. (Figure 3.7(a)).
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Figure 3.7. Lumped indices for vulnerability and global status: (a) L_GALDIT index; (b) Ma index

The resilience and trend of the lumped indices were analysed for the historical period in Baena-
Ruiz et al. (2018). In CC studies we cannot analyze the trend of the indices due to the uncertainty
of the chronological sequence. Instead the recovery rate is assessed as described in the
methodology. Figure 3.8 shows that the aquifer is able to respond to the severe climatic conditions

estimated in GC scenarios. Based on the calibrated model, GC2 and GC4 scenarios present more
extreme values but also they show higher recovery rates.
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Figure 3.8. Statistics of recovery rate for baseline, LULC and GC scenarios
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4.2. Impacts of CC in future scenarios

A sensitivity analysis is carried out to evaluate the impact of CC on global status and vulnerability
to SWI at aquifer scale. The LULC (without CC) scenario provides us information about the
sensitivity of the results to CC.

Figure 3.9 represents the increase (%) in Ma and L_GALDIT due to the CC. It shows that CC
would have a significant impact in Ma index (related to global status of the aquifer). Vulnerability
is less sensitive to CC due to other factors that are used in the index (conductivity and distance
from the coast) which have greater weight and are invariant in time.
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Figure 3.9. Sensitivity analysis of CC in lumped indices

Taking into account these results, CC would produce significant impacts in global status of the
aquifer.

The mean annual values of the budget for the six scenarios was calculated running the density
dependent flow model in Visual Modflow (Pulido-Velazquez et al. 2018). Figure 3.10 shows the
mean annual values of the affected components of the budget for the six scenarios. It also includes
the deficit in the resource produced in the system due to both GC and/or exploitation in this
aquifer. Red bars in Figure 3.10 show the difference between total inflows and pumping.
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Figure 3.10. Mean annual values of the budget four GC, LULC and Baseline scenarios

In the future LULC scenario and the four GC scenarios, the pumping is reduced due to changes
in land use and the proposed adaptation measures (water reuse for irrigation and water from
desalinization plant for human consumption in the new urban areas) defined in accordance with
the Urban Development Plan, but also the recharge (direct and lateral) decreases due largely to
CC and waterproofing of the land in the Torreblanca area and urbanizations.

Figure 3.10 also shows that the GC scenarios (specially GC4) experiment a larger reduction in
the total budget than the LULC scenario. Therefore, the impact of CC is greater than the
improvement caused by LULC. This result is consistent with Figure 3.4, where GC4 would
provide the largest affected area. It is due to GC4 scenario experiments a small decrease in
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pumping due to LULC changes and adaptation measures, but the inflows (lateral and recharge)
decrease still further (Figure 3.10).

Therefore, in summary, we have obtained results to analyse potential future impact of GC and
LULC scenarios on SWI in a coastal aquifer. They show a significant increase in the magnitude
and variability of the affected volume for the GC scenarios regarding to the baseline scenario.
Pulido-Velazquez et al (2018) also highlighted the higher variability observed for these GC
scenarios when they analysed the flow budget.

The potential future scenarios would produce a negative impact in the salinization of the aquifer
resources and in its vulnerability to SWI, which is in agreement with results observed in previous
studies in the Mediterranean area (Mabrouk et al. 2018). The decrease in recharge will exacerbate
SWI problems (Liu et al. 2008; Petty 2011), producing a great effect in the affected mass of the
aquifer, whose distribution and magnitude will depend on the scenarios (Van and Lee 2015).

The sensitivity analysis performed to assess the impacts of CC shows that it has a higher influence
on aquifer status than in its vulnerability. It is due to GALDIT does not consider explicitly the
recharge variable, although it controls aquifer salinization. These conclusions are in agreement
with other previous study (Benini et al. 2016).

Finally, the comparison between LULC and baseline scenarios reveals that pumping is a key
factor in SWI problem in coastal areas. This conclusion is supported by other authors (Van and
Lee 2015).

4.3. Hypothesis and limitations

In this section we summarise the hypothesis assumed in this analysis. They have been classified
in two categories:

Inputs for the method:

- Historical climatic data are taken from Spain02 dataset. They are considered to properly
fit the historical period (1973-2010).

- LULC is supposed to be executed gradually from 2015 to 2035.

- CCscenarios data for the period (2011-2035) were taken considering the most pessimistic
emission scenario published by the IPCC in the AR5 report (RPC8.5) and many
assumptions were performed in Pulido-Velazquez et al. (2018).

- The generation of local CC scenarios and the propagation of its impacts has been assessed
through a chain of auxiliary models and a SEAWAT model whose reliability depends on
assumptions and data considered in calibration (Pulido-Velazquez et al. 2018). We
consider as inputs of the proposed method the local CC scenarios and their impacts
obtained by propagating with the modelling framework (Pulido-Velazquez et al. 2018).

Method:

- The natural background or reference level to identify SWI where taken from CHJ (2015).
Results are sensitive to the adopted value (Baena-Ruiz et al. 2018).

- This general method provides lumped results and information about local potential
impacts may be lost in the aggregation process.

5. Conclusions

In this paper an integrated methodology is applied in order to assess the hydrological impacts of
GC scenarios on the global status and vulnerability to SWI at aquifer scale.

The novelty of this paper consists on the harmonization of the impacts of GC scenarios in the
global status and vulnerability to SWI at aquifer scale including some management strategies. It
allows to compare the significance of the SWI problems in different historical and future periods
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for an aquifer and between different aquifers. The effect of CC in the GC scenarios is also
analysed. The method has been implemented in a GIS tool that helps to apply it to any case study.

Results show that GC scenarios would imply a greater deterioration in the aquifer than LULC
scenario. The adaptation strategies will produce a reduction of pumping in some areas of the
aquifer, which would reduce the impacts of the potential future LULC and GC scenarios. The
lumped indices reveal that GC would involve more variability in SWI problems (global status and
vulnerability) and CC would increase the degradation of the aquifer. On average it is expected a
greater area affected by intrusion and an extreme climatic conditions might produce an increase
of the aquifer more vulnerable. GC would produce a greater impact in SW1 global status than in
the aquifer vulnerability. Nevertheless the resilience capacity of the aquifer would allow to
recover from the impacts of the extreme climatic conditions.

The main contribution of this paper is the analysis of impacts of future GC scenarios in the SWI
problem at aquifer scale. It allows to obtain general conclusions about the global status and
vulnerability and to assess the effects of CC and adaptation strategies. Due to the sensitivity of
the method to the natural background, a proper assessment of it is important to achieve realistic
results. This method also helps to understand the effect of adaptation measures in order to cope
with the growing water requirements. It reveals that complementary adaptation strategies are
needed in order to cope with CC.
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Appendix 3.1

GALDIT METHOD
GALDIT was proposed by Chachadi and Lobo-Ferreira (2005) to assess the vulnerability to SWI.

This method considers that there are six parameters/variables influencing the vulnerability to
SWI: aquifer type, hydraulic conductivity, height of GW level above sea level, distance from the
shore, impact of existing status of SWI and thickness of aquifer.

A rate of importance is assigned to the parameters according to the value or characteristics of each
parameter.

The values of the parameters are weighted by a factor to obtain the GALDIT index.

6 (W R
GALDIT index = ZizWirRD) (A1)
i6=1Wi

Where Wi is the weight of the i*" indicator and R; is the importance rating of the i indicator.
The GALDIT index is classified into three vulnerability levels:

- GALDIT>7,5 = High vulnerability
- 7,5>GALDIT>5 - Moderate vulnerability
- GALDIT<5 > Low vulnerability
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Abstract

In this paper we introduce GIS-SWIAS, a novel generalized ArcGIS ArcToolbox that helps to
analyze SeaWater Intrusion (SWI) status and vulnerability at Aquifer Scale (SWIAS). It is a user-
friendly tool that can be applied to any aquifer and is fully integrated in the ArcGIS environment,
which is a widely available software. It is the first ArcGIS tool with these characteristics focussing
on SWI analyses that we can find in the literature. GIS-SWIAS is able to deal with geo-referenced
information, it is easy to introduce the required data (inputs) and to efficiently perform the
demanding computational operations required. Its outputs are in the form of shapes, reports and
images (maps, conceptual cross sections and time series of lumped indices) to summarize the
magnitude, intensity and temporal evolution of SWI within an aquifer for specific dates or by
showing statistics for a chosen time period.

It can be applied to assess historical SWI dynamic in cases where there is no groundwater flow
model. In those cases, the spatial distribution is assessed by applying simple interpolation
techniques. Nevertheless, if we want a rational quantitative analysis of the sustainability of
alternative management scenarios to SWI problem, the GIS-SWIAS tool requires that information
on hydraulic head and chloride concentration distribution are generated from simulations of their
impacts by a calibrated density-dependent flow model. In such cases, adaptation strategies to
potential future scenarios-whose distributed impacts have to be propagated within the previously
calibrated models- could usefully be analyzed and compared using this tool.

Given all these ways that the GIS-SWIAS tool can be applied, it provides a valuable tool for both
researcher and technician to assess SWI dynamics and aquifer resilience under different scenarios.
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It can support the decision-making process by helping to make a rational selection of sustainable
management strategies. Its performance for the analyses of historical and potential future
scenarios has been tested and confirmed in two case studies described in previous research works.

1. Introduction

Seawater intrusion (SWI) in coastal aquifers is a worldwide problem affecting groundwater-
dependent ecosystems and human health. In recent decades, society’s awareness of this issue has
grown and this has been reflected in the legal framework of many countries. For example, the
European Union’s Water Framework Directive (WFD) requires that river basin plans address the
achievement of a good qualitative and quantitative status of groundwater bodies [1]. In coastal
groundwater bodies, intrusion is one of the main issues that need to be considered to achieve or
maintain good groundwater status.

The impacts of SWI on groundwater have a heterogeneous distribution. Analyses of spatio-
temporal distribution of SWI requires salinity or chloride concentration to be mapped for different
dates. Depending on the issue to be addressed and the available information, SWI can be
approximated using various models. SWI can be mapped either by applying simple interpolation
models [2, 3] to existing point data or by simulating the physical processes using transient density-
dependent groundwater flow models [4, 5]. The results obtained with these physical process
models can be applied to assess sustainable management strategies, i.e., strategies that prevent
deterioration of the aquifer resource due to SWI [6]. They can even be employed to propagate
impacts of potential local climate change (CC) [7] or global change (GC) scenarios and to identify
adaptation strategies [8].

Based on the salinity or chloride concentration maps at different dates, some authors have defined
indices to summarize SWI [9, 10, 11, 12]. These indices provide an overview of the intensity and
spatial distribution or percentage SWI at aquifer scale. Such indices need to offer descriptive and
synthetic results so that the status of SWI in different aquifers and over different periods can be
compared. These index-methods [9, 13] establish threshold values for chloride to define the basis
of SWI have been defined in various ways: by referencing natural background levels and/or by
taking into account the concentrations required to protect dependent ecosystems or human health
[14].

When simple interpolation is used to draw the maps used to define the indices, analyses must be
limited to the historical period for which there are data. In contrast, physical process models can
be applied to propagate various potential conditions and so maps can be obtained for different
scenarios (e.g., alternative managements scenarios or future potential CC scenarios); in this latter
case, the output can be used to determine the optimum strategy and therefore support the decision-
making process [15].

In addition to the SWI status and dynamics, another important issue to take into account in
identifying sustainable management strategies for coastal aquifers, is the aquifer’s vulnerability
to SWI. In the literature we found various methods for mapping SWI vulnerability, such as the
GALDIT method [16]. Then, by applying a method to express vulnerability as an index, we can
also get an overview of the intensity and spatial distribution or percentage of SWI at aquifer scale
[13].

1.1. Related works

In the literature we find many tools to assess and analyse water resource problems [17, 18, 19].
The success of these software tools lies in their usability. A user-friendly environment and the
implementation in a commonly-used software are key factors for their success and popular use.
For example, groundwater studies usually employ Geographic Information Systems (GIS) since
they are powerful, widely-available tools that can deal with large amounts of spatial geo-
referenced information [20], and make calculations in an efficient way to provide quick results
[21]. The analysis and mapping of hydrogeological data provides useful spatiotemporal
information to decision makers [22].
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GIS tools have been widely used for different purposes related to groundwater issues [23, 24].
Several authors have developed different source codes within GIS environment [25Alcaraz et al.,
2017; 26Bhatt et al., 2014] for hydrogeological modelling. A free and open source module
included in FREEWAT was developed by [27Criollo et al 2019] to analyse hydrochemical and
hydrogeological data in order to simplify the characterization of the groundwater bodies at
chemical risk. [28BAlmeida et al. 2013] coupled a groundwater flow model into a GIS environment
to simulate transient flow in a confined aquifer. [29Akbar et al. (2011) and 30Rios et al. (2013)]
presented G1S-based models to simulate contaminants leaching into groundwater.

In coastal areas, a three-dimensional G1S-based groundwater flow model was developed [31] to
simulate the aquifer’s response to past climate changes. A new ArcGIS tool for groundwater flow
simulation and visualization of results was also implemented by [32]. Other authors [33De
Filippis et al 2019] applied a previously developed GIS-based tool (AkvaGlS), in addition to a
groundwater flow model, to study the impacts of pumping on seawater intrusion in coastal
aquifers in Malta and Italy. This tool was used in other studies [34Perdikaki et al 2020] to analyse
hidrochemical parameters in a coastal aquifer that presented seawater intrusion problems.

Nevertheless, as far as we know, there is no ArcGIS tool focussing on analysing seawater
intrusion (SWI) status and vulnerability at aquifer scale.

In this paper we describe the development of a new ArcGIS tool called GIS-SWIAS, which is the
implementation of the index-based method for assessing aquifer status and vulnerability to SWI
proposed by [13, 15]. It helps to analyze SWI status and/or vulnerability at aquifer scale using a
mixed lumped-distributed analysis. It is a user-friendly ArcGIS® toolbox that performs all the
required calculations for specific dates or temporal periods inside a GIS environment. The data
inputs to the model are hydraulic head and chloride concentration maps. The tool provides two
options to map these variables: the first is to use point data by applying interpolation technigques
integrated within GIS-SWIAS; while the second is to take these data from existing external
distributed models. The second approach allows different climatic and/or management scenarios
to be assessed and compared. From those maps, extensive calculations have been fully
automatized in GIS-SWIAS to display the results as distributed maps of affected and non-affected
volumes (at a specific moment or over a period of time); mean conceptual cross sections; and a
lumped index (Ma and L_Vul) to analyze the global intensity and the dynamics of SWI.

Although there are many GIS-based tools in the literature that allow to simulate groundwater flow
and analyse groundwater quality, none of them perform spatial and temporal analysis on
groundwater quality and vulnerability issues. Moreover, this new tool provides simple pictures
that summarise the proportional affected area within the aquifer according to a chloride threshold.
For this purpose, GIS-SWIAS has been applied to analyse the seawater intrusion problem but this
tool could be applied to represent the global status of an aquifer to any contaminant. The main
objective of GIS-SWIAS is to provide an easy-to-use tool through a user-friendly interface that
can be used by users at different levels of expertise to summarize the SWI problem at aquifer
scale. It allows to analyse long time periods with a low computing cost.

2. Description of GIS-SWIAS tool. Models, inputs and outputs

GIS-SWIAS is an ArcGIS ArcToolbox that contains the models required to analyze SWI status
and vulnerability at aquifer scale, according to the methodology described in previous works [13,
15]. Figure 4.1 shows the structure of the tool, which includes inputs, steps and models, as well
as the outputs generated.
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Figure 4.1. Workflow of the GIS-SWIAS ArcToolbox

To determine the overall status of the aquifer, the inputs to the tool include variables (to
characterize the historical evolution of hydraulic head and chloride concentration) and parameters
(to define aquifer geometry and hydrodynamic behaviour). Data describing the historical
evolution can come from direct observations (monitoring network) or other techniques
(geophysical applications, etc). For the vulnerability assessment, an additional input is required:
a distributed vulnerability index map, which comes from other intrinsic information (aquifer type,
conductivity, distance from the shoreline, bicarbonate concentration).

The results/outputs produced to summarize status and vulnerability to SWI through visual
displays and time series are: 1. Maps of aquifer volumes affected by SWI; 2. 2D conceptual cross-
sections (with mean penetration inland and mean thickness on specific dates, or mean values over
a period of time); 3. Lumped Index (mass of chloride that causes the concentration in some areas
to exceed the SWI threshold and lumped vulnerability index) to summarize the global dynamic
of SWI within the aquifer.

2.1. Description of the outputs. Theoretical background

In order to assess the maps of SWI-affected aquifer volumes for different dates we need to
compile: A) maps of chloride concentration or vulnerability to SWI; B) maps of groundwater
volumes for specific dates; C) threshold of chloride concentration or vulnerability that will be
used to tag which parts of the aquifer are impacted (areas with chloride concentration or
vulnerability index exceeding the threshold). The tool provides two options with respect to the
input maps (A (chloride or vulnerability maps) and B): either calculating the maps internally from
point data by applying interpolation techniques integrated within GIS-SWIAS; or to taking the
maps from existing external distributed models; the second option means that various potential
climatic and/or management scenarios can be compared and assessed. Maps of groundwater
volume are calculated by combining hydraulic head, geometry and the storage coefficient. The
maps of groundwater volume and chloride concentration are combined to assess the aquifer
volume affected by using a chloride threshold (V). This threshold is assumed to be equal to the
natural background level of the aquifer, or the reference quality standard determined by
authorities in order to maintain a good groundwater status. The affected volume is defined as the
groundwater volume of resource whose chloride concentration is above the stablished threshold.

