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Abstract

Department of Civil and Environmental Engineering
by Sonia Jou Claus

Global change is expected to affect significantly the global hydrological behavior, changing
mean annual precipitation patterns, increasing length of drought periods, rising
evaporation and atmospheric water vapor and decreasing ice cover. Therefore, changes in
soil moisture, runoff, recharge, groundwater quantity and quality are consequently
affected. In addition, the expected population growth increase pollution while at the same
time would imply a growth on demand and a competition for water resources and thus an

increase in groundwater extraction.

All these changes imply significant challenges to find solutions that could contribute to
mitigate the effects of global change in groundwater quality and its effect on the
environment. In this context, the application of remote sensing in groundwater studies
represent a useful technique to complement the information obtained with the traditional
methods in hydrogeological studies used for the characterization and quantification of
water resources. In the same way, Managed Aquifer Recharge (MAR) represents a feasible
solution to deal with future water management challenges promoting the storage of

available water in aquifers and improving the recharged water quality.

The present dissertation is focused on improving groundwater resources management in
two different ways. First, by using remote sensing tools for the characterization of coastal
areas and second, by using reactive barriers to improve degradation of contaminants of
emerging concern in the context of MAR coupled to the outflow of a waste water treatment

plant.

Firstly, we evaluate the usefulness of using freely available thermal infrared (TIR) imagery
of the Landsat 8 as an exploratory tool for identifying SGD springs worldwide. The use of
satellite thermal data as a technique for identifying SGD springs in sea water is based on the
identification of thermally anomalous plumes obtained from the thermal contrasts between
groundwater and sea surface water. The main goal of this first part of the conducted
research is to demonstrate the significant usefulness of Landsat 8 TIR images as an
exploratory tool for identifying SGD springs (karts areas) worldwide and discuss the main

limiting factors of using this technique in SGD studies. Results show that satellite TIR



remote sensing is a useful method for identifying coastal springs in karst aquifers both
locally and regionally. However, there are some limiting factors that need to be considered
as, technical limitations, geological and hydrogeological characteristics of the studied area,

environmental and marine conditions, and coastal geomorphology.

Secondly, we present the potential use of satellite chlorophyll (Chl-a) data as a low-cost tool
for mapping the spatial and temporal evolution of the ecological influence of SGD in coastal
habitats. To distinguish high Chl-a concentrations derived from SGD to those derived from
other potential sources, a clustered analysis were applied to Landsat 8 satellite Chl-a data.
Results show that satellite Chl-a data offers the possibility to identify and constrain areas
where SGD inputs have increased primary productivity and calculate the Chl-a

concentration gradient along time induced by SGD.

Finally, we investigate the fate of selected UV filters (UVFs) in two MAR systems; one
supplemented with a reactive barrier containing clay and vegetable compost, and the other
as areference system. We monitor benzophenone-3 (BP-3) and its transformation products
(TPs) (benzophenone-1  (BP-1),  4,4'-dihydroxybenzophenone  (4-DHB), 4-
hydroxybenzophenone (4-HB) and 2,2'-dihydroxy-4-methoxybenzophenone (DHMB)),
benzophenone-4 (BP-4) and avobenzone (AVO) at all involved compartments (water, soil,
and biofilm), before and after modifying redox conditions through a pulse of lithium acetate.
Results show that the implementation of a reactive barrier in MAR systems improve
substantially the degradation extent of UVFs, especially of BP-3 and its TPs.

The present dissertation contributes to improve groundwater resources management
throughout new methodological and technical approaches to deal with the new challenges
of today’s society.
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Se espera que el cambio global afecte significativamente el comportamiento hidrolégico
global, cambiando los patrones de precipitaciéon media anual, aumentando la duraciéon de
los periodos de sequia, aumentando la evaporacién y el vapor de agua atmosférico y
disminuyendo la capa de hielo. Por lo tanto, los cambios en la humedad del suelo, la
escorrentia, la recarga, la cantidad y la calidad del agua subterranea se veran afectados.
Ademas, el crecimiento poblacional esperado incrementara la contaminacién al mismo
tiempo que implicara un crecimiento de la demanda y una competencia por los recursos

hidricos y por ende un aumento en la extraccién de aguas subterraneas.

