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RESUMEN:

El proyecto pretende la mejora del conocimiento de los aspectos hidroldgicos e hidrogeol6gicos, en la
evaluacion experimental de la calidad hidrica del acuifero en el entorno costero, y la estimacion local
de los aportes de flujo y cargas contaminantes al mar con ayuda de técnicas de simulacion. Durante el
desarrollo del proyecto, y a la vez que se mejoraba el conocimiento de la zona, algunas de las
actividades del proyecto han sido mas ambiciosas. De esta manera, se ha confirmado que este
Proyecto ha supuesto el inicio de una linea de actualizacion y mejora del conocimiento de las aguas
subterraneas de la zona, con una fuerte componente de colaboracién e implicacion de grupos de
investigacion nacionales e internacionales del el ambito mediterraneo, que incluyen como aspectos
relevantes la aplicacién de técnicas hidroquimicas e isotopicas y su modelizacion a nivel global.
Asimismo, se pretende que en un futuro proximo las aguas subterrdneas puedan ser integradas con el
resto de los recursos disponibles (trasvase, desalacion y aguas regeneradas), y que ello suponga un uso
Optimo de los recursos, que se podria ver beneficiado por un factor de escala.
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CIRCULAR 1/2005. ANEXO V
INFORME FINAL DE RESULTADOS DEL PROYECTO

FECHA INICIO (mes/afio) FECHA FINALIZACION (mes/afio) RESPONSABLE DEL PROYECTO
Mayo / 2009 Prevista: Enero/2011 Real: Mayo/2011 JOSE LUIS GARCIA AROSTEGUI
TITULO DEL PROYECTO

CARACTERIZACION DEL ACUIFERO CUATERNARIO DEL CAMPO DE CARTAGENA Y MODELIZACION MATEMATICA EN EL CONTACTO CON EL
MAR MENOR.

TITULO ABREVIADO LINEA DE ACCION
MAR MENOR Hidrogeologia y Calidad ambiental
PROYECTO
Propio [] Subvencionado [X] En Convenio [] Op. Comercial []
INFORME FINAL ENTREGADO EN EL CENTRO DE DOCUMENTACION:  Si[] No X FECHA DE ENTREGA:
EQUIPO DE TRABAJO

Nombre Categoria | Organismo Actividad realizada
José Luis Garcia Ardstegui 26 IGME Investigador Principal. Todas las tareas
Ramon Aragon Rueda 26 IGME Actividades 1,2, 3y 8
Jorge Hornero Diaz 24 IGME Actividades 3,4,5,6y 7
Clemente Truijillo Toro 16 IGME Actividades 2, 3,4, 5,6y 10
Carolina Guardiola Albert 26 IGME Actividades 8 y 10
Juan Maria Fornés Azcoiti 26 IGME Actividad 8y 9

Otros Organismos Participantes en el Proyecto

Organismo Responsable Actividad realizada

Lucila Candela Lledd

UPC: Grupo de Hidrologia Subterranea Joaquin Jiménez

Martinez Incluidos en el Subgrupo 1: IGME-UPC-UPM:

UPM: Dpto. de Matematica Aplicada y Métodos Francisco Javier Interpretacion de trabajos en Zona No Saturada y testigos de

Informaticos. ETSI Minas Elorza Tenreiro sondeos. Cambio climatico y recarga. Modelizacion

UPC: ETS Ingenieros Industriales-Tarrasa Manuel Soler Manuel

o Victor del Castillo

Centro de Edafologia y Biologia Aplicada del Segura- Sanchez

CEBAS/CSIC: Grupo de Erosion y Conservacion de Subgrupo 2: CEBAS/CSIC-IMIDA:

Suelos Gonzalo Gonzélez Ensayos de laboratorio de testigos de sondeos, analisis de global de

. , datos de aguas subterrneas. Apoyo a la elaboracién de modelo de
Javier Garcia flujo y transporte. Incorporacion de datos a SIG y difusién web de
resultados

Instituto Murciano de Investigacion y Desarrollo Agrario

y Alimentario IMIDA. Grupo de SIG y Teledeteccion Manuel Erena Arrabal
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BREVE DESCRIPCION DEL PROYECTO (maximo 10 lineas)

El proyecto pretende la mejora del conocimiento de los aspectos hidrolégicos e hidrogeoldgicos, en la evaluacion
experimental de la calidad hidrica del acuifero en el entorno costero, y la estimacion local de los aportes de flujo y
cargas contaminantes al mar con ayuda de técnicas de simulacion. Durante el desarrollo del proyecto, y a la vez que
se mejoraba el conocimiento de la zona, algunas de las actividades del proyecto han sido mas ambiciosas. De esta
manera, se ha confirmado que este Proyecto ha supuesto el inicio de una linea de actualizacion y mejora del
conocimiento de las aguas subterraneas de la zona, con una fuerte componente de colaboracién e implicacién de
grupos de investigacion nacionales e internacionales del el &mbito mediterraneo, que incluyen como aspectos
relevantes la aplicacion de técnicas hidroguimicas e isotépicas y su modelizaciéon a nivel global. Asimismo, se
pretende que en un futuro proximo las aguas subterrdneas puedan ser integradas con el resto de los recursos
disponibles (trasvase, desalacion y aguas regeneradas), y que ello suponga un uso éptimo de los recursos, que se
podria ver beneficiado por un factor de escala.

OBJETIVOS DEL PROYECTO
OBJETIVOS GENERALES (méximo 5 lineas)

Caracterizar el acuifero cuaternario, en contacto directo con el Mar Menor, evaluar de forma experimental la calidad hidrica
del acuifero en el entorno costero, y estimar los aportes de flujo y cargas contaminantes al mar con ayuda de técnicas de
simulacidn. El desarrollo de modelos hidrogeolodgicos de flujo subterraneo y de transporte, servira como instrumento de apoyo
al desarrollo de cédigos de buenas practicas agrarias, como los actualmente establecidos, y a las posibles modificaciones de los
mismos para la mejor conservacion y regeneracion del valor ambiental de la laguna.

OBJETIVOS ESPECIFICOS (méaximo 5 lineas)

1) Analizar las caracteristicas hidroquimicas en la zona litoral y evaluar el grado de contaminacién por nitratos de origen
agrario; 2) Evolucién temporal de niveles piezométricos en el acuifero en &reas circundantes al Mar Menor, para la
determinacion de lineas de flujo verticales y horizontales; 3) Establecer los parametros hidraulicos mediante técnicas directas e
indirectas; 4) Estudio del impacto del cambio climatico respecto a la modificacidn de la recarga al acuifero e implicaciones en
el Mar Menor; 5) Desarrollar modelos de flujo subterrdneo y transporte para la simulacién y evaluacién de migracién de
contaminantes al Mar Menor; 6) Evaluar la contaminacion difusa bajo distintos escenarios de sistema de produccion agricola.

SINTESIS DE LOS LOGROS DEL PROYECTO (en relacion con los objetivos)

El proyecto de investigacion “Caracterizacion del acuifero Cuaternario del Campo de Cartagena y modelizacion
matematica en el contacto con el Mar Menor” ha centrado sus objetivos generales, ademas de la mejora del
conocimiento de los aspectos hidroldgicos e hidrogeoldgicos, en la evaluacidén experimental de la calidad hidrica
del acuifero en el entorno costero, y la estimacion local de los aportes de flujo y cargas contaminantes al mar con
ayuda de técnicas de simulacién. Durante el desarrollo del proyecto, y a la vez que se mejoraba el conocimiento de
la zona, algunas de las actividades del proyecto han sido mas ambiciosas, y de hecho se ha continuado a través de
otros proyectos en que participan incluso organismos internacionales. A finales de 2012 se tiene prevista la
finalizacion de una Tesis Doctoral codirigida por el IP de este proyecto.

De esta manera, se ha confirmado que este Proyecto ha supuesto el inicio de una linea de actualizacion y mejora del
conocimiento de las aguas subterrdneas de la zona, con una fuerte componente de colaboracién e implicacion de
grupos de investigacion nacionales e internacionales del el &mbito mediterraneo. Asimismo, se pretende que en un
futuro proximo las aguas subterrdneas puedan ser integradas con el resto de los recursos disponibles (trasvase,
desalacion y aguas regeneradas), y que ello suponga un uso 6ptimo de los recursos, que se podria ver beneficiado
por un factor de escala.
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PRODUCTOS DEL PROYECTO (GENERALES Y DE INTERES PARA EL IGME)
PUBLICACIONES (autores, titulo, libro o revista, lugar publicacion, volumen, paginas, ISBN o ISSN)

De acuerdo con la Memoria inicial del Proyecto y los resultados preliminares obtenidos, las contribuciones cientifico-técnicas se han centrado
fundamentalmente en 1) los aspectos relativos a la mejora de las técnicas de evaluacion de la recarga y el impacto del cambio climatico en ésta, 2)
resultados de la modelizacion matematica, y 3) multicaracterizacion de un area experimental mediante combinacion de sondeos ejecutados, ensayos de
laboratorio y campo y técnicas geofisicas de tomografia eléctrica. En revistas SCI se han publicado las siguientes:

e Jiménez-Martinez, J., Candela, L., Garcia-Ardstegui, J. L., Aragdn, R. L. 2012. A 3D geological model of Campo de Cartagena, SE Spain:
Hydrogeological implications. Geologica Acta (in press).
Jiménez-Martinez, J., Candela, L., Molinero, J., Tamoh, K. 2010. Groundwater recharge in irrigated semi-arid areas: quantitative hydrological
modelling and sensitivity analysis. Hydrogeology Journal, 18: 1811-1824.

e J. Jiménez-Martinez & R. Aravena & L. Candela. 2001. The Role of Leaky Boreholes in the Contamination of a Regional Confined Aquifer. A
Case Study: The Campo de Cartagena Region, Spain. Water Air Sail Pollution, 215: 311-327.

e  Rey, J., Martinez, J., Barberd, G.C., Garcia-Arostegui, J.L., Garcia-Pintado, J. 2011. Identification of freshwater/saltwater interface via Electrical
resistivity tomography: Campo de Cartagena aquifer (SE Spain) (En elaboracion).

INFORMES INEDITOS (autores, titulo, extensién, serie, lugar de depésito)
Se dispone de la Memoria del proyecto entregada a la Agencia Regional de Ciencia de Murcia (Fundacion Séneca)

DATOS (tipo y caracteristicas, base de datos que los contiene)

Se ha obtenido informacion hidrogeoldgica sustancial (piezometria, bases de datos hidroquimicas, litologias, etc. ) que contintan siendo interpretadas con
nuevos datos obtenidos en el marco de otros proyectos (CARTAG-EAU), y en colaboracion con el Proyecto de Modelizacion Hidroldgica en Zonas
Semiéridas (Instituto Euromediterrdneo del Agua).

OBRAS (tipo y caracteristicas)
Tres piezémetros en Playa de la Hita (uno doble) y un nuevo sondeo a unos 500 m al norte (Los Alcazares).

INSTALACIONES (tipo y caracteristicas)
Varios piezémetros han sido acondicionados con sensores de medida del nivel y conductividad del agua.
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FORMACION CONSEGUIDA
Tesis Doctoral en desarrollo (Paul Baudron) prevista para finales de 2012.

ACTIVIDADES EXTERIORES RELACIONADAS CON EL PROYECTO (Participacion en reuniones cientificas y congresos, de seguimiento de convenios, etc.)

Comunicaciones a Congresos

e Jiménez-Martinez, J., Tamoh, K., Candela, L. 2009. Tritium tracer test to estimate aquifer recharge under irrigated conditions, Eos Trans. AGU,
90(52), Fall Meet. Suppl., Abstract H31A-0757.

e Jiménez-Martinez, J., Molinero-Huguet, J., Candela, L. Drainage estimation to aquifer and water use irrigation efficiency in semi-arid zone for a
long period of time. Geophysical Research Abstracts, Vol. 11, EGU2009-11131, 2009 EGU General Assembly 2009.

e Jiménez-Martinez, J., Aravena, R., Candela, L. 2010. Contamination of a regional confined aquifer by leaky boreholes. Campo de Cartagena
case study (SE Spain). XXXVIII IAH Congress 2010 (Krakow.Poland).

Jiménez-Martinez, J., Tamoh, K., Candela, L.Multiphase transport of tritium in unsaturated porous media bare and vegetated soils.
Jiménez-Martinez, J., Jiménez, A., Candela, L. 2010. Use of TDR to estimate aquifer recharge in intensively irrigated areas. The Third
International Symposium on Soil Water Measurement Using Capacitance, Impedance and TDT (2010, Murcia, Spain), New Developments,
Paper 3.3.

e  Jiménez-Martinez, J., Molinero, J., Candela, L. 2009. Estimacion de la recarga por retorno de riego a través de la ZNS en areas de agricultura
intensiva bajo clima semiarido. Andlisis de sensibilidad. Estudios en la Zona no Saturada del Suelo. Volumen IX, O. Silva et al. Barcelona,
Noviembre-2009.

e  Garcia Arostegui, J.L. (2011). Current status of hydrogeological research in the experimental watershed of Campo de Cartagena (Murcia, SE
Spain). Presentado en: Increasing the regional competitiveness and economic growth through the RTD&I on Sustainable Water Management
(SWAM); Regional Seminar on Competitiveness. Galilee (Israel), 17-19 January 2011.

EXPLICACION DE LAS DESVIACIONES EN LA EJECUCION DEL PROYECTO (si las hubo)

COMENTARIOS

La complejidad de la investigacion hidrogeolégica ha impedido el desarrollo completo en el marco del presente proyecto de un modelo de flujo
subterraneo., si bien se ha desarrollado una importante labor de trabajos del modelo hidrogeoldgico conceptual y modelo geométrico 3D no sélo para el
acuifero Cuaternario sino también para el resto de los acuiferos.

En este Proyecto se ha impulsado la colaboracion con otros organismos regionales, nacionales e internacionales, entre los que cabe destacar el Instituto
Euromediterraneo del Agua, el Instituto del Agua y del Medio Ambiente de la Universidad de Murcia, el Instituto del Agua de la Universidad de Granada, el
Institut de Recherche pour le Développement (IRD-Montpellier, Francia), la Universidad de Montpellier (Francia), el Centre de Recherche pour le
Géosciences, la Universidad Paris 11, y el Zuckerberg Institute for Water Research (Universidad Ben-Gurion de Israel).

El proyecto tiene parte de continuidad en la linea de investigacion con el Proyecto CARTAG-EAU (CANOA MU-3-00-01-00) 2011-2012.

Enterado, Enterado, Recibido,
El Responsable del Proyecto El Jefe de la Unidad El Director Adjunto El Gestor de Proyectos

]
[ -
Ed::';;a.%' =
=
Nombre: José Luis Garcia Nombre: Ramén Aragén Rueda Nombre: Nombre:
Aréstegui Fecha: Fecha: Fecha:
Fecha: 18/2/2012
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Proyecto Fundacion Séneca
N° Expediente 08825/P1/08

“CARACTERIZACION DEL ACUIFERO CUATERNARIO DEL CAMPO DE CARTAGENA Y
MODELIZACION MATEMATICA EN EL CONTACTO CON EL MAR MENOR”

Murcia, 20de abril de 2011.

Proyecto coordinado.
Participantes:
Subgrupo 1: IGME-Murcia: José Luis Garcia-Arostegui (IP), Ramén Aragon Rueda, Jorge Hornero
Diaz, Clemente Trujillo Toro

UPC: Lucila Candela, Joaquin Jiménez, Manuel Soler
UPM: Francisco Javier Elorza

Subgrupo 2: CEBAS-CSIC: Victor Castillo (IP), Gonzalo Gonzélez, Javier Garcia
IMIDA: Manuel Erena

Asunto: Memoria final del Proyecto (afios 2009 y 2010)
Estructura
1. Memoria final del Proyecto
a. Estado de avance de las actividades previstas
b. Actividades complementarias y sinergias
c. Otras consideraciones
2. Resultados
3. Abstract

1. MEMORIA FINAL DEL PROYECTO

El proyecto de investigacion “Caracterizacion del acuifero Cuaternario del Campo de Cartagena y
modelizacion matematica en el contacto con el Mar Menor” ha centrado sus objetivos generales, ademas de la
mejora del conocimiento de los aspectos hidroldgicos e hidrogeoldgicos, en la evaluacion experimental de la
calidad hidrica del acuifero en el entorno costero, y la estimacion local de los aportes de flujo y cargas
contaminantes al mar con ayuda de técnicas de simulacién. Durante el desarrollo del proyecto, y a la vez que
se mejoraba el conocimiento de la zona, algunas de las actividades del proyecto han sido mas ambiciosas,
como ya se destacaba en informes previos. De esta manera, se ha confirmado que este Proyecto ha supuesto el
inicio de una linea de actualizacion y mejora del conocimiento de las aguas subterraneas de la zona, con una
fuerte componente de colaboracién e implicacion de grupos de investigacion nacionales e internacionales del
el &mbito mediterrdneo. Asimismo, se pretende que en un futuro proximo las aguas subterraneas puedan ser
integradas con el resto de los recursos disponibles (trasvase, desalacion y aguas regeneradas), y que ello
suponga un uso 6ptimo de los recursos, que se podria ver beneficiado por un factor de escala.

La region mediterranea concentra el 60% de la poblacién mundial pobre en agua (< 1000 m3/habitante/afio), y
constituye un medio arido o semiarido en el que las aguas subterraneas son la principal fuente de agua dulce o

‘ IGME-Murcia

CORREO ELECTRONICO Avda. Miguel de Cervantes, 45, 5°A
30009-Murcia

IP-1: j.arostequi@igme.es TELEFONO: 968 24 50 00/12

IP-2: victor@cebas.csic.es FAX: 968 24 50 00




un complemento fundamental y estratégico de los limitados recursos superficiales. La escasez de agua en estas
zonas se traduce en frecuentes casos de explotacidn intensiva de acuiferos, e incluso minera, que podrian ser
soluciones transitorias o definitivas aceptables siempre que las consecuencias sean conocidas, consensuadas y
hayan sido planificadas sobre la base de un analisis coste/beneficio que debe incluir al menos los aspectos
socioecondmicos y ambientales. Sin embargo, en la mayoria de los paises, el uso de las aguas subterraneas se
ha desarrollado sin el suficiente conocimiento, a partir de la iniciativa privada y con escaso control y
planificacion por parte de la administracién, lo que ha conllevado a una explotacion de reservas que supera los
9000 hm? en casos como los de la cuenca del Segura, cifra que puede suponer la mitad del total espafiol.

El acuifero multicapa del Campo de Cartagena (SE de Espafia) constituye, a nivel internacional, uno de los
principales acuiferos de la cuenca mediterranea, en términos de extension, aprovechamiento y productividad
del agua subterranea. Las interrelaciones con la laguna costera del Mar Menor y las implicaciones ambientales
proporcionan un interés cientifico adicional y una trascendencia socioecondmica evidente. Asimismo es un
caso paradigmatico particularmente interesante por los diversos tipos de cambios ambientales e hidroldgicos
ocasionados por la explotacion intensiva del agua subterrdnea que se inicié en el siglo XIX a través de la
perforacion de pozos artesianos (los primeros de Espafia), se increment6 en la segunda mitad del siglo XX, se
redujo tras la llegada en 1979 de importantes recursos externos (Trasvase Tajo-Segura), y, en las Ultimas
décadas, las aguas subterraneas han adquirido un papel estabilizador en el balance oferta/demanda de tal
manera que satisfacen entre el 30% y el 75% de las necesidades hidricas. En todo este contexto, el desarrollo y
aplicacion de nuevas metodologias de investigacion hidrogeoldgica que resuelvan las incertidumbres en el
complejo funcionamiento del sistema, y su encuadre en el ambito mediterraneo y los principios de gestidn
integrada de recursos hidricos, deben permitir la obtencion de las claves para un uso racional y planificado del
sistema en términos cuantitativo y cualitativo.