2D conceptual cross-section depicts the magnitude of the intrusion process in the aquifer at a
specific moment, or the mean values in a period of time. The cross-section is defined orthogonal
to the shoreline. It summarizes the mean geometry of the affected volume, i.e., the mean thickness
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and inland penetration of the aquifer volume with chloride concentration above the threshold. The
average affected thickness Tha(m) and inland penetration P(m) of the intrusion can be calculated
by summing the values in each cell i of the aquifer mesh where the chloride concentration exceeds
the threshold:

2Vicvy
T =—-—"" 1
ha (m) Zsi(>V1~) ( )
_ XVievy
P(m) - Tha*Lcoast (2)
Visv,)(m?) = §;(m?) * by(m) * a; 3

where:

- Viewy is the groundwater volume (m?®) in the cell i with a chloride concentration (or
vulnerability) exceeding Vi;

- Sj is the surface area (m?) of the cell i with chloride concentration (or vulnerability)
exceeding Vi,

- biis the saturated thickness (m) within the cell i with CI concentration (or vulnerability)
above V;

- 0jis the storage coefficient in the cell i;
Lcoast IS the length of coastline (m);

The mean chloride concentration (C) of the affected volume is:

mg\ _ 2Cicvn*Vicvy))
C( l ) - V(>Vr) (4)

where:

Ci(>v,) Is the chloride concentration (mg/I) in cell i;

- Viewn is the groundwater volumes (m?) in cell i with a concentration exceeding V,
- Vv is the total groundwater volume (m®) of the affected area;

The increment of chloride concentration (IC) above the threshold (V) in the affected volume is:
c(®8)=c-u (5)

Both variables, the conceptual cross section and IC index give an overview of the magnitude and
intensity of the intrusion process per linear metre of coast at a specific moment in time.

The lumped index Ma (mass of chloride that causes the concentration in some areas to exceed the
threshold) to summarize the global dynamic of SWI within the aquifer is obtained multiplying the
increment of concentration (IC) by Penetration (P) and affected Thickness (Th) from equations
1,2 and 5.

Ma (%2) = P(m) + 1€ (2) + 1073 Ty (m) (6)

The wvulnerability to SWI (or vulnerability to contamination in general) is assessed and
summarized following the same steps to assess the SWI status. In this case, instead of chloride
concentration values, a distributed map of groundwater vulnerability has to be generated by
applying any index-based method (e.g. GALDIT) and the threshold applied to identify the
affected area is defined by a specific vulnerability class (e.g. high or very high vulnerability).

The affected volume corresponds to the groundwater that present vulnerability values above the
threshold (e.g. very high vulnerability). The average affected thickness Tna(m) and inland
penetration P(m) are calculated by applying Equations 1 and 2.
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The lumped index to assess vulnerability is:

L_Vul (_)=Z(Vuli(>Vr) *Vi(>V1~)) (7)
Vv

where:
- Vulysy, is the value of the vulnerability index (-) in cell i;

The concept of Ma and L_Vul involves some simplifications, in accordance with the definition
of the conceptual cross sections. While 2D maps and cross sections summarize the extent and
magnitude of SWI and vulnerability in an aquifer at a specific time, Ma and L_Vul indices show
the lumped intensity and temporal dynamic of the SWI and vulnerability to SWI at aquifer scale.

2.2. Tool programming in ArcGIS

GIS-SWIAS is an ArcGIS ArcToolbox composed by a chain of models programmed in
ModelBuilder. ModelBuilder is a visual programming language that allows to chain and sequence
several geoprocessing ArcGIS tools through a user-friendly interface. ModelBuilder is available
within the tool bar in ArcGIS. It allows to add any geoprocessing tool of ArcGIS by linking and
providing its output and transferring it to another tool as input.

Programming in ModelBuilder allows us to automate a workflow to create a model, which can be
documented and shared as a ArcGIS tool. ModelBuilder contains a script tool to link with Python
scripts and other models. It also allows to iterate a workflow, so it can be very useful to analyse
the evolution of the historical hydrogeological processes.

The three models that compose GIS-SWIAS have been compiled by adding different tools from
ArcToolbox to create shapes from point data, to interpolate, etc. Figure 4.2 shows the workflow
of one of the three models.

Interpetition field
.~-chloride data

Figure 4.2. Workflow of “Chloride concentration map” model
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Although ModelBuilder is an intuitive and easy-to—use tool, the integration of lots of
geoprocesses in the same model may be difficult. Due to several geoprocesses have dynamic
parameters and the user interaction is necessary, GIS-SWIAS was divided into three steps
(models) that have to be executed following the workflow shown in Figure 4.1.

2.3.Description of the models within GIS-SWIAS

GIS-SWIAS contains three ModelBuilder models (Figure 4.2) that can be applied individually or
used sequentially to produce a complete lumped assessment of the SWI at aquifer scale. GIS-
SWIAS can be shared with other users and it can be added as a Toolbox as shown in Figure 4.3.
The run sequence follows the order shown in the workflow (Figure 4.1): “Chloride concentration
map”, “Hydraulic head map” and “Summarizing SWI”. These models can be run within the
ArcToolbox window providing a user-friendly graphical user interface.

ArcToolbox B x

5 @ 30/ % AddToolbox..

Add Toolbox + Geostatistical Analyst Tools
- @ GIS-SWIAS
&= Chloride concentration map
o @ Edi @@ Hydraulic head map
7 § Geocoding Tools & Summarizing SWI
1 P Geostatistical Analyst Tools + Linear Referencing Tools

0 Carl,
. gCor v | Hide Loc
7 & Daty Save Se

+ a Dat{

Add a toolbox (a tbx file) to this
window so you can easily access
the tools it contains and create
new tools in it.

Figure 4.3. GIS-SWIAS in the ArcToolbox

2.3.1.  “Chloride concentration map”” model

The “Chloride concentration map” model generates a classified chloride concentration shapefile
from a point feature table in text format by using Inverse Distance Weighting (IDW) interpolation
technique (other interpolation techniques could be implemented in this tool). It can also import
chloride concentration fields from Visual Modflow files. The dialog box shown in Figure 4.4 is
opened by double-clicking the model tool on the ArcToolbox window.
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® Aquifer shape

i
l % Input chloride concentration data points

% X Field chloride data

% ¥ Field chloride data

“ Interpolation field chloride data

=

Output cell size for interpolation (optional)
100

Power (optional)

Search radius (optional)
[Variable ']

Search Radius Settinas

Number of points: fiz

Maximum distance:

Reclassification

Chloride concentration map

using IDW interpolation technigue.

Generates a classified chloride concentration
shapefile from a point feature table in text format by 'I
l

Old values New values -
il Classify...
Unique

Add Entry
— | Delete Entries
Save... Reverse New Valuesl ’ Frecision... ]

% Qutput workspace chloride shapefiles
[ Ok J [ Cancel l ’ Environments... ] ’ << Hide Help ] [ Tool Help

Figure 4.4. Dialog box of the “Chloride concentration map” model

point_ID [point_code [UTM_X utm_Y Altitude_m |cl_
1 08_07_009 |777185.3154 |4461620.267 |104 585.15
2 08_07 012 [767764,3236 |4442682.173 |4.34 i
3 08_07_017 |767591.3155 |4443033.179 |10 497
4 08_07_018 [766465.2662 |4446346.226 |38 696.6
5 08_07_021 [776424.3226 |4461682.268 |78.44 366.93

The model requires a polygon shapefile of the aquifer and the workspace containing a text file for
each date to be analyzed. The text files have to include X and Y UTM coordinates that define the
locations of the point features and chloride concentration values (mg/l) in the observation wells.
Text files also have to include column header, as shown in Figure 4.4. The text filename cannot
exceed eight characters nor include blank spaces or special characters (underscore can be used as
a substitute). It is not necessary that all points contain data every date of the period to be analyzed.

The user has to indicate the fields (columns) in the input table that contain the X and Y coordinates
and the chloride concentration value for each point (Figure 4.5). Optional settings concerning
IDW interpolation techniques can be changed by the user. A reclassification of the values after
interpolation is also required. Finally, the user has to choose a folder where the output shapefiles

will be saved.
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|4

© C B

The field in the input table that contains

Input chloride concentration data points i
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C:\gis_swias\cl_data

% X Field chloride data
|

& point_ID

UTM_Y
@ Altitude_m
d_

Output cell size for interpolation (optional)
100

oy

Power (optional)

Search radius (optional)
[Variable - l

Search Radius Settinas

Number of points: 12

Maximum distance:

Reclassification
-
Classify...
Unique
-
Save... [Reverse NewVaiuesl l Precision... J
% Qutput workspace chloride shapefiles
[ OK H Cancel HEnvironments...” << Hide Help } l Tool Help

Figure 4.5. Setting options defined by the user

When all the required parameters are filled out, the model can be executed by clicking “OK” at
the bottom of the dialog box. The execution screen (Figure 4.6) shows the running processes and
it can be closed when the execution has successfully completed.

The “Chloride concentration map” model provides the following shapefiles for each date
analyzed: (1) point shapefile of chloride concentration data; (2) raster from data interpolation; (3)
polygon shapefile from interpolation covering the default extension; and (4) polygon shapefile
from interpolation clipped to the shape of the aquifer.

2.3.1. “Hydraulic head map” model

The “Hydraulic head map” model generates a classified hydraulic head shapefile from a point
feature table in text format. It also generates a shapefile containing aquifer variables (chloride
concentration and hydraulic head values) and aquifer parameters (storage coefficient and bottom
of the aquifer). The dialog box is showed in Figure 4.7.
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Chloride concentration map
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FeatureClassToShapefile 2_1980 C:\GIS_SWIAS
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2_1980 Successfully converted: C:\GIS_SWIAS\2_1980.shp

Completed script FeatureClassToShapefile...
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Executing (Iterate Tables): IterateTables C:\GIS_SWIAS\cl_data # #
NOT_RECURSIVE

Start Time: Thu Feb 20 14:05:48 2020

Succeeded at Thu Feb 20 14:05:48 2020 (Elapsed Time: 0,00 seconds)

Succeeded at Thu Feb 20 14:05:48 2020 (Elapsed Time: 4,76 seconds)

Figure 4.6. Execution screen of the model

@ Hydraulic head map
Generates a classified hydraulic head shapefile
® Input lic head data points > :
ol i e from a point feature table in text format. It also
@ generates a shapefile containing aquifer variables
® X Field hydraulic head data (chloride concentration and hydraulic head data)
- and aquifer parameters (storage coefficient and
© ¥ Field hydraulic head data bottom of the aquifer).
b point_ID |point_code | UTM_X UTM_Y hyd_head
® Output workspace 1 p_9 767498 4447242 1.43
i @] 2 p_8 766892 4446594 1.29
3 p_7 767215 4442935 0.52
|| ® Interpolation field 4 b6 776513 4458619 |1.17
I R
'] Output cell size for interpolation (optional) 25 4 779626.157 |4460833.95 |0
M 100 @ 26 5 779574.876 |4460716.799 |0
Power (optional) i
5
Search radius (optional)
‘ | [variable -
‘ | search Radius Settinas
I Number of points: fi2
l ‘ Maximum distance:
‘ ‘ ® Chloride shapefiles workspace @
‘ ‘ ® Storage coefficient @ - "
| = :
I © Bottom of the aquifer E;
B
=
H
i =1 |
l = ,-
|- Tchloride_reclas | Hyd head reclas | Bottom | sy ||
- L
[ ok ][ concel ||environments...|| <<tiderelp | | Toolhelp |

Figure 4.7. Dialog box of the “Hydraulic head map” model
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This model has the same input requirements as for the “Chloride concentration map” model but
focuses on hydraulic head data (m.a.s.l.). It also allows hydraulic head fields to be imported from
Visual Modflow. The name of hydraulic head text files must be the same as the chloride
concentration text files for each time period analyzed.

The user has to indicate the location of the chloride shapefiles generated in the previous model
(“Chloride concentration map” model). It also requires polygon shapefiles of storage coefficient
and bottom (m) of the aquifer as inputs.

The model generates shapefiles of hydraulic head data in an analogous way to the “Chloride
concentration map” model. Moreover, it provides a polygon shapefile containing variables for
each date analyzed (chloride concentration and hydraulic head values) and parameters (bottom
and storage coefficient) of the aquifer. This shapefile is named “union_%name of the hydraulic
head text file% hh.shp”, where “% name of the hydraulic head text file%” is variable if different
dates are analyzed.

2.3.2.  “Summarizing SWI"” model

For the “Summarizing SWI” model, the methodology proposed in Baena-Ruiz et al. [13, 15] and
described in Section “Description of the outputs. Theoretical background” have been
implemented in the ArcGIS environment. This tool generates Excel® tables containing statistics
that summarizing SWI at aquifer scale. It also generates conceptual cross sections (.shp), where
the mean affected and non-affected volume are drawn for the aquifer (average values over a time
period or instantaneous values on a specific date). If different dates are analyzed, it shows graphs
representing the temporal evolution of Pa and Ta variables, percentage of affected volume,
chloride concentration within the aquifer and Ma index (or lumped vulnerability index). The
dialog box for global status assessment is showed in Figure 4.8.

The “Summarizing SWI” model requires the folder path where the results of the “Hydraulic head
model” have been previously saved to be specified. In this folder, the shapefiles named
“union_%name of the hydraulic head text file% hh.shp” contains chloride concentration,
hydraulic head, bottom of the aquifer and storage coefficient fields. The user has to select from
the pull-down list the corresponding column in the input shapefile for each field, as shown in
Figure 4.9.

The next required parameter in this tool is the “Chloride threshold”. It is defined as the chloride
concentration value above which the aquifer is considered to be affected by SWI. This threshold
may be set as the natural background level of the aquifer or as the relevant environmental quality
standards. [14] proposed a method to calculate groundwater thresholds values based on these
criteria.

The shoreline length (m) is also required for subsequent calculations.

X and Y axes establish the coordinate system of the conceptual cross sections. The GIS-SWIAS
tool provides polyline shapefiles for X and Y axes located at (0,0), but the user can translate them
to another coordinate origin or create new ones.

The vertical scale factor is used to rescale the vertical magnitude (Ta) of the conceptual cross
section if the factor Ta/Pa is too small. If vertical scale factor = 1, the conceptual cross section
will maintain the real size ratio.

Finally, two paths where the output results will be saved are required. “Output workspace
statistic” will contain lumped-variables reports in Excel table format for each date analyzed
(Figure 4.10) and mean statistics for the entire period. Four graphs will be also saved in this path:
(1) temporal evolution of Pa and Ta variables; (2) percentage volume affected; (3) Ma index; and
(4) chloride concentration within the aquifer (mean chloride concentration in the aquifer, mean
chloride concentration in the affected volume and the increment of concentration within the
affected volume above the threshold).
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Figure 4.8. Dialog box of the “Summarizing SWI” model
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Figure 4.10. Summary statistics for a date

“Output workspace results” will contain the polygon shapefiles that allow the (1) mean affected
and (2) non-affected conceptual cross section within the aquifer for each date analyzed to be
drawn, (3) the mean affected and (4) non-affected conceptual cross section within a time period
and the (5) maximum affected cross section for a time period. These two paths can be the same
for all results, but they have to be different from the output paths of the previous models.

Figure 4.11 and Table 4.1 show the graphical and statistical summaries, respectively, from the
GIS-SWIAS tool.
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Figure 4.11. Graphical output from the GIS-SWIAS tool

The GIS-SWIAS tool can provide results for each date where information is available; these are
obtained by iterative application of the described method. GIS-SWIAS allows historical [13] and
future periods [15] to be analyzed if the hydraulic head and chloride maps come from a density-
dependent flow model. By this means, GIS-SWIAS can be used to analyze adaptation strategies
[15] in terms of reducing SWI, taking into account future potential scenarios that might include
CC and/or GC, also considering projected land use change scenarios (new urbanized areas, crop
transformations) [15].

Moreover, this tool may be also used to summarize SWI vulnerability, for any index method
applied to assess it. In this case, instead of the chloride concentration maps, generated by
executing the “Chloride concentration map” model, polygon shapefiles of the vulnerability index
(previously prepared by the user) would be used as inputs of the model “Summarizing SWI
vulnerability” (Figure 4.12), which also will require the “Hydraulic head map” shapefile
generated by the tool, as previously described.
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Table 4.1. Lumped variables output (Excel® table format) from the GIS-SWIAS tool

LUMPED VARIABLES (EXCEL TABLE)

At a specific moment in time

Statistics for a time period

Total aquifer volume

Total aquifer affected volume

Total chloride concentration * aquifer
volume
Total chloride concentration * aquifer

volume in the affected volume
Total aquifer area

Total aquifer affected area
Shoreline length

Average aquifer thickness

Average affected aquifer thickness

Average orthogonal distance of the aquifer to
the shoreline

Average orthogonal distance of the affected
aquifer to the shoreline

Average chloride concentration within the
aquifer

Average chloride concentration within the
affected volume

Increment of chloride concentration above
the threshold value

Ma index

Percentage of affected volume

Average aquifer volume
Average aquifer affected volume

Average chloride concentration * aquifer
volume

Average chloride concentration * aquifer
volume in the affected volume

Average aquifer area

Average aquifer affected area

Shoreline length

Average aquifer thickness within the period

Average affected aquifer thickness within the
period

Average orthogonal distance of the aquifer to
the shoreline within the period

Average orthogonal distance of the affected
aquifer to the shoreline within the period

Average chloride concentration within the
aquifer within the period

Average chloride concentration within the
affected volume within the period

Increment of chloride concentration above the
threshold value within the period

Average Ma index within the period

Average percentage of affected volume within
the period
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Figure 4.12. Dialog box of the “Summarizing SWI vulnerability” model

The vulnerability index maps must be included as numerical fields (values obtained before
defining the vulnerability classes). In order to generate the conceptual cross sections that
summarize the “affected” aquifer volume, i.e., where the vulnerability to SWI is identified, the
tool requires a vulnerability threshold to be input that represents the reference value chosen to
distinguish between affected and non-affected volumes. This threshold will be also used to assess
the lumped vulnerability index.

Just as in the definition of the Ma index, the lumped global value of vulnerability in the aquifer
on a specific date is obtained by weighting the vulnerability score in each cell with its water
storage. This lumped index also allows an analysis of the dynamic of SWI vulnerability of the
system at aquifer scale to be performed. The lumped index can be also obtained using different
threshold values [13, 15].