Todos estos cambios implican desafios importantes para encontrar soluciones que puedan
contribuir a mitigar los efectos en la calidad del agua subterranea y su efecto en el medio
ambiente. En este contexto, la aplicacion de la teledetecciéon en estudios de aguas
subterraneas representa una técnica util para complementar la informacién obtenida con
los métodos tradicionales en estudios hidrogeoldgicos utilizados para la caracterizacion y
cuantificacion de recursos hidricos. Del mismo modo, la Recarga Gestionada de Acuiferos
representa una solucién factible para hacer frente a los desafios futuros de la gestion del
agua, promoviendo el almacenamiento del agua disponible en los acuiferos y mejorando la

calidad del agua recargada.

La presente tesis se centra en mejorar la gestion de los recursos hidricos subterraneos de
dos maneras diferentes. En primer lugar, mediante el uso de herramientas de teledeteccion
para la caracterizacion de las zonas costeras y, en segundo lugar, mediante el uso de
barreras reactivas para mejorar la degradacién de los contaminantes de preocupacion
emergente en el contexto de la recarga gestionada de acuiferos acoplada al efluente de una

planta de tratamiento de aguas residuales.

En primer lugar, se evalia la posibilidad de utilizar imagenes infrarrojas térmicas (TIR)
disponibles gratuitamente de Landsat 8 como una herramienta exploratoria para
identificar manantiales SGD en todo el mundo. El uso de datos térmicos satelitales como
técnica para identificar manantiales de SGD en agua de mar se basa en la identificacion de
penachos térmicamente anémalos obtenidos a partir del contraste térmico existente entre

las aguas subterraneas y las aguas superficiales del mar. El objetivo principal de esta



primera parte de la investigacion es demostrar la utilidad de las imagenes térmicas de
Landsat 8 como una herramienta exploratoria para identificar manantiales SGD (areas de
karts) en todo el mundo y discutir los principales factores limitantes del uso de esta técnica
en estudios de SGD. Los resultados muestran que la teledeteccion satelital TIR es un método
util para identificar manantiales costeros en acuiferos karsticos tanto a nivel local como
regional. Sin embargo, existen algunos factores limitantes que deben considerarse, como
limitaciones técnicas, caracteristicas geoldgicas e hidrogeolédgicas del area de estudio,

condiciones ambientales y marinas y geomorfologia costera.

En segundo lugar, se presenta el uso potencial de los datos satelitales de clorofila (Chl-a)
como una herramienta de bajo coste para mapear la evolucién espacial y temporal de la
influencia ecolégica de SGD en las zonas costeras. Para distinguir las altas concentraciones
de Chl-a derivadas de SGD de las derivadas de otras fuentes potenciales, se aplic un analisis
agrupado a los datos de Chl-a. Los resultados muestran que los datos satelitales de Chl-a
ofrecen la posibilidad de identificar y restringir areas donde las entradas de SGD han
aumentado la productividad primaria y calcular el gradiente de concentracion de Chl-a a lo

largo del tiempo inducido por SGD.

Finalmente, se investiga el destino de los filtros UV seleccionados, en dos sistemas de
recarga gestionada de aquiferos (MAR); uno complementado con una barrera reactiva a
base de arcilla y compost vegetal, y el otro como sistema de referencia. Se ha monitoreado
benzofenona-3 (BP-3) y sus productos de transformacion (TP) (benzofenona-1 (BP-1), 4,4'-
dihidroxibenzofenona (4-DHB), 4-hidroxibenzofenona (4-HB) y 2, 2'-dihidroxi-4-
metoxibenzofenona (DHMB)), benzofenona-4 (BP-4) y avobenzona (AVO) en todos los
compartimentos involucrados (agua, suelo y biopelicula), antes y después de modificar las
condiciones redox mediante un pulso de acetato de litio. Los resultados muestran que la
implementacion de una barrera reactiva en los sistemas MAR mejora sustancialmente el

grado de degradacidn de los filtros UV, especialmente de BP-3 y sus TP.