El interés en este Proyecto por el acuifero Cuaternario no se deriva de la relativamente escasa productividad
hidrogeoldgica, sino del papel que juega como receptor de los flujos y cargas contaminantes y su transmision a
los acuiferos inferiores y al Mar Menor. Sin embargo, a pesar de que los objetivos del proyecto centraban su
atencion al acuifero Cuaternario, poco a poco se ha ido confirmando que el sistema debe ser investigado en su
totalidad dada las relaciones hidraulicas con los acuiferos inferiores, ya que de no ser asi, los resultados se
verian sustancialmente mermados.

Conviene sefialar, que el acuifero multicapa del Campo de Cartagena ademas de ser considerado uno de los
principales acuiferos de Europa, presenta similitudes con otros acuiferos estratégicos de indudable valor, como
es el caso de los acuiferos del Poniente Almeriense, en los que también se bombea en los acuiferos inferiores y
los problemas se evidencian con especial intensidad en los acuiferos superficiales, con deterioros significativos
de la calidad de las aguas. La puesta en valor de las aguas subterraneas como elemento clave del desarrollo de
la zona so6lo puede basarse en la mejora de su conocimiento, sobre el cual aun queda mucho camino por
recorrer. Desde el punto de vista socioecondmico, el impacto de los resultados del Proyecto incide
directamente en uno de los pilares de la zona, la agricultura. Conviene sefialar que la reducciéon de las
aportaciones de agua para riego en el Campo de Cartagena procedentes del Trasvase Tajo-Segura, conlleva un
incremento notable del bombeo de aguas subterraneas, que desde el afio 2005 son las que estan sustentando la
agricultura de la zona, y a nivel general representan, segun los periodos de sequia, entre el 30 y el 75% del
agua para riego. Respecto al Mar Menor, resulta evidente que una mejora del conocimiento de las aportaciones
procedentes del acuifero Cuaternario puede ayudar a en la toma de decisiones para minimizar el impacto sobre
esta laguna de indudable valor.

En el presente documento se sintetizan las actividades desarrolladas a lo largo de los dos afios de Proyecto y
los resultados obtenidos. Los primeros meses del Proyecto se destinaron fundamentalmente a aspectos
administrativos, logisticos y de coordinacién entre los grupos involucrados. En una primera reunién de
coordinacién de equipos y lanzamiento del proyecto celebrada el 25 de mayo de 2009, en la sede del IGME en
Murcia con asistencia de 10 de los 12 miembros del equipo, se comentaron todas estas circunstancias y las
cuestiones relacionadas con una redistribucion de la financiacion entre los dos subgrupos, que hubo que
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efectuar una vez ya iniciado el Proyecto. Asimismo en dicha reunion fue comentada la propia exigencia
interna del IGME, que requiere la elaboracion de una ficha interna de Proyecto y su aprobacion por el Comité
de Direccion en Madrid; la resolucion correcta de estas circunstancias incide en los tramites administrativos
necesarios para realizar el contrato menor con la Universidad Politécnica de Catalufia y la contratacién de las
asistencias técnicas incluidas en el Proyecto. Por parte, del subgrupo 2 gestionado por CEBAS-CSIC, los
tramites fueron algo mas réapidos y permitieron al Investigador Principal una mayor capacidad para el manejo
de los fondos. El dia 9/11/2009 fue celebrado un encuentro informal de Proyecto con la participacion de 8 de
los 12 miembros del equipo y representacion de todos los organismos involucrados.

Durante, el afio 2010, los contactos entre los miembros del equipo se han establecido principalmente a través
de reuniones mas reducidas que han permitido centrarse en aspectos concretos. De esta manera, como ejemplo,
el IP ha asistido a varias reuniones en Barcelona y Madrid para reunirse con sendos investigadores
participantes de las universidades politécnicas de Catalufia y de Madrid.

a. Estado de desarrollo de las actividades previstas

A continuacion se repasa brevemente el estado final de desarrollo de las actividades y los resultados obtenidos,
para lo cual se sigue el cuadro de distribucién presentado en la solicitud. Conviene sefialar que se han
producido algunas modificaciones en las personas adscritas a cada actividad. Se adjunta una presentacién de
los resultados obtenidos e investigaciones en marcha, que fue mostrada en una reciente reunion en el marco
del proyecto europeo SWAM, dentro de la colaboracion entre IGME e IEA, que esté facilitando la continuidad
de este Proyecto.

Actividad 1 (Recopilacién de datos procedentes de estudios previos).

Esta actividad ha consistido en la recopilacién en interpretacion de las bases de datos histéricas del IGME y
CHS. Asimismo se han analizado, fundamentalmente, los siguientes documentos:
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Albacete, M.; Solis, L.; Quintana, J.L.; Gil, F.; Gdmez, A.; Gbmez, A., Sanchez, M., 2001. Bases para
una gestion sostenible de las aguas subterrdneas del Campo de Cartagena. En: VII Simposio de
Hidrogeologia-AEH. Murcia. Espafia. Vol. XXII1, 13-24.

CARM, 2008. Consejeria de Agricultura 'y Agua de la Regién de Murcia. Datos estadisticos Agrarios.
Disponible: <http://www.carm.es>.

CHEVRON, 1982. Campafa Sismica S-82. Fondo Documental del Archivo de Hidrocarburos del
Ministerio de Industria, Turismo y Comercio.

CHEVRON, 1984. Campafia Sismica S-84. Fondo Documental del Archivo de Hidrocarburos del
Ministerio de Industria, Turismo y Comercio.

CHEVRON, 1985. Campafia Sismica S-85. Fondo Documental del Archivo de Hidrocarburos del
Ministerio de Industria, Turismo y Comercio.

CHEVRON, 1986. Campafia Sismica S-86. Fondo Documental del Archivo de Hidrocarburos del
Ministerio de Industria, Turismo y Comercio.

CHS, 1997. Plan Hidroldgico de la cuenca del Segura. Aprobado por RD 1664/1998, de 24 de julio
(BOE de 11 de agosto de 1997).

Garcia, C., 2004. Impacto y riesgo ambiental de los residuos minero-metalirgicos de la Sierra de
Cartagena-La Unién (Murcia-Espafia). Tesis Doctoral. Universidad Politécnica de Cartagena, 424 pp.

Garcia-Pintado, J., Martinez-Mena, M; Barbera, G.G.; Albaladejo, J., Castillo, V., 2007.
Anthropogenic nutrient sources and loads from a Mediterranean catchment into a coastal lagoon: Mar
Menor, Spain. Science of the Total Environment, 373, 220-239.

Garcia-Tortosa, F.J., Lopez-Garrido, A., Sanz de Galdeano, C., 2000b. Las unidades alpujarrides y
malaguides entre Cabo Cope y Cabo de Palos (Murcia, Espafia). Geogaceta, 28, 67-70.

Garcia-Tortosa, F.J., Lopez-Garrido, A., Sanz de Galdeano, C., 2000c. Présence du complexe
tectonique Malaguide a I’est de Carthagéne (zone interne Bétique, Espagne). C.R. Acad. Sci. Paris,
Sciences de la Terre et des Planétes. Earth and Planetary Sciences, 330, 139-146.

IGME, 1983. Campafia de prospeccion geofisica en el Campo de Cartagena (Murcia). Sondeos
Eléctricos Verticales. Informe Técnico (Inédito).

IGME, 2005. Estudio de la informacién geoldgica y geofisica del subsuelo (sismica de reflexion y
sondeos) en el sector SE de la Provincia de Murcia. Consejeria de Industria y Medio Ambiente de la
Region de Murcia. 37 pp. Anexos 1-37. Informe Técnico (Inédito).

IGME-IRYDA, 1978. Plan Nacional de Investigacion de aguas subterraneas. Investigacion
hidrogeoldgica de la cuenca baja del Segura. Tomos 8 y 9: Campo de Cartagena. Informe Técnico
(Inédito).

INI-COPAREX, 1967. Sondeo San Miguel de Salinas 1. Fondo Documental del Archivo de
Hidrocarburos del Ministerio de Industria, Turismo y Comercio.
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INI-COPAREX, 1970. Sondeo San Miguel de Salinas 2. Fondo Documental del Archivo de
Hidrocarburos del Ministerio de Industria, Turismo y Comercio.

ITGE, 1989. Geometria de los acuiferos del Campo de Cartagena (Murcia) Volumen 1/3 Memoria.
VVolumen 2/3 Mapas. Volumen 3/3 Anexos: inventario de puntos de agua. Informe Técnico (Inédito).

ITGE, 1991. Estudio Hidrogeoldgico del Campo de Cartagena (2% Fase). Volumen 1/2 Memoria.
Volumen 2/2 Anexos 1, 2, 3y 4. Informe Técnico (Inédito).

ITGE, 1994. Las aguas subterrdneas del Campo de Cartagena (Murcia). ITGE, 62 pp.

Jiménez Garcia, J., 1998. Quantificacié de les deformacions verticals recents a I'Est de la Peninsula
Ibérica a partir d anivellaments topografics de precisio. Tesis Doctoral. Institut Cartografic de
Catalunya. Monografies tecniques, 5, 363 pp.

Jiménez-Martinez, J., Himi, M., Robles-Arenas, V.M., Diaz, Y., Casas, A., Candela, L., 2008.
Identificacion mediante tomografia eléctrica del limite geoldgico entre el Campo de Cartagena y la
Sierra de Cartagena-La Union. En: Pérez Torrado, F. y Cabrera Santana M.C. (eds.) VII Congreso
Geoldgico de Espafia, Las Palmas de Gran Canaria. Geotemas, 10, 295-298.

Lamban, J.L., Aragon, R., 2003. Estado de la intrusion marina en el Campo de Cartagena: evaluacién
preliminar a partir de la composicion quimica del agua subterranea. En: Tecnologia de la Intrusion
Marina en Acuiferos Costeros, Paises Mediterraneos (TIAC’03). Publicacion Series IGME, Madrid,
345-355.

Lopez-Bermldez, F., Conesa-Garcia, C., 1990. Caracteristicas granulométricas de los depdsitos
aluviales en el Campo de Cartagena. Cuadernos de Investigacion Geografica, 16, 31-54.

Lopez-Garrido, A. C., Pérez Lopez, A., Sanz de Galdeano, C., 1997. Présence de Facies Muschelkalk
dans des unités Alpujarrides de la région de Murcie (Cordillere Bétique, SE de I'Espagne) et
implications paléogéographiques. C. R. Acad. Sc. Paris. Sér. I1a., 324, 647-654.

Manteca, J.I., Garcia, C., 2001. La falla de Cartagena-La Unidn. Aportacion visual de su existencia
gracias a una obra publica. En: F. Guillen y A. Del Ramo (eds.). Patrimonio Geoldgico, Cultura y
Medio Ambiente. Murcia, 239-246.

Manteca, J.I., Ovejero, G., 1992. Los yacimientos Zn, Pb, Ag-Fe del distrito minero de La Union-
Cartagena, Bética Oriental (Zn, Pb, Ag-Fe ore deposits of La Unidn-Cartagena mining district, eastern
Betic Cordillera). En: J. Garcia y J. Martinez (eds.). Recursos Minerales de Espafia, CSIC, 1085-
1101.

Manteca Martinez, J.l., Rodriguez Martinez-Conde, J.A., Puga, E., Diaz de Federico, A., 2004.
Deduccion de la existencia de un relieve Nevado-Fildbride durante el Mioceno Medio-Superior,
actualmente bajo el mar, al sur de las sierras costeras alpujarrides de EI Roldan y La Muela (oeste de
Cartagena, Cordillera Bética Oriental). Rev. Soc. Geol. Espafia, 17(1-2), 27-37.

Mora Cuenca, V., Rodriguez Estrella, T., Aragdn Rueda, R., 1988. Intrusion marina fosil en el Campo
de Cartagena (Murcia). En: Tecnologia de la Intrusién Marina en Acuiferos Costeros, Paises
Mediterraneos (TIAC’88). Publicacién Series IGME, Madrid, 221-236.
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Ovejero, G., Jacquin, J.P., Servajean, G., 1976. Les minéralisations et leur contexte géologique dans la
Sierra de Cartagena (Sud-Est de L’Espagne) (Mineralizations and their geologic context in the Sierra
de Cartagena (SE Spain)). Bulletin Société Géologique de France (7), XVIII (3), 613-633.

Pérez Ruzafa, A., Aragon, R. 2003. Implicaciones de la gestion y el uso de las aguas subterraneas en
el funcionamiento de la red tréfica de una laguna costera. En: Fornés, J. M. y Llamas, M. R (eds.).
Conflictos entre el desarrollo de las aguas subterraneas y la conservacion de los humedales: litoral
mediterraneo. Fundacion Marcelino Botin. Ediciones Mundi-Prensa. Madrid, 215-245.

Ramos, G., Sanchez, J., 2003. Estructura geol6gica profunda “Murcia Sur-1”. Definicion geoldgica,
geométrica y confinamiento. En: Tecnologia de la Intrusion Marina en Acuiferos Costeros, Paises
Mediterraneos (TIAC’03). IGME Book series, Madrid, 691-700.

Robles-Arenas, V.M., Rodriguez, R., Garcia, C., Manteca, J.1., Candela, L., 2006. Sulphide-mining
impacts in the physical environment: Sierra de Cartagena-La Unién (SE Spain) case study.
Environmental Geology, 51, 47-64.

Rodriguez Estrella, T., 1983. Criterios hidrogeoldgicos aplicables al estudio de la neotecténica en el
Sureste Espafiol. Mediterranea Ser. Geol., 2, 53-66.

Rodriguez Estrella, T., 1986. La Neotectonica en la Regién de Murcia y su incidencia en la ordenacion
del territorio. En: 12 Jornadas de estudio del fendmeno sismico y su incidencia en la ordenacion del
territorio. Murcia, 281-303.

Rodriguez Estrella, T., 2000. Modifications physiques, chimiques et biologiques porvoquées par les
eaux du canal Tage-Segua dans I’unité hydrogéologique du Campo de Carthagéne et dans la lagune de
Mar Menor (Province de Murcie, Espagne). Hydrogéologie, 3, 23-37.

Rodriguez Estrella, T., 2004. Decisive influence of neotectonics on the water connection between the
Mediterranean Sea, Mar Menor and the Campo de Cartagena aquifers. (South-East of Spain):
Consequences on extracting sea water by means of borings for desalination. En: L. Araguas, E.
Custodio y M. Manzano (eds.). Proceedings 18th SWIM Groundwater and Saline Intrusion.
Publicaciones Series IGME, Madrid, 745-758.

Rodriguez Estrella, T., Jiménez-Martinez, J., Lépez Chicano, M., 2004. Ensayo de correlacion entre
transmisividades y espesores de los acuiferos del Plioceno y Messiniense del Campo de Cartagena
(Murcia y Alicante). En: VIII Simposio de Hidrogeologia-AEH. Zaragoza, Espafia. Vol. XXVI, 239-
249.

Rodriguez Estrella, T., Lillo, M., 1992. Geomorfologia del Mar Menor y sectores litorales contiguos
(Murcia-Alicante). Estudios de geomorfologia en Espafia. En: Il Reunioén Nacional de Geomorfologia,
787-807.

Rolandi Sanchez-Solis, M., Yugin, V., Herrero Pacheco, J. L. 2008. Aportacién al conocimiento de la
caracterizacién y el funcionamiento hidrogeoldgico de la U.H. del Campo de Cartagena (Cuenca del
Segura), mediante utilizacién de técnicas de Tomografia Remota Térmica. En: IX Simposio de
Hidrogeologia. Elche, Espafia. Vol. XXVIII, 691-700.

Sanz de Galdeano, C., Lépez-Garrido, A. C., Garcia-Tortosa, F.J., Delgado, F., 1997. Nuevas
observaciones en el Alpujarride del sector centro-occidental de la Sierra de Carrascoy (Murcia).
Consecuencias paleogeogréaficas. Estudios Geoldgicos, 53, 229-236.
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e SEPESA, 1968. Campafia Sismica MM. Fondo Documental del Archivo de Hidrocarburos del
Ministerio de Industria, Turismo y Comercio.

Actividad 2 (Inventario del area de estudio. Emplazamiento de sondeos).

Se ha avanzado en el conocimiento de la zona de estudio a partir sobre todo del analisis de los datos obtenidos.
Con esta nueva informacion se ha tratado de mejorar aquellos aspectos de caracter estructural a nivel espacial,
tanto en las dimensiones X-Y como en la disposicion de los materiales en profundidad (Z).Mejorar el nivel de
informacién geoldgica asi como ampliar la base de conocimiento sobre las caracteristicas litologicas de las
distintas formaciones es fundamental, ya que convergen con la necesidad de dotar al modelo de un volumen de
datos de suficiente calidad para que minimicen las incertidumbres asociadas en el desarrollo del modelo.
Asimismo la toma de datos estd dentro de las prioridades establecidas en la propia investigacion, sobre todo
teniendo en cuenta las evidentes lagunas de informacién que existen actualmente en aquellos aspectos
relacionados con las posibles aportaciones subterraneas en el borde NW del Mar Menor. Inicialmente fue
elegido como dominio del modelo el sector comprendido entre el borde NW de la laguna y el limite
hidrogeoldgico de la MAS, sin excluir cualquier otra zona de este entorno que fuese necesario investigar
parcialmente por sus implicaciones con la zona designada. El desarrollo de la investigacion durante este Gltimo
afio aconseja realizar la modelacion para el dominio hidrogeoldgico completo, es decir, la totalidad de la masa
de agua subterranea. Los procesos que se han observado y la prediccion en el funcionamiento requiere
considerar todos los sectores hidrogeoldgicos implicados, ya que la complejidad hidrogeoldgica (acuifero
multicapa) y la repercusién de la explotacion de agua subterranea que dota de recursos a la actividad agricola,
afecta, por un lado a los procesos relacionados con la hidrodindamica del sistema, y por otro a los que tienen
relacién con el transporte de masa, en definitiva, al computo de descarga de solutos por escorrentia subterranea
desde el acuifero hacia el Mar Menor.

Dentro de los trabajos especificos y singulares encaminados a mejorar la informacién hidrogeoldgica ha estado
la construccion de 3 sondeos de investigacion, uno de ello doble, en las inmediaciones de la Playa de la Hita,
cercana al Aeropuerto de San Javier. La situacién de los emplazamientos se ha elegido una vez se ha analizado
la informacion y resultados de la prospeccion geofisica efectuada con anterioridad, lo cual supuso un cambio
en el cronograma de actividades inicialmente previsto.

Actividad 3 (Realizacién de sondeos y ensayos de testigos recuperados)

La ejecucion de los sondeos ha requerido los correspondientes permisos por parte del Excmo. Ayuntamiento
de San Javier y la Consejeria de Medio Ambiente dada su incidencia en el espacio protegido comprendido
dentro de éste término municipal. Una vez efectuada la contratacion de la empresa perforadora y gestionados
administrativamente los permisos correspondientes, han sido ejecutados los sondeos. Los resultados obtenidos
han sido parcialmente interpretados, ya que para obtener conclusiones mas relevantes de caracter
hidrogeoldgico se ha optado por instrumentar los sondeos dotandolos de sensores de registro continuo que en
principio estaran operativos al menos durante dos afios, independientemente de las medidas puntuales que se
vayan realizando. Han sido muy positivas las discusiones cientificas mantenidas entre los miembros del
equipo para obtener la mayor cantidad posible de informacion, con posibles sinergias para llevar a cabo futuras
investigaciones. Respecto a los testigos recuperados, han sido almacenados para su posterior ensayo en
laboratorio.

Actividad 4 (Adquisicién e instalacion de instrumentacién).

Como se ha expuesto en la actividad 3, una vez ejecutados los sondeos se han mantenido diferentes
discusiones entre los responsables del Proyecto para decidir las caracteristicas de las sondas y equipos de
control e instrumentacion. Tanto los equipos como las infraestructuras necesarias se han dimensionando no
s6lo para su uso durante el presente proyecto sino también para permitir la continuidad temporal del registro y
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toma de datos en el tiempo, ya que las variables climatoldgicas, principalmente aquellos relacionados con
fendmenos extremos pluviométricos, y los efectos antropicos derivados del usos mas 0 menos intensivo que se
realiza en el acuifero del agua subterranea implican cambios en el funcionamiento hidrogeoldgico que
requieren ser observados y analizados con una mayor amplitud temporal.