3. Discussion

GIS-SWIAS is a user-friendly polyvalent ArcGIS tool that provides a comprehensive overview
of SWI status and vulnerability at aquifer scale. It integrates three models, which are documented
in order to briefly explain the tool’s description, its utility and the data required for each item.
This tool can be applied by scientific and decision makers, who may not be advanced users of
GIS, to summarize SWI problems. Many GIS-based tools have demonstrated to be powerful and
cost-effective to analyse groundwater issues [19; 34]. Moreover, GIS models as ModelBuilder
models, can be integrated into other platforms by using the Python script tool [35].
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Due to the heterogeneous distribution of seawater intrusion, distributed information and
assessments are required to study its impacts [31, 32]. For this reason, the methods for modelling
[36, 37] SWI impacts, and the user-friendly tools developed based on them [38, 39, 40] also
require distributed inputs and calculations. The GIS-SWIAS is a tool that could be classified as a
post-processing tool to summarize and help in the analysis of SWI impacts at aquifer scale. This
tool produces both distributed and lumped results at aquifer scale but, logically, it also requires
distributed inputs and assessments, as described in the previous sections. In this group of post-
processing tools, we find in the literature, for example [41]. GIS-SWIAS is a new tool, in which
the method proposed by [13, 15] has been implemented. A significant novelty of this method with
respect to other previously developed methods is that the proposed lumped index to summarise
SWI status at aquifer scale is based on a variable with physical meaning (mass of chloride that
causes the concentration in some areas to exceed the natural threshold). On the other hand, a novel
aspect of this tool is that, from the distributed information and calculations, GIS-SWIAS allows
easy computation of the affected volume containing a chloride concentration above a threshold.
This tool also helps to produce lumped SWI outputs (indices) at aquifer scale. It produces valuable
information that help draw conclusions about the dynamic at aquifer scale, in terms of affected
volume and global SWI intensity. Thus it also provides insight into aquifer resilience and trends.
Therefore, it will help to identify coastal groundwater bodies that requires new management
strategies to be implemented to achieve a good status.

The identification of SWI (the phenomenon that we want to analyze) requires a threshold value
is established that defines the inflection point beyond which the aquifer begins to register an
impact. Previous research shows that the impact of SWI is significantly sensitive to the choice of
the threshold value adopted [13]. The significant uncertainties around determining these threshold
values [14] and the sensitivity of whether the aquifer is reported as being impacted by SWI or not,
increase the practical interest of the GIS-SWIAS tool: it is capable of performing the extensive
calculations required to summarize SW1 at aquifer scale, for the analyses of both historical and
potential scenarios, considering different threshold values, which allow to compare the results.

With respect to the maps employed as inputs, the tool allows two options: to generate maps from
available data using different interpolation techniques integrated in the tool, or to take the maps
directly from SEAWAT files. This functionality -which allows maps to be generated from point
data or to be loaded from other commonly employed tools- has also been implemented in other
SWI assessment tools [38, 39]. However, as far as we know, it is not available in post-processing
tools. In cases where map inputs are taken from density-dependent models, a comparative
assessment of different scenarios (climatic conditions and/ or management strategies) could be
performed. The physical-process approach can be applied to propagate and compare various
potential conditions, and so in this case maps can be obtained and compared for different scenarios
(e.g., managements scenarios or future potential CC scenarios), this means that the output of the
tool can support the decision-making process [15]. In contrast, when the maps employed to define
the indices are obtained by applying simple interpolation approaches, analysis is limited to the
historical period for which the data are available.

The tool also helps to analyze the vulnerability to seawater intrusion at aquifer scale. In the
literature we find different methods to assess groundwater vulnerability depending on the drivers
of pollution [42, 43, 44] Baena-Ruiz and Pulido-Velazquez 2020], pumping [45, 46] and SWI
[12, 16]. User-friendly tools have appeared to assist in this assessment, some of them developed
in a GIS environment [47]. Nevertheless, there is no tools that helps in the assessment of SWI
vulnerability with that focus on post-processing. Therefore, this is the first post-processing tool
described that integrates SWI status and vulnerability assessment, which is very valuable
information to help identify the significance of SWI problems in aquifers and potential sustainable
solutions.

The GIS-SWIAS tool has been applied to two different case studies in the Mediterranean area of
Spain (Plana de Oropesa Torreblanca and Plana de Vinaroz), obtaining the results described in
previous papers [13, 15].In [13], the process automation to generate the interpolated maps enabled
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authors to analyze SWI status and vulnerability over an extended time period (1977-2015) and to
prove the sensitivity of results to the chloride threshold value (two threshold values were
analyzed: 250 mg/l and 1100 mg/l) in Plana de Oropesa-Torreblanca and Plana de Vinaroz
aquifers. In [15] the impacts of future GC scenarios were analyzed in Plana de Oropesa-
Torreblanca aquifer. The methodology from [13] was adapted to compare six potential future
scenarios including adaptation strategies. The historical period came from 1973 to 2010 and the
six future scenarios covered the period 2011-2035.

The underlying methodology implemented in GIS-SWIAS was applied in the cited paper [13] by
interpolating chloride maps and hydraulic head from observation points, whereas the information
to generate the field maps in [15] was loaded from SEAWAT model. The results of these studies
for the Plana de Oropesa-Torreblanca aquifer show differences that reveal the physical-process
SWI approximations obtained using the density-dependent flow model give a more accurate
representation. Despite these differences, the results are in the same order of magnitude. Other
authors who have developed indices related to SWI [9, 48], have also proved that results do not
differ considerably by including three-dimensional salinity data. Furthermore, the approximation
obtained using interpolation will depend on the number of observations and the distribution of
these points within the aquifer.

Despite this tool has been developed to analyse SWI problem, it could be applied to study the
lumped impact of any contaminant on groundwater and/or the groundwater vulnerability by
applying any vulnerability index. In this case, instead of the “Shoreline length” parameter to
generate the cross section, other equivalent length (e.g. the aquifer length orthogonal to the
groundwater flow direction) should be considered. Therefore, GIS-SWIAS fulfils the
requirements of flexibility, sturdiness, easy interaction and user-friendly, which make it a useful
tool in the decision making process. It will allow to use them as “share vision models/tools” to
help in the discussion of management alternatives between stakeholders, and administration
representatives [49]. Many Decision Support Systems tools were not successful due to they were
not user-friendly [50; 51].

3.1. Assumptions and limitations

In this section we summarize the main assumptions/limitations of the GIS-SWIAS tool and in the
implemented methodology.

3.1.1. Underlying methodology

- The methodology implemented [13] provides lumped results at aquifer scale. An analysis
based exclusively on these lumped results would lose information about the heterogeneity
of SWI in the system.

- Although the method can be applied in cases where a distributed flow models is not
available, a proper assessment for a specific date requires sufficient distributed data about
hydraulic head, chloride concentration and aquifer bottom. On the other hand, to generate
the required fields from the data it needs to apply an interpolation approach whose
parameters influence on the results. It is recommended that the user tests different
interpolation approaches and parameters in order to obtain results in agreement with
expert opinion.

- In order to assess the dynamic of SWI and the resilience of the aquifer, there is need to
have data for several dates over a long period.

- If the aim is to assess sustainable management strategies, appropriate hydrological
models to propagate the impacts are required, not only of the climatic conditions, but also
of the management strategies.

3.1.2. GIS-SWIAS tool

- This tool has been implemented in ArcGIS and is licensed GIS software. Future
implementations may be developed in an open environment.
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- The GIS-SWIAS tool had to be divided into three models due to some difficulties arose
to implement all the geoprocesses into one model. Nevertheless, in the future, we plan to
combine these three steps into one, improving the usability of the model.

- Graphic results are based on a pre-defined template. Although graphs in ArcGIS are
customizable, there is not so much potential.

- Output report are generated automatically in Excel format and lack a refined style.

4. Conclusions

In this paper we describe a new general tool, GIS-SWIAS. It is an ArcGIS-based tool, designed
to analyze SWI status and vulnerability at aquifer scale by applying the method presented by [13,
15]. It is a user-friendly tool that allows geo-referenced information to be dealt with, and it is easy
to introduce the required data (inputs) and to efficiently perform the demanding computational
operations required. Its outputs are in the form of reports and images to summarize the magnitude,
intensity and temporal evolution of SWI within an aquifer.

The GIS-SWIAS tool can be applied to assess historical SWI dynamic in case studies where we
do not have a previous model. Nevertheless, if we want to analyze in a rational quantitative
analysis of the various alternative management scenarios to manage SW| in a sustainable manner,
the GIS-SWIAS tool will need to take information on hydraulic head and chloride concentration
distribution generated from simulations of their impacts by a calibrated density-dependent flow
model. In such cases, adaptation strategies to potential future scenarios, whose distributed impacts
have to be propagated within the previously calibrated models, could usefully be analyzed and
compared using this tool. GIS-SWIAS can be applied to assess not only SWI status at aquifer
scale, but also vulnerability to any contaminant.

Given all these ways that the GIS-SWIAS tool can be applied, it provides a valuable tool for both
researcher and technician to assess SWI dynamics and aquifer resilience under different
management scenarios. It can support the decision-making process in the rational selection of
sustainable management strategies. The tool’s performance has been tested and confirmed in two
case studies described in previous research works.

It can be applied to any case study. The easy-to-use workflow and the few input data required
facilitates its application to a large number of case studies in order to compare SWI.

Data Availability

The software developed in this study may be available for research purposes on application to the
authors.

Conflicts of Interest
The authors declare that there are no conflicts of interest regarding the publication of this paper.
Funding Statement

This work has been supported by the GeoE.171.008-TACTIC and GeoE.171.008-HOVER
projects from GeoERA organization funded by European Union’s Horizon 2020 research and
innovation program; and SIGLO-AN (RT12018-101397-B-100) project from the Spanish Ministry
of Science, Innovation and Universities (Programa Estatal de 1+D+I orientada a los Retos de la
Sociedad).

Acknowledgments

This paper is presented within the framework of the GeoE.171.008-TACTIC and GeoE.171.008-
HOVER projects from GeoERA organization funded by European Union’s Horizon 2020
research and innovation program; Plan de Garantia Juvenil from MINECO (Ministerio de
Economia y Competitividad), co-inancing by BEI (Banco Europeo de Inversiones) and FSE
(Fondo Social Europeo); and SIGLO-AN (RTI2018-101397-B-100) project from the Spanish

91



Capitulo 4: GIS-SWIAS: tool to summarize seawater intrusion status and vulnerability at aquifer scale

Ministry of Science, Innovation and Universities (Programa Estatal de I+D+| orientada a los
Retos de la Sociedad).

References

[1] Water Framework Directive (WFD) (2000) Directiva 2000/60/CE del Parlamento Europeo y
del Consejo de 23 de Octubre de 2000. Diario Oficial de las Comunidades Europeas de
22/12/2000. L 327/ 1-327/32

[2] Momejian, N., Najm, M. A., Alameddine, I., & El-Fadel, M. (2019). Groundwater
vulnerability modeling to assess seawater intrusion: a methodological comparison with geospatial
interpolation. Water resources management, 33(3), 1039-1052.

[3] Elumalai, V., Brindha, K., Sithole, B., & Lakshmanan, E. (2017). Spatial interpolation
methods and geostatistics for mapping groundwater contamination in a coastal area.
Environmental Science and Pollution Research, 24(12), 11601-11617.

[4] Llopis-Albert C, Pulido-Velazquez D (2014) Discussion about the validity of sharp-interface
models to deal with seawater intrusion in coastal aquifers. Hydrol Process 28:3642-3654.
https://doi.org/10.1002/hyp.9908

[5] Llopis-Albert, C. and Pulido-Velazquez, D., 2015. Using MODFLOW code to approach
transient hydraulic head with a sharp-interface solution. Hydrol. Process 29, Issue 8, pages 2052—
2064, 15. DOI: 10.1002/hyp.10354.

[6] Renau-Prufionosa, A.; Morell, 1., Pulido-Velazquez, D., 2016. A methodology to analyse and
assess pumping management strategies in coastal aquifers to avoid degradation due to seawater
intrusion problems. Water Resources Management 30 (4827-4837). DOI: 10.1007/s11269-016-
1455-y

[7] Collados-Lara A-J, Pulido-Velazquez D, Pardo-lguzquiza E (2018) An integrated statistical
method to generate potential future climate scenarios to analyse droughts. Water 10:1224-1248.
https ://doi.org/10.3390/w1009 1224

[8] Pulido-Velazquez D, Renau-Prufionosa A, Llopis-Albert C, Morell I, Collados-Lara AJ,
Senent-Aparicio J, Baena-Ruiz L (2018) Integrated assessment of future potential global change
scenarios and their hydrological impacts in coastal aquifers—a new tool to analyse management
alternatives in the Plana Oropesa-Torreblanca aquifer. Hydrol Earth Syst Sci 22(5):3053.
https//doi.org/10.5194/hess-22-3053-2018

[9] Ballesteros BJ, Morell 1, Garcia-Menéndez O, Renau-Prufionosa A (2016) A standardized
index for assessing seawater intrusion in coastal aquifers: the SITE index. Water Resour Manag
30(13):4513-4527. https://doi.org/10.1007/s11269-016-1433-4

[10] Tomaszkiewicz, M., Najm, M. A., & El-Fadel, M. (2014). Development of a groundwater
quality index for seawater intrusion in coastal aquifers. Environmental Modelling & Software,
57, 13-26.

[11] Babiker, I.S., Mohamed, M.A.A. & Hiyama, T. Assessing groundwater quality using GIS.
Water Resour Manage 21, 699-715 (2007). https://doi.org/10.1007/s11269-006-9059-6

[12] Zeynolabedin, A., & Ghiassi, R. (2019). The SIVI index: a comprehensive approach for
investigating seawater intrusion vulnerability for island and coastal aquifers. Environmental Earth
Sciences, 78.

[13] Baena-Ruiz L, Pulido-Velazquez D, Collados-Lara AJ, Renau-Prufionosa A, Morell 1 (2018)
Global assessment of seawater intrusion problems (status and vulnerability). Water Resour
Manage 32:2681-2700. https ://doi.org/10.1007/s1126 9-018-1952-2

92



Andlisis y sintesis de impactos del cambio global en el estado y vulnerabilidad de masas de agua subterraneas

[14] Hinsby, K., Melo, M.T., & Dahl, M. (2008). European case studies supporting the derivation
of natural background levels and groundwater threshold values for the protection of dependent
ecosystems and human health. The Science of the total environment, 401 1-3, 1-20.

[15] Baena-Ruiz, L., Pulido-Velazquez, D., Collados-Lara, A. et al. Summarizing the impacts of
future potential global change scenarios on seawater intrusion at the aquifer scale. Environ Earth
Sci 79, 99 (2020). https://doi.org/10.1007/s12665-020-8847-2

[16] Chachadi AG, Lobo Ferreira JP (2007) Assessing aquifer vulnerability to sea-water intrusion
using GALDIT method: Part 2—GALDIT indicator descriptions. In: Water in celtic countries:
quantity, quality and climate variability (ed. by J. P. Ferreira), Proceedings of the fourth inter-
celtic colloguium on hydrology and management of water resources. Guimaraes, Portugal, 11-13
July, 2005, pp 172-180

[17] Andreu, J., Capilla, J., & Sanchis, E. (1996). AQUATOOL, a generalized decision-support
system for water-resources planning and operational management. Journal of hydrology, 177(3-
4), 269-291.

[18] Vazquez-Suiié, E., Abarca, E., Carrera, J., Capino, B., Gamez, D., Pool, M., ... & Ibafiez, X.
(2006). Groundwater modelling as a tool for the European Water Framework Directive (WFD)
application: The Llobregat case. Physics and Chemistry of the Earth, Parts A/B/C, 31(17), 1015-
1029.

[19] Criollo, R., Velasco, V., Nardi, A., Vries, L.M., Riera, C., Scheiber, L., Jurado, A., Brouyere,
S., Pujades, E., Rossetto, R., & Vazquez-Sufié, E. (2019). AkvaGIS: An open source tool for
water quantity and quality management. Comput. Geosci., 127, 123-132.

[20] Machiwal, D., Jha, M. K., Singh, V. P., & Mohan, C. (2018). Assessment and mapping of
groundwater vulnerability to pollution: Current status and challenges. Earth-Science Reviews,
185, 901-927.

[21] Rikalovic, A., Cosic, I., & Lazarevic, D. (2014). GIS based multi-criteria analysis for
industrial site selection. Procedia Engineering, 69(12), 1054-1063.

[22] Machiwal D, Jha MK (2014) Role of geographical information system for water quality
evaluation. In: Nielson D (ed) Geographic information systems (GIS): techniques, applications
and technologies. Nova Science Publishers, New York, USA, pp 217-278

[23] Gossel, W., Ebraheem, A. M., & Wycisk, P. (2004). A very large scale GIS-based
groundwater flow model for the Nubian sandstone aquifer in Eastern Sahara (Egypt, northern
Sudan and eastern Libya). Hydrogeology Journal, 12(6), 698-713. d0i:10.1007/s10040-004-
0379-4

[24] Wang, L., Jackson, C. R., Pachocka, M., & Kingdon, A. (2016). A seamlessly coupled GIS
and distributed groundwater flow model. Environmental Modelling & Software, 82, 1-6.
doi:10.1016/j.envsoft.2016.04.007

[25] Alcaraz, M., Vazquez-Sufié, E., Velasco, V., & Criollo, R. (2017). A loosely coupled GIS
and hydrogeological modeling framework. Environmental Earth Sciences, 76(11), 382.

[26] Bhatt G, Kumar M, Duffy CJ (2014) A tightly coupled GIS and distributed hydrologic
modeling framework. Environ Model Softw 62:70-84. doi:10.1016/j.envsoft.2014.08.003

[27] Criollo, R., Velasco, V., Nardi, A., De Vries, L. M., Riera, C., Scheiber, L., ... & Vazquez-
Sufié, E. (2019). AkvaGIS: An open source tool for water quantity and quality management.
Computers & Geosciences, 127, 123-132.

[28] Almeida, C. N., Roehrig, J., & Wendland, E. (2014). Development and integration of a
groundwater simulation model to an open geographic information system. JAWRA Journal of the
American Water Resources Association, 50(1), 101-110.

93



Capitulo 4: GIS-SWIAS: tool to summarize seawater intrusion status and vulnerability at aquifer scale

[29] Akbar, T. A,, Lin, H., & DeGroote, J. (2011). Development and evaluation of GIS-based
ArcPRZM-3 system for spatial modeling of groundwater vulnerability to pesticide contamination.
Computers & geosciences, 37(7), 822-830.

[30] Rios, J. F., Ye, M., Wang, L., Lee, P. Z., Davis, H., & Hicks, R. (2013). ArcNLET: A GIS-
based software to simulate groundwater nitrate load from septic systems to surface water bodies.
Computers & Geosciences, 52, 108-116.

[31] Ali, R., McFarlane, D., Varma, S., Dawes, W., Emelyanova, I., and Hodgson, G.: Potential
climate change impacts on the water balance of regional unconfined aquifer systems in south-
western Australia, Hydrol. Earth Syst. Sci., 16, 4581-4601, https://doi.org/10.5194/hess-16-
4581-2012, 2012.