La presente tesis ha contribuido a mejorar la gestion de los recursos hidricos subterraneos
a través de nuevos enfoques metodolégicos y técnicos para hacer frente a los nuevos retos

de la sociedad actual.
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El canvi global s'espera que afecti significativament el comportament hidrologic global,
canviant els patrons de precipitacié mitjana anual, augmentant la durada dels periodes de
sequera, augmentant I'evaporacié i el vapor d'aigua atmosféric i disminuint la capa de gel.
Per tant, els canvis en la humitat del sol, I'escorrentia, la recarrega, la quantitat i la qualitat
de l'aigua subterrania es veuran afectats. A més, el creixement poblacional esperat
incrementara la contaminacié alhora que implicara un creixement de la demanda i una
competéncia pels recursos hidrics i, per tant, un augment en l'extraccié d'aiglies

subterranies.

Tots aquests canvis impliquen reptes importants per trobar solucions que puguin
contribuir a mitigar els efectes en la qualitat de I'aigua subterrania i el seu efecte al medi
ambient. En aquest context, I'aplicaci6 de la teledeteccié en estudis d'aigiies subterranies
representa una tecnica util per complementar la informaci6é obtinguda amb els metodes
tradicionals en estudis hidrogeologics utilitzats per caracteritzar i quantificar recursos
hidrics. De la mateixa manera, la Recarrega Gestionada d'Aqiiifers representa una soluci6
factible per fer front als futurs desafiaments en la gesti6 de l'aigua, promovent
I'emmagatzematge de l'aigua disponible als aqiiifers i millorant la qualitat de 1'aigua

recarregada.

Aquesta tesi es centra en millorar la gesti6 dels recursos hidrics subterranis de dues
maneres diferents. En primer lloc, mitjancant 1'is d'eines de teledetecci6 per a la
caracteritzaci6 de les zones costaneres i, en segon lloc, mitjancant 1'is de barreres reactives
per millorar la degradaci6 dels contaminants de preocupacid emergent en el context de la
recarrega gestionada d’aqiifers acoblada a I'efluent d’'una planta de tractament d’aiglies

residuals.

En primer lloc, s'avalua la possibilitat d'utilitzar imatges infraroges termiques (TIR)
disponibles gratuitament de Landsat 8 com a eina exploratoria per identificar fonts de SGD
a tot el mon. L'as de dades térmiques de satel-lit com a técnica per identificar fonts de SGD
al mar es basa en la identificacié de plomalls térmicament anomals obtinguts a partir del
contrast térmic existent entre les aigiies subterranies i les aiglies superficials del mar.

L'objectiu principal d'aquesta primera part de la investigacié és demostrar la utilitat de les



imatges infraroges térmiques (TIR) de Landsat 8 com a eina exploratoria per identificar
fonts de SGD (arees carstiques) a tot el mon i discutir quins sén els principals factors
limitants d'aquesta tecnica en estudis de SGD. Els resultats mostren que la teledeteccié amb
imatges de satel-lit termiques, és un metode util per identificar fonts costaneres en aqiiifers
carstics tant a nivell local com regional. No obstant aixo, hi ha alguns factors que cal
considerar, com ara, limitacions de la técnica, caracteristiques geologiques i
hidrogeologiques de l'area d'estudi, condicions ambientals i marines i la geomorfologia

costanera.

En segon lloc, es presenta 1'is potencial de dades de clorofil-la (Chl-a) obtingudes amb
satel-lit, com una eina de baix cost per mapejar1'evolucid espacial i temporal de la influéncia
ecologica de la SGD a les zones costaners. Per distingir les altes concentracions de Chl-a
derivades de SGD de les derivades d'altres fonts potencials, s’ha aplicat una analisi d’
agrupament a les dades de Chl-a. Els resultats mostren que les dades de Chl-a obtingudes