Actividad 5 Ejecucidn e interpretacion de ensayos de bombeo.

Se ha realizado un ensayo de trazadores mediante la inyeccidn controlada de un trazador ambiental (Tritio).
Los resultados estan siendo interpretados y la informacién que se obtenga es fundamental para relacionar
determinadas caracteristicas hidrogeoldgicas con la capacidad de recarga y el papel que juegan determinados
parametros hidraulicos en el funcionamiento del flujo subterraneo. Esta informacién ha sido incorporada como
datos de entrada al modelo matematico a nivel global.

Actividad 6 Campafias de muestreos de campo.

Se han realizado dos campafias de toma de muestras distribuidas espacialmente sobre el acuifero y los cauces
superficiales. Los puntos de agua muestreados han sido seleccionados siguiendo criterios hidrogeoldgicos y de
acuerdo a las posibles interacciones agua subterranea-agua superficial. Las muestras fueron sido enviadas a los
laboratorios del IGME en Madrid para la determinacion de elementos mayoritarios, minoritarios y algunos
componentes trazas. Los resultados ain son parciales ya que se han introducido algunos cambios en el
Proyecto relacionados con la necesidad de evaluar mejor los cambios temporales en las caracteristicas
hidroquimicas del agua. Por tanto se han efectuado dos campafias extensivas con mayor nimero de muestras y
mayores determinaciones en cada una de ellas. El andlisis previo indicaba que para observar cambios
significativos se necesitaria mayor duracion de la especificada en el proyecto inicial (un afio). En definitiva,
las campafas de muestreo hidroguimico han correspondido a mayo-junio de 2009 y febrero-marzo de 2010.

Por otro lado, las campafias de medidas piezométricas en sondeos e hidrométricas en el cauce del Albujon y
drenajes significativos no han experimentado ningin cambio y se han realizado de acuerdo a lo especificado
en el Proyecto. Una novedad importante que ha surgido en le transcurso del Proyecto ha sido la colaboracién
con otros equipos de trabajo de la Universidad de Murcia e Instituto Euromediterraneo del Agua, en
determinados temas en los que convergen intereses comunes y que tienen que ver con el hecho de optimizar
esfuerzos y mejorar el conocimiento conjunto en la zona de estudio.

Actividad 7 Estudios geofisicos e interpretacion.

Previamente a la implantacion y ejecucion de los sondeos en el &rea de la playa de la Hita, se ha realizado una
campafia de prospeccion geofisica mediante Tomografia Eléctrica. Los resultados obtenidos han mejorado
sustancialmente la informacion geométrica de las formaciones geoldgicas en contacto con el Mar Menor. Estos
trabajos especificos han sido efectuados por el equipo de investigacion geofisica de la Escuela de Minas
(Universidad Politécnica de Linares).

Actividad 8 Andlisis global de datos de aguas subterraneas.

Esta actividad ha sido realizada en cada una de las fases del proyecto y queda integrado dentro de los trabajos
desarrollados de forma continua por cada subgrupo. Con los resultados obtenidos se ha podido realizar un
primer balance que ha permitido avanzar y mejorar la calidad de la informacion, de cara a su futura integracion
en los trabajos de modelacion de flujo e interpretacion hidrogeoquimica.

Actividad 9 “Escenarios climéaticos y modificacion de la recarga” y Actividad 10 “Modelizacion vy calibracidn
de aportes subterraneos al Mar Menor”.
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Estas actividades estan relacionadas con el planteamiento de un modelo extenso que comprenda toda la masa
de agua subterranea. Las actividades de modelizacion han sido objeto de debate continuo por el equipo del
Proyecto. Se ha constatado la complejidad del caso de estudio, se requiere una elevada cantidad de datos,
circunstancia que excede los objetivos del proyecto. De todas formas es fundamental desarrollar un modelo
preliminar que proporcione informacion fiable sobre el funcionamiento del acuifero y su interaccion con el
Mar Menor. Esta labor de cierta complejidad se ha dimensionado a nivel espacial (superficie del area de
estudio a modelizar y perfil vertical de los acuiferos que deben integrarse en la modelacién), asimismo se ha
recopilado un importante volumen de informacion principalmente relacionada con datos de caracter espacial y
temporal vinculados con la infraestructura hidrogeoldgica. Se ha avanzado también en el conocimiento y
evaluacion cualitativa y cuantitativa de los aportes subterrdneos al Mar Menor. Toda esta informacion se ha
considerado indispensable para llevar a cabo un modelo de flujo y transporte, en principio limitado al area
experimental de la Playa de la Hita.

Actividades adicionales especificadas en Proyecto de creacién de pagina web: Ha sido efectuada por el IMIDA
que ha incorporado informacion cartografica de interés y soporte para el intercambio de datos.

b. Actividades complementarias y sinergias

Hay que destacar como actividades complementarias al Proyecto que han permitido un mayor desarrollo del
mismo las siguientes:

e Jornada cientifica sobre el estado de conocimiento en el Mar Menor (San Pedro del Pinatar, 1 abril de
2009), promovida Fundacion Cluster y organizada por la Fundacion Instituto Euromediterraneo del
Agua (IEA). En esta reunion fue presentado el Proyecto con representacion de IGME, CEBAS e IMIDA.

e Reunidn cientifica sobre “Investigacion hidrogeolégica en zonas semiaridas”, 22-26 de junio de 20009,
organizado por IGME e IEA. Presentacion del Proyecto Séneca y sinergias en el respecto al convenio
especifico IGME-IEA “Cuantificacién de los componentes del flujo subterraneo y recarga en acuiferos
en zonas semiaridas, y andlisis integrado de recursos hidricos subterrdneos: cuenca del Segura”.

¢ Posibilidades de cooperacién en los estudios preliminares para la cuantificacion de fuentes de recarga y
establecimiento de flujos entre acuiferos del Campo de Cartagena. Investigacion UGR (José Benavente)
para el IEA. Objetivo: muestreo hidroguimico (analitica en IGME) e isotdpico (analitica UGR) en
captaciones representativas. Aplicacion de cddigos hidroquimicos y Mixing Cell Model. EI IGME apoya
el muestreo de campo.

e Actividades paralelas relacionadas con la Encomienda de Gestion Ministerio de Medio Ambiente Rural
y Marino con el IGME para el “Establecimiento de indicadores de intrusién marina y célculo de
volimenes ambientales al mar” (2008-2009). Empresa consultora: Eptisa.

e Presentacion de la investigacion en Galilea (Israel) en el marco del Proyecto del SWAM (Sustainable
Water Management; 7 PM de la UE).

e Presentaciéon de comunicaciones a varios Congresos.

¢. Otras consideraciones

El equipo de investigacion de este Proyecto ha debatido y analizado en varias reuniones la problematica que
gira en torno al Mar Menor, incidiendo sobre el nivel de conocimiento y los retos futuros en materia de
investigacion. Con este proyecto se han acortado en gran medida una importante laguna de informacion en lo
relacionado con la toma de datos que apoya y permite determinar con menos incertidumbre los aspectos
cuantitativos y cualitativos de las relaciones hidricas subterraneas Mar Menor-acuifero Cuaternario del Campo
de Cartagena. En este sentido se ha disefiado una metodologia especifica para el céalculo de la descarga
subterranea hacia el Mar Menor. Es evidente el papel que debe jugar en la comprension del funcionamiento de
la masa de agua subterranea el desarrollo del modelo de flujo. También la seleccién en la localizacion del
emplazamiento de los sondeos de investigacion, asi como su definicion y disefio constructivo en el entorno del
borde de la laguna costera ha formado parte del trabajo conjunto entre las partes involucradas en el proyecto.
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2. RESULTADOS

Publicaciones:

De acuerdo con la Memoria inicial del Proyecto y los resultados preliminares obtenidos, las contribuciones
cientifico-técnicas se han centrado fundamentalmente en 1) los aspectos relativos a la mejora de las técnicas
de evaluacién de la recarga y el impacto del cambio climatico en ésta, 2) resultados de la modelizacion
matematica, y 3) multicaracterizacién de un area experimental mediante combinacién de sondeos ejecutados,
ensayos de laboratorio y campo y técnicas geofisicas de tomografia eléctrica.

- Jiménez-Martinez, J., Garcia-Ardstegui, J. L., Aragon, R., Candela, L. 2010. A quasi 3D geological
model of the Campo de Cartagena, SE Spain: Hydrogeological implications. Geologica Acta (in press).

- Jiménez-Martinez, J., Candela, L., Molinero, J., Tamoh, K. 2010. Groundwater recharge in irrigated
semi-arid areas: quantitative hydrological modelling and sensitivity analysis. Hydrogeology Journal, 18:
1811-1824.

- J. Jiménez-Martinez & R. Aravena & L. Candela. 2001. The Role of Leaky Boreholes in the
Contamination of a Regional Confined Aquifer. A Case Study: The Campo de Cartagena Region, Spain.
Water Air Soil Pollution, 215; 311-327.

- Rey, J.,, Martinez, J., Barbera, G.C., Garcia-Arostegui, J.L., Garcia-Pintado, J. 2011. Identification of
freshwater/saltwater interface via Electrical resistivity tomography: Campo de Cartagena aquifer (SE
Spain) (En elaboracién).

Comunicaciones a Congresos

- Jiménez-Martinez, J., Tamoh, K., Candela, L. 2009. Tritium tracer test to estimate aquifer recharge
under irrigated conditions, Eos Trans. AGU, 90(52), Fall Meet. Suppl., Abstract H31A-0757.

- Jiménez-Martinez, J., Molinero-Huguet, J., Candela, L. Drainage estimation to aquifer and water use
irrigation efficiency in semi-arid zone for a long period of time. Geophysical Research Abstracts, Vol.
11, EGU2009-11131, 2009 EGU General Assembly 2009.

- Jiménez-Martinez, J., Aravena, R., Candela, L. 2010. Contamination of a regional confined aquifer by
leaky boreholes. Campo de Cartagena case study (SE Spain). XXXVIII 1AH Congress 2010
(Krakow.Poland).

- Jiménez-Martinez, J., Tamoh, K., Candela, L.Multiphase transport of tritium in unsaturated porous
media bare and vegetated soils.

- Jiménez-Martinez, J., Jiménez, A., Candela, L. 2010. Use of TDR to estimate aquifer recharge in
intensively irrigated areas. The Third International Symposium on Soil Water Measurement Using
Capacitance, Impedance and TDT (2010, Murcia, Spain), New Developments, Paper 3.3.

- Jiménez-Martinez, J., Molinero, J., Candela, L. 2009. Estimacion de la recarga por retorno de riego a
través de la ZNS en éareas de agricultura intensiva bajo clima semiarido. Analisis de sensibilidad.
Estudios en la Zona no Saturada del Suelo. Volumen X, O. Silva et al. Barcelona, Noviembre-2009.

- Garcia Arobstegui, J.L. (2011). Current status of hydrogeological research in the experimental watershed
of Campo de Cartagena (Murcia, SE Spain). Presentado en: Increasing the regional competitiveness and
economic growth through the RTD&I on Sustainable Water Management (SWAM); Regional Seminar
on Competitiveness. Galilee (Israel), 17-19 January 2011.

Patentes

No esta previsto
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Contratos 1+D
No esta previsto

Tesis Doctorales y Tesinas de Licenciatura

En la Convocatoria Séneca-2009 fue solicitada una Beca-contrato predoctoral FPI “Estimacion de la recarga y
de los flujos inter-acuiferos mediante métodos hidroquimicos e isotdpicos y realizacion de un modelo
hidrogeoldgico de flujo y transporte en el acuifero multicapa del Campo de Cartagena, Murcia” (Doctorando:
Paul Baudron; Director: José Luis Garcia Ardstegui). A pesar de que esta beca NO fue adjudicada, el
doctorando ha iniciado la investigacion citada gracias a la financiacién con cargo a proyecto del Instituto
Universitario del Agua 'y Medio Ambiente de la Universidad de Murcia.

La continuidad de la investigacion y de la infraestructura desarrollada en este Proyecto esta asegurada ya que
IP (Garcia Ardstegui) es actualmente codirector de la Tesis Doctoral antes citada, junto con los doctores
Christian Leduc (IRD-Francia) y Melchor Senent (UM-Espafia). Esta previsto que esta Tesis se finalice en el
afio 2012,

Otros:

En este Proyecto se ha impulsado la colaboracion con otros organismos regionales, nacionales e
internacionales, entre los que cabe destacar el Instituto Euromediterraneo del Agua, el Instituto del Aguay del
Medio Ambiente de la Universidad de Murcia, el Instituto del Agua de la Universidad de Granada, el Institut
de Recherche pour le Développement (IRD-Montpellier, Francia), la Universidad de Montpellier (Francia),
la Universidad Paris 11, y el Zuckerberg Institute for Water Research (Universidad Ben-Gurion de Israel).

Objetivos afio siguiente (si procede)

No procede
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Material inventariable y viajes (indicar fecha y concepto)

El subgrupo 1 ha realizado las siguientes compras de material inventariable con un importe total de 3397,63
euros, tal y como se detallan a continuacion:

- N° Factura 2019/10. Concepto: Factura M/2677 de fecha 13/09/2010 de la Empresa Foxen Murcia por
1000,05 euros, para Ordenador portatil. Autorizado con fecha 28 de mayo de 2010.

- N° Factura 2020/10. Concepto: Factura de Geonatura n° 34075 de 11/08/2010 de compra de GPS y
conductivimetro por importe de 897,98 euros. Autorizado con fecha 28 de mayo de 2010.

- N° Factura: 01001994. Concepto: Factura 095/2010 de Miliarium de fecha 24/05/2010 por importe de
1499,60 euros para software hidrogeologia previsto inicialmente en Proyecto.

Los gastos de viaje del subgrupo 1 (IGME) ascienden a un total de 2985,16 euros. Al inicio del Proyecto se
solicité una redistribucion de la financiacion concedida entre los dos subgrupos; en el subgrupo 1 quedaron
incluidos los componentes de UPC y UPM vy sus gastos de viaje han sido incorporados en el correspondiente
contrato menor necesario para permitir su participacion en el Proyecto.

En la tabla siguiente se indican las fechas de viaje y concepto de los participantes del subgrupo 1 (IGME).

Afio | Investigador | Cédigo Fecha viaje . FFfCha. . Objeto Lugar
justificacion
CTT 1496/09 18/05/2009 01/06/2009 |Toma muestras Mar Menor Campo de Cartagena
CTT 1504/09 14-15/05/2009 01/06/2009 |Toma muestras Mar Menor Campo de Cartagena
CTT 1616/09 25-28/05/2009 01/06/2009 |Toma muestras Mar Menor Campo de Cartagena
JHD 1653/09 27/05/2009 01/06/2009 |Reconocimiento hidrogeolégico Campo de Cartagena San Pedro del Pinatar-Cartagena
JLGA 1615/09 01-04/06/2009 05/06/2009 |Reconocimiento hidrogeolégico Campo de Cartagena Cartagena
RAR 1660/09 02/06/2009 04/06/2009 |Reconocimiento hidrogeolégico Campo de Cartagena San Pedro del Pinatar-Cartagena
CTT 1680/09 02-03/06/2009 04/06/2009 |Toma de muestras Mar Menor Campo de Cartagena
CTT 1813/09 08-11/06/2009 16/06/2009 [Toma de muestras Mar Menor Campo de Cartagena
CTT 1939/09 22/06/2009 24/06/2009 |Reconocimiento hidrogeolégico Campo de Cartagena San Pedro del Pinatar-Cartagena
2009 RAR 1999/09 22/06/2009 24/06/2009 |Reconocimiento hidrogeolégico Campo de Cartagena San Pedro del Pinatar-Cartagena
CTT 2055/09 30/06/2009 01/07/2009 |Puesta en marcha de sensores Campo de Cartagena Campo de Cartagena
CTT 2147/09 14/07/2009 16/07/2009 [Reconocimiento hidrogeolégico Campo de Cartagena Campo de Cartagena
CTT 2321/09 28/07-12/08/2009 13/08/2009 [Reconocimiento hidrogeolégico Campo de Cartagena Campo de Cartagena
CTT 2529/09 08-9-10-18 y 22/09/2009 28/09/2009 [Reconocimiento hidrogeolégico Campo de Cartagena Campo de Cartagena
JHD 3018/09 14-15/10/2009 16/10/2009 |Reconocimiento hidrogeolégico Campo de Cartagena Murcia-Cartagena-Murcia
JHD 3047/09 22-23/10/2009 26/10/2009 |Reconocimiento hidrogeoldgico Campo de Cartagena Murcia-Cartagena-Murcia
CTT 3073/09 22-23/10/2009 26/10/2009 |Reconocimiento hidrogeoldgico Campo de Cartagena Murcia-Cartagena-Murcia
JLGA 3048/09 22-23/10/2009 26/10/2009 |Reconocimiento hidrogeoldgico Campo de Cartagena Murcia-Cartagena-Murcia
JHD 3202/09 27/10/2009 30/10/2009 |Descarga de datos y visita a los futuros sondeos en el Campo de Cartagena Murcia-Campo de Cartagena-Murcia
CTT 3203/09 27/10/2009 30/10/2009 |Descarga de datos y visita a los futuros sondeos en el Campo de Cartagena Murcia-Campo de Cartagena-Murcia
CTT 32/10 19,21,22/01/2010 01/02/2010 |Reconocimiento hidrogeolégico Campo de Cartagena Murcia-Campo de Cartagena-Murcia
RAR 33/10 13,15,18, 20-22/01/2010 01/02/2010 |Seguimiento Sondeos Campo de Cartagena Murcia-Campo de Cartagena-Murcia
CTT 56/10 14/01/2010 01/02/2010 |Reconocimiento hidrogeolégico y seguimiento de sondeos Campo de Cartagena Murcia-Campo de Cartagena-Murcia
JLGA 57/10 13,15,19,21/01/2010 01/02/2010 |Seguimiento de sondeos Campo de Cartagena Murcia-Campo de Cartagena-Murcia
CTT 165/10 4,5,8,9,10,11,12/02/2010 15/02/2010 |Muestreo Campo de Cartagena Murcia-Campo de Cartagena-Murcia
JLGA 260/10 18-19/02/2010 25/02/2010 |Reunién desarrollo modelo Campo Cartagena Murcia-Madrid-Murcia
CTT 261/10 18-19/02/2010 22/02/2010 |Toma de muestras Mar Menor Murcia-Campo de Cartagena-Murcia
JHD 355/10 1,3,4/03/2010 05/03/2010 |Encuestas de explotacion Murcia-Campo de Cartagena-Murcia
CTT 356/10 1,2,3,4/03/2010 05/03/2010 |Encuestas de explotacion Murcia-Campo de Cartagena-Murcia
JLGA 398/10 04/03/2010 08/03/2010 |Reunién de Proyecto Murcia-Valencia-Murcia
CTT 433/10 8,10,11/03/2010 15/03/2010 |Encuestas de explotacién Campo Cartagena Murcia-Campo de Cartagena-Murcia
JHD 434/10 8,10,11/03/2010 15/03/2010 |Encuestas de explotacién Campo Cartagena Murcia-Campo de Cartagena-Murcia
CTT 540/10 23/03/2010 26/03/2010 |Encuestas de explotacién Campo Cartagena Murcia-Campo de Cartagena-Murcia
2010 CTT 866/10 26/04/2010 05/05/2010 |Encuestas de explotacién Campo Cartagena Murcia-Campo de Cartagena-Murcia
JLGA 884/10 3-4-5/05/2010 06/05/2010 |Reconocimiento hidrogeolégico Campo de Cartagena Murcia-Campo de Cartagena-Murcia
CTT 1072/10 21/05/2010 26/05/2010 |Red piezométrica del Campo Cartagena Murcia-Campo de Cartagena-Murcia
CTT 1295/10 14,15,22,23,24/06/2010 25/06/2010 |Encuestas de explotacién Murcia-Campo de Cartagena-Murcia
JHD 1357/10 24/06/2010 25/06/2010 |Encuestas de explotaciéon Murcia-Campo de Cartagena-Murcia
RAR 1340/10 05-06/07/2010 05/08/2010 |Reunién del Proyecto Campo Cartagena Murcia-Aeropuerto Alicante-Barcelong
RAR 1486/10 13,14/07/2010 05/08/2010 |Reconocimiento hidrogeoldgico y ensayos Murcia-Campo de Cartagena-Murcia
JLGA 1616/10 28,29,30/07/2010 04/08/2010 |Trabajos de campo del Proyecto: redes de control Campo de Cartagena
JLGA 2040/10 13-14-15/10/2010 18/10/2010 |[Trabajos de campo del Proyecto Campo de Cartagena
JHD 2166/10 22/10/2010 02/11/2010 |Estudio hidrogeolégico Campo de Cartagena. Proyecto Séneca Campo de Cartagena
JLGA 2189/10 8-9-10/11/2010 11/11/2010 |Seguimiento Tesis Doctoral Campo de Cartagena Montpellier (Francia)
JLGA 2339/10 15-16-17/11/2010 19/11/2010 |Estudio hidrogeolégico Campo de Cartagena. Proyecto Séneca Campo de Cartagena
JLGA 2407/10 22-23-24-25-26/11/2010 29/11/2010 |Trabajos de campo estudio hidrogeolégico Campo de Cartagena Campo de Cartagena
JHD 2448/10 29-30/11-01/12/2010 09/12/2010 |Trabajos proyecto Séneca. Reunion UPC sobre modelo de flujo Barcelona
JLGA 2449/10 29-30/11-01/12/2010 09/12/2010 |Trabajos proyecto Séneca. Reunion UPC sobre modelo de flujo Barcelona
ANO 2009 ANO 2010 TOTAL
112.20 1091.22 1203.42 |José Luis Garcia Arostegui
37.40 463.20 500.60 |Ramon Aragon Rueda
112.20 350.56 462.76 |Jorge Hornero Diaz
423.30 395.08 818.38 |Clemente Truijillo Toro
685.10 2300.06 2985.16 MINISTERIO
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Observaciones al estado de ejecucion presupuestaria

El gasto total del Proyecto efectuado por el Subgrupo 1 en los afios 2009 y 2010 ha sido de 37.646,82 euros,
lo que supone una ligera diferencia respecto al total concedido (37.535,00). La justificacién econémica del
IGME fue enviada a la Fundacién Séneca con fecha 25/2/2011 (y fecha de entrada Séneca 1/3/2011).
Respecto al subgrupo 2, la justificacion econdémica ha sido realizada directamente por el correspondiente
organo econdmico (CEBAS-CSIC).