[32] Pulido-Velazquez, D., Renau-Prufionosa, A., Llopis-Albert, C., Morell, 1., Collados-Lara,
A.-J., Senent-Aparicio, J., and Baena-Ruiz, L.: Integrated assessment of future potential global
change scenarios and their hydrological impacts in coastal aquifers — a new tool to analyse
management alternatives in the Plana Oropesa-Torreblanca aquifer, Hydrol. Earth Syst. Sci., 22,
3053-3074, https://doi.org/10.5194/hess-22-3053-2018, 2018.

[33] De Filippis, G., Pouliaris, C., Kahuda, D., Vasile, T. A., Manea, V. A., Zaun, F., ... &
Rossetto, R. (2020). Spatial Data Management and Numerical Modelling: Demonstrating the
Application of the QGIS-Integrated FREEWAT Platform at 13 Case Studies for Tackling
Groundwater Resource Management. Water, 12(1), 41.

[34] Perdikaki, M., Manjarrez, R. C., Pouliaris, C., Rossetto, R., & Kallioras, A. (2020). Free and
open-source GIS-integrated hydrogeological analysis tool: an application for coastal aquifer
systems. Environmental Earth Sciences, 79(14), 1-16.

[35] Menezes, G. B., & Inyang, H. I. (2009). GIS-based Contaminant Transport Model for
Heterogeneous Hydrogeological Settings. Journal of Environmental Informatics, 14(1).

[36] McDonald, M.G. and Harbaugh, A.W. 1988. A modular three-dimensional finite-difference
ground-water flow model: U.S. Geological Survey Techniques of Water-Resources
Investigations, book 6, chap. A1, 586 p.

[37] Bakker, Mark, Schaars, Frans, Hughes, J.D., Langevin, C.D., and Dausman, A.M., 2013,
Documentation of the seawater intrusion (SWI12) package for MODFLOW: U.S. Geological
Survey Technigues and Methods, book 6, chap. A46, 47 p., https://pubs.usgs.gov/tm/6a46/.

[38] HYDROGEOLOGIC, W. (2005). Visual MODFLOW User’s Manual. Waterloo
Hydrogeologic. Inc. Canada.

[39] Chiang, W.H., 2001, 3D-Groundwater modeling with PMWIN: A simulation system for
modeling groundwater flow and transport processes, 2 (New York: Springer).

[40] Winston, R. B. (2009). ModelMuse: a graphical user interface for MODFLOW-2005 and
PHAST (p. 52). Reston, VA: US Geological Survey.

[41] Criollo, R., Velasco, V., Vazquez-Sufié, E. et al. An integrated GIS-based tool for aquifer
test analysis. Environ Earth Sci 75,391 (2016). https://doi.org/10.1007/s12665-016-5292-3

[42] Aller L, Bennett T, Lehr J, Petty R, Hackett G (1987) DRASTIC: a standardized system for
evaluating groundwater pollution potential using hydrogeologic settings: U.S. environmental
protection agency report 600/2- 87/035, p 622

[43] Vias, J.M., Andreo, B., Perles, M.J. et al. Proposed method for groundwater vulnerability
mapping in carbonate (karstic) aquifers: the COP method. Hydrogeol J 14, 912-925 (2006).
https://doi.org/10.1007/s10040-006-0023-6

94



Andlisis y sintesis de impactos del cambio global en el estado y vulnerabilidad de masas de agua subterraneas

[44] Baena-Ruiz, L., & Pulido-Velazquez, D. (2020). A Novel Approach to Harmonize
Vulnerability Assessment in Carbonate and Detrital Aquifers at Basin Scale. Water, 12(11), 2971.

[45] Pulido-Velazquez, D., Collados-Lara, A-J., Baena-Ruiz, L., Fernandez-Chacén, F., Alcald,
F. J. Assessment of present and future vulnerability to pumping in Spanish groundwater bodies
using a natural turnover time index. IAH 2017, Dubrovnik, Croatia.

[46] Pulido-Velazquez, David; Romero, Javier; Collados-Lara, Antonio-Juan; Alcala, Francisco
J.; Ferndndez-Chacdn, Francisca; Baena-Ruiz, Leticia. 2020. "Using the Turnover Time Index to
Identify Potential Strategic Groundwater Resources to Manage Droughts within Continental
Spain" Water 12, no. 11: 3281.

[47] Duarte, L., Teodoro, A. C., Gongalves, J. A., Dias, A. J. G., & Marques, J. E. (2014, June).
Assessing groundwater vulnerability to pollution through the DRASTIC method. In International
Conference on Computational Science and Its Applications (pp. 386-400). Springer, Cham.

[48] Renau-Prufionosa, A., Morell, I. & Pulido-Velazquez, D. A Methodology to Analyse and
Assess Pumping Management Strategies in Coastal Aquifers to Avoid Degradation Due to
Seawater Intrusion Problems. Water Resour Manage 30, 4823-4837 (2016).
https://doi.org/10.1007/s11269-016-1455-y

[49] Loucks, D. P., & Van Beek, E. (2017). Water resource systems planning and management:
An introduction to methods, models, and applications. Springer.

[50] Reitsma, R. F. (1996). Structure and support of water-resources management and decision-
making. Journal of Hydrology, 177(3-4), 253-268.

[51] Atta, M. T. (2017). The Effect of Usability and Information Quality on Decision Support
Information System (DSS). Arts Social Sci J, 8, 257.

95



Capitulo 5: A novel approach to harmonize vulnerability assessment in carbonate and detrital aquifers at basin scale

Capitulo 5: A novel approach to harmonize vulnerability assessment in
carbonate and detrital aquifers at basin scale

* water fMD 1

Article

A Novel Approach to Harmonize Vulnerability
Assessment in Carbonate and Detrital Aquifers at
Basin Scale

Leticia Baena-Ruiz ** and David Pulido-Velazquez
Spanish Geological Survey (IGME), Urb. Alcazar del Genil, 4. Edificio Zulema, bajo, 18006 Granada, Spain;
d.pulido@igme.es
* Correspondence: Lbaena@igme.es

chack for
Received: 23 September 2020; Accepted: 21 October 2020; Published: 23 October 2020 updates

Reference: Baena-Ruiz, L.; Pulido-Velazquez, D. A Novel Approach to Harmonize Vulnerability
Assessment in Carbonate and Detrital Aquifers at Basin Scale. Water 2020, 12, 2971.
https://doi.org/10.3390/w12112971

Authors and affiliations:
Leticia Baena-Ruiz * and David Pulido-Velazquez

Spanish Geological Survey (IGME). Urb. Alcazar del Genil, 4. Edificio Zulema, bajo, 18006 Granada, Spain;
d.pulido@igme.es

*Correspondence: l.baena@igme.es
Received: 23 September 2020; Accepted: 21 October 2020.

Abstract

The DRASTIC (D: Depth to water; R: Net recharge; A: Aquifer media; S: Soil media; T: Topography;
I: Impact of vadose zone; C: Hydraulic conductivity) index is usually applied to assess intrinsic
vulnerability in detrital and carbonate aquifers, although it does not take into account the
particularities of karst systems as the COP (C: Concentration of flow; O: Overlying layers above
water table; P: precipitation) method does. In this paper we aim to find a reasonable correspondence
between the vulnerability maps obtained using these two methods. We adapt the DRASTIC index in
order to obtain reliable assessments in carbonate aquifers while maintaining its original conceptual
formulation. This approach is analogous to the hypothesis of “equivalent porous medium”, which
applies to karstic aquifers the numerical solution developed for detrital aquifers. We applied our novel
method to the Upper Guadiana Basin, which contains both carbonate and detrital aquifers. Validation
analysis demonstrated a higher confidence in the vulnerability assessment provided by the COP
method in the carbonate aquifers. The proposed method solves an optimization problem to minimize
the differences between the assessments provided by the modified DRASTIC and COP methods.
Decision trees and spatial statistics analyses were combined to identify the ranges and weights of
DRASTIC parameters to produce an optimal solution that matches the COP wvulnerability
classification for carbonate aquifers in 75% of the area, while maintaining a reliable assessment of
the detrital aquifers in the Basin.

Keywords: groundwater vulnerability; carbonate aquifers; optimized DRASTIC; COP; decision
trees; nitrate validation
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1. Introduction

Groundwater pollution is a widespread problem affecting most aquifers all over the world due to the
increasing agricultural and industrial human activity [1,2]. It is the result of the interaction between
the anthroposphere and the hydrosphere, where substances from the different land uses penetrate the
groundwater, leading to impacts on environmental water quality and human health. The protection of
the groundwater resources has become a priority due to the importance of groundwater for human
supply, irrigation and dependent ecosystems, especially in semi-arid regions [3-5]. The degree of
protection depends on intrinsic groundwater vulnerability, which is defined as the susceptibility of
aquifers to pollution arising from anthropogenic activity [6]. Several methods have been proposed to
assess intrinsic vulnerability by using conceptual groundwater flow models and taking transport
processes into account [7,8]. The most frequently employed methods are the index-based approaches
[9,10] of which DRASTIC (D: Depth to water; R: Net recharge; A: Aquifer media; S: Soil media; T:
Topography; I: Impact of vadose zone; C: Hydraulic conductivity) [9] is the most common.
DRASTIC has been applied to various types of aquifer, though some authors have revealed that it is
not suitable for assessing vulnerability in some karstic aquifers [10-13].

Karstic aquifers present physical particularities that, in general, make them more sensitive to
contamination [14,15]. Specific approaches, such as the COP (C: Concentration of flow; O: Overlying
layers above water table; P: precipitation) method [10], have been developed specifically to assess
groundwater vulnerability in carbonate (karstic) aquifers. The COP method has been extensively
applied in different research studies to this type of aquifer [16-21].

However, despite significant physical differences between detrital and karstic aquifers, the same
approaches are often applied to simulate groundwater processes in both types of aquifers. In numerical
groundwater flow models, the “equivalent porous medium” assumes the validity of the Darcy’s law
in karstic aquifers, which is the most frequent numerical approach deduced for detrital aquifers. We
find many examples of application of this approach both for detrital aquifers [22-24] and karstic
aquifers [25,26]. In the same way, index methods such as DRASTIC could be suited to assessing
vulnerability in both detrital and karstic aquifers.

In this context, recent research studies have attempted to adapt the DRASTIC method to karst aquifers
in recent years [12,27-30]. Some of these [12,28,29] modified DRASTIC by including and/or
removing parameters to account for karst characteristics. Other studies [27,30] adapted DRASTIC by
modifying the classic assessment according to the distribution of nitrate concentration, although the
most contaminated areas do not always imply higher vulnerability [31,32]. A detailed review of
different approaches proposed to modify the DRASTIC method is given in [13].

These modifications of the DRASTIC method were performed using different
methodologies/approaches: single-parameter sensitivity analysis [3,5,33], calibration by correlation
analysis with pollutants [4,34,35], analytic hierarchy process [36—38] amongst others. Different data
mining algorithms have also been applied to improve DRASTIC performance [39-42], predict areas
vulnerable to groundwater contamination or to identify hydrogeological factors influencing
groundwater contamination [39,43,44]. Data mining algorithms aim to extract knowledge from
previously unknown and indistinguishable data, and are used as operational tools to find optimal
solutions in high-dimension problems. Although many authors have employed these techniques for
different purposes, more research is needed to explore the potential of the statistical techniques—
including data mining—to deal with the uncertainties in the weights and ratings of index-based
methods in the groundwater vulnerability assessments [45].

In general, the aforementioned index-based methods have been proven to provide satisfactory
vulnerability assessment in a variety of regions. However, different index methods often provide
dissimilar results in a single study area, making it difficult to compare and validate results [46-48].
In complex groundwater systems containing various aquifers types, an integrated vulnerability
assessment is needed to homogenize criteria and compare results at basin scale and between different
case studies. In general, a harmonized method that is applicable to all aquifer types would be more
likely to be implemented worldwide [12,49]. Previous work [12] has aimed at developing a new
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method (DRISTPI; Depth to water, Recharge, Impact of vadose zone, Soil, Topography, Preferential
Infiltration) by adding and removing certain parameters from the classic DRASTIC method that can
be applied to any type of aquifer. It was tested in karstic aquifers, but not in detrital aquifers.

In this paper we propose a novel approach to standardize the DRASTIC method to assess vulnerability
in a basin composed by both, detrital and carbonate aquifers. We proposed an adaptation of the most
commonly applied method for detrital aquifers—the DRASTIC method—to obtain a reliable
vulnerability assessment for carbonate aquifers. The DRASTIC method can be applied in both detrital
and carbonate aquifers, though it does not always provide appropriate vulnerability assessment in
carbonate aquifers. In contrast, the COP method is specific to carbonate aquifers and it yielded better
results in the validation analysis in our case study. Therefore, we proposed to adapt DRASTIC to
harmonize the vulnerability assessment for different aquifer typologies, in order to make the results
comparable in a basin that contains a wide variety of geological formations. Harmonization of criteria
in the vulnerability assessment would allow the dissimilarities provided by different vulnerability
methods to be dealt with. Although in the literature we can find several attempts to adapt the
DRASTIC method to the particularities of each case study, none of them have proved the applicability
of the modified DRASTIC in different aquifer typologies.

In this study, an optimization problem is solved to establish a correspondence between DRASTIC
and COP by maintaining the original formulation of the DRASTIC method. It aims to find the weights
and ranges of the DRASTIC parameters that maximize the correspondence between the qualitative
vulnerability classes obtained using DRASTIC and COP methods. The optimization problem is
solved through a new approach that combines spatial statistics analysis and data mining (decision
trees). Although decision trees have been applied to predict the sensitivity to contaminants based on
groundwater vulnerability [50,51], they have not been used to adapt/improve the DRASTIC method.

The optimization methodology was applied to five carbonate aquifers in the Upper Guadiana Basin,
where the validation analysis demonstrated that COP method produces better vulnerability
assessment than the original DRASTIC one. The optimal solution obtained for carbonate aquifers (O-
DRASTIC) was also tested in the three detrital aquifers within the basin and the validation analysis
also shows significant improvement in the results comparing with the original DRASTIC. A
sensitivity analysis of the changes introduced to define the optimum DRASTIC reveals the influence
of the various intrinsic characteristics on the severity of vulnerability for different aquifer typologies.

2. Materials and Methods

2.1.Study Area and Data

The Upper Guadiana Basin (Figure 5.1) is located in the central part of Spain. It is composed of eight
groundwater bodies including five unconfined mixed (carbonate and detrital) and three unconfined
detrital aquifers extending over approximately 14000 km?.

The climate in this area is typically continental and semiarid. Mean annual precipitation over the
period 1974-2015 was 445 mm and the mean annual temperature is 14.7 °C. Mean potential
evapotranspiration is 700 mm/year.

The area is predominantly flat, bounded by mountain landscapes to the north (Sierra de Altomira) and
south (Campo de Montiel).

Connectivity between groundwater bodies is structurally complex, with strong natural interaction
between groundwater and surface water. Under natural conditions groundwater flow discharges into
the central aquifer of the system (Mancha Occidental Aquifer) [52] which flows eastwards.

The predominantly dry climate and the prevalence of irrigated agriculture means that the Upper
Guadiana Basin has been intensively pumped, and this has led to some of its aquifers being declared
overexploited [53]. The water table is highly variable, lying at less than 1 m to more than 250 m,
though over most of the basin it lies below 15 m.
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Figure 5. 1. Location of study area within the Upper Guadiana Basin (Spain).

Rainfall is the main source of aquifers’ recharge. Mean annual recharge varies between 45 and 70
mm/year, although there is disagreement about these values [52—-54].

The soils in the basin mainly belong to the cambisol group according to the FAO (Food and
Agriculture Organization of the United Nations) classification [54,55]. Regosol and others, such as
luvisol and podzol, can be found in the southeast [54]. Soil texture in the northern part of the basin is
predominantly silty-loam, whereas the soil in the southern part it is peaty.

The geology is complex, including mixed carbonate—detrital aquifers. In the southern half of the
Upper Guadiana Basin, the aquifers are predominantly composed of limestones, with many karstified
zones [53]. In general, the karst is not very developed and there are no swallow holes in these aquifers.
Many parts of the central aquifer are formed by Tertiary detrital deposits [53]. The northern aquifers
are more heterogeneous. There are no large Karstified areas and other formations of metamorphic
materials can be found. The detrital aquifers are mainly composed of Tertiary and Quaternary alluvial
materials.

The unsaturated zone is formed by poorly permeable lithology in the northern part of the basin, with
higher permeability in the southern part [54].

Conductivity in the Upper Guadiana Basin varies widely. To the north, conductivity is low (below
1.5 x 10* m/s); in the central part there are zones with values higher than 5 x 10 m/s, while
conductivity to the southern is mainly in the range 3.5 x 10-5 x 10* m/s [56].

2.2.DRASTIC and COP Vulnerability Maps

DRASTIC and COP vulnerability maps were calculated in the five mixed aquifers following the
proposal made in [9,10], respectively (Figure 5.2). A detailed explanation of these methods can be
found in the Appendix A. Tables A4 and A5 (Appendix B) summarizes the data sources and the
methodology applied to calculate the parameters of DRASTIC (hereinafter, we will call it “original
DRASTIC”) and COP, respectively.

The “original DRASTIC” values vary between 41 and 171 within the study area. The final index was
reclassified into five qualitative classes (Very low: <100; Low: 100-120; Moderate: 120-160; High:
160-180; Very high: >180) by grouping the original categories proposed in [9] to obtain the same
number of classes as the COP vulnerability map. The values of parameters Aquifer media, Soil media,
Impact of vadose zone and Conductivity (Figure 5.2(a3,a4,a6,a7)) show significant heterogeneity,
with clear differences between the northern and central-southern areas. These differences are finally
reflected in the vulnerability map (Figure 5.2(a8)).
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Figure 5.2. (a) DRASTIC (D: Depth to water; R: Net recharge; A: Aquifer media; S: Soil media; T: Topography;
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P: precipitation) maps: (b1) Reduction of protection due to Concentration of flow; (b2) Degree of protection
from Overlying layers; (b3) Reduction of protection due to the precipitation factor; (b4) Vulnerability map.

Figure 5.2b shows the results of applying the COP method as proposed by [10]. The protection
conferred by Overlaying the layers (Figure 5.2(b2)) generally decreases from north to south. It is very
low in the southern part due to the presence of limestones and dolomites outcrops. The surface
features related to the Concentration of flow (Figure 5.3(b1)) produce only a slight reduction of
protection over 80% of the area, except in the southern Campo de Montiel aquifer, where the
protection from Overlying layers is greatly reduced.

While the highest values of the DRASTIC index are located in the center and southern part of the
basin (classified as “Moderate vulnerability”’), the highest values of the COP index appear in the
southern zone (Campo de Montiel aquifer). Both indices give their lowest values in the north area
(Sierra de Altomira and Lillo Quintanar aquifers).

The percentage overlap between the vulnerability classes obtained using COP and DRASTIC is
55.75%. There is a significant coincidence in the “Very low” and “Low” vulnerability classes, which
cover nearly 80% of the area in the COP map. However, the coincidence in “High” and “Very high”
classes is almost null. A misclassification of the highest vulnerability areas of groundwater dependent
ecosystems such as the Upper Guadiana Basin would lead to erroneous planning and management
decisions, possibly leading to significant environmental impacts.
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Figure 5.3. Validation of vulnerability maps in mixed aquifers: (a) DRASTIC + 5 x land use (LU); (b) COP +
5/LU; (c) mean nitrate concentration map (1975-2015).

2.3.Validation of Vulnerability Maps

Contaminant loads are linked to human activities and land use (LU). Therefore, in addition to aquifer
vulnerability, these are a key factor in determining groundwater contamination [3,57]. In the study
area, the intensive agriculture and the use of nitrogen fertilizers has provoked high levels of nitrates
in many groundwater areas. Since nitrate is not naturally found in groundwater, it is considered to be
a good indicator of contamination by human impact, especially in agricultural zones. The DRASTIC
vulnerability map is validated by adding an LU factor to the DRASTIC index (Equation (1)), as
proposed in other studies [27,58,59]. Making an analogy, the index defining protection against
pollution could be based on the COP vulnerability (Equation (2)). In this case the inverse of the LU
factor is considered since a higher COP index indicates lower vulnerability levels. Since the principal
land use is agriculture, the pollution index and the protection-against-pollution index will maintain
the factor of 5 used to weight the LU term, as was originally included in the DRASTIC pollution
index by other authors [27,60]:

Pollution index (DRASTIC) = DRASTIC index + 5 X LU (1)

5
Protection — against — Pollution index (COP) = COP index + U 2

The rates assigned to LU [3,27,33,34] are shown in Table 5.1.

The correlations (R-squared coefficient) with the pollution index derived from DRASTIC and COP
methods (Figure 5.3) were determined from the 214 observation points where nitrate concentration
data was available (1974 to 2015 provided by the Spanish Geological Survey and the River Basin
Authority). The DRASTIC pollution index (Figure 5.3a) is weakly correlated with the mean nitrate
concentration (R? = 0.04) in the carbonate aquifers. However, the protection-against-pollution index
linked to the COP map (Figure 5.3b) shows strong correlation (R? = 0.78). Accordingly, in this
validation analysis, the COP vulnerability assessment for the study area provides a more reliable
assessment than the DRASTIC index one.
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As can be observed in Figures 5.2 and 5.3, both DRASTIC and COP indices suggest low vulnerability
in some zones with high nitrate concentration (in the western part of the basin) that results from the
intensive agricultural exploitation since early 1970's. Thus, groundwater contamination not only
depends on intrinsic vulnerability, but also the land use, type of crops, type of irrigation, etc. For this
reason, the most contaminated areas do not always correspond to the most vulnerable ones [31,32].

2.4. Methodology: Optimization of DRASTIC Method

In this paper we adapt the DRASTIC method to minimize differences with the COP vulnerability map
for the five carbonate aquifers in the Upper Guadiana Basin, which has been proven to provide better
results in those aquifers according to the validation analysis. The main objective is to obtain a
harmonized method that allows vulnerability in carbonate and detrital aquifers to be assessed in a
homogenous way, in a system comprising varying geological formations. The harmonization of
criteria to assess groundwater vulnerability will make the results comparable at basin scale. To this
end, the DRASTIC index is recalculated by varying the ranges and weights of its parameters
(fulfilling certain constraints to maintain a rational definition), in order to minimize the differences
with the COP vulnerability map for the five mixed (carbonate and detrital) aquifers in the Upper
Guadiana Basin. Data mining techniques are then applied to identify the ranges and weights that
provide an optimal solution.
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Figure 5.4 shows the flowchart of the proposed optimization problem and the methodology applied.
Two objective functions (O.F.) were tested: (A) to maximize the percentage of spatial coincidence
(area, Si) between DRASTIC and COP vulnerability classes; and (B) to minimize the distance (di;
see Equation (3)) between the vulnerability classes in DRASTIC and COP. The decision variables in
this optimization problem are (1) the ranges (of the DRASTIC index and its parameters) and (2) the
weights of the DRASTIC parameters.
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Figure 5.4. Flowchart of methodology.

The ranges of the DRASTIC parameters and index are proposed based on the available data in the
study area and covering a wide range of hypothetical cases. The following constraints regarding the
ranges proposal are imposed:

e The ranges of non-continuous parameters (A, S and 1) were assumed to be invariant and we
classify these parameters as proposed in [9]. We modify the DRASTIC index classification (DR)
and the ranges of only three numerical parameters in DRASTIC: Depth to water (D), Topography
(T) and Conductivity (C). The proposed ranges are shown in Table 5.2. Due to the narrow
variability of the data in the study area the recharge ranges were not modified.

e  The number of classes and rates adopted for all parameters are as proposed in [9]. We change
only the distribution of numerical data within the ranges in order to adapt them to the
characteristics of the case study.
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e  The modification of ranges is based on statistical criteria according to the distribution of data in
the study area (quantile method, equal intervals, natural clusters in ArcGIS and increasing the
limit of the ranges by a constant value) [32,61].

o  We established a minimum range amplitude of 5 for the DRASTIC vulnerability classes.

We also established certain constraints in the weights of parameters:

e  Only weights between 1 to 5 are considered,

e  The sum of the weights had to be 23 for each combination (as the original proposal in [9]).

For each combination of parameter ranges and weights used to generate a DRASTIC map, the
distance (di) or difference between vulnerability classes reported by DRASTIC and COP is calculated
by Equation (3):

d; = z Ak X Xjk 3)
where

e ik is the total area of “j” vulnerability class of COP overlapping with the “k” vulnerability class
of DRASTIC;

e X is a weight from 0 to 4 depending on the number of jumps from one vulnerability class to
another.

In order to establish a dimensionless threshold to quantify the distance (d;), it is expressed as a
percentage of the maximum calculated distance (dmax) over all calculated DRASTIC indices:

d;
di(%) =5 L %100 4)

max
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Table 5.2. Proposed classifications for the parameters and DRASTIC index.

Vulnerability DR1 DR2 DR3 DR4 DR5 DR6 DR7 DR8 DR9 DR10 DR11 DR12
Very low <70 <70 <70 <80 <80 <90 <90 <90 <100 <100 <100 <100
Low 80 90 100 90 100 100 100 110 110 115 120 130
Moderate 90 110 130 100 120 110 115 130 120 125 140 140
High 100 130 160 110 140 120 130 150 130 140 160 150
Very high >100 >130 >160 >110 >140 >120 >130 >150 >130 >140 >160 >150
D (m) rate D* Dl D2 D3 D4 D5 D6 D7 D8 D9 D10 D11
10 15 5 5 10 10 13 15 15 20 20 25 25

9 5 10 10 15 20 21 20 30 25 40 30 50

7 10 15 20 20 30 30 25 45 30 60 35 75

5 15 20 40 25 40 37 30 60 35 80 40 100
3 23 25 80 30 50 54 35 75 40 100 45 125
2 30 30 160 35 60 88 40 90 45 120 50 150
1 >30 >30 >160 >35 >60 >88 >40 >90 >45 >120 >50 >150
T (%) rate T T1 T2 T3 T4

10 2 1 <3 4 9

9 6 2 7 8 18

5 12 4 14 12 27

3 18 8 22 20 36

1 >18 >8 >22  >20 >36

C (m/day) c* cTL Cc2 €3 c4 ¢c5 €6 cCcr cC8




1 0.044 <0.1 <2 <2 <3 <3 <5 <6 <15
2 4al2 3 5 6 6 12 12 15 30
4 12a28 6 12 15 15 25 25 30 45
6 28a40 15 25 30 30 40 40 75 60
8 40-80 30 40 40 75 80 80 80 75
10 >80 >30 >40 >40 >75 >80 >80 >80 >75

* Original classification of DRASTIC parameters.
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In order to reduce the number of calculations, we employ data mining techniques (decision trees)
to select the values of the variables domain to be tested. The optimal solution is sought following
two steps:

1. Ranges optimization:

i. First, DRASTIC vulnerability maps are calculated modifying the ranges of parameters
and the classification of the DRASTIC index. The weights of parameters are the same
as proposed in [9].

ii. All the DRASTIC indices are evaluated through the objective functions and the results
are classified intro three categories (Table 5.3).

iii. Decision trees are applied in order to find out the ranges for each parameter that gives
the highest coincidence (Max(S;)) and a lowest distance (Min(d;)) between vulnerability
classes assigned using DRASTIC and COP.

Table 5.3. Classification criteria of objective functions for the decision trees algorithm.

Objective Function  Value Class
<30% 1

Si (spatial coincidence) 30-50% 2

>50% 3

<30% 1

2

3

Di (distance) 30-50%
>50%

2. Weights optimization:

I. In this second step, the weights of parameters are introduced as new variables to
compute all the feasible combinations of weights and parameter ranges selected in the
previous step. The DRASTIC index is calculated for all the combinations of weights
and selected classifications in step 1.

ii. The new set of DRASTIC maps are evaluated by means of the objective functions.

iii. For each parameter, decision trees are applied again to determine the weight that yields
greatest similarity between the DRASTIC and COP maps.

The main objective of decision trees in this study is to identify the ranges and weights for each
DRASTIC parameter involved in any combination that yields the maximum spatial coincidence
(Si) and the minimum distance between vulnerability classes (di) (Si = 3 or di = 1 according to
Table 5.3). We establish these threshold values according to the distribution of results in the first
set of combinations. Decision trees reduce the computational cost of the optimization problem
and allow the most relevant variables to be identified in the vulnerability assessment in carbonate
aquifers.

The CHAID (Chi-square Automatic Interaction Detection) algorithm [62,63] is applied in
decision trees, considering the objective functions of the optimization problem (Si and di) as
dependent variables. The proposed ranges and weights of parameters and classifications of
DRASTIC are the independent variables, and the chi-squared test of significance is used as the
splitting criterion in the CHAID algorithm. Each dataset generated in steps 1 and 2 is partitioned
into a training set (70%) and a testing set (the remaining 30%) in order to assess the performance
of the models. The goodness-of-fit of the classification is evaluated using the precision index
[51,64]:
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n=3Tp
Precision = n=§n_1 = )
n=1(T"Pn + FP,)

where:
e n=number of classes;
e TP, =number of correctly recognized class examples in the class n;

e  FP,=number of examples incorrectly assigned to the class n;

Decision trees can represent the relationship between variables and output class using specific
rules following the pathway from the root node to the terminal node [63,65,66]. A priori, the
number of terminal nodes on the tree can determine the number of rules but it may generate a
large number of irrelevant pieces of information. Only the most relevant variables (rules with the
highest population for each decision tree with precision above 50%) whose terminal nodes in the
tree are classified as S; = 3 or di = 1 are selected to generate all the feasible combinations to
compute the DRASTIC indices.

3. Results
3.1. Optimization of the DRASTIC Method
3.1.1. Ranges Optimization

In the first optimization step, we obtained a total of 11,520 different DRASTIC maps. The spatial
coincidence (Si) of the vulnerability classes between the DRASTIC and COP maps rose to
61.31% (from 55.75% in “original DRASTIC”) and the minimum distance between vulnerability
classes (di) fell to 20.85% (doriginal rAsTIC = 24.72%).

The selected ranges (from Table 5.2) for each parameter extracted from decision trees were as
follows:

DR11, DR12, DR14, DR15 and DR16 for DRASTIC classification;

D*, D1, D2, D3 and D4 for Depth to water;

T* and T1 for Topography;

C7 and C8 for Conductivity.

The ranges proposed in [9] were selected for parameters D and T in the decision tress. For
conductivity, the selected classifications (C7 and C8) assign lower rates to conductivity values.

3.1.2. Weights Optimization

The selected ranges for parameters and the DRASTIC index were combined, varying the weights
of parameters between one and five. Due to a large number of generated combinations, we first
considered weights one, three and five. This resulted in 35,700 new DRASTIC maps. The spatial
coincidence (Si) between vulnerability classes increased to 70.34% and the minimum distance
between vulnerability classes (di) fell to 8.45%.

Decision trees were applied again to determine the optimum weight for each parameter. We aimed
to determine if the value of the weight for each parameter provides relevant information in the
optimization problem. We found that a weight equal to five did not appear in relevant rules in
parameters D and T, whereas a weight equal to one did not appear for parameters R and S. All
weights (one, three, and five) were found in rules for parameters A, | and C.

A new set of combinations of ranges and weights were computed to find an optimum between the
gaps left due to constraints. We introduced the mid-weights for each parameter, discarding those
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not found in the relevant rules. We included the following weights for each parameter: Wp = 2;
Wr=4; Wa=2and 4; Ws =4; Wy =2; W, =2 and 4; Wc = 2 and 4. The total of combinations
provide two optimal solutions:

e  Optimum of O.F. Min(di): di = 8.45; Si = 42.91;
e  Optimum of O.F. Max(Si): di = 13.05; Si = 70.34;

The second solution was considered the best solution because the gain in S; was higher than the
loss in di. Finally, the best solution was refined by adjusting the classification of the DRASTIC
index to increase the spatial coincidence with the COP map, obtaining the optimum DRASTIC.
The classification of the optimum DRASTIC does not match with the ranges proposed originally
in [9]. The objective functions take the following values for the optimum DRASTIC: S; = 76.75%);
di = 10.92%.

Figure 5.5 shows the dot-plot of the all the DRASTIC indices calculated. It reveals the efficacy
of using decision trees in the methodology to reduce the number of combinations to be tested
when seeking the optimal solution. Each set of combinations improves the objective functions.
Black dots show those including the mid-weights for each parameter that produce improvement
in the objective function “di”, but not in “Si”. Red dots indicate the DRASTIC indices that provide
Max(Si) and Min(di).
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Figure 5.5. Results of objective functions for all DRASTIC combinations.

3.2. Analysis of Optimum DRASTIC (O-DRASTIC)

O-DRASTIC keeps the ranges proposed in [9] for parameters D and T. Only ranges of parameter
C change in O-DRASTIC (C8 from Table 5.2). In general, the value of the conductivity rates is
reduced in O-DRASTIC. The spatial distribution of conductivity ranges shows slight changes.
The weights (W) of parameters of O-DRASTIC are shown in Table 5.4, compared with the
original DRASTIC weights.

Table 5.4. Weights of parameters of original DRASTIC and optimum (O)-DRASTIC.

DRASTIC Parameters D R A
W (original DRASTIC) 5 4 3
W (O-DRASTIC) 1 55

— w0

I
5
5

(2B N1 V)]
|-

Results of O-DRASTIC reveal that Depth to water and Conductivity have no a significant impact
on vulnerability for our case study area. The ranges of parameter C in O-DRASTIC also support
this conclusion given that the new classification of this parameter reduces the rate assigned to
conductivity values. This conclusion is confirmed by the single-parameter sensitivity analysis of
O-DRASTIC, in which the parameter C takes a mean effective weight of 1.7% (compared to its
empirical weight 4.3%). In general, in the study area, the carbonate aquifers have a scarcely
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developed karst. In fact, approximately half the study area shows lower rates in the conductivity
map. Although conductivity takes high values in some zones, the ranges of this parameter change
in O-DRASTIC with respect to the original DRASTIC. The new classification in O-DRASTIC
assigns lower rates to the conductivity values. Therefore, this parameter losses influence, which
is also reflected in the weight. Moreover, conductivity can be considered as implicit in the aquifer
media parameter (A), which increased in weight in O-DRASTIC in our case study. The reduced
weight of parameter D may be due to the large depth to water table over most of the study area.
The mean effective weight obtained in the sensitivity analysis was 3.2% (empirical weight =
4.3%) Aquifer media and Soil media gained great significance in the vulnerability assessment, as
well as Recharge, albeit by a reduced amount. Impact of vadose zone continues to be an important
factor in O-DRASTIC.

The weights in O-DRASTIC are consistent with the concept of COP methodology, where the
vulnerability assessment is based mainly on the degree of protection afforded by overlying layers
and the way in which the water percolates (recharges) into the aquifer.

The main changes between the original and optimum DRASTIC vulnerability maps mostly occur
in areas of “Very low” and “Moderate” vulnerability of the original DRASTIC, since these are
the predominant classes in this vulnerability map. Remarkably, those changes do not always occur
in one direction. “Moderate” vulnerability shifts towards “Low” or “Very high” vulnerability
depending on the zone, whereas other “Moderate” vulnerability areas remain with the same class.
In the same way, some “Very low” vulnerability zones jump up a vulnerability class to “Low”,
while other maintain the same class. We analyzed the differences in the distribution of the
parameter rates in these areas.

Figure 5.6a shows that the main factor causing the vulnerability to change from ‘“Moderate” to
“Low” is Depth to water. Since the weight of this parameter changed from five to one in O-
DRASTIC, zones with higher rates of D report a greater fall in the vulnerability value, leading
the vulnerability class to drop by one level. This graph also shows how some areas with rates of
three, five and seven change from “Moderate” to “High” vulnerability, which demonstrates that
other parameters influence the “Very high” vulnerability class.

On the other hand, we can observe in Figure 5.6a that the rate of parameter S (soil media) is equal
to eight over more than 80% of the area where vulnerability increased from “Moderate” to “Very
high”, corresponding with soils with a high organic content, and outcrops of limestone and
dolomites. Furthermore, the rate of S is equal to four over nearly 90% of the area where
vulnerability fell from “Moderate” to “Low”. Zones where no change in vulnerability class was
observed have soils with medium values.

A similar conclusion regarding Soil media is drawn in the areas where vulnerability rose from
“Very low” to “Low” (Figure 5.6b). In these zones we can also observe higher rates of parameters
A (aquifer media) and | (impact of vadose zone). These zones correspond to karstified areas and
highly permeable layers.

The results highlight the influence of Aquifer media, Soil media and Impact of vadose zone in the
vulnerability of carbonate aquifers.

These conclusions are supported by the single-parameter sensitivity analysis carried out for O-
DRASTIC, which yields higher effective weights in parameters A, S and | and lower effective
weights for parameters D and C.