En la tabla siguiente se sintetiza la informacion justificativa de los gastos realizados.

Afo Tipo Expediente | Importe Detalle
Factura contrato de servicios '01001877 |8800.00 [Factura A.864 de fecha 30/12/2009 de la Empresa Sycro
Comisiones de servicio 685.10 |Comisiones de servicio (cuatro personas)
2009|Ordenes de trabajo Laboratorio Orden de trabajo DTT 09/0413: 15 andlisis de cloruros a 28
del IGME DTT 09/0413{ 420.00 euros/muestra = 420 euros
Gastos generales 500.00 |Gastos generales
Factura M/2048 de fecha 07/04/2010 de la Empresa Foxen Murcia
Factura Centro de Coste 1363/10 109.30 por 109.30 euros
Factura Centro de Coste 1363/10 307.76 |Factura de Papeleria La Técnica por importe de 307.76 euros
Factura M/2678 de fecha 13/09/2010 de la Empresa Foxen Murcia
Factura Centro de Coste 1363/10 165.20 por 165.20 euros
Factura de SYCRO 2010.A.877 de 18/11/2010 para el
Factura Centro de Coste 1363/10 1121.00 acondicionamiento hidrogeolégico de piezémetro 1121 euros
. Factura M/2677 de fecha 13/09/2010 de la Empresa Foxen Murcia
Factura compra material 2019/10 |1000.05 por 1000,05 euros. Ordenador portatil
. Factura de Geonatura n° 34075 de 11/08/2010 de compra de GPS
Factura compra material 2020110 897.98 y conductivimetro por importe de 897,98 euros
2010 . , Factura 095/2010 de Miliarium de fecha 24/05/2010 por importe de
Factura compra material 01001994 [1499.60 1499,60 euros. Software hidrogeologia
- Primera factura (PY10050 de 10/3/2010) por importe de 5800.00
Factura contrato de servicios 1901/09 [5800.00 euros. Contrato Menor CIMNE
Factura contrato de servicios 1901/09 5945.77 Segunda factura (PY10209 de 20/9/2010) por importe de 5945.77

euros. Contrato Menor CIMNE

Comisiones de servicio

2300.06

Comisiones de servicio (cuatro personas)

Ordenes de trabajo Laboratorio
del IGME

DTT 10/0093

5270.00

Orden de trabajo DTT 10/0093: Feb-2010 con 34 muestras de
analisis minimo con 16 determinaciones a 155 euros/muestra.

Ordenes de trabajo Laboratorio
del IGME

DTT 10/0306

2325.00

Orden de trabajo DTT 10/0306: Jun-2010 15 muestras de analisis
minimo con 16 determinaciones a 155 euros/muestra.

Gastos generales

500.00

Gastos generales

Gasto total en 2009 10,405.10 €

Gasto total en 2010 27,241.72 €

Gasto total del Proyecto 37,646.82 €
Importe concedido por F. Séneca: 37,535.00 €

Diferencia

111.82 €
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3. RESUMEN DEL PROYECTO

Palabras clave: aguas subterraneas, acuiferos, modelos de flujo, modelos de transporte de masas, Campo de
Cartagena.

Abstract:

El proyecto de investigacién “Caracterizacion del acuifero Cuaternario del Campo de Cartagena vy
modelizacion matematica en el contacto con el Mar Menor” ha centrado sus objetivos generales, ademas de la
mejora del conocimiento de los aspectos hidrolégicos e hidrogeoldgicos, en la evaluacion experimental de la
calidad hidrica del acuifero en el entorno costero, y la estimacion local de los aportes de flujo y cargas
contaminantes al mar con ayuda de técnicas de simulacion. Durante el desarrollo del proyecto, y a la vez que
se mejoraba el conocimiento de la zona, algunas de las actividades del proyecto han sido mas ambiciosas. De
esta manera, se ha confirmado que este Proyecto ha supuesto el inicio de una linea de actualizacion y mejora
del conocimiento de las aguas subterraneas de la zona, con una fuerte componente de colaboracién e
implicacion de grupos de investigacion nacionales e internacionales del el &mbito mediterraneo, que incluyen
como aspectos relevantes la aplicacién de técnicas hidroquimicas e isotdpicas y su modelizacion a nivel
global. Asimismo, se pretende que en un futuro préximo las aguas subterraneas puedan ser integradas con el
resto de los recursos disponibles (trasvase, desalacion y aguas regeneradas), y que ello suponga un uso 6ptimo
de los recursos, que se podria ver beneficiado por un factor de escala.
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Introduction

- :7 fundacionséneca

In the framework of the creation of the new
Research Platform of Water Resources in Scarcity Areas (PIRHZE),

this study is a part of:
Project "Hydrological modeling in Semi-arid zones®,

coordinated by
Euro-Mediterranean Water Institute Foundation (IEA)

financed by:

Regional Ministry of Universities, Business and Research
(Government of Murcia)

executed by:
Institute for Water and Environment (INUAMA, University of Murcia)

with the active collaboration of:

Geological Survey of Spain (IGME)
Institut de Recherche pour le Développement (IRD, France)

Other collaborations:
CEBAS/CSIC, IMIDA, UPC,
UGR, UPCT, Segura River Basin Authority, ZIWR (BGU, Israel),

Other funds of: 08225/ P1/08 research project financed by “Programa de Generacién del Conocimiento Cientifico de Excelencia” of
Fundacién Seneca, Regién de Murcia (II PCTRM 2007-10).
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Main Groundwater Bodies in Mediterranean Basin

(Margat and Vallée, 2000, in Blue Plan)

Average
Couniry & Enfities MName Type of resenvoir Area (k) Diadlarge
(hmZiyr)
ES | Spain Mancha Criental mulii-layered sadiments 3300 230
Yalencia plain ! 760 430
Campo de Cartagens ! 13490 32
Yalle del Ebro alluvia 1000 336
Jura, bassins du Doubs . I
FR | France et de La Lous karstic 5350 4200
Bas-Daughing mult-layered sediments 3300 1245
imollasze)
Vaucluse karstic 1230 G000
Wercors ! 846 asd
Flan de Canjuers / " o cn
Werdan M 450
Larzac " aa0 400
Cnmt:?tl ! Miocene du alluvia 868 165
Vaucluse
Crau 45 200
Foussillon mulii-layered sediments 860 il
o _— alluvial, mult-layerad n .
IT | Haly Fo Bassin sediments 300040 15145
tali= centrale egroup of karstic aquifers 15000 10000
HR, | Croatia- . R _— R
5| Slovenia Cinarik region group of karatic aquifers 20000 000
LE | Lekanon Mont Liban group of karatic aquifers 2085 930
IL- | Israsl-West P s = e
WE | Bank Mountain Aquifer karstic 2000 660
L-GZ E{r?;"'ﬁﬁm Coastal plain mulii-layered sediments 2165 325
)
y 1 Fratin alluvial, mult-layered 9N
EZ | Egypt Mil Celta sadiments 300040 2300
Vailge du Mi alluvial 11000
Moghra Aquifer sedimentary, carhonate ~ 200000 100 & 200
i A i - o . R
LY | Lioya Kikla hqg;;rr::'lamada mult-la,_r?gl,.ed ments 215000 100 4 200
Jebal Al-Akhdar karstic ~ 20000 ~ 500
I:FL Lilbya-Tunisia Jeffara plain mulii-layered sedimentz 35000 ~ 400
TH | Tunisia Mord-Ouest de Tunisie group of karstic aquifers 8100 55

_

Campo de
Cartagena
represents one of the
main aquifer system
in Mediterranean
Basin
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Campo de Cartagena aquifer: "An excellent Natural Laboratory"
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WATER FOR AGRICULTURE=WATER FOR FOOD

Irrigations zones
in CRCC area
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Total demand of water and sources of supply

TOTAL DEMAND OF WATER (AGRICULTURE):
-> Close to 200 MCMlyear

il

SOURCES OF WATER:
» Tagus-Segura water transfer canal (TTS)

* Groundwater (GW): More than 1200 privates wells.
Associated desalination plants of brackish GW

» Desalinated Water (seawater: large plants under
construction)

» Treated Sewage Water

» Precipitation and natural surface water: limited
availability
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/E. de Entrepadias ™.
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Simplified hydrogeological map
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HYDROGEOLOGICAL CROSS-SECTION

=200

=300

<00

500

600

TORTONIENSE

S, S—

— 3 km

E-SE

Wt Mgt a0
HE CUATERMNARIG
WP PLIGCEND

el e NP, ANDALUCIEN S E]

Aquifer/layer Geological material Total surface Outcroping surface
B | Quaternary Alluvium 1135 km? 1135 km?
[ 1| Pliocene Sandstone 817 km? 22 km?
1| Messinian Sandstone, Sand, Clays (North) 570 km? 28 km?
[ ]| FAndalucian) Bioclastic limestone (South)
[___]| Tortonian Conglomerates and Sandstone 43 km? (?) 25 km?
=1 | Triassic Marble 101 km? 1 km?
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CONCEPTUAL MODEL OF THE MULTI AQUIFER SYSTEM (values under review)

—

Lluvia util ‘

46 hm®/afio
|

|

ﬁ(cedente

Riego Bombeos
3 hm3/aﬁo 2 hm3/aﬁ0

N\

¢Drenaje
superficial y
Mar Med?

Cuaternario /

Lluvia util (
2,6 hm®/afio

Bombeos
6,3 hm®/afio

/ 38 ) m°/afio

4 hm®/afio

¢(Mar Menor?
5 hm*/afio

¢ Otras
salidas?
10,2 hm¥/afio

Entradas
laterales
4,4 hm*/afio

—>

R
/\ Plioceno 23,7 hm*/afio |€—

LIuvial’JtiI( Bombeos

1,5 hm®/afio\/12,3 hm®/afio
\

14,2 hm*/afio

Al

daluciense

14,2 hm®/afio ¢

=

Bombeos
0,9 hm¥afio

\V

Tortoniense

B) Irrigation return-flow

C) Pumping well

D) Surface water /
groundwater interaction

E) Submarine Groundwater
discharge

F) Inter-aquifer exchanges
through wells

(Based on IGME, 1991)
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THE STRATEGIC ROLE OF GROUNDWATER

Groundwater level (m asl)

Source of water for irrigation (%)

Groundwater Stage

60

Tagus-Segura Transfer

!

GW-SW Stage

40

20 -
01
-20
-40
_60 B
-80 i
-100 |

-120

Quaternary

Pliocene

Messinian

1970
100

1975

2000

2005 2010

80 -

1980 1985 1990 1995

60 L ------------------- -5 - SECCEL

40 -

20 A

GW represents
75% (dry periods)
30% (Wet periods)

1970

1975

1980 1985 1990 1995

Time (years)

2000

- Groundwater

External Surface Water (from TTS)

=== Others

2005 2010

[ ] Dry periods

i
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Major hydrogeological uncertainties

Hydrogeological geometry
Natural aquifer system conditions
Similar Hydrochemical characteristics of the main aquifer layers

Multiple recharge sources

Interconnectivity between the superficial aquifer and the deep
confined aquifers (role of wells)

6. Submarine Groundwater Discharge (SGD): to Mar Menor and
Mediterranean Sea
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: These uncertainties turn into
& Research Opportunities and Challenges
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Updating geometry: Re-interpretation of Geology from a hydrogeological point of view

OOCUMENTD SIWTESS | [ wmss | g
DE SONDEC I 2
MURCIA 10-1

Since late 2010, updated geological
maps (1:50.000) in the area are
available (made by IGME and
Government of Murcia)
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Updating geometry: boundaries

Surface of the aquifer below sea level

Aquifer layer 1: i
I.:% J

Aquifer layer 2:
Pliocene .~

—— '

|: \.-l

Aquifer layer3: . - Aquifer layer 4:

Acuifero Cabo Rosg

Messinian Tortonian %
£ - == o
J 5
. ! '
f i )
| L ' 1
e e i | |
A - ~ “e 4 i P u
o = ; .:1 {l
= r
= A\ . Il.
“ e -3 { o
3 2 - o 10 20 km
3 . .
v
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Updating geometry: Determination of aquifer boundaries extending under the sea

Digital topography and bathymetry of the area of the
Campo de Cartagena-Mar Menor-Continental Platform
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Geological map to the continental platform in front of Murcia's coast
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GEOMETRY: building a 3D hydrogeological model

— CAMPO DE CARTAGENA BASIN—

HYDROSTRATIGRAPHIC UNIT  STRATIGRAPHIC UNIT HYDROSTRATIGRAPHIC UNIT il

..... Stratigraphic unit

STRATIGRAPHIC UNIT
lower boundary

QUATERNARY - Aquifer Q1 umNIT IV - Aquitard TLC
Aquiter LT Unrr e Aquifer ER €G PG Co @  Cross-section
UNIT VI NIT 3=
I |A uitard L EE -A itan At LGC
’ . qutard Lithologic column
Aquifer VLV VOLCANIC ROCKS ESis
UNIT V )
I Aquitard i BASEMENT |

800
? i
P’%\ e F B00

- 400

b 200

200
F -400
- -600
- -800
- -1000
" 1200
- -1400
- -1600

[ -1800

T
r
o

(=1

o

() yrdag

Jiménez-Martinez, J., Candela, L., Garcia-Arostequi, J.L. and Aragoén, R. (in

ress). Geologica Acta
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Natural aquifer conditions

~ Shall we invent
something to
disregard the

- memedayt 3> Highly anthropized system
\\f}‘?{ i
R
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v’ Searching older data

v' Cross-checking with
hydrochemical, isotopes and
hydrogeological conceptual model
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Looking for natural aquifer conditions

Groundwater level (m asl)

: Tagus-Segura Transfer

-100 -

~J

~J

-120
1970

1975 1980 1985 1990 1995 2000 2005

Time (in years)

»Systematic data recording since 1975

i
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From natural conditions to the current situation

Representative trend of water levels in San Javier area, since 1920

60
o ———— SURFACE
20 S | I —m . —
0 : ~ - I\ ( Semter‘f l > 1o X PPN
N intrusion in u‘l A
N % . \ Quaternary

N\

-80

Groundwater level (m asl)
A
o

-100

-120
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Time (in years)

IGME's reports encouraged the construction of artesian wells in Campo de Cartagena, in 1851, 1918 and 1928.
1925-1928: First artesian wells

T _
. Compo artesians o Cartagens _ iy A Lroguis del s e
R u bl (0] y \] . M . (1928) . se. :”ﬂ mn':a{-.ra'-m:t My Lampa artesiano de f”w&"ﬁ“/;}. >
Revista Minera 1 e 4 e = '
] A

Sondeo Casa Grande (San Javier. Afio 1928)
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Similar Hydrochemical characteristics

A\ Ak, % {

i “ N . . 5 .‘. i ¥ ey e i A \ i .:‘.; i " Fi -.‘ -

dlfferent1ate Quatemary, Phocene and Messmlan e

N~ New isotopic. studles could help \
Many attemps with different techniques and sets of
Factor Loadings Plot . . . . -
" hydrochemical data (aquifers, time periods, spatial areas...)
N --> No interesting results
q,.@ A R ;:c.:\dm % of total variance explained:
pAD Factor 1: 51%
Factor 2: 13%
Factor 3: 12%
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Quantification of multiple recharge sources

Collaboration with Zuckerberg Institute for Water Research, Ben-Gurion University of
the NegevV (IL): Mixing Cell Model developed by Prof. Eilon Adar

In a complex hydrogeological basin like Campo de Cartagena, common hydrological
models cannot be used due to lack of hydrogeological information and scarce
hydrological data. Therefore, a firm regional groundwater flow pattern, groundwater
balance and the groundwater quality distribution cannot be achieved.

Using Hydrochemical & Environmental Isotopes in a flow model may
provide a quantitative evaluation of groundwater fluxes in complex basins
with scarce hydrological data.

$-5

Contaminated
groundwater

the chalk aquitard

Q?n
Ly i:J.J_ T
L4 L
< JLJ_J_‘L-LJ.
A A Ll L
+ - L
L ‘@ tLaitL
4%

G

Factory A
54 §2 ‘ ‘ .
Cocentrited Chemical Domestic §-3 - Main domestic sewage line
oncentrated Chemicaly o . . :
‘ ‘ 0"= % _S-1 - Main concentrated chemicals & brines
Contarminated &g =T =
groundwater Q4n Qs nQGn
= O mnnslipnnonon e Flux in-between

Outflux

SEEPAGE

The Mixing Cells Modeling (MCM) concept

Objectives: Demonstrating that a simple, yet reliable hydro-chemical and
environmental isotopes model can be adopted for assessing the hydrological
system in complex basins:

Elaborating on:
Sources of groundwater recharge
Sub-surface flow pattern

Developing a numerical model that can identify and provide a quantitative
assessment of recharge components, groundwater fluxes, and physical
properties of the aquifer.

T
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Quantification of multiple recharge sources

STTARIO DEL AGUA
ENTE

First results:

- MCM is a useful tool to distinguish the signature of each
aquifer hydrochemistry.

- However, the calibration needs better information on the
groundwater abstraction

Mixing Cell Model
Aquifer 3

SUMMARY OF SINGLE- CELL RESULTS

Next step:

- Improve the groundwater
abstraction data.

- To introduce new isotopic data.