In general, the new ranges of Conductivity in O-DRASTIC contribute to an overall drop in
vulnerability class, but the weights of parameters cause a sharp jump in vulnerability class,
especially in the southern part of the basin, where Aquifer media and Soil media have the greatest
influence (higher rates in this area).
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Flgure 5.6. Distribution of rates of the different parameters within the area where significant changes are
observed from (a) “Moderate” or from (b) “Very low” classes in the original DRASTIC to other
vulnerability classes in O-DRASTIC.

The values of the optimum DRASTIC (O-DRASTIC) vary between 52 and 178 and the optimal
vulnerability classes are the following:

e “Verylow”: 52-107;
e “Low™ 107-130;

e  “Moderate”: 130-138;
e  “High”: 138-146;

e “Very high”: >146;

Figure 5.7a shows a better distribution of vulnerability values in O-DRASTIC within the COP
vulnerability classes (compared to the original DRASTIC). Close similarities can also be
appreciated between the O-DRASTIC and COP vulnerability maps (Figure 5.7b). The
vulnerability classes in O-DRASTIC overlap with COP over 76.75% of the basin, representing
an improvement of 20% relative to the original DRASTIC. This spatial coincidence is particularly
improved in the class of “Very high” vulnerability, with a 90% coincidence between COP and O-
DRASTIC.

111



Capitulo 5: A novel approach to harmonize vulnerability assessment in carbonate and detrital aquifers at basin scale

200 A 200 4

100 4

RS

Original DRASTIC value
I
[ I |
O-DRASTICvalue
g &

Very Low Moderate High Very Low Moderate High high

|

|

|

|

|

Very }

low high low }
|

|

COP vulnerability COP vulnerability

2

B very low Low Moderate W High Bl Very high

— Rivers and [_] Mixed (carbonated
o wetlands and detrital) aquifers 0125 25 50 75 100 Kilometers |

Figure 5.7. Distribution of vulnerability values of original DRASTIC and O-DRASTIC within vulnerability
classes in COP (a); vulnerability maps for original DRASTIC, O-DRASTIC and COP (b).

O-DRASTIC was validated using the pollution index (Equation (1)) and the correlation with
nitrate concentration (R? = 0.653) in carbonate aquifers improved with respect to the original
DRASTIC).

Lastly, we assessed the vulnerability of the three detrital aquifers in the Upper Guadiana Basin
by applying original DRASTIC and O-DRASTIC, and we validated the maps following Equation
(1). Original DRASTIC showed a good correlation (R? = 0.765) in detrital aquifers but O-
DRASTIC gave a significantly better correlation (R? = 0.862). Both methods (original DRASTIC
and O-DRASTIC) perform a better vulnerability assessment in detrital aquifers than in carbonate
aquifers.

Figure 5.8 shows the change that O-DRASTIC produces (compared to original DRASTIC) in
terms of distance between vulnerability classes. Negative values mean the vulnerability class
drops in O-DRASTIC compared to original DRASTIC, while positive values mean the
vulnerability class in O-DRASTIC is higher than in original DRASTIC. Three zones are thus
distinguished in the Upper Guadiana Basin: the southern area (Campo de Montiel) where
vulnerability increases by one or two classes. This area is characterized by a higher recharge rate
and a karstified aquifer. In the mid-basin (including Mancha Occidental I, Mancha Occidental Il,
Consuegra Villacafias and Rus-Valdelobos), vulnerability decreases generally by one class,
although most of the area remains unchanged; in the northern zone (Lillo-Quintanar, Sierra de
Altomira and La Obispalia) only small areas jump up a vulnerability class, and by only one level.
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Figure 5.8. Spatial distribution of change in O-DRASTIC vulnerability classes in comparison to the original
DRASTIC.

The largest difference in vulnerability class assigned is for carbonate aquifers. More than 17% of
the carbonate aquifers area rises by two classes or more vulnerability classes. Only 7% of the
detrital aquifers area jumps by this much, while 62% of the detrital aquifers show no change in
the vulnerability class.

4. Discussion and Conclusions

This paper demonstrates that the DRASTIC method can be adapted to assess vulnerability in
carbonate aquifers by undertaking some simple modifications of the weights and ranges of the
parameters. Most recent studies to adapt the DRASTIC method to carbonate aquifers have aimed
to transform DRASTIC by including and/or removing parameters that take the karst
characteristics into account [12,28,29]. Other studies modified the classic assessment according
to nitrate concentrations [27,30], though the most highly contaminated groundwater does not
always imply higher vulnerability [31,32]. Instead of using either of these previous approaches,
our study establishes a correspondence between DRASTIC and a vulnerability method that was
specifically developed for Kkarstic aquifers, the COP method, and therefore we avoid making
conceptual changes in the original definition of DRASTIC method.

Our methodology is based on an optimization approach that identifies the ranges and weights of
DRASTIC parameters that minimize the differences in the vulnerability assessment compared
with the COP method, which was developed specifically for karstic aquifers. It allows us to
identify the significance of the different DRASTIC parameters in the vulnerability assessment in
karstic aquifers. Decision trees and spatial statistics analyses are combined to identify the ranges
and weights of parameters that provide the optimal DRASTIC classes in terms of coincidence and
distance with the COP vulnerability map. This optimization approach could be applied by
minimizing the differences with respect to any other reference method for assessing vulnerability,
whose results has been previously validated and considered as reasonable. Although many data
mining techniques have been applied in groundwater vulnerability assessments [39,40,42], only
a few studies have used decision trees in vulnerability studies [50,51]. They have been mainly
used to assess other groundwater quality problems [65,67,68].

Our proposed method was applied in the Upper Guadiana Basin, an agricultural area that overlies
carbonate and detrital aquifers. The socio-economic and hydrogeological particularities of the
basin highlight the need to establish unified management measures at basin scale, not only
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regarding groundwater exploitation but also in terms of protecting the good quality of the
groundwater resource. Therefore, harmonization of criteria to assess groundwater vulnerability
would allow comparison at basin scale and overcome the issue of dissonant results provided by
contrasting vulnerability methods. Our approach assumes that the COP method provides a better
approximation of the vulnerability in the case study. This assumption was tested by means of a
validation analysis in which we show that the “protection-against-pollution” index (derived from
COP and LU data) more closely correlates (R?> = 0.78) with nitrate concentration than the
DRASTIC “pollution index”. The results of the validation show that the pollution index derived
from the original DRASTIC for carbonate aquifers is not correlated with nitrates (R? = 0.04),
whereas in detrital aquifers there is a close correlation ((R? = 0.76). Other authors have previously
pointed out that the original DRASTIC method does not significantly correlate with nitrate
concentration in agricultural areas [45,59,69]. In contrast, the pollution index derived from O-
DRASTIC shows significant correlation with nitrates for both, carbonate and detrital aquifers (R?
= 0.65 and R? = 0.86, respectively).

The optimal solution (O-DRASTIC) obtained in this optimization problem shows that changing
the range of the Conductivity parameter produces a small drop in the vulnerability class compared
with the original DRASTIC but does not lead to a significant improvement in the objective
functions (coincidence and distance between vulnerability classes). The reduced significance of
Conductivity is also confirmed by the much-reduced weight assigned to this parameter in O-
DRASTIC. Other DRASTIC adaptation for carbonate aquifers also pointed the reduced
significance of Conductivity to assess the potential “protection-against-pollution” in karstic
systems [12]. We also observed a reduced significance of the Depth to water table in our case
study (WD = 1). Other research studies that modified the weights of DRASTIC parameters
[3,69,70] also found the Depth to water parameter to be insignificant. Specifically in karstic
aquifers Depth to water is not so relevant in protecting an aquifer from contamination because of
the high transit velocity through the vadose zone [12]. Moreover, the low significance of in our
case study may be due to fact that the water table lies below 30 m over most of the basin. The
same argument was also stated in another case study [3]. The reduced significance of Depth to
water and Conductivity is confirmed by a sensitivity analysis. Topography and Impact of vadose
zone maintain their weights (Wt and W) as defined in the original DRASTIC, while the
remaining parameters (Recharge, Aquifer media and Soil media) are given maximum weights
(Wr =Wa = WSs =5). The large increments in the weights given to Aquifer media and Soil media
in O-DRASTIC show that they are the most significant factors controlling the vulnerability in
karstic aquifers. Other authors concur that these parameters are the most significant [3,70,71].
The principal change in O-DRASTIC with respect to the original DRASTIC is in the weights of
parameters, which highlights that these parameters embrace most of the uncertainty in the
DRASTIC vulnerability assessment [72].

Our optimal solution provides an improvement of 20% in terms of coincidence between the
vulnerability classes assigned by DRASTIC and COP. This improvement was achieved by
applying spatial statistical analyses and decision trees, which allowed potential solutions to be
obtained by exploring only a 0.1% of the total dimensionality of the defined optimization
problem. The proposed method also helps to achieve a better understanding of the parameters and
variables of the “equivalent detrital approach” that really influence vulnerability in this karstic
system. This optimal solution was tested for the carbonate and detrital aquifers in our case study,
but it should also be tested in other different aquifers with similar hydrogeological characteristics
in order to prove its applicability in a broader context under different management framework.

In summary, results show that COP and O-DRASTIC report higher vulnerability classes than the
original DRASTIC method over 36% of the total area overlying carbonate aquifers. The greatest
differences between the original DRASTIC and O-DRASTIC are produced for the carbonate
aquifers rather than the detrital aquifers. This confirms that the reliability of DRASTIC
vulnerability assessment is significantly better for detrital aquifers than for karst aquifers. These
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underestimations of vulnerability in karstic aquifers when applying the classic DRASTIC is due
to the physical particularities of these aquifers and their greater sensitivity to pollution [1,12,31].

4.1. Hypotheses, Limitations and Future Works

We have demonstrated the applicability of the method in the case of carbonate aquifers where the
karst is not highly developed. Its applicability to well-developed karst aquifers also needs to be
tested. The main adopted assumptions and limitations of the general methodology adopted are:

e  The ranges of categorical non-continuous parameters (Aquifer media, Soil media and Impact
of vadose zone) are not modified in this optimization procedure. We consider that the Delphi
criteria proposed in [9] can be applied to establish the relative significance of each range
with respect to potential pollution.

e  Other algorithms and/or techniques (for example, a Random Forest algorithm) could be
employed to achieve the goal in a more efficient way.

e We have not studied the whole domain of potential solutions, and a wider spectrum of
parameter ranges could be tested to find other optimal solutions. Moreover, the optimization
procedure provides local optimum solutions.

e  Although decision trees help to reduce the dimensionality of the optimization problem, the
methodology involves a large number of calculations, which might handicap extending the
method to other case studies.

e The proposed methodology requires a previous validated vulnerability assessment in the
study area in order to optimize the DRASTIC method.

Future work should be developed to verify the applicability of O-DRASTIC in other case studies,
including aquifers with different physical (climatic and hydrogeological settings) and
management particularities in order to withdrawal more generalized conclusions.
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Appendix 5.1. DRASTIC and COP Methods

A.5.1. DRASTIC Method

DRASTIC method was developed by [9] to assess intrinsic groundwater vulnerability in any type
of aquifer.

This method considers that there are seven parameters/variables influencing the vulnerability to
contamination: Depth to water table (D), Net recharge (R), Aquifer media (A), Soil media (S),
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Topography (T), Impact of vadose zone (1) and Hydraulic conductivity (C). A rate of importance
is assigned to the parameters according to the value or characteristics of each parameter (Table
A5.1).

Table A5.1. Ranges and rates for DRASTIC parameters.

Groundwater Table Depth

Original Ranges (ft) Transformed Ranges (m) Original Ratings
0-5 0-1.5 10
5-15 1.5-4.6 9
15-30 4.6-9.1 7
30-50 9.1-15.2 5
50-75 15.1-22.9 3
75-100 22.9-30.5 2
>100 >30.5 1

Net Recharge

Original Ranges (inches)  Transformed Ranges (mm) Original Ratings
0-2 0-50.8 1
2-4 50.8-101.6 3
4-7 101.6-177.8 6
7-10 177.8-254.0 8
>10 >254.0 9

Aquifer Media

Original Ranges Original Ranges
Massive shale 2
Metamorphic/lgneous 3
Weathered metamorphic/lgneous 4
Thin bedded sandstone, Limestone, Shale sequences 6
Massive sandstone 6
Massive limestone 6
Sand and gravel 8
Basalt 9
Karst limestone 10

Soil Media

Original Ranges Original Ranges
Thin or absent 10
Gravel 10
Sand 9
Peat 8
Shrinking and/or aggregated clay 7
Sandy loam 6
Loam 5
Silty loam 4
Clay loam 3
Muck 2
Nonshrinking and nonaggregated clay 1

Topography (% Slope)

Original Ranges Original Ranges
0-2 10
2-6 9
6-12 5
12-18 3
>18 1

Impact of Vadose Zone
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Original Ranges Original Ranges
Silt/Clay
Shale
Limestone
Sandstone
Bedded limestone, sandstone, shale
Sand and gravel with significant silt and clay
Metamorphic/lgneous
Sand and gravel
Basalt
Karst limestone
Hydraulic Conductivity
Original Ranges (GPD/FT?) Transformed Ranges (m/s) Original Ratings

SBooroooo wr

1-100 47 x107-4.7x 107 1
100-300 47x10°-1.4x 10 2
300-700 14x10%-3.3x 10" 4
700-1000 33x10%4.7x10* 6

1000-2000 47x10%-9.3x 10 8

>2000 >9.3x 10 10

The values of the parameters are weighted to obtain the DRASTIC index, which is calculated
following Equation (Al):

DRASTICindex=5XD+4XR+3XA+2XS+1xT+5xI1+3xC (Al

The DRASTIC index was originally classified into eight vulnerability levels according to some
color codes [9] (Table A5.2) although it is usually grouped into five vulnerability classes that do
not match with the original proposal in [9].

Table A5.2. Color codes for the DRASTIC index.
DRASTIC Index Color Code

<79 Violet
80-99 Indigo
100-119 Blue

120-139 Dark Green
140-159 Light Green

160-179 Yellow
180-199 Orange
>200 Red

A.5.2. COP Method

The COP method was developed by [10] to assess intrinsic groundwater vulnerability in carbonate
aquifers.

This method considers the properties of layers overlying the water table (O factor), the
concentration of flow (C factor) and precipitation (P factor) as the main parameters influencing
groundwater vulnerability in carbonate aquifers. The concept of this method is to assess the
natural protection of groundwater determined by the overlying soils and the unsaturated zone,
which may be modified by the infiltration process and climatic conditions.

Each factor is divided into subfactors, whose formulation is detailed explained in [10]. The factors
are classified in ranges and the COP index calculated as the product of the three factors following
the Equation (A2):
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COPindex=CXxX 0 X P (A2)
The ranges of factors and the COP index are shown in Table A5.3.
Table A5.3. Values for COP parameters and vulnerability classes for the COP index.
C Factor O Factor p Factor COP Index
Reduction . Reduction -
Ranges of Ranges Protection Ranges of Ranges Vulnerability
. Value . Classes
Protection Protection
0-0.2  Very high 1 Very low 0.4-05 Veryhigh 0-05 Very high
0.2-0.4 High 2 Low 0.6 High 0.5-1 High
0.4-0.6 Moderate 2-4 Moderate 0.7 Moderate 1-2 Moderate
0.6-0.8 Low 4-8 High 0.8 Low 24 Low
0.8-1.0 Very low 8-15 Veryhigh 0.9-1  Verylow 4-15 Very low

Appendix 5.2. Data Source and Methodology to Calculate DRASTIC and COP

Table A5.4. Data source and methodology to calculate DRASTIC parameters.

Methodology

Factor Data Source
Data from simulation flow model (River
D Basin Authority) (mean of the simulated

data for each grid point from 1974 to
2015).

Spatial interpolation using IDW (Inverse
Distance Weighted)of groundwater level
data and reclassification into D index
values.

Recharge time series calculated from
R SACRAMENTO model. Mean recharge
value in the period 1974-2015.

Estimation of the mean net recharge
taking into account the different
hydrology cycle variables in the period
1974-2015.

A Hydrogeological map of Spain 1:200,000.

Direct assignment of A index values for
each hydrogeological unit delimitated.

S Soil Map of Spain 1:1,000,000.

Direct assignment of S index values for
each soil type.

Digital Terrain Model at 100 x 100 m cell
size.

Calculation of the slope raster file and
reclassification of values into T index
values.

I Lithostratigraphic map of Spain
1:200,000.

Direct assignment of | index values for
each lithostratigraphic unit.

C Flow model at 1000 x 1000 m cell size.

Spatial interpolation using IDW of

conductivity data and reclassification into

C index values.

Table A5.5. Data source and methodology to calculate COP parameters.

Factor Subfactor Data Source Methodology
) i There are no catchment areas to
swallow holes in these aquifers.
Vegetation from CORINE C_:a_lrbqnate I|tholog|es with I(.)W
karstification are considered as fissured
LAND COVER and slope : . :
. . formations. Limestones and dolomites
¢ from Digital Terrain Model with high or very high permeability are
Scenario2 (100 x 100 m cell size) g y high p Y

Karstic features from

previous research works &

fieldwork and

considered as scarcely developed Kkarst.
For sv factor, the vegetation cover is
considered high when more than 30%
of the surface is covered.
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litthostratigraphic map Assignment of the values for the karstic
1:200,000. features, vegetation and slope according
to COP methodology.

Assignment of the Os values after
classify the different types of soil
according to the COP methodology.
Classification of each lithology

OoL— Lithostratigraphic map of according to COP methodology and
Lithology Spain 1:200,000. determination of thickness of vadose
zone from 3D flow model.

Soil Map of Spain

0S—soil 1:1,000,000.

Reclassification of the precipitation
Precipitation data from values into the PQ subfactor values,
SPAINO2 [73] in the grid  taking into account the average rainfall
within the Upper Guadiana in the wet years.
Basin (mean rainfall taking Precipitation series from SPAINO2
into account data above 0.5  between 1974 and 2015 were used to
mm/day). extract the mean annual precipitation
for wet years.

Counting of the number of rainy days
above 0.5 mm for each cell in the
SPAINO2 grid.

For the estimate of the rainy days per
year, meteorological historical series
between 1974 and 2015 from SPAINO2
were analysed.

PQ—
Precipitation
quantity

Precipitation data from
SPAINO2 (number of rainy
days in the grid within the

Upper Guadiana Basin).