SWAM




Hydrochemical and Isotopic research

- Promote national and international (active) cooperation

- In afirst step, the idea is to combine the use of geochemical tracers including noble gases
(Ne, Ar, Kr, Xe and Rn), and isotopes (180, 2H, 13C, 14C, 34S), in order to estimate the
groundwater recharge, groundwater flow and mineralization processes, in the last 50.000
years.
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From: Sustainable of semi-Arid Hydrology and Riparian Areas SAHRA (www.sahra.arizona.com)
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Isotopic research collaborations

ENVIRONMENTAL ISOTOPE

MAIN APPLICATIONS

COLLABORATION

STATE OF
DEVELOPMENT

Oxygen-18 (180) and
Deuterium (?H) (in H,0)

Origin of groundwater (identification of
recharge areas and palaeowaters);
interconnection with surface water;

salinisation mechanisms

LaMA, Laboratoire Mutualisé d’Analyse des isotopes
stables de I'Eau.
University of Montpellier Il, France.

Carbon-13 (13C in HCO,)

Correction for C-14 dating and
identification of paleowaters

IDES, University of Paris Sud-Orsay, and
CEA, French Atomic Energy Commission

Routine
application

Sulphur-34 (34S) and
Oxygen-18 (180) (in SO,)

Identification of pollution sources

Considered in a second step

Nitrogen-15 (**N) and Oxygen-18 (*80)
(in NO, and N species)

Identification of pollution sources and
microbial denitrification processes

Boron-11 (*B) (in B(OH), and B(OH),)

Identification of pollution sources and
origin of salinity

Research
deployment

Krypton-85 (85Kr)

Groundwater transport mechanisms and

Development

delineation of protection zones stage
Tritium (3H) Identification of recent aquifer recharge Laboratoire d"Hydrogéologie. Routine
and vadose zone tracer University of Avignon. France application
Helium-3 (®He) Dating of young groundwater
Research
deployment

Carbon-14 (1C)

Dating of old groundwater

IDES, University of Paris Sud-Orsay, and
CEA, French Atomic Energy Commission

Argon-39 (°°Ar)

Krypton-81 (81Kr)

Uranium-234 (?34U)

Chlorine-36 (%¢Cl)

Dating of very old groundwater

Development
stage

Noble gases: recharge temperature, i.e. paleoclimatic information: GEOTOP, Québec, Montreal,

Canada

.
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Interconnectivity between the superficial aquifer and the deep

confined aquifers (role of wells)

1.18 wells per km?!!!l and most of them
connecting several aquifers

Murcia

Ly

P R
e Y o e
-

Precipitation Irrigation
Quaternary
Pliocene 7

Messinian o 4~
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Interconnectivity between the superficial aquifer and the deep confined
aquifers. Tracing and dating Young Groundwater

Methodology: Sulfur hexafluoride (SFg) and Tritium (3H)
Can be used to:

 Trace the flow of young water (water recharged within the past 50 years)

» Determine the time elapsed since recharge.

10000
500
Ottawa, Canada

;E 400
g: E1IIIIIIIII .
8 300 c
< =
= £
E 200 T
Q
=
o
O 100

0 : M e e e e e e e e e

1940 1960 -~ 1980 2000 52 gk B0 B4 G5 72 76 a0 g4 a8 o2 95

Clark y Fritz, 1997, datos: Brown, AECL, Canadd)

Collaboration:

IDES, University of Paris Sud-Orsay, France
Laboratoire d"Hydrogéologie, University of Avignon, France
Institut de Recherche pour le Développement, Montpellier, France
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Submarine Groundwater Discharge (SGD):
to Mar Menor and Mediterranean Sea

= e Identification of freshwater/saltwater interface via
= g ::P;;Er:' ~ ] _I! . ° . . .
= i Electrical resistivity tomography: Mar Menor area
= & "
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Submarine Groundwater Discharge (SGD):
to Mar Menor and Mediterranean Sea

Applying isotopes of Radon to Mar Menor

Groundwater table level

ah, - v

Mar Menor La Manga

|

VT \
q

) T,
(West) : : -—J (East)

Quaternary Aquifer

MAR MENOR
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Submarine Groundwater Discharge (SGD):
to Mar Menor and Mediterranean Sea

Groundwater tracer test
near Mar Menor

(Los Alcazares area)

Ejecuted by Aformhidro Company (www.aformhidro.com)
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CROSS-CHECKING

Using geochemical, isotopic and hydrogeological information. These data could be interpreted in relation
to past climatic and environmental conditions

innama
REFTAIO DEL AGUA|

Continuous or

[¥ DEL MEDIO AMBIENTE

2 intermittent Changing
€ g recharge Ebrar s sea/base
l l levels
I \
s - Y B R ——
.1\‘." MODERN
HLH GROUNDWATER

Se
S Q
2
ey
17;]
5=
-
| =]
ST
o Y
_gE
gL
sS3
b bl

N oy W .“ %
R
J.Illl “

B>
; Il
3
=
= MODERN ll m
3 INTERFACE ¥

MIXING

l) Eoy,
i " ///l;% Yy
M PRE-INDUSTRIAL MIXING ' ‘///// /'/j’
WATER //4' ///
Holocene age e.g.
p\‘.g (200-10 000 a) LATE PLEISTOCENE 4 I
) ~ GROUNDWATER | _,,||||||
' intermittent recharge (10-20 ka BF) in d
. N Europe due to effects of glaciation
35‘3 OLDER (SALINE?)
BE2 FRESHWATER in older formations FORMATION WATER
£4s FRESHENING AQUIFERS in younger formations i

1

Conceptual model of a confined groundwater system to show definitions used in a PALAEOWATER study.
Edmunds, W. M. (2001). Palaeowaters in European coastal aquifers — the goals and main conclusions of the PALAEAUX project. Geological Society,
London, Special Publications 2001; v. 189; p. 1-16. doi:10.1144/GSL.SP.2001.189.01.02

.
SWAM




Knowledge to decide

Time for deciding:
Additional water from the system optimization
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Water, a only resource

innama

The Campo de Cartagena Aquifer is an
e excellent natural laboratory but it’s a

Clear message for the future:
Integrated Water Resources Management

-the holistic approach to development should
iInclude groundwater and ecology

.t
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Sustainable Water Management

e -
A

T
SWAM

Increasing the regional competitiveness and economic growth through the RTD&I
on Sustainable Water Management
Regional Seminar on Competitiveness. Galilee (Israel), 17-19 January 2011

Next: Additional slices for other meetings

T
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Geometry of the Geological Basin: Isobaths of the Mesozoic basement

e, . The three sub-basins (Fuente Alamo,
E Torre Pacheco and San Javier) where the
g - existing depocentres (> 2000 m thick)
= 2 are clearly observed
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Up datin g geometry: Determination of aquifer boundaries extending under the sea

Digital topography and bathymetry of the area of the
Campo de Cartagena-Mar Menor-Continental Platform
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Geological map to the continental platform in front of Murcia's coast
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Mediterranean Sea
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Aquifer interconnection-leaky boreholes

- HYDROCHEMISTRY APPROACH (INDICATORS, SPECIATION and MIXING)

NW

Poorly constructed well

SE

Right constructed well Flow rate more dependent on
the borehole radius than

vertical hydraulic gradient
Lacombe et al. (1995)

Steady state Transient state

RO e VA VR AN R KYSICVAI YO VIV | Pumping in the deep aquifer (Pliocene aquifer)
GQDGQﬂGQﬂGQﬂcQﬂco oaaoaaoaaoaaoagoac

5 Oﬂa%@an%O a%o a% ,/ \ M";% n% g% a*ﬂooﬂa%oag ) ..

s LA MMM A v/ Increase the connection degree and mixing
06 oV gty a0 avh o =W 99 %0 092 0¥5 av0 a4 o
CY 0B 008D P D a a Q@b e d g0 g a

: Filter
< Packing

@ @ Jiménez-Martinez et al. (2010) Water Air and Soil Pollution

i
SWAM




innama
INSTITUTO LINIVERSTTARIO DEL AGUA

[¥ DEL MEDIO AMBIENTE

Se
S Q
2
ey
17;]
5=
-
| =]
ST
o Y
_gE
gL
sS3
b bl

MIMISTERIC
DE CIENCIA
E INMOVACION

1

CROSS-CHECKING

EFSFEUNDIAD

Interpretation of the results in the
context of Palaeogeographic

Evolution & Sea level variations

m i

204

o

FRE

504

G

T

LG

5000 0:
1 G0 o

o
i

Sea level variations since
Holocece in eastern
Mediterranean

7.2 Ma

Tortoniense (parte terminal)

5.4 Ma s

Plioceno inferior

3.6 Ma

Mar
Mediterraneo

"] principales cuencas continentales

Messiniense superior

\_\‘/ :

GcéanoF\'_
Atlanticol

9.3 Ma

Mar
Mediterraneo

Tortoniense (parte media) [

12.5 Ma

Mioceno medio
(Serravalli

Postorogénicas  pg. gajs Sequra

7 ]
/ 3
7 LA
\ Nar
\ Mediterraneo
L) 7
Océano | Cuencas

Allantico." Intracadena
b

Palaeogeographic
Evolution of the Betic
Neogene Basins, since

Midle Miocene to

Pliocene

(Soria et al, 2005)

i
SWAM




innama

INSTITUTO LINIVERSTTARIO DEL AGUA

¥ DEL MEDIO AMBIENTE

Se
S Q
> o
“\m
17;]
5=
-
| =]
ST
oY
_gE
gL
-]
b bl

MIMISTERIC
DE CIENCIA
E INMOVACION

1

Hydrogeological geometry

LEYENDA

Cualernanio
Plioc
Miooans

B Rocas volcanicas

S E e
Area u.fz,,-D —

Corta hidrogenldgico
Colurmna litoligica

HYDROGEOLOGICAL CROSS-SECTION

i

[N}
I i
1| = =
Cabazo Gok I e : i s
[ LEVENDA
— ‘ Racaiga natural
=
EJ

a

=
o ©L rosromse ‘ [Tp——
Ea Ene s o

|
| = | =

| Mo Medieinen
|| | priocewa 11

I n "
0 Mar Menor Mioceno | |

LEYENDA

Cuaternario

Plioceno

Basamento [l

T
SWAM




PUBLICACIONES

MINISTERIO
DE EDUCACION
Y CIENCIA

INSTITUTO
GEOLOGICO
Y MINFRO DF FSPARNA



Groundwater recharge in irrigated semi-arid areas: quantitative
hydrological modelling and sensitivity analysis

Joaquin Jiménez-Martinez - Lucila Candela -
Jorge Molinero - Karim Tamoh

Abstract For semi-arid regions, methods of assessing
aquifer recharge usually consider the potential evapotrans-
piration. Actual evapotranspiration rates can be below
potential rates for long periods of time, even in irrigated
systems. Accurate estimations of aquifer recharge in semi-
arid areas under irrigated agriculture are essential for
sustainable water-resources management. A method to
estimate aquifer recharge from irrigated farmland has been
tested. The water-balance-modelling approach was based
on VisualBALAN v. 2.0, a computer code that simulates
water balance in the soil, vadose zone and aquifer. The
study was carried out in the Campo de Cartagena (SE
Spain) in the period 1999-2008 for three different groups
of crops: annual row crops (lettuce and melon), perennial
vegetables (artichoke) and fruit trees (citrus). Computed
mean-annual-recharge values (from irrigation
+precipitation) during the study period were 397mm for
annual row crops, 20lmm for perennial vegetables and
194mm for fruit trees: 31.4, 20.7 and 20.5% of the total
applied water, respectively. The effects of rainfall events
on the final recharge were clearly observed, due to the
continuously high water content in soil which facilitated
the infiltration process. A sensitivity analysis to assess the
reliability and uncertainty of recharge estimations was
carried out.
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Introduction

In arid and semi-arid areas in which irrigated agriculture
prevails, the accurate calculation of aquifer recharge,
evaporation and transpiration is crucial for assessing
scarce water resources and their sustainable management
(e.g. Garatuza-Payan et al. 1998). Reliable natural
recharge estimation can be difficult. Recharge is limited
by water availability, which is temporally and spatially
controlled by climatic factors such as precipitation and
evapotranspiration (Scanlon et al. 2002) and is predom-
inately concentrated during short periods of time. In some
areas, recharge estimation is even more complex due to
irrigation, which may simultaneously abstract water from
recharge sources while creating new diffuse recharge. One
of the most critical elements for recharge estimation (and
also modelling) is the determination of actual evapotrans-
piration rates (Droogers 2000; Haque 2003; Lascano and
van Bavel 2007), which can be below pofential evapo-
transpiration rates for long periods of time. Recent
analyses of recharge evaluation taking into account land
cover and irrigated cropland include the works of Ghulam
and Bhutta 1996; Dawes et al. 1997; Zhang et al. 1999;
Kendy et al. 2003; Brunner et al. 2004; Wang et al. 2008.

The methods that are currently used to estimate ground-
water recharge can be loosely grouped into three categories,
depending on whether the focus is on surface water, the
vadose zone or the saturated zone. The best choice for a
particular situation depends upon the spatial and temporal
scales that are considered, data availability, and the
intended application of the recharge estimate (Scanlon et
al. 2002). Several methods have been used to estimate
groundwater recharge with varying degrees of success
(reviews include e.g. Simmers 1988; Sharma 1989; Lerner
et al. 1990; de Vries and Simmers 2002; Scanlon et al.
2002). Experimental and tracer techniques and numerical
modelling approaches can be used in all of these methods.

Modelling aquifer water balance is not a new under-
taking and several numerical codes are applied, generally.
For codes describing balance processes, the reader is
referred to SAHYSMOD (ILRI 2005), VisualBALAN v.
2.0 (Samper et al. 2005), TOPOG (CSIRO 2008), and
INFIL (USGS 2008), among others.

In this study, recharge in the Campo de Cartagena area
of southeast Spain, a semi-arid region in which irrigated
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agriculture is prevalent, is assessed. The objective was to test
a method and water-balance-modelling approach, based on
water table fluctuations (Healy and Cook 2002), to estimate
aquifer recharge from irrigated farmland for different types
of crops. The current work concerns the application of a
computer code, VisualBALAN v. 2.0 (Samper et al. 2005),
to simulate water balance in the soil, vadose zone and
aquifer. The boundary conditions were detailed for each crop
and according to the agricultural practices.

This paper starts with the study area description, Campo
de Cartagena, and the corresponding hydrogeological
context. Next, the experimental method and the numerical
modelling approach are described. Finally, a critical
discussion of the recharge results from irrigation return
flow obtained for each crop is undertaken. A comprehen-
sive sensitivity analysis is performed to evaluate the
reliability and uncertainty of the estimated recharge values.

Study area

The Camgo de Cartagena plain extends over an area of
1,440 km~ in the region of Murcia (SE Spain; Fig. 1a).
The climate is Mediterranean, with a mean annual
temperature of 18°C and an average annual rainfall of
300 mm. Precipitation, which mainly occurs during spring
and autumn, is unevenly distributed in a few intensive
events of high variability in space and time. Estimates of
annual potential evapotranspiration (ETp) range from 800
to 1,200 mm/year, depending on the applied method
(Sanchez et al. 1989).

The primary land use is irrigated and rain-fed agricul-
ture. Irrigated farmland covers 299 km?. Vegetables, fruits,
and citrus trees are the main cultivated crops. The
agricultural land distribution is as follows: 128 km? of
annual row crops (mainly lettuce and melon), 34 km? of
perennial vegetables (mainly artichoke), and 137 km? of
fruit trees (mainly citrus) (CARM 2008). Drip irrigation is
widely used, due to water scarcity and the need for water
conservation. During the last decade, tourism has devel-
oped rapidly in the area, as a result of the region’s mild
climate and coastal and golf resorts. The high water
demand for domestic supply is an additional constraint to
water resource availability.

From a geological point of view, the Campo de
Cartagena plain consists of sedimentary Neogene and
Quaternary materials overlying the bedrock, which corre-
sponds to the Internal Betic Zone tectonic complex
(metamorphic materials). Limestone, sand and conglom-
erate of Tortonian age, organic limestone of Messinian
age, and sandstone of Pliocene age are the main aquifers
in the area. The top unconfined aquifer of detrital origin
(mainly Quaternary silt) extends over 1,135 km? with an
average thickness of 50 m (Fig. 1b). The average depth of
the water table is 15 m, and the hydraulic gradient of the
aquifer ranges from 10 to 10> m/m, and they hardly
ever change over time. This aquifer is barely exploited,
due to the high pollution by agrochemicals, and the water-
table fluctuations are mainly caused by the recharge based
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on the combined water input from irrigation and precip-
itation. The hydraulic conductivity ranges between 10"
and 10' m/day, whereas the transmissivity values vary
from 10" to 10 m*/day, depending on the spatial location.

A preliminary study by the Spanish Geological Survey
(IGME 1994) estimated that total recharge to the to;o
unconfined aquifer, Quaternary age, was about 69 10° m’/
year, ranging between 46 10° m’/year (due to natural
recharge) and 23 10° m®/year (due to irrigation return
flow). The IGME (1994) study to estimate natural
recharge was based on the Thornthwaite method
(Thornthwaite 1948); to estimate irrigation return flows a
combination of methods were applied according to
existing data: (1) for areas where crop and irrigation data
were available, irrigation return flows were calculated as
the difference between the applied water and the potential
crop water use; (2) for other areas, where only irrigation
data were available, irrigation efficiency coefficients for
different irrigation methods (e.g. drip, furrow, flooding)
were used to determine the fraction of water contributing
to recharge. Thus, return flow estimate was only based on
irrigation water application and did not consider water
input from precipitation. Instead, precipitation-based
recharge from irrigated farmland was implicitly included
in the estimate of natural recharge, which was a single
value uniformly distributed in the entire region.

Field site and experiment

Three experimental plots with different types of crops
(LM, A and C in Fig. 1a) were selected to assess the water
balance: LM, with annual row crops (rotation of lettuce
and melon); 4, with perennial vegetables (artichoke); and
C, with fruit trees (citrus). The main criteria for selecting
the sites were prior long-term cultivation of the crops in
the experimental area (1999-2008), the existence of
piezometric records (piezometers 1, 2 and 3) and nearby
meteorological stations (TB and SJ), as shown in Fig. 1a.

Each experimental plot had an area of 10,000 m?. The
soil is a silty loam (US Department of Agriculture soil
textural classification) with 16% sand, 79% silt and 5%
clay, and it is relatively uniform throughout the Campo de
Cartagena region (Ramirez et al. 1999). Daily meteoro-
logical data for the study period were provided by SIAM
(Servicio de Informacion Agraria de Murcia) and the
groundwater level data, manually recorded at bimonthly
basis, were obtained from the CHS (Confederacion
Hidrografica del Segura) database.

The plots (LM, A and C) were managed according to
agricultural practices that are common in the Campo de
Cartagena region (Table 1), including crop rotation for
annual row crops (lettuce and melon), drip irrigation and
water requirements (Fig. 2). For summer row crops
(melon), cultivation is carried out under plastic to increase
irrigation efficiency. For simulation purposes and to avoid
boundary effects, the same agricultural management
practices were conducted in the neighbouring areas of
experimental plots.
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(1994)

Estimation of recharge using water balance
modelling

The water-table-fluctuation method (WTF) to estimate
aquifer recharge is a groundwater-based approach founded

Hydrogeology Journal (2010) 18: 1811-1824

on groundwater level data. Its application requires knowl-
edge of specific yield and changes in water level over
time. Although simplicity is one of the advantages,
uncertainties associated with the limited accuracy in
determination of some parameters (e.g. specific yield)
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Table 1 Main characteristics of the experimental plots (source: Allen et al. 1998 and CARM 2007)

Experimental Meteorological Piezometer Crop Mean Maximum Furrow Drip irrigation Crop water
plot station height root depth spacing Tneide Emitter Discharge recguirements
crop (cm)  (cm) m) diameter spacing (cm) (L/h) (m*/ha/year)
tubing (mm)
LM TB 1 lettuce/melon  30/30 30-50/80-150 1 16 30 4 3287.8/6169.2
A SJ 2 artichoke 70 60-90 1.7 16 40 4 6622.8
C SJ 3 citrus 300 80-150 6 16 25-125 4 6407.1

may restrict its applicability. Techniques based on ground-
water level are among the most widely applied methods for
estimating recharge rates. This is likely due to the availability
of groundwater level records and the simplicity of estimating
recharge rates from temporal fluctuations or spatial patterns
of groundwater levels (Healy and Cook 2002).

The WTF approach can only be applied to unconfined
aquifers. It is based on the premise that rise in groundwater
level is due to recharge water arriving at the water table.
The time lag between the water application (from irrigation
or precipitation) and the water arriving at the water table
during a recharge event is critical for this approach. It is
valid over short periods of time (hours or a few days). If the
rate of water abstraction from the aquifer is not significantly
lower than the rate of recharge water arrival at the water
table, then the method is of limited value.

Water-balance-modelling description: equations
and parameters used
Water recharge was calculated with VisualBALAN v. 2.0
(Samper et al. 2005), a computer code suitable for long-
term simulation of water balance in the soil, vadose zone
and aquifer. VisualBALAN has been applied successfully
at many Spanish and South American case studies—for
example Carrica and Lexow 2004; Gracia-Santos et al.
2005; Samper et al. 2007; Castafieda and Garcia-Vera
2008; Candela et al. 2009; Sena and Molinero 2009,
among many others. The experiment was performed for
the period October 1999 to September 2008, over nine
hydrological years. The calibration and prediction were
accomplished for annual row crops (lettuce and melon),
perennial vegetables (artichoke) and fruit trees (citrus).

In comparison to other existing codes (INFIL, SAHYS-
MOD, TOPOG), VisualBALAN aims at using generally

180
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Perennial vegetables [Jartichoke
Fruit trees M citrus
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0.1 m¥ha)

=l =
28

40
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M A M J J A S
Month
Fig. 2 Monthly water requirements for the three types of crop studied
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available input data, that can be estimated with reasonable
accuracy, or easily measured. For example, INFIL (USGS
2008) focuses in the root zone, whereas SAHY SMOD (ILRI
2005) was designed for long-term management applications
and output results are based on weighted seasonal averages.
Moreover, the latter requires runoff as input data.

The code used in this investigation comprises three
sub-models that take into account processes in (1) the
upper part of the soil (root zone), (2) the vadose or
unsaturated zone (lower soil) and (3) the saturated zone
(aquifer). A schematic representation of the balance
components is represented in Fig. 3.

The state variable in each of the three zones is water
volume, expressed as volume per surface unit (e.g. L/m?)
or equivalent height of water (e.g. mm). The water volume
in soil (V;) is the product of water content (f) and soil
thickness (bg), Vs = 6bs. The amount of water in the
vadose zone is Vy, = Py, where &, is the drainable
porosity and yy, the thickness of the waterfront. In the
saturated zone, the relationship between water volume (V)
and height of the groundwater level (4) are related to
specific yield S, by ¥V, = Syh (for unconfined aquifer

PLANT-ATMOSPHERE

AQUIFER , VADOSE ZONE . SOIL

Fig. 3 Scheme of the water balance components in soil, vadose zone
and aquifer as defined in the VisualBALAN computer code (Samper et
al. 2005). w.L. is water level; other notation can be found in the text
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assume S=S,, where § is storage coefficient, also know as
storativity). Model parameters are automatically calibrated
by means of the comparison between measured and
estimated water levels, and are optimized by minimizing
the objective function through the Powell method or
multidimensional minimization (Press et al. 1989).

The water balance for vegetated soil is represented by:

(1)

where P is precipitation, Ir is irrigation, In is canopy
interception, E; runoff, ET, represents the actual evapo-
transpiration, P, is the potential recharge to the vadose zone
and Ad is the variation of soil water storage. The approach
assumes a cascade model for precipitation, interception,
runoff, evapotranspiration and the recharge process. In the
aforementioned model, water balance in soil is attained by
using rainfall and daily irrigation data. The model simulates
temporal differences (between ¢ and ¢, Ar=t—t;) of actual
evapotranspiration and groundwater recharge.

As infiltrated water is the residual water after evapo-
transpiration, the infiltration term, 7, can be introduced in
the water-balance equation as:

P+Ir—In—E;—ET, — P. = A8

[ (ET,+P.) = A6 2)

P+Ir—In—E;=1 (3)
Equation. 1 is the sum of Egs. 2 and 3.

Canopy interception (In) is the fraction of precipitation
intercepted by the vegetation (leaves, branches and trunk),
which involves loss of water by evaporation and runoff
decrease. Canopy interception was derived from the
empirical model of Horton (1919), which describes a
linear relationship between intercepted volume In and
total precipitation on vegetation Py in a rainfall event:
In= S84+ yPq (4)

Sq and y being empirical parameters related to the type
of vegetation and plant height (Table 2). As In is a fraction
of precipitation, it cannot exceed the P4 value; therefore,
Eq. 4 is valid only when P4 exceeds a threshold defined by:

1815

which is based on the relations between losses by canopy
interception and precipitation. Before runoff occurs, there
is a precipitation threshold, P,, due to interception and
infiltration. If this is taken into account, precipitation is P—
P,. For dry conditions and intensive rainfall events, as in
the specific study area reported here, £ can be empirically
calculated according to:

(P—P,)*

E=— % 6
* T P+4P, (6)

A critical element for recharge estimation is to
determine actual evapotranspiration ET,(¢) rates, which
can be below potential rates ET,(¢) for long periods of
time in arid and semi-arid regions, even for irrigated
systems. To relate ET,(f) with ETy(#), an exponential
method was used (e.g. Poulavassilis et al. 2001). The
method works with hydric deficits 6,4 at time ¢

ET-(1) — 1.9ETp(I)e{*046523[9ha(t)7W(t)]/ﬂceme}ghd(;) — W(t) > Oceme
a( ) o ETp(l‘) ghd (t) — W([) < gceme

(7)

where W(f) represents the input water over time (available
water), being 6,4(¢) = 0 —0(?), O 1s field capacity and 0(7)
soil-water content. 0 .. constitutes the hydric deficit limit
value and ranges between field capacity (6g.) and wilting
point (fy,,). All parameters are expressed as equivalent
height of water.

The potential diffuse recharge to the vadose zone P,
was estimated assuming that the soil is homogeneous and
isotropic. To solve this aspect a linear function was
applied (e.g. Castafieda and Garcia-Vera 2008), defined as:

0 0(1) < O
Pe(t) =< 0(1) — 0. O < 0(2) < Op + KysAt (8)
KAt 0(¢)> O, + KysAt

where K is the soil vertical-hydraulic conductivity and
0. and 0(¢) are expressed as equivalent height of water.

In the vadose zone, potential recharge P, constitutes
the entry of water, which can be divided into hypodermic
On and vertical flow or percolation to the aquifer O,
defined by the following expressions:

Sa
Py > (5)
I—y On(1) = an V(1) 9)

For values lower than threshold, In=Py.

The surface-runoff estimation, E, is derived from the
curve-number method (Soil Conservation Service 1975),  Q,(¢) = Kyy + ap Vu (1) (10)
Table 2 Applied Sy and  parameters (Horton method) and crop height (from Lopez-Rodriguez and Giraldez-Cervera 1997)
Crop S Y Mean height crop Z (m)
Annual row crops (lettuce and melon) 1.67 x Z 0.49 x Z 0.3
Perennial vegetables (artichoke) 1.67 x Z 049 x Z 0.7
Fruit trees (citrus) 1.02 0.18 3

Hydrogeology Journal (2010) 18: 1811-1824
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where 1}, is the water volume stored in the vadose zone,
ay and o, are depletion coefficients for hypodermic flow
and vertical flow or percolation, respectively, and K, the
vertical hydraulic conductivity in the vadose zone. The oy,
parameter is proportional to the horizontal hydraulic
conductivity Ky, drainable porosity ®., mean slope i and
length in the hypodermic flow direction L, according to:

2Ky
L,

COh

(11)

As in Eq. 10, oy, is obtained by considering that /}, and
y, are related by means of V}, = ®,y,, where y, is the
thickness of the waterfront, taking into account the
distance between the waterfront and the regional ground-
water level p:

_va
ap = o
PPe

(12)

In this study, an explicit scheme was applied for
solving water balance in the vadose zone.

Water balance in the aquifer, using VisualBALAN
(Samper et al. 2005), was obtained by estimating the
groundwater level in the aquifer at each Az The code
enables solving of the water balance by treating the region as
a mono-cell or multi-cell pattern. For this exercise, the
experimental plot (10,000 m?) was considered as only one
cell. The water volume in the aquifer, V,, and the ground-
water level, &, are related to a reference value, 4, (base
value), which corresponds to a volume V,,. The water
volume stored over the reference value, AV,=(V,—V,,), is
related to the change of level Ah=(h—h,) through the specific
yield S, by means of AV,=S,Ah. Balance in the aquifer is
carried out considering the entry of water by vertical flow or
percolation O, and the groundwater discharge Qs:

0s(t) = asAV, (13)
where o is the discharge depletion coefficient,
T
Os =a—> 14
SA? (14)

which is related to hydraulic diffusivity (7/S) by means of

unconfined aquifer), a characteristic length A and a
dimensionless constant « (common range between 1/3
and 1/1.5). The stored volume in the aquifer at time z,
V.(%), is obtained from:

Va(t) = Va(t — 1) + (Qp — Os)At (15)

Once the final volume is known, the water level is
calculated, A(?):

Valt) —

h(t) = hy + 5

(16)
which allows an estimation of the water level in the
aquifer. Goodness of fit between measured and simulated

water levels was assessed by the root mean square error
(RMSE) and mean absolute error (MAE).

Atmospheric boundary conditions
Daily irrigation (Ir) and precipitation (P) rates are the only
input to the system. In order to determine evaporation and
transpiration rates, reference evapotranspiration, ET(?),
was calculated according to Penman-Monteith method.
The potential evapotranspiration, ET,(#), was derived
from (Allen et al. 1998):
ETy(2) = Kc(2) - ETo(2) (17)
where K (f) is a crop-specific coefficient that character-
izes plant water uptake and evaporation relative to the
reference crop. ET((f) was obtained at daily time steps.
Values for K.(#) are shown in Table 3 for annual row
crops, along with growth stages and length (days). An
annual mean value of K.=0.95 (Allen et al. 1998) for
perennial vegetables (artichoke) and a monthly mean
value (Castel 2001) for fruit trees (citrus) respectively
was applied, although for the last case the annual mean
value is K.=0.68 for a ground cover > 64%.

Potential evaporation E,(f) was calculated according
to (e.g. Kroes and Van Damm 2003; Pachepsky et al.
2004):

lated : _ . expFLAID)
the transmissivity, 7, and storage coefficient, S (S=S,, for Ep (1) = ETy (1) - exp (18)
Table 3 Planting date, growth stage and crop coefficient for different row crops (source: Allen et al. 1998 and CARM 2007)
Crop Planting ~ Growth stage (number of days) Crop coefficient Mean height Maximum  Crop water
date (K.) crop (cm) root depth req;uirements
Initial  Development  Mid-season  Late-season  Initial Mid  End (cm) (m*/ha/year)
Lettuce Jan/Sept  35/30  50/40 45/25 10/10 0.7 1 095 30 30-50 3287.8
Broccoli Jan/Sept 35 45 40 15 0.7 1.05 095 30 45-60 1595.7
Cauliflower ~ Jan/Sept 35 50 40 15 0.7 1.05 095 40 45-60 1595.7
Celery Jan/Sept 25 40 45 15 0.7 1.05 1 60 45-60 2466
Endive Jan/Sept N N a 0.7 095 09 * 30-45 3474.4
Melon May 25 35 40 20 0.5 1.05 075 30 80-150 6169.2
Watermelon ~ May 20 30 30 30 0.4 1 0.75 40 80-200 5435.1

?No data available, but field observations suggest growth stages similar to lettuce crop
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Fig. 4 Estimated daily potential evapotranspiration E7,, (grey colour) as a soil input boundary condition (Egs. 17-20) for annual row
crops (lettuce and melon). £7,, ~ 0 is recognized at the beginning of each summer crop due to the plastic cover. Black bars represent daily

precipitation data

where (3 (= 0.4) is the radiation extinction coefficient and
LAI(?) is the leaf area index. Data on LAI(f) were not
available and it was estimated as:

Ep(r) = ETof (1) (19)

The f(f) function was defined on the basis of the
following reasoning: when a crop is planted for the first
time, ground cover is nonexistent, potential evaporation is
maximal, transpiration is zero, and thus f{rf)=1. Con-
versely, when the crop reaches the mid-season growth
stage, ground cover is complete, evaporation is effectively
zero, and thereafter f{r)=0. The transition from f{r)=1 at
planting to f(f)=0 at the beginning of the mid-season
growth stage was modelled using a sigmoid curve
(Jiménez-Martinez et al. 2009).

T T 150
Oct-06  Oct-07

Therefore, potential transpiration 7;,(f) was determined as:

To(t) = ETy(1) — Ep(0) (20)
According to agricultural practices in the area, the ET,(?)
for winter crops (lettuce) is given by Eq. 17, while for
summer crops (melon) only 7},(#) from Eq. 20 was taken into
consideration. Selection was based on the fact that the plastic
cover reduces E,(?) to zero (Fig. 4). For perennial vegetables
and fruit trees, the ET,(#) given by Eq. 17 was applied
considering that a complete growth development occurs.

Uncertainty and sensitivity analysis
The modelling approach contains several potential sources
of uncertainty, which are either related to model param-

Table 4 Initial value and final fitted parameter estimates. Prescribed values when not fitted parameters. Calibration period is shown

between brackets

Parameter Annual row crops Perennial vegetables Fruit trees
(lettuce and melon) (artichoke) (citrus)
Initial value Fitted value Initial value Fitted value Initial value Fitted value
(1999-2002) (1999-2005) (1999-2003)
Fitted
Rainfall threshold to downpour, P, (mm) 2 2 2 2 2 2
Hypodermic flow depletion coefficient, oy, (1/day) 0.01 0.01 0.01 0.01 0.01 0.01
Groundwater discharge depletion coefficient, 0.0173 0.0050050  0.0173 0.0009812  0.0173 0.0009812
oy (1/day)
Storage coefficient, S 0.2 0.2098 0.2 0.2065 0.2 0.2
Discharge single-cell aquifer water level, /4 (m) 15.80 15.78 1.50 1.50 13.55 13.57
Vadose zone vertical hydraulic conductivity, K,, 432 432 432 432 432 432
(mm/day)
Vertical flow depletion coefficient, oy, (1/day) 0.6931 0.6931 0.6931 0.6931 0.6931 0.6931
Oceme (mm) [hydric deficit limit value, between 20 1.549 20 0.965 20 1.006
Owp and O]
Prescribed”
Soil thickness, bg (m) 0.5 1 1.50
Soil total porosity, &, (m>/m?) 0.4 0.4 0.4
Wilting point, 6, (m’/m’) 0.1 0.1 0.1
Field capacity, Og. (m*/m>) 0.2 0.2 0.2
Curve number 58 58 25
Soil vertical hydraulic conductivity, Ks 382 382 382

(mm/day)

?Source: Jiménez et al. (2007); Jiménez-Martinez et al. (2009)
®Source: Soil Conservation Service (1975)
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Fig. 5 Simulated (calibration: red line; prediction: blue line) and observed (dots) water level for the piezometers 1, 2 and 3 located in each
experimental plot (see Fig. 1a). Daily precipitation is shown as black bars.

uncertainties on the recharge calculation requires knowl-

eters (Po; Qp; O, S, hd, va; ap; eceme; bsa Qsa ewp; efc;
curve number; K,), initial conditions (initial water content
in the soil and vadose zone; initial water level in the
single-cell aquifer) or the boundary conditions (precipita-
tion; crop coefficient; reference evapotranspiration; irriga-
tion; height of the crop). Quantifying the effect of

——Annual row crops (lettuce and melon)
0.9 -=- Perennial vegetables (artichoke)
=<« Fruit trees (citrus)
0.84
0.7 4 et T
{ e bt TN
B4 ’ et
8o ;
S 054 K
0I4‘ .-'. ..rv’r"' R LTI "eahranas P
0.3 “_'_“_.—-'..,‘, I e~ 1.
0.24 ;
0.1 —

99 00 9901 9902 9903 99 04 99 05 99 06 99 07 9908
Calibrated period (hydrologic years)
Fig. 6 Root mean square error (RMSE) for the calibrated periods
and the three crop types (e.g. 99 00 means 1999-2000)
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edge of the aforementioned model parameters and of their
statistical variability and correlation structure. To the
authors’ knowledge, the literature provides little or no
information on quantifying uncertainty for some of the
parameters. However, it is possible to evaluate the
importance of the parameter uncertainties on recharge as
the objective function by means of sensitivity analysis.

As this is a cascade model, the parameters and initial
conditions that potentially concern recharge are those
characterizing the soil and vadose zone (P,; an; Kyy; rp;
Ocemes bs; Ps; Owps Og; curve number; K initial water
content in soil and vadose zone), whereas for the
parameters and initial conditions of the aquifer (ag; S;
hg), their impact is on water level, not on the objective
function, recharge. A series of simulations were performed
on individual parameters by a given amount of perturba-
tion and by estimating water balance.

The uncertainties associated with the boundary con-
ditions were evaluated by computing a defined relative

DOI 10.1007/s10040-010-0658-1
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Table 5 Model performance assessment by fitting experimental data (water level, /) for calibrated and predicted periods shown in Fig. 6

Simulation Calibration period Prediction period

RMSE® MAE® RMSE* MAE®
Annual row crops (lettuce and melon) 0.324 0.276 0.312 0.246
Perennial vegetables (artichoke) 0.686 0.607 0.529 0.397
Fruit trees (citrus) 0.337 0.260 0.352 0.306

?Root mean square error, RMSE =

; Zl (xi —yi)*
®Mean absolute error, MAE = —Xn: |xi — yil

i=1
sensitivity as AS/CP. Parameter CP is the relative change of a
given variable or parameter, defined as | Py — Py|/ Py - 100,
and A4S is the relative change in the output (recharge) value,
defined as |C; — Cp|/Cp - 100. P, and P, are variable values
used for sensitivity and calibrated base runs, respectively,
and C; and C, are output data (recharge) computed in
sensitivity and calibrated base runs, respectively. The
magnitude of the perturbation (CP) was +10% with respect
to the original data. However, for the height crop, this figure
stood at £30%.