Pl—
Temporal
distribution
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Abstract

An assessment of the risk for groundwater pollution and vulnerability to pumping can help
identify strategic groundwater bodies to define sustainable management measures of
groundwater resources. In this paper, we propose a new method to make a preliminary estimation
of the risk for groundwater pollution at the aquifer scale through the lumped turnover time index
(T index). A new lumped index (L-RISK index) was defined to assess the significance of the
risk for pollution at the aquifer scale. Both L-RISK and T indices were employed to calibrate a
linear regression model that showed a good inverse correlation in the eight aquifers of the Upper
Guadiana Basin (Spain). This novel method can be applied to analyze a wide range of aquifers
with limited information in order to identify potential strategic aquifers. It also allows one to
make a preliminary assessment of the impacts of climate change on L-RISK. The results showed
a high variability of the T index in the eight aquifers (876 years). Three of them had significant
greater mean T values, which could be considered to be the main strategic groundwater
resources. In the future, the T index will increase between 8 and 44%, and the L-RISK wiill
decrease in all aquifers (1-18%).
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Keywords: groundwater pollution risk; residence time; vulnerability; droughts management;
climate change impacts; adaptation strategies

1. Introduction

Groundwater is a valuable renewable resource that plays an important role in providing water
supplies across the world, especially in semiarid areas where rivers are usually ephemeral. The
interactions between anthropogenic activity, the hydrosphere, and climate affect groundwater
resources and produce environmental impacts on human health, groundwater quality, and
groundwater quantity depletion. This degradation produces negative effects—not only in
exploitation for different uses (human consumption, irrigation, etc.) but also in groundwater-
dependent ecosystems [1-3]. Therefore, the protection of groundwater resources is a priority issue
to be considered to achieve the sustainable management and maintenance of the good status of
water bodies according to the Water Framework Directive (WFD) [4].

The degree of protection of groundwater from contaminants mainly depends on intrinsic
vulnerability and pollution risk due to anthropogenic activity. For many years, several approaches
have been developed to assess intrinsic groundwater vulnerability [5-8]. Process-based methods
[9] analyze pollutant movement in groundwater by using transport modelling. Statistical methods
try to find a correlation between the influencing factors and contaminants [10]. Overlay and index
methods [6,7] are based on the rating of hydrogeological factors that influence groundwater
vulnerability. Index approaches are the most widely used through methods such as DRASTIC (D:
Depth to water; R: Net recharge; A: Aquifer media; S: Soil media; T: Topography; I: Impact of
vadose zone; C: Hydraulic conductivity) [6] due to its simple implementation [8]. All these
methods provide distributed results that can be displayed on maps where different vulnerability
levels are represented. Groundwater vulnerability can also be summarized at the aquifer scale
through global indices that allow for lumped results between different aquifers to be compared
[11-13]. In order to perform a risk assessment, we need to combine hazard and pollution
vulnerability maps, with the hazard being defined as the potential source of contamination derived
from the human activity at the land surface [14]. Pollution risk is usually assessed by considering
different land uses as potential sources of contamination, as proposed in COST (European
Cooperation in Science and Technology) action 620 [14], although pollution risk assessment can
also be focused on the risk from only one source of contamination, e.g., landfills [15,16]. For that
purpose, some contamination indices have been developed and widely applied [15,17,18] to
assess the impact of a pollution source in groundwater, but they are usually applied at specific
sites because they require a detailed hydrochemical analysis.

In addition to the groundwater quality issues, the protection of groundwater resources should also
take the quantitative status of the aquifer into account. Therefore, in general, the term groundwater
vulnerability can be applied to both intrinsic vulnerability to pollution and renewable resources
(or vulnerability to pumping) [19,20]. An estimation of renewability is essential for the
sustainable exploitation of groundwater resources and it can be approached through mean
residence time or the mean age of the water leaving a system [2,20]. The understanding of the
timescales of groundwater resources helps to identify problems related to the qualitative and
guantitative status, as well as to groundwater-dependent ecosystems [21].

Some authors have linked the concept of vulnerability to pollution and/or to pumping with the
mean residence time [22-24] for different purposes. It has been employed to define groundwater
source vulnerability and delineate protection zones in karstic aquifers [25,26]. Residence time has
also been employed to validate distributed groundwater vulnerability maps in any type of aquifer
by using different approaches, concluding that high vulnerability values are related to short
residence times [27-29].

Different approaches have been used to estimate residence time (also called renewal time,
groundwater age, or travel time through the saturated zone). Some authors have used contaminant
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transport models [30,31] or environmental and artificial tracers [32,33]. Age dating is a valuable
way to analyze changes in groundwater systems [34] and a quantitative measure of the renewable
capacity of groundwater [35]. It is also an important indicator of groundwater susceptibility to
anthropogenic contamination [36]. Residence time is usually assessed in a distributed way
[37,38], but it can also be estimated in a lumped way by applying simple index approximations,
such as the turnover time index (T index), which expresses the ratio between storage (S), and
recharge (R) [20,39]. It is related to the resilience of groundwater bodies to temporal pumping
increases.

Aquifers with a short residence time are more vulnerable to exploitation [20,40], which will be
exacerbated in the future due to climate change. Climate change will not only affect the quantity
of water resources but also their quality, especially in agricultural areas. Impacts of climate
change on groundwater resources has been addressed in several studies, especially in semi-arid
areas [34,41]. They conclude that climate change will involve a decline of groundwater levels due
to a decrease of the recharge and an increase in water requirements to supply agricultural and
urban demand. Groundwater vulnerability has also been analyzed under climate change scenarios.
Some studies revealed that the vulnerability is not very sensitive to climate change [12,42]
because many factors considered in the index-based assessment are static. However, other authors
[43] found different patterns of groundwater vulnerability to contamination between drought,
average, and wet periods. Groundwater vulnerability has also been proven to significantly shift
under future land use change scenarios [44,45], although these changes vary from site to site [46].

Distributed approximations of residence time have been employed to assess and validate intrinsic
groundwater vulnerability in several studies [22,23,37]. These distributed approaches, more
precise and detailed than lumped approaches, demand higher computational efforts and need data
that are not always available, which makes it impossible to use a single method to validate the
vulnerability maps from different case studies [13,14]. This drawback usually makes the results
of different sites scarcely comparable. However, lumped approaches provide preliminary
evaluations that can be usually applied to large areas with limited information [47], thus allowing
one to compare the status of many different groundwater bodies.

In this paper, we propose a new method to make a preliminary estimation and/or validation of the
risk for groundwater pollution at the aquifer scale through a lumped index based on the mean
residence time concept. A regression model was defined to assess the risk for pollution from the
lumped mean residence time and to estimate potential impacts of climate change scenarios on
pollution risk. The proposed methodology was applied to the Upper Guadiana Basin (Spain),
which is composed of different aquifer typologies. The obtained results will be useful to identify
potential strategic aquifers, where more exhaustive analyses should be performed to define
conjunctive use measures for the sustainable management of water resources systems, especially
during critical droughts.

The spatial distribution of groundwater residence time and groundwater vulnerability to
contamination has been related in previous works [22,23]. Nevertheless, as far as we know, none
of them assessed groundwater pollution risk from the mean residence time approximation, and
none of them studied the potential impacts of climate change. The novel lumped approach
proposed in this paper can be applied to extensive areas with limited information. In the literature,
we found examples of lumped vulnerability indices (e.g., [11,13]), but none of these studies were
about groundwater pollution risk. The use of this lumped approach, based on mean residence time
and considering not only the resilience to periods of intensive pumping [20] but also the pollution
risk, is also novel.
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2. Materials and Methods

2.1. Methodology

The proposed methodology intended to demonstrate the utility of the lumped mean residence time
as a preliminary approach to validate groundwater pollution risk at the aquifer scale.

The inputs to obtain the lumped indices included variables (physical and hydraulic properties)
and parameters (overlying layers and hydrogeological characteristics) of the aquifer media that
could come from direct observation (field measurements) or other techniques (geological and
flow models). Climatic and socio-economic variables also impact (directly or indirectly) risk of
groundwater pollution and mean residence time, and they should be considered in a risk of
pollution assessment.

Figure 6.1 depicts the flowchart of the methodology including the modelling framework to assess
the future impacts of climate change on risk assessment.

The analysis of future impacts required the generation of local climate scenarios and their
propagation through previously calibrated recharge and groundwater flow models.
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Figure 6.1. Flowchart of the methodology L-RISK: lumped risk index; O-DRASTIC: Groundwater
vulnerability assessment method based on DRASTIC method; CROPWAT: Computer program for
irrigation planning and management.

2.1.1. Pollution Risk Assessment

Risk of groundwater contamination is defined as the probability that groundwater will become
contaminated due to the anthropogenic activity in the overlying land surface [14,48]. A risk
assessment considers the interaction between the contaminant load coming from the land use
(hazard) and the groundwater vulnerability to pollution.

A hazard map can be obtained from a land use map at adequate detail in order to determine the
contaminant load from different activities. Land uses change over time, especially in agricultural
areas through crop rotation, as well as pollutants leaching from each type of crop. Pollutant
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loading from crops is highly variable, depending on irrigation system and efficiency, soil
characteristics (which also vary regarding the type of crop), crop management system, fertilizer
management, climatic conditions, etc. [49,50]. The complex relationship between these variables
requires a multi-disciplinary approach [51], and a real detailed approximation by crop patterns is
not always feasible. Instead, a more general land use classification can be used to define different
rates that approach the probability of contamination that reaches groundwater.

Groundwater vulnerability depends on the intrinsic hydrogeological characteristics that make an
aquifer susceptible to contamination, such as aquifer media, hydraulic conductivity, and the type
of soil above the aquifer. Groundwater vulnerability can be assessed by using index-based
methods such as DRASTIC or other approaches that allow one to display different vulnerability
classes in a map. A vulnerability map should be validated by expert criteria or by contrasting it
with contaminant concentrations or other techniques.

Hazard and vulnerability maps are combined to define a risk map, considering that the highest
risk will exist when the most dangerous hazard is located over the highest vulnerability zones
[52,53].

The combination of hazard and vulnerability provides a risk class that must be previously defined,
e.g., following a matrix concept [14].

The lumped risk index (L-RISK index) assesses the significance of each risk class at the aquifer
scale by a weighted average. The L-RISK index is defined as:

L-RISKINDEX = Yi—q1 RISK INiEX class; * Si’ 1)
where n is the number of pixels (or zones with a unique value of risk) in the map, RISK INDEX
class; is the value of risk class in the pixel or zone i, Si is the surface area in the pixel or zone i

(m?), and S is the total surface area of the aquifer (m?).

The lumped index evaluates the overall pollution risk of an aquifer. It allows for the results of
different aquifers to be compared in order to establish appropriate management measures
regarding land use, type of crops, fertilization, and irrigation techniques.

2.1.2. Mean Residence Time

The mean residence time is an indicator of the susceptibility of the groundwater resource to
pollution. It provides an approximation of the time that a contaminant event needs to reach a zone
within the aquifer. The mean residence time can be approached by using tracers or particle
tracking in flow models in order to obtain distributed results, but it can also be estimated asa T
index [20] for a whole aquifer.

In this paper, we used the T index, defined as the ratio between the mean volume of a resource
stored in an aquifer and the mean aquifer recharge in the studied period:

%4
T=— 2
B )
where T is the turnover time index (years), V is the volume of the groundwater resource (Mm?3),

and R is the groundwater recharge (Mm?/year).

The volume of a groundwater resource can be calculated from geological or flow models that
provide accurate results, but it can also be obtained from existing data from river basin authorities.
The aquifer recharge can be calculated by applying different approaches, from simple balance
calculations to complex deterministic models previously calibrated in the studied area. Both of
these variables (groundwater resource volume and recharge) can be considered as the mean values
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in a large historical period or the mean values in a more recent period (e.g., a river basin
management plan).

2.1.3. Lumped Validation of Pollution Risk Maps

Based on the assumption that a higher groundwater vulnerability is related to a shorter residence
time, we attempted to establish a correlation between the T index and the L-RISK index at the
aquifer scale.

A simple linear regression model was defined in order to approximate the L-RISK as a function
of the mean residence time, calculated as the T index, in the studied aquifers. Different
transformations of the analyzed variables (y = L-RISK and x = T) were performed (Table 6.1) in
order to determine the model that provided the better correlation.

Table 6.1. Tested regression models and transformation of variables (* means the combinations of the target
and explanatory variables).

TR (X
TR(y)=axTR(X)+b Y Log((>)<) Tx
TRE) 5y - - . :
Log(y) - - * -
lly - - - - *

2.1.4. Propagation of Hydrological Impacts to L-RISK

A future assessment allows one to analyze the mean change of a groundwater system due to
exploitation and climate change. Climate change will affect groundwater recharge, stored
resource volume, and, therefore, the T index. Groundwater vulnerability and, therefore, risk of
pollution will also experience changes due to variations of mean groundwater levels and recharge.

The climatic series of the future potential scenarios must be downscaled in order to propagate
them through previously calibrated recharge and flow models. Those models are used to calculate
the future T index, and the calibrated regression model is used to estimate the future L-RISK
index.

2.2.Study Area, Data and Modelling Framework
2.2.1. Location, Hydrogeology and Historical Climatic Data

The case study was the Upper Guadiana Basin, located in the center of the Iberian Peninsula. It
covers an extension of approximately 14,000 km?. The topography was found to be predominantly
flat in the central area and undulating in the north (Sierra de Altomira) and south (Campo de
Montiel) boundaries.

In general, the drainage network was found to be poorly defined, although it showed strong natural
interaction between groundwater and surface water [54]. The Guadiana River and several
tributaries have risen to over one hundred wetlands that make up UNESCO’s “Mancha Humeda
Biosphere Reserve.” Most of them were found to be groundwater-dependent wetlands and are
also in the Ramsar Convention list [54]. The Upper Guadiana Basin is composed of eight
groundwater bodies, including detrital and carbonated aquifers. Figure 6.2 shows the main
geological formations (a) and hydrogeological characteristics (b). The northern aquifers are
heterogeneous, mainly composed of Cretaceous and Neogene formations, and they consist of
clays, sand, marls, calco-dolomitic, and Paramo limestone materials [55] from medium to high
permeability. The central zone is characterized by the presence of Neogene—Quaternary materials,
alternating detrital and carbonated formations with medium, high and very high permeability. The

129



Capitulo 6: A preliminary lumped assessment of pollution risk at aquifer scale by using the mean residence time.
Analyses of potential climate change impacts

southern are is predominantly composed of fractured and highly permeable Jurassic calco-
dolomitic materials that mainly consist of dolomite and oolitic limestones, as well as thick levels
of marls [55,56]. The hydraulic conductivity in the Upper Guadiana Basin is highly variable. In
the northern area, the conductivity is low (below 1.5 x 10~* m/s although there is a small area with
a conductivity higher than 107%). The central area has values between 1.5 x 10~*and 10~ m/s, and
the conductivity in the southern area is mainly in the range from 3.5 x 10~*to 5 x 10~* m/s [19].

The climate of the study area can be considered continental and semiarid. Historical climate data
from 1974-2015 were collected from Spain 02 project [57]. The mean annual precipitation from
this dataset was found to be 433 mm/year, and the mean temperature was 14.6 °C. Summer
months are characterized by high temperature and scarce rainfall, causing the mean potential
evapotranspiration to be notably high; therefore, the recharge and runoff are low in most cases
[54,55]. The mean annual recharge obtained from the calibration of Sacramento model in the
period of 1974-2015 was 46.8 mm/year.

The main land use in the Upper Guadiana Basin is agriculture, which covers approximately the
80% of the total area (Figure 6.2c). The use of nitrogen fertilizers has led to high levels of nitrate
in many groundwater areas. Moreover, the expansion of irrigated agriculture resulted in an
intensive groundwater withdrawal (mainly in the central aquifers), that caused the depletion of
the water table by more than 20 m in some areas between the mid-1970s and the first decade of
the new century, which led to a degradation of important wetlands such as Las Tablas de Daimiel
Natural Park. Since the WFD came into effect, there has been a growing awareness regarding the
consequences of overexploitation, and more sustainable policies have been applied in the last few
decades.
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Figure 6.2. Case study: (a) geological map; (b) hydrogeological characteristics and permeability; (c) land
use map.

2.2.2. Groundwater Flow (Modflow) Model

A numerical groundwater flow (Modflow) model from the river basin authority was used to obtain
some necessary data to apply the proposed methodology. The model simulated the groundwater
flow and river—aquifer relationship in the eight groundwater bodies in the Upper Guadiana Basin.
It provided hydraulic head maps and the flow budget in the modelled groundwater bodies.

For input, the flow model required recharge series, which were obtained from a calibrated
Sacramento Soil Moisture Accounting (SAC-SMA) model of the US National Weather Service
River Forecast System in the study area.

The pumping schedule and distribution were defined from historical data in the period of 1974—
2015.
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2.2.3. Vulnerability Map

For the purpose of this paper, we employed a vulnerability map generated in a previous work
[19]. That map was obtained from an optimization of the DRASTIC method in an attempt to
harmonize the vulnerability assessments of different aquifer typologies. The new method, called
O-DRASTIC (Optimum DRASTIC) (see Appendix A), maintains all the parameters from the
original DRASTIC models while varying their weights and classification. Data to compute depth
to water (D) and conductivity (C) were obtained from the Modflow model, and net recharge (R)
data came from SAC-SMA model. Mean values of D and R in the historical period were
considered to calculate O-DRASTIC. The other parameters came from official databases (A:
hydrogeological map of Spain 1:200000; S: soil map of Spain 1:1000000; T: digital terrain model
100 x 100 m cell size; and I: lithostratigraphic map of Spain 1:200000). The O-DRASTIC
vulnerability map (Figure 6.3a) was validated by using nitrate concentrations [19], and it provided
better results than the original DRASTIC model in the study area.