Results and discussion

Model calibration and predictions

As could be expected, initial simulations using guessed
parameters were in poor agreement with measured data.
Therefore, an attempt was made to calibrate model
parameters in the three zones (soil, vadose zone and

aquifer) by parameter optimization routines and field data
(water level data). Several possible parameterizations were
considered, according to the number and type of param-
eters that were fitted. The best overall parameterization
was determined on the basis of diagnostic information
from the computer program, a visual inspection of the
model fit to the data and the principle of parsimony (i.e., if
two parameterizations produce equal fit, the simplest was
taken, namely, fewer fitted parameters). Subsequently, the
fitting was repeated using different initial estimates to
ensure that the same fitted parameters were obtained. The
best parameterization was found for eight of a total of
fourteen parameters. Table 4 shows the initial value of the
parameters, the prescribed value when not fitted, and the
fitted parameter estimates. The final fitted parameter
values were very similar for the three experimental plots,
which confirmed the homogeneity of soil type in the study
area (Ramirez et al. 1999). Field observations suggest that
hypodermic flow is negligible, confirmed by the fitted

a
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Fig. 7 a Annual recharge evolution (annual row crops: solid line; perennial vegetables: dashed line; fruit trees: dotted line) and annual
precipitation (grey bars) for each crop and studied period (Oct 1999—Sept 2008). b Pie diagrams present average value (%) of the different water
balance components for each crop. In canopy interception; E; runoff; Q) hypodermic flow; ET,, actual evapotranspiration; 0O, aquifer recharge

Hydrogeology Journal (2010) 18: 1811-1824

DOI 10.1007/s10040-010-0658-1



1820

1400 - 0
Cum. ETp (mm) 150
1200+ \ ——Cum. ETa (mm}) 1100
ssan] , - -~ Cum. Recharge Op (mm) 1 150
800 - 5 " ) BE 200
+250
600+ + 300
L e il Y e T
)

200 T
+450
0 — it +——+—L 500

-
r-y
o
o
(=]

1200+ e - B

E —_—
E £
= E
S A
] Qi
= 1100 &
21000- i R— - — 150 g
S soot T200 ©
5 [5}
+250 @
g 6007 1300 &
> i = )
L 4g01 Perennial vegetables /~—~ l3s0 =
(artichoke) =
2 200 140 3
= 1450 2
S o —_— —_— 500 3
o
g 1400 1 0
O 4
12001 T ?go
1000+ B it U 1150
800+ 7200
+250
600+ L300
400+ Fruilt trees 1350
(citrus) 400
-+ /-/ T
200 e SR Laso
0 + + t y y t t t t 500

M A M J J A S

Month
Fig. 8 Cumulative potential evapotranspiration ET,, (red line),
actual evapotranspiration ET, (blue line) and aquifer recharge Q
(dashed line) for the different crops, Oct 2007—Sept 2008 hydro-
logical year

hypodermic flow depletion coefficient () and estimated
values for this water balance component. Higher values of
vertical flow depletion coefficient («y,) than groundwater
discharge depletion coefficient («) confirm that: (1) the
time lag span between the water application and the water
arriving at the aquifer is short; and (2) the water transport
rate away from the water table is significantly slow.
Calibration for each crop type was carried out for a
given number of years (annual row crops 3 years;
perennial vegetables 6 years; fruit trees 4 years). Once
fitted parameterization was attained, it was used to predict
at the site (Fig. 5) the water level for the rest of the period
(annual row crops 6 year; perennial vegetables 3 year;
fruit trees 5 year), in order to evaluate the model’s
reliability. Figure 6 shows for each crop type the root
mean square error (RMSE) for a selected calibration
period. As can be observed, the RMSE reaches a plateau
and remains more or less constant after a certain number
of years. Obtained results were used to assess the
optimum number of years for model calibration in the
area. In the annual row crops (lettuce and melon) and

Hydrogeology Journal (2010) 18: 1811-1824

perennial vegetables (artichoke) the RMSE value was
stabilized in 3 years (= 0.3 and = 0.65, respectively),
while for the fruit trees (citrus) it stabilized after 2 years of
calibration (= 0.3). Figure 5 shows observed and
simulated water level measurements, while Table 5
presents the goodness-of-fit for the calibrated and pre-
dicted periods shown in Fig. 5. Good agreement was
obtained for annual row crops and fruit trees. However,
this was not the case for perennial vegetables, which has
been related to pumping nearby this experimental plot.

Water balance and recharge estimation

Figure 7 shows the recharge evolution for each crop
during the October 1999—September 2008 period. Con-
sidering that irrigation has remained more or less constant
throughout the study period, the annual recharge has to be
related to changes in precipitation. For the study period,
mean annual recharge was 397470 mm for annual row
crops (lettuce and melon), 20164 mm for perennial
vegetables (artichoke) and 194+75 mm for fruit trees
(citrus). Values were consistent with data for these types
of crops provided by different authors (e.g. Castel et al.
1987; Hanson et al. 1997; Lidon et al. 1999). Table 3
shows the agricultural parameters for some crops currently
cultivated in the Campo de Cartagena, presenting similar
planting date, growth stages, crop coefficients, height, root
depth and water requirements as the crops of the LM field
plot (lettuce and melon). Obtained results from the present
experiment could be also applied to assess recharge
derived from other types of crops.

Due to the high irrigation dose and frequency of
application, recharge dramatically increases when inten-
sive precipitation events occur. As shown in Fig. 5, the
groundwater level increase correlates with the heaviest
precipitation events. This rapid water level response is due
to the relative narrowness of the vadose zone in the study
area, and was accounted for as 3, 11 and 8 m in plots LM,
A and C, respectively. Moreover, continuous and relatively
high water content in the soil facilitates the infiltration
process during intensive precipitation events. The pie
diagrams in Fig. 7 present the average value (%) of the
different water balance components for each crop and
study period (October 1999—September 2008). A higher
value of interception for perennial vegetables and fruit
trees than for the annual row crops is observed. The
amount of hypodermic flow and runoff is very low.

Figure 8 shows ET,, ET, and recharge cumulative
values for the last simulated hydrological year (October
2007-September 2008) and the three crop types. The ET,
rate was frequently lower than the ET), as soil moisture at
various times failed to sustain the potential transpiration
T,,. This is particularly important for perennial vegetables,
due to the lack of irrigation during June and July.
Regarding the recharge process, it could be divided into
three stages for each experimental plot. Groundwater
recharge mainly occurred between October and December,
the rate decreased between January and May, and there
was no recharge between June and September. Note that

DOI 10.1007/s10040-010-0658-1
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Table 6 Summary of the relative sensitivity analysis performed for the selected boundary conditions

Boundary condition Recharge

Annual row crops (lettuce and melon) Perennial vegetables (artichoke) Fruit trees (citrus)

Name CP (%) AS (%) AS/CP AS (%) AS/CP AS (%) AS/CP
Precipitation, P +10 5.36 0.53 7.39 0.74 11.65 1.16
-10 6 0.60 8.18 0.82 11.51 1.15
Reference evapotranspiration, ET, +10 9.04 0.90 10.03 1.00 5.57 0.56
-10 10.79 1.08 14.36 1.44 9.22 0.92
Irrigation, Ir +10 15.08 1.50 16.42 1.64 8.47 0.41
-10 13.45 1.34 12.54 1.25 5.47 0.57
Height of crop, Z +30 4.01 0.13 15.37 0.51 - -
=30 4.03 0.13 16.17 0.54 - -

CP relative change (%) of a given variable or parameter; A4S relative change (%) in the output value; AS/CP relative sensitivity

the plastic cover on summer crops had a major impact on
the annual row crops recharge.

Sensitivity analyses

Figure 9 shows the effect on the estimated recharge
values for some parameters (set 1) and initial conditions
(set 2). A series of simulations were performed in
which individual parameters and initial condition values
were perturbed into a range (shown in brackets, see
Fig. 9), while all other parameters and initial conditions
were held at their baseline values (that is, the values
used in the recharge calculations). The effect of
perturbations on the estimated recharge (base run) was
then evaluated.

Set 1 of sensitivity analysis involved evaluating a total
of 11 parameters. The perturbation ranges of these
parameters were sufficiently large and consistent with the
scientific literature. Results of these calculations showed
that recharge was most sensitive to five parameters in
particular: field capacity 0, wilting point 6, hydric
deficit limit value (Oceme, between Op and 0,), curve
number, and hypodermic flux depletion coefficient oy, (see
Fig. 9). For O, Oup, Oceme and oy, the three crop types
(annual row crops, perennial vegetables, fruit trees)
present the same trend of recharge change with respect
to the perturbations. However, with respect to the curve
number, such perturbations are only affecting changes in
the recharge for annual row crops and perennial vegeta-
bles. Set 2 of sensitivity analysis involved the evaluation
of the initial conditions: initial water content in soil 6(z)
and initial water volume in vadose zone V},. Recharge was
only sensitive to 6(f), with a similar trend for all three
crops.

With regard to the sensitivity analysis for selected
boundary conditions, effects due to temperature, number
of daylight hours, wind velocity, air relative moisture or
albedo appear to be included in ET,. K. causes a similar
effect to ET,, according to Eq. 17, and it is not included in
this analysis. The greatest change in the recharge is not
always due to perturbations in the irrigation (Ir), but also
to variations in the precipitation P in the case of fruit trees
(citrus) (Table 6).

Hydrogeology Journal (2010) 18: 1811-1824

Conclusions

The daily water balance from water-table fluctuations
(WTF) used in this study is presented as a suitable
method for estimating groundwater recharge from
farmland. It requires relatively low data density,
generally available (meteorological and water level
data), which can be estimated with reasonable accu-
racy, or obtained from literature with relative ease. On
the other hand, it requires specific hydrodynamic
conditions of the unconfined aquifer such as short lag
span between the water application and the water
arriving at the water table; also groundwater level
increase should be only due to water arriving. The
uncertainties associated with the large number of
parameters that are employed and the particular
features of the semi-arid climate are difficulties
associated with this type of method and environment.

The irrigation return flow accounts for a substantial
portion of recharge, as occurs on the Campo de Cartagena
plain. Good agreements were found between observed and
simulated water level measures, except in the case of
perennial vegetables (artichoke), for which water-level
fluctuations must be related to nearby pumping. The mean
annual recharge values computed (from irrigation plus
precipitation) during the study period (October 1999—
September 2008) were 397 mm for annual row crops
(lettuce and melon), 201 mm for perennial vegetables
(artichoke) and 194 mm for fruit trees (citrus); these
figures represented 31.4, 20.7 and 20.5% of the total
applied water, respectively. The present study updates the
water balance and recharge estimation carried out by the
Spanish Geological Survey (IGME 1994). The results
indicate that there is a greater amount of irrigation return
flow than that estimated previously in the region, in spite
of the current high irrigation efficiencies. A high recharge
rate due to intensive precipitation events can be recog-
nized. Improved irrigation scheduling based on soil-
moisture status, weather conditions and crop water
requirements could significantly reduce irrigation return
flow. However, this is not an easy task, because rainfall is
unevenly distributed into a few intensive events such as
those that occur between September and December, with a
meaningful contribution to recharge, as a consequence of

DOI 10.1007/s10040-010-0658-1



constant high water content in the soil and the potentially
preferential flow contribution.

More accurate results could be obtained by improving
the quality of available data. Perhaps the most difficult
aspect is specifying representative irrigation practices for
the farmers, which may or may not be uniform across the
region. To achieve greater reliability of model predictions,
parameter uncertainty and correlation structure should be
quantified to establish the confidence intervals.
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Abstract Poorly constructed wells (leaky or without
a gravel pack) and abandoned wells can behave as
conduits for the interconnection of aquifers at dif-
ferent depths and facilitate the transfer of contami-
nants between these aquifers. This is the case with
Campo de Cartagena (SE Spain) where the primary
land use is intensive irrigated agriculture, along with a
high density of wells. The unconfined aquifer is
heavily impacted by a high concentration of nitrate
associated with agricultural activities. The present
work provides a methodological approach to evaluate
the impact of the unconfined aquifer on the water quality
of the confined aquifer caused by leaky wells in high-
density areas of production wells. The research ap-
proach included the use of geochemical and isotopic
tools; specifically, nitrate was used as a tracer for eval-
uating the impact, and the code MIX PROGRAM was
used for mixing calculations. Results show an increase
of the impact of the unconfined aquifer on the confined
aquifer along the groundwater flow direction toward
the coast, although this general pattern is controlled by
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local factors (pumping, intensity of agricultural prac-
tices, density of wells, and groundwater residence
time).

Keywords Aquifer interconnection - Leaky borehole -
Mixing rate - Campo de Cartagena

1 Introduction

Abandoned, leaky, and poorly constructed wells
(leaky or without a gravel pack) may act as conduits
transferring contaminants to underlying aquifers and
are common features at many polluted groundwater
sites. This fact has been observed in a number of
studies under different geological scenarios and
exploitation frameworks (e.g., Lacombe et al. 1995;
Pulido-Bosch et al. 2000; Salama 2005; Carter et al.
2007). In a multilayer aquifer, abandoned or poorly
constructed wells penetrate through geological strata
otherwise considered impermeable (aquitard) that
supposes open conduits for pollutant migration. Even
if wells are properly designed and constructed with a
long life expectancy, they can deteriorate with time
and be abandoned or become damaged due to land
planning. Also, they can be drilled illegally. Under
such circumstances, any information of wells may be
lost.

Aquifer interconnection may also occur via flow
through aquitards in areas of reduced aquitard thick-
ness which could be enhanced by water pumping in
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the underlying confined aquifer (Hantush and Jacob
1955; Hantush 1960; Boulton 1963; Neuman and
Witherspoon 1969). For the case of a possible flow
rate through an open well (inside the well), Lacombe
et al. (1995) demonstrated that flow is more depen-
dent on the borehole radius than the existing vertical
hydraulic gradient. In hydrology, mixing calculations
are often viewed as a preliminary step in the process
of building a conceptual model to identify where
water comes from. Mixing models based on chemical
and isotope data are commonly used to quantify
hydraulic aquifer connection between aquifers (Adar
and Nativ 2000; Banner et al. 1989; Larsen et al.
2003). The principal problem in mixing calculations
is the uncertainty in the end members (properties,
origin of mixing water) due to the spatial and
temporal variability of water composition.

The present study was carried out in a semiarid
region, Campo de Cartagena (SE Spain), where the
land is intensively irrigated for agriculture (CARM
2008) and groundwater pollution from agriculture
exists. The agricultural activities are practiced over an
unconfined aquifer, which constitutes a source for
contamination by agrochemicals and is separated
from the lower confined aquifer by a thick aquitard.
The objective is to evaluate the significance that
abandoned and poorly constructed wells have on
cross-formational groundwater flow and contaminant
transport between the shallow unconfined and deep
confined aquifers. The work provides a methodolog-
ical approach based on the application of geochemical
and isotopic tools and water mixing calculations from
a numerical model. The state of saturation of
groundwater samples (saturation index, /) for relevant
minerals and ionic speciation were calculated using
the PHREEQC code (Parkhurst and Appelo 1999).
Water mixing calculations were estimated using the
numerical code MIX PROGRAM (Carrera et al. 2004),
which provides theoretical estimates of the end-member
concentrations, thereby reducing the uncertainty due to
spatiotemporal variability and thus improving the
quality of the output mixing calculations.

2 Study Site
The Campo de Cartagena basin is a 1,440-km” plain

located in the Southeastern part of Mediterranean
Spain (Fig. la). It is bordered to the east by the

@ Springer

Mediterranean Sea and Mar Menor (hypersaline coas-
tal lagoon) and to the north, south and west by small
mountain ranges. The region is characterized by a
semiarid Mediterranean climate, with an average
temperature of 18°C and 300 mm of annual rainfall,
which is unevenly distributed into a few intense events
that are highly variable in space and time. Rainfall
occurs mainly during spring and autumn. No perma-
nent watercourse exists, and the area is drained by
several ephemeral streams. Agriculture is the primary
land use (Fig. 2). Drip irrigation is widely applied in
the region due to the scarcity of water resources and
the need for water conservation. The population’s
water supply relies on surface water imported from
Canales del Taibilla. Water for agricultural irrigation is
pumped from deep confined aquifers and a surface
water transfer system from the Tajo-Segura Aqueduct
(MIMAN 2000). This system which transfers water
from the 7ajo basin (central part of Spain) to the study
region was initiated in 1980. Since 2005 and due to the
high water demand for irrigation, desalination of brack-
ish groundwater has been promoted by the farming
community to increase available water resources.

2.1 Hydrogeological Setting

The study area is contained by a Neogene and
Quaternary sedimentary basin located in the Eastern
part of the Betic Cordillera. The sedimentary rocks
unconformably overlie metamorphic basement rocks
(Fig. 1a, b). A number of published and unpublished
geologic and hydrogeologic studies of the area have
been conducted (IGME 1994; Jiménez-Martinez et al.
2010); only a synthesis is presented here.

The Neogene sedimentary infill is mainly com-
posed of low-permeability sediments (marls) with
interlayered high-permeability material (limestones,
sands, and conglomerates) deposited during the Torto-
nian stage through to the Quaternary period. Sands and
conglomerates of Tortonian age, organic limestones of
Messinian age, and sandstones of Pliocene age con-
stitute the aquifer materials of the deep confined
aquifers. Finally, overlying the Neogene sedimentary
rocks and covering a great part of the Campo de
Cartagena, the Quaternary sediments (conglomerates,
sands, and silts) form the upper unconfined aquifer
(IGME 1994; Fig. 1b).

Due to the load of agrochemicals applied in agri-
cultural management (ammonium nitrate NH4NOs;
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Fig. 2 Land covered by the
principal crops (CARM
2008). a Vegetables and

b fruit trees

0 5

10 km - Greenhouse

Annual row crops and
perennial vegetables

10 km - Almond trees

Fruit trees (citrus)

phosphoric acid H3;PO,; potassium nitrate KNOs;
calcium nitrate Ca(NOs),; ammonium phosphate
(NH4);PO,; and magnesium nitrate Mg(NO;), 6H,0),
the upper aquifer has been highly polluted by infil-
tration of irrigation return flows. Moreover, elevated
pumping rates in wells as a consequence of water
resources demand, along with the aquifers’ intercon-

@ Springer

nection through abandoned and poorly constructed
wells, primarily impact on the quality and quantity of
groundwater resources in the region. Further, ground-
water discharge to the Mar Menor (a hypersaline
lagoon) also causes an environmental impact on the
flora and fauna in the lagoon area (Rodriguez
Estrella 2000; Garcia-Pintado et al. 2007). Mitigating
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these risks depends on a full understanding of
groundwater flow mechanisms and on the adequate
construction of the network design of production wells
(Frind et al. 2002).

2.2 Introduction to the Problem

The assessment of interconnection focuses on the
Pliocene lower confined aquifer comprising sandstone
and extending over an area of 817 km?® and the
Quaternary upper unconfined aquifer (conglomerates,
sands, and silts), which outcrops over a surface of
1,135 km?. The aquifers are separated by an aquitard
comprising marls and evaporites (see cross sections
Fig. 1b). The main groundwater flow direction in both
aquifers is from northwest to southeast toward the
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Fig. 3 a Hydraulic head and regional flow direction for the
Quaternary (upper unconfined) and Pliocene aquifer (lower
confined) recorded in 1999. b Hydraulic head evolution for

5——

coast, although local disturbances of the flow system
occurs in the Northern part of the Pliocene aquifer due
to the high density of wells and water extraction
(Fig. 3a). During the 1960s and 1970s, the aquifers
were intensively exploited. Since 1980, when the Tajo-
Segura water transfer system was initiated, the total
irrigated area has increased due to the new available
water resources. In response, an increase of induced
recharge by irrigation return flow has been produced.
As a result, two mechanisms have led to a water-level
rise in aquifers: irrigation return flows and decreased
pumping from wells (Fig. 3b). Also, intensive mineral
fertilizer application (0.9-1.6 tha 'year '), which
frequently exceeds crop needs, forms part of the
agriculture management. This leads to the fact that, in
old traditional agriculture practices, nitrogen losses to

Pliocene aquifer
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each aquifer in the defined regions. Dashed line represents the
arrival of Tajo-Segura water transfer system (source: Ground-
water Level Monitoring Network of CHS-IGME)
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the aquifer may vary by 50-90% of the application dose
(Candela 2000).

A total of 966 registered wells exist (IGME data
base); those wells exploit the Pliocene aquifer and
deeper hydrostratigraphic units (Fig. 4), although
estimation of the number of nonregistered wells
(illegal) indicates that the total could be double the
registered number or even greater. The mean density of
wells per square kilometer is 1.18, with increasing
density toward the coast. This great density of wells
implies a high risk of interconnection between the two
aquifers, although downward flow through the aquitard,
which is composed of marls and evaporite lenses,
should not be discarded. Pumping from the Pliocene
aquifer may increase the difference of head potential
between both aquifers and the downward gradient.

3 Methodology

Due to the broad extension of the study area, three
regions were defined based on land use and regional
geology (Fig. la). For region 1, where the highest
density of wells occurs, the regional groundwater

flow direction for both aquifers is toward the south-
east, although local perturbations are observed in the
lower confined aquifer (Pliocene). In region 2, ground-
water flow direction changes from southeast to east in
both aquifers. Finally, the groundwater flow compo-
nent in both aquifers for region 3 is from southwest to
northeast (Fig. 3a); it is the region with lowest density
of wells and least land area covered by crops (see
Figs. 2 and 4). The aquitard between the two aquifers is
composed of marls in regions 2 and 3, while in region 1
it is mainly composed of evaporites (see Fig. 1b).
Groundwater records for the 1974-2008 monitor-
ing surveys were provided by the Groundwater
Quality Monitoring Network from the Water Author-
ity (Confederacion Hidrografica del Segura-CHS and
IGME). A field survey under the project framework
was also carried out in 2008. The chemical data set
includes physicochemical parameters (pH, tempera-
ture, and electrical conductivity), major ion content
(Na", K', Ca*", Mg*", CI, HCO;, SO,*, and
NO; "), and CO5*", NO, , NH,", and SiO,. Some
specific surveys in situ analysed dissolved oxygen
measurements, heavy metals and environmental iso-
topes (°H, '®0, and '°0). A subset of five water
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of wells reaching the Plio- s :
cene aquifer and/or deeper h
units (966 registered wells .
from the IGME database). 2
The dashed line shows the 2
three defined regions 4

o

=]

-

T

5§
> %

g

(=1

8-

x

g

g———

=

650000

@ Springer

— ___r""—'- 2

/i J/‘J = o= LS -

o [ -

/ (- e
o N
S 0 5 10 20km [
[ T
, ) . SR |
660000 G70000 680000 690000 700000 71000C
X (UTM)



Water Air Soil Pollut (2011) 215:311-327

317

sample points within the surveyed period for each
aquifer and defined region was selected for this study.
Selection was based on the geographic location,
aquifer sampled, and length of available records.

Nitrate content in groundwater was the parameter
selected as an indicator of cross-contamination due to
its high concentration (460 mg 1™") and broad spatial
extent. Estimation of the shallow aquifer’s impact on
the deep aquifer was obtained through a water mixing
approach based on chemical data. Finally, obtained
results from nitrate content and mixing calculations
were assessed through the study of environmental
isotopes in groundwater samples.

3.1 Nitrate as an Indicator of Interconnected Aquifers

Nitrate is the most common contaminant in areas char-
acterized by intensive agricultural activities. However,
a content of up to 20 mg I"' of nitrate (NO5") in
groundwater generated by the processes of nitrification
of soil nitrogen (Frisch 1987) can be considered as the
natural background concentration.

In regional groundwater flow systems, which are
shaped by the geology, the attenuation processes
regulate nitrate transport and control its distribution
in aquifers. Nitrate attenuation may occur by dilution
or denitrification. Dilution occurs through mixing of
groundwater in the aquifer (Altman and Parizek
1995). Denitrification in reducing environments is
the only geochemical process that permanently
removes nitrate from aquifers. Nitrate reduction can
be mediated by oxidation of organic matter (1), pyrite
(2), and iron (3) under anaerobic conditions (Korom
1992; Starr and Gillhma 1993; Roberston and Schiff
2008):

5CH,0 + 4NO3;~ — 2N, +4HCO5;+C0O;,+3H,0 (1)

SFeS,+14NO; ™ +4HT — TN, +5Fe?T 41080427 +2H,0  (2)

10Fe*" +2NO;~+14H,0 — 10FeOOH+N,+18H*  (3)

For the three defined regions, nitrate constitutes a
good indicator for assessing the Quaternary and
Pliocene interconnection. Homogeneity in the spatial
distribution of land covered by crops (source of
nitrate), along with the long-term records of nitrate

concentration and dissolved oxygen values (oxidation
reduction potential), supports this assumption.

3.2 Geochemical and Mixing Models

To calculate ionic speciation and state of saturation
(saturation index) for relevant minerals, a well-known
computer code for aqueous geochemical calculations,
PHREEQC (Parkhurst and Appelo 1999), was ap-
plied. This preliminary step is necessary to evaluate
the potential geochemical reactions occurring in the
aquifer, since deviations from mixing lines could be
attributed to chemical reactions (Pitkénen et al. 1999).
Speciation and equilibrium calculations were carried
out for the most complete groundwater record surveys
from 1995, 2001, and 2005 (CHS-IGME database) and
a project sampling survey was carried out in 2008.

When mixing calculations with real data from
complex natural systems, uncertainties are always
involved in the evaluation of the end-member concen-
trations, which are not derived primarily from analytical
errors, but from its spatial and temporal variability as
well as errors in the conceptual model of the flow
system. If end members are properly identified, their
mixing ratios can be accurately calculated. Therefore,
the first task is to define the end members.

Concentrations of mixed samples (mainly affected
by analytical errors) are likely to be more accurate
than end members. This fact can be used to impose
constraints on valid end-member concentration since
taking mixing constraints into account may signifi-
cantly reduce uncertainty in end-member concentra-
tion by imposing consistency. Consistency is dealt
with in two ways: first, end members should fall on
the mixing line, and second, mixed waters should fall
within the interval defined by end members. The code
MIX PROGRAM (Carrera et al. 2004) permits the
mixing ratios in mixed samples (Fig. 5a, for two
end members) to be derived, allows for redefinition
of mixing lines and can also be applied to more than
two end members. The second condition does not
constrain end member 2 but rather reduces the
uncertainty of end member 1 (Fig. 5b). For an
enhanced explanation of MIX PROGRAM’s meth-
odological approach, the reader is referred to Carrera
et al. (2004).

Two sources or end members and two chemical
species, considered as conservative tracers, were defined.
The two end members are the Quaternary (upper
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For mixing calculations, data on CI" and SO427
concentrations from 1980 (beginning of the water
transfer and intensive agriculture) to the present time
were selected as the Quaternary end member. For the
Pliocene end-member natural background concentration
in groundwater (1970s), a data set of the same chemical
species was selected in each of the defined regions
(Table 1). This data set is not affected by agricultural
pollution.

Table 2 Nitrate concentration for each aquifer and defined regions

3.3 Complementary Tools

To evaluate flow contribution through the aquitard
(marls and evaporite lenses) to the lower confined
aquifer, the following hydraulic variables were
considered: thickness of the aquitard (Fig. 6a);
vertical head difference through the aquitard
(Fig. 6b), Ah = hp— hp, with hy and hp being the
potential head (meter above sea level, masl) of the

Region Aquifer Nitrate ion concentration®
Number of samples m (mg D) o (mg ) Max (mg 171) Min (mg 17])
(period)
Region 1 Quaternary 121 (1980-2008) 157.4 89.4 460 4
Pliocene 58 (1976-2008) 40.7 60.6 221.6 0.04
Region 2 Quaternary 92 (1978-2008) 92.2 67.6 379.2 2
Pliocene 76 (1980-2008) 54.9 54.5 250.0 0.8
Region 3 Quaternary 36 (1989-2008) 87.3 86.7 369.8 2.9
Pliocene 71 (1976-2008) 70.6 67.6 317 3

#Source: Groundwater Quality Monitoring Network (CHS-IGME) and 2008 survey

m mean, o standard deviation, Max maximum value, Min minimum value

@ Springer



320

Water Air Soil Pollut (2011) 215:311-327

unconfined Quaternary and confined Pliocene aquifer,
respectively.

The CI/Br ratio, used as an indicator of seawater
intrusion or evaporite dissolution, was calculated in all
available water samples in order to assess the importance
of a third member for mixing calculations (Custodio and
Herrera 2000). Finally, 15 environmental isotope
analyses (5'%0 and &°H) were used to confirm the
existing connection between aquifers (Lu et al. 2008).
Isotope analyses were carried out at the AGH Faculty

of Physics and Applied Computer Science (Krakow,
Poland). For both complementary indicators, only data
from the 2008 project sampling survey were used.

4 Results and Discussion

4.1 Flow Through the Aquitard

Hydraulic conductivity of the aquitard ranges over
several orders of magnitude, marls (10°—10°m day ')

Fig. 7 Average nitrate con- 30 S$1-P1 S1-P5 S1-P2 S1-P3 S1-P4
centration of Pliocene aqui- ’
fer for selected sample 25 REGION 1 Flow direction

points (filled circles) versus
distance to coast for each
region. Vertical bars: stan-
dard deviation. Empty
circles: only one data avail-
able. Arrows: groundwater
flow direction
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and evaporites (10 '°m day ). Considering the high-
est hydraulic conductivity value of the aquitard, flow
rate ¢ ranges between 0 and 1.25-10 °m day ' for year
1999. The ¢ values obtained can be considered repre-
sentative for the study period, since the A#h has
remained constant, as shown in Fig. 3b. Flow through
the aquitard was excluded as a major contribution to
the pollution process.

4.2 Nitrate as an Indicator

The Quaternary aquifer (upper unconfined) presents the
highest nitrate concentration in groundwater with values
ranging from 2.9 to 460 mg ! spatially distributed over
the three regions, although lower values are detected in
region 3 due to a low crop density. In the Pliocene
confined aquifer, values between 0.04 and 317 mg 17!
of NO;3  are observed (Table 2). Average concentration
in wells located toward the coast show a generally
increasing trend (Fig. 7), except for region 3, where
nitrate average concentration is approximately constant,
being controlled by the low hydraulic gradient of the
Pliocene aquifer in this region. Nitrate presence in the
unconfined aquifer clearly originates from the intensive
agricultural practices (Table 2); however, in regards to

the confined aquifer, much lower concentrations, even
nil, should be expected since no agricultural develop-
ment or anthropogenic activities take place in the re-
charge area (Northwestern part of the basin, see Fig. 1a,
b). Moreover, the thick aquitard separating both
aquifers should act as an impervious barrier, contribut-
ing to the attenuation of nitrate (Robertson et al. 1996)
and related species (NO, and NH,") concentration if
cross-formational flow occurs. Dissolved oxygen con-
tent in both aquifers ranges between 1 and 9.8 mg I'';
therefore, nitrate attenuation in both aquifers, mediated
by denitrification processes, is unlikely.

Figure 8 depicts the temporal evolution of nitrate
concentration in both aquifers and regions for the
longest data set record of sampling points. As shown
in the graph, a generalized yearly increasing trend
exists; however, region 2 presents the highest slope
with 8.1 and 10.2 mg 1 'year ' for the Quaternary (S2-
Q4) and the Pliocene (S2-P3) aquifer, respectively.

The high variability in nitrate content observed in
the lower confined aquifer (Pliocene) reflects the
presence of pumping wells in the vicinity of a sam-
pled point. Groundwater stratification due to water
chemical composition (Ronen and Margaritz 1985;
Guimera 1998) may also exist.

Fig. 8 Evolution of nitrate 350
concentration for the three Quaternary aquifer
defined regions in both 300 1 -8~ 51-Q2 (Region 1)
aquifers over time (only __ 250 -0~ $2-Q4 (Region 2)
longest data set record are = —*=$53-Q2 (Region 3)
shown), a Quaternary and b g 200 1 o
Pliocene (source: Ground- "o 150 - e o / \
water Quality Monitoring % N
Network of CHS-IGME and 100 - . A N\ «
2008 survey) 50 1 V\"V‘“ \/\/\/\'—\/\
0 T T r T : :
Jan-75 Jan-80 Jan-85 Jan-90 Jan-95 Jan-00 Jan-05
350
5001 Pliocene aquifer ‘ @
-8~ S1-P5 (Region 1)
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4.3 Geochemical and Mixing Models

The saturation indices for calcite (/.4), dolomite (Z4),
and gypsum (/yy,), expressed in logarithmic form, are
reported in Table 3. Based on obtained calculations,
groundwater appears to be near saturation with re-
spect to calcite, oversaturated with respect to dolo-
mite, and undersaturated with respect to gypsum. The

high positive values estimated for I, potentially may
drive dolomite precipitation; this fact is not supported
by experimental observations, since clogging by
calcite or dolomite has not been detected either in
wells or in aquifers. The occurrence of high Mg
concentrations in water and the predicted dolomite
saturation index can be explained by the intensive
fertilizer dose applied (0.9-1.6 tha 'year ') and

Table 3 Saturation index for dolomite (I4q1), calcite (Icq), and gypsum (Z,y,,) for specific sample points

Region Aquifer Sample point  Saturation index (/)
Mineral L Lyo1 Loy
Survey 1995 2001 2005 2008 1995 2001 2005 2008 1995 2001 2005 2008
Region 1 Quaternary S1-Ql 0.66 0.29 0.14 0.80 1.55 0.84 034 175 -0.72 -0.79 —-0.86 —0.87
S1-Q2 0.87 1.29 - - 220 3.17 - - -1.23 -145 - -
S1-Q3 077 107 - 1.15 1.78 228 - 248 -098 -0.63 - -0.98
S1-Q4 046 086 - 1.01 130 2.01 - 227 -1.54 -093 - —-0.81
S1-Q5 070 - - 078 159 - - 2.15 085 - - -1.27
Pliocene S1-P1 049 - - 059 1.14 - - 206 -—1.66 - - -2.27
S1-P2 056 - - 1.05 134 - - 2.16 -1.17 - - -1.33
S1-P3 052 - - - 130 - - - -1.19 - - -
S1-P4 038 - - 1.03 086 - - 2.18 —0.63 — - —0.68
S1-P5 0.67 - 0.10 - 1.54 - 049 - -0.64 - -0.66 —
Region 2 Quaternary S2-Ql 0.56 1.01 - - 137 217 - - -0.54 -043 - -
S2-Q2 031 0.71 - - 1.08 1.72 - - -0.53 -0.85 - -
S2-Q3 0.55  0.69 - 097 150 1.63 - 227 -043 —-041 - —0.47
S2-Q4 042 094 043 - 1.31 221 1.07 - -0.53 -0.53 -0.39 -
S2-Q5 - - 072 - - - 1.67 - - - -0.35 -
Pliocene S2-P1 0.50 0.25 0.18 1.00 1.22 0.68 0.55 221 -0.60 —-0.39 —0.44 -0.55
S2-P2 0.35 0.80 0.14 1.06 094 1.83 0.52 240 -1.10 -036 -0.39 -0.41
S2-P3 091 0.83 - 1.09 2.16 1.91 - 226 —-043 -0.36 - -0.21
S2-P4 - - 027 - - - 071 - - - -0.28 —
S2-P5 - - - - - - - - - - - -
Region 3 Quaternary S3-Ql 063 1.14 - - 1.67 2.29 - - -1.38 -0.87 - -
S3-Q2 037 0.75 - - 1.04 1.76 - - -0.74 -0.86 — -
S3-Q3 - - 028 - - - 0.67 - - - -0.18 —
S3-Q4 - - 049 - - - 1.33 - - - -1.10 —
S3-Q5 - - -1.59 - - - -2.85 - - - -0.39 -
Pliocene S3-P1 0.45 0.68 - 1.08 1.18 1.56 - 217 -0.79 -0.78 - -0.07
S3-P2 0.76 1.07 0.16 1.06 1.80 2.31 0.62 217 -0.80 -0.74 -0.95 -0.75
S3-P3 0.69 - - 1.57 - - - -1.06 - - -
S3-P4 - - - 1.04 - - - 228 - - - —-0.49
S3-P5 - - - 090 - - - 210 - - - -0.75

Saturation index is presented in log form
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mineral composition (e.g., kieserite MgSO4-H,O;
magnesium nitrate Mg(NOs),-6H,0, and other fertil-
izers enriched with ~4% Mg).

The spatial and temporal variability of the end-
member’ concentrations, in particular for the uncon-
fined aquifer, constitute key information for the
application of mixing models to evaluate the inter-
connection of aquifers and also to estimate mixing
ratios. Moreover, the decision for SO,>  selection

as one of the species for end-member definition
and subsequently mixing ratios was due to several
reasons: (1) presence of oxic conditions, similar HCO;
concentration, and nonexistent H,S in both aquifers
(reaction 4); (2) lack of pyrite in this geologic context
(very low concentration of iron in groundwater; reac-
tion 5); and (3) higher NOs concentrations in the
unconfined than in the confined aquifer, indicating that
reaction 6 (nitrate as electron acceptor) is not possible

Fig. 9 Measured and com-
puted end-member concen-
trations and mixing lines
(dashed and solid line, re-
spectively) for each defined
region. Measured mixed
samples are presented as
filled circles
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in the confined aquifer. Computed end members with
the MIX PROGRAM code (Table 1) as well as the
computed mixing lines for each of the regions are shown
in Fig. 9. The model runs not only allowed for obtaining
more reliable mixing lines than those obtained through
measured end members, it also allowed for assessment
of the important existing differences between measured
and computed end members, mainly for the Quaternary
aquifer and for the three defined regions.

Fig. 10 Quaternary aquifer

$1-P1 81-P5

In the Pliocene aquifer, computed end members and
mixing lines provide new consistent mixing ratios for
the measured mixed samples. If the computed water
mixing ratio Quaternary/Pliocene aquifers (mass frac-
tion, MFQIP) is plotted versus distance to coast and
flow direction (Fig. 10), an increasing trend of MFQIP
average value and its variability toward the coast is
observed, although local factors surrounding each
sample point can disturb it. This result agrees with
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aquifer versus distance to
coast. Filled circles: average
computed mixing ratios.
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one data available. Arrows:
groundwater flow direction
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the important number of wells reaching the Pliocene
aquifer according to the groundwater flow direction.
For region 1, even presenting the greatest density of
wells, computed MFQIP values are the lowest (be-
tween 0.07 and 0.46) due to the short travel distance
between recharge (upland) and discharge areas (toward
the coast). In region 2, high MFQIP values, reaching
up to 0.74, are observed due to high concentrations of
Cl” and SO,* species in the Quaternary end member
along with the longer groundwater travel distance
across the Pliocene aquifer. Finally, for region 3, the
sample points present similar average values of
MFQIP (~0.53), although agricultural activity and the
density of wells is lower than the other regions, this
pattern appears to be controlled by the low hydraulic
gradient of the Pliocene aquifer in this region.

Obtained values of the R=rCl/tBr ratio for both
aquifers in sample points located in the vicinity of the
coast are much lower than the sea water ratio (R =
655 + 4), indicating the absence of saline intrusion.
For the Quaternary aquifer, R values are similar to
those obtained for the irrigation water (R =213+
62), indicating their similar origin. Regarding the
possible effect of the dilution of the middle aquitard
evaporitic rocks (gypsum and halite), R values should
be in the range of 1,200-5,400; therefore, this option
must be dismissed (Fig. 11).

4.4 Hydrogen and Oxygen Environmental Isotopes

Results from the §'®0 and 5°H isotopic composition
survey presented in Fig. 12 show that groundwater
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Fig. 11 Chloride concentration versus R=rCl/rBr for some
sample points from both aquifers, irrigation water (bars
represent standard deviations) and seawater
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Fig. 12 Plot of 5'%0 vs. 6?H for precipitation (bars represent
standard deviations) and available sample points of both
aquifers. Precipitation data, GNIP/IAEA database (GMWL
Global Meteoric Water Line; dashed line Pliocene meteoric
water line)

samples of both aquifers fall below the average local
precipitation (source GNIP/IAEA database) and also
below the Global Meteoric Water Line, indicating
secondary fractionation by evaporation. Imported
water from the Tajo-Segura Aqueduct and groundwa-
ter used for irrigation are currently stored in small
open air reservoirs, and due to evaporation processes,
water becomes generally enriched in heavy stable
isotopes (more positive values of 5'0) in comparison
with water from precipitation less affected by evap-
oration processes (Jiménez-Martinez and Custodio
2008). For the Pliocene aquifer, a progressive enrich-
ment of §'®0 content similar to the observed nitrate
and MFQIP increase from inland to the coast is
clearly observed.

5 Conclusion

A methodological approach to assess aquifer inter-
connection primarily based on the presence of nitrate
in groundwater and numerical mixing calculations has
been applied to the Campo de Cartagena area. Results
from hydrogen and oxygen environmental isotope
analyses in the same area also supported the findings.

The observed nitrate patterns in the Campo de
Cartagena surface and deep aquifer provide information
to assess the interconnection between the unconfined
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contaminated aquifer and the deep confined aquifer. The
study shows that the upper unconfined aquifer (Quater-
nary), which is contaminated by nitrate due to intensive
agricultural activities, also constitutes the source of
pollution of the lower confined aquifer (Pliocene). The
induced leakage allowed the downward flow of con-
taminated water from the upper aquifer into the
unpolluted lower confined aquifer.

Water mixing fractions were estimated using the
numerical code MIX PROGRAM (Carrera et al.
2004), which provides not only more accurate
estimates of the end-member concentrations but also
of the output mixing ratios. The mixing ratios
approach showed that the Quaternary aquifer average
mass fraction leaking into the Pliocene aquifer ranges
between 0.07 and 0.74 and tends to increase toward
the coast according to an increase in well density.

Results proved the validity of the applied method-
ology to assess aquifer interconnection in areas highly
impacted by agricultural activities. Future works are
needed for reducing the uncertainties associated to the
spatiotemporal variability and quantifying the volume
of exchanged water between the unconfined aquifer
and the confined aquifer in the study area.
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