2.2.4. Groundwater Resource Map

From the flow model simulation, we calculated the mean resource map of the upper aquifer for
each groundwater body in the historical period (1974-2015). A combination of the geometry,
hydraulic head, and storage coefficient provided a saturated resource for each cell within the
aquifers (Figure 6.3b).
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Figure 6.3. Groundwater vulnerability map (O-DRASTIC) and (b) mean historical groundwater resource

(m).
2.2.5. Generation of Local Climate Scenarios

A statistical method was used to define local future climate change scenarios for the case study.
It was based on the historical information (Spain02 dataset [57]; see Figure 6.4) for the adopted
reference period (1976-2015) and nine regional climate model (RCM) simulations (CCLM4-8-
17 and RCA4 nested to CNRM-CM5, EC-EARTH, and MPI-ESM-LR; HIRHAMS5 and
RACMO22E nested to EC-EARTH; and WRF331F nested to IPSL-CM5A-MR) available in the
CORDEX project [58]. We used the most pessimistic emission scenario, RCP 8.5, and the future
temporal horizon of 2016-2045. The future local scenarios were generated by applying the first
and second moment correction techniques under the bias-correction approach. In this approach, a
perturbation (transformation function) was applied to the control series of the RCM simulations
to obtain another series with statistics (mean and standard deviation) more similar to the historical
series. The same transformation function was applied to the future simulations of the RCM to
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obtain the local climate change projections. Finally, an equally feasible ensemble of individual
climate change projections was proposed in order to define more robust climate scenarios that
were more representative than those based on a single model.
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Figure 6.4. Monthly mean historical and future estimated climatic variables (precipitation (P; mm) and

temperature (Ta; °C)). The historical (1974-2015) data were obtained from the Spain02 dataset, and the
future (2016-2045) series was generated by applying the proposed methodology

3. Results and Discussion

3.1. Pollution Risk Assessment

The risk of pollution map was computed by combining the groundwater vulnerability map (O-
DRASTIC) and the hazard map.

The hazards were defined by assigning a rate to the different categories of the land use and land
cover (LULC) map. Though it did not provide detailed information about the crop typologies, the
LULC map displayed the main agricultural uses in this area. Based on literature [59,60], rates
were assigned to the different land use categories regarding irrigation, since irrigated agriculture
is considered the major factor that contributes to the diffuse pollution of surface and groundwater
bodies [49]. The leaching of nitrogen was not estimated, because the approach presented in this
paper was based on mean values from a long historical period (1974-2015) and we decided that
the uncertainties in crop rotation, the variables that influence the load of nitrates [49], and detailed
climatic variability in this historical period would encumber the proposed assessment and be out
of the scope of this paper. Therefore, for a preliminary lumped assessment, we decided that a
rough classification could afford an approximation of the potential hazard. Previous studies [59]
also considered land use as a potential variable to estimate the contaminant loading parameter.
Table 6.2 shows the rates assigned to the land uses.

Table 6.2. Rates of land use (LU).

LU Rate
Agroforestry areas 7
Airports 2
Annual crops associated with permanent crops 8
Broad-leaved forest 2
Burnt areas 2
8
2
2

Complex cultivation patterns
Coniferous forest
Construction sites

Continuous urban fabric 10
Discontinuous urban fabric 10
Dump sites 9

Fruit trees and berry plantations 7

132



Andlisis y sintesis de impactos del cambio global en el estado y vulnerabilidad de masas de agua subterraneas

Industrial or commercial units
Inland marshes
Land principally occupied by agriculture, with significant areas of natural
vegetation
Mineral extraction sites
Mixed forest
Natural grasslands
Non-irrigated arable land
Olive groves
Pastures
Permanently irrigated land
Road and rail networks and associated land
Sclerophyllous vegetation
Sparsely vegetated areas
Sport and leisure facilities
Transitional woodland-shrub
Vineyards
Water bodies
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The combination of groundwater vulnerability and hazard maps provided the risk of pollution
map. The risk map was classified following the matrix technique displayed in Figure 6.5a, and
the lumped risk index (L-RISK index) is summarized at the aquifer scale following Equation (1).

3.2. Mean Residence Time

The groundwater resource map (Figure 6.3b) and the output recharge for each aquifer from the
flow model described in Section 2.2.2 were used to approximate the mean residence time at the
aquifer scale as the T index following Equation (2) (Figure 6.5b).
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Figure 6.5. Pollution risk map (numbers indicate the L-RISK index for each aquifer) and (b) lumped mean
residence time map in the historical period.

Figure 6.5 shows clear differences in the L-RISK and T indices between the different aquifers,
although a higher heterogeneity is observed in the T index values due to the fact that nearly the
70% of the total area in the Upper Guadiana Basin is occupied by non-irrigated arable land and
vineyards, which represent medium hazard (value 5); therefore, the risk map was smoothed.
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The L-RISK index helped to determine the most vulnerable aquifers, overcoming the drawbacks
of the subjective nature of visual analysis in a distributed map [13]. Vulnerability lumped indices
have been shown to be useful to compare results between different aquifers in previous studies
[11,13].

Two groups of aquifers could be distinguished with the T index, with each showing significant
differences in their mean values in the historical period: aquifers had a T under 20 years, and
others had a T value higher than 40 years (Figure 6.6). The aquifers that had lower T values
showed lower volumes of resource than the recharge, which makes them extremely vulnerable to
pumping [20,21] and suffering drastic variations due to exploitation [2].

We also analyzed the volume of resources, recharge, and the T index in dry and wet periods
(1993-1995 and 20102014, respectively). We observed that some aquifers experienced large
variations in the T index when comparing the dry and wet periods (bars in Figure 6.6), which was
mainly driven by groundwater recharge. Despite the variation in groundwater recharge between
dry and wet periods, this component was not significant compared to the groundwater volume in
aquifers with higher T values. Therefore, these aquifers always maintain a higher residence time,
which means that they are more resilient to climate variability [61] but might be susceptible to
groundwater depletion over long dry periods if the withdrawals are not controlled. On the
contrary, other aquifers showed lower T values in both wet and dry periods, with higher
contributions of recent infiltration and, thus, higher risks for pollution [62].
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Figure 6.6. Groundwater recharge (Mm3/year), volume of resource (Mm3), and lumped turnover time index
(T index) for each aquifer in the Upper Guadiana Basin in the historical period (mean, wet, and dry
historical periods).

3.3. Lumped Validation of Pollution Risk Maps

Different regression models (Table 6.1) were tested in order to demonstrate the correlation
between the T and L-RISK indices in the eight aquifers of the Upper Guadiana Basin. The
coefficient of determination R? of the different models varied in the range of 0.51-0.69. The best
combination of the model was the obtained for the transformation of square root in both variables

(VL = RISK = a x VT + b).

The results (Figure 6.7) showed that the T index can be a potential lumped approach to assess
and/or validate the risk of pollution at the aquifer scale. This method can be useful in regional or
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national studies in which several aquifers are analyzed at the same time in order to establish
priority management measures to achieve the objectives of the WFD. The validation of risk (or
vulnerability) maps is usually performed by employing different methods according to data
availability and the type of aquifer. Previous studies [13,14] that analyzed and compared
groundwater vulnerability in several aquifers employed a different distributed validation method
for each aquifer, thus forfeiting the advantage of a harmonized methodology that makes the results
comparable.

On the other hand, the T index as a lumped approach of groundwater risk for pollution can help
to quantify the degradation of an aquifer due to groundwater vulnerability and recent
contamination, but it would also allow for more efficient management measures to be established
in order to remediate the contamination of groundwater. The renewal time of groundwater helps
one to understand many problems related to groundwater supply and quality, as well as
groundwater-dependent ecosystems [2,21].

The T index provides a preliminary estimation of the risk for pollution that only requires the
volumes of resource and recharge. These data are usually available from river basin authorities.
The use of the T index as vulnerability indicator may help to overcome the drawbacks of data
availability when applying more complex methods and the ambiguity when different vulnerability
methods are applied to the same pilot area.

In order to prove the potential suitability of this model to provide future estimations under climate
change scenarios, we validated it in two historical periods with different climatic conditions (dry
and wet historical periods). The recharge in the dry and wet periods varied between —60% and
+40%, respectively, compared to the average. Figure 6.7 shows the relationship between the
transformation of the T and L-RISK indices for the mean, dry, and wet historical periods and the
fitted linear regression for the mean historical values. The R? was similar for the three periods,
which showed that the model could be useful to estimate the future mean L-RISK index if the
variation of the mean future recharge regarding the mean historical one is within the range of the
dry and wet historical periods.
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Figure 6.7. Relationship between the target and explanatory variables for the best linear regression model
(V(L-RISK)=axVT+b).

3.4. Impacts of Future Potential Climatic Scenarios

The estimated future climatic data allowed us to estimate the impacts of climate change through
the SAC-SMA and Modflow models in order to obtain the recharge and groundwater resource
volume to calculate the T index. The future pumping schedule was generated by using the
CROPWAT model [63] to calculate net irrigation demands according to the climate change
scenario. This tool allows one to estimate water requirements for each kind of crop from
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precipitation and temperature data. Thus, the future climatic series was applied to a business-as-
usual management scenario based on the assumption by maintaining the current (2015) spatial
crop distribution in the future. The forecasted increase of mean temperature and decrease of mean
precipitation in the climate change scenario implies higher crop water requirements according to
CROPWAT calculations. Therefore, although the future scenario does not encompass land use
changes, irrigation volume will have to increase in order to maintain crop exploitation, as in the
last year of the historical period (2015).

The simulated climate change scenario showed a decrease in precipitation and an increase in
temperature, which involved a lower recharge (33.4 mm/year in the simulated future scenario)
and a decline in groundwater levels exacerbated by higher crop water requirements. This would
be reflected in a reduction of groundwater vulnerability to contamination.

The T index was found to increase in the future regarding the mean historical for all the studied
aquifers (Figure 6.8a). It showed a heterogeneous variation depending on the aquifer. The
difference between future and historical T index values was found to vary in the range from 1 to
45 years (Figure 6.8b). It was observed that the lowest risk for pollution correlated to the largest
the difference between future and historical T index values. The differences in the T index
between historical and future assessment were mainly due to the reduction in the recharge, which
was larger in the aquifers with high T values. The change in the mean recharge in the future with
respect to the historical reflected a decrease between 15 and 56% depending on the aquifer,
whereas the volume of resource showed a maximum variation of 23%.

These recharge changes were related to climate variables, which include precipitation and
influence water crop requirements. However, the management of resources regarding exploitation
due to a future pumping schedule was considered in the Modflow simulation (explained above in
this section).

A linear regression model calibrated in the historical period was employed to predict the impacts
of the potential future climate change scenario on risk of pollution (L-RISK index).

Risk for pollution will decrease in the future in all aquifers. Aquifers with a high risk in the
historical period will continue having high risk of pollution in the future (if the sources of
contaminants do not drastically) change. In relation with the potential sources of contamination,
the T index have an idea of the time in which the prevention measures could be effective [64].
Aquifers with high T index values will become less vulnerable to pollution (provided that land
uses do not entail a major hazard), but greater efforts will be needed in order to maintain the mean
reserves due to drought exacerbation [20]. Nevertheless, if sustainable use and a good gquantitative
status remain over time, these aquifers could have great strategic potential in drought management
because they offer high reliability to groundwater managers. They could provide significant
pumping rates without varying their hydrological operations [2]. However, aquifers with younger
water (lower T values) will continue to be the most impacted by contamination and climate change
[21], and more efforts will be required to maintain a good qualitative status, although the effect
of prevention measures is being rapidly reflected. In these aquifers, management strategies will
require that the groundwater extractions are lower than the mean future recharge in order to
preserve groundwater status and groundwater-dependent ecosystems [2].

In summary, the novel approach proposed in this paper can be useful in cases with limited
information, even if we do not have a hydrological model. It can produce preliminary results,
covering wide areas (national or regional assessment), that help to identify potential strategic
aquifers where more exhaustive analyses should be performed to define conjunctive use measures
for the sustainable management of water resources systems during drought-critical periods. If data
are available to perform a future assessment, the obtained results can also be useful to define
sustainable groundwater planning based on the potential exploitation and risk of pollution of the
groundwater. This will help to contribute the sustainable management of groundwater resources
and groundwater-dependent ecosystems.
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Figure 6.8. (a) Historical (medium, wet, and dry periods) and future T index and historical and future L-
RISK for the best linear regression model; (b) change between future and historical T (years) and L-RISK
(%) indexes.

3.5. Hypotheses and Limitations

The proposed approach presented in this paper involved some hypotheses and limitations
regarding data and methodology.

Data:

The hazard assessment considered the potential contamination from the different land uses
based on the literature, but it did not consider the permissible quantity of fertilizers applicable
according to the type of crop (which involves the potential load of nitrate into groundwater).
This would require a complex analysis that was out of scope of this paper.

The underlying vulnerability method may have involved some degree of subjectivity due to
the own formulation of the method.

Data to calculate the necessary variables for the T and L-RISK indices came from a calibrated
flow model, which presented its own limitations.

The climatic variables (precipitation and temperature) used in this study came from Spain 02
project dataset [57]. This dataset has been employed and validated in many research studies.

Method:

The proposed method required a risk for pollution assessment, which could have involved
some degree of subjectivity in the analysis. In this paper, a modification of the DRASTIC
method (O-DRASTIC) was used to assess groundwater vulnerability, and it was combined
with land uses to obtain the risk of pollution. Other vulnerability and/or risk assessment
methods could be used to apply the proposed methodology.
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e The T index could be obtained from available data from river basin authorities or by using a
detailed groundwater model. The source of these data could influence the accuracy of results.

e We assumed a linear relationship between the mean residence time (T index) and the lumped
risk of pollution (L-RISK index) in the studied aquifers. This allowed us to use a simple
regression model.

e We assumed that the model was suitable in the range of variability of the future climatic
variables.

e  The method was demonstrated to be useful in the eight aquifers of the Upper Guadiana Basin,
but it should be tested in a larger range of aquifers.

e The local climatic scenario used in this study was generated for the horizon of 2016-2045,
assuming the most pessimistic emissions scenario (RCP 8.5). Observed biases were corrected
by applying a simple statistical correction technique.

e The proposed method was useful to analyze the impacts of climate change on the risk of
pollution at the aquifer scale, assuming that a business-as-usual management scenario was
maintained in the future. Significant changes in the type of crops, which may involve higher
fertilizer requirements, would have great impact on groundwater contamination, and the
linear model would not allow one to approach a future assessment.

4. Conclusions

This paper presents a new method to make a preliminary assessment and/or validation of
groundwater pollution risk maps at the aquifer scale by using a lumped approach of the mean
residence time (T index). The study showed that the T index is a useful indicator to attempt a first
approach of groundwater risk for pollution in order to determine which aquifers are in risk
according to the WFD. The used method allowed us to identify potential hot spots (aquifers at
risk) that will require further detailed risk assessments to analyze the most suitable management
practices. The methodology assumed a linear relationship between the T and L-RISK indices,
which was used to estimate the impacts of climate change under a future scenario. The
methodology was applied to eight aquifers in the Upper Guadiana Basin. The results showed a
good correlation between the T and L-RISK indices, not only in the mean historical period but
also under variable historical climatic conditions (dry and wet historical periods). A regression
model was used to estimate the future L-RISK index, which forecast a lower risk of pollution.
Despite that, sustainable management will be necessary because the residence time of
groundwater will also vary and involve a larger response time. The Mancha Occidental I, Mancha
Occidental Il, and Campo de Montiel aquifers presented the highest risk for groundwater
pollution, and they were also found to have the lowest T index. Moreover, these aquifers have
important associated groundwater-dependent ecosystems, and more efforts will therefore be
required to maintain good qualitative and quantitative status. The T index is expected to increase
in all aquifers under the future scenario. Aquifers with larger T values will become more resilient,
and they could be identified as strategic aquifers in drought periods because they will allow for
the maintenance of sustainable exploitation under climate change scenarios if the appropriate
management measures are implemented.

In conclusion, the T index provides a rough assessment of the historical risk of pollution at the
aquifer scale and gives an idea of the sustainability of groundwater resource exploitation under
climate change scenarios. This index is a lumped index that can be calculated using easily
available data, and it allows for results at the aquifer scale to be compared in order to establish
priority measures in aquifers at risk.
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Appendix 6.1. O-DRASTIC Method

The O-DRASTIC method was developed by the authors of [19] in an attempt to harmonize
vulnerability assessments for different aquifer typologies. It was obtained by an optimization
process, and it was validated in carbonated and detrital aquifers in the Up-per Guadiana Basin
(Spain), ultimately showing better results than original DRASTIC [6].

This method considers the seven parameters/variables influencing the vulnerability to
contamination as original DRASTIC: depth to water table (D), net recharge (R), aquifer media
(A), soil media (S), topography (T), impact of vadose zone (), and hydraulic conductivity (C).
The classification and rate of importance assigned to the parameters are summarized in Table
A6.1.

Table A6.1. Ranges and rates for O-DRASTIC parameters.

Groundwater Table Depth (m)
Ranges Ratings
0-1.5 10
1.5-4.6
4.6-9.1
9.1-15.2
15.1-22.9
22.9-30.5
>30.5

RIN|wlO|N|©

Net recharge (mm)
Ranges Ratings
0-50.8 1
50.8-101.6
101.6-177.8
177.8-254.0
>254.0

O || |w

Aquifer media
Ranges Ratings
Massive shale 2
Metamorphic/lgneous
Weathered metamorphic/lgneous
Thin bedded sandstone, Limestone
Shale sequences

(o>} Hop Nl B NGV}
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Massive sandstone 6
Massive limestone 8
Sand and gravel 9
Basalt 10
Karst limestone

Soil media

Ranges Ratings
Thin or absent 10
Gravel
Sand
Peat
Shrinking and/or aggregated clay
Sandy loam
Loam
Silty loam
Clay loam
Muck
Non-shrinking and non-aggregated clay

Topography (% slope)
Ranges Ratings
0-2 10
2-6
6-12
12-18
>18

[EY
o

RIN|Ww|A|lOI|O |N]|0 |©

R lw]|o|©

Impact of vadose zone
Ranges Ratings
Silt/Clay 1
Shale
Limestone
Sandstone
Bedded limestone, sandstone, shale
Sand and gravel with significant silt and clay
Metamorphic/lgneous
Sand and gravel
Basalt
Karst limestone

O|lo|dh|lO|IO|OO|OO|W

[E
o

Hydraulic conductivity (m/d)

Ranges Ratings
15 1

30
45
60
75
>75 10

[l For Nl F o B O}
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The values of the parameters are weighted by a weight to obtain the O-DRASTIC index, which
is calculated following Equation (Al):

O-DRASTICindex=1XD + 5XR + 5XA +5XS + 1XT +5%x[ + 1xC
The O-DRASTIC index is classified into five vulnerability levels (Table A6.2):

Table A6.2. O-DRASTIC classes.

O-DRASTIC Index Class Value
<107 Very low
107-130 Low
130-138 Moderate
138-146 High
>146 Very high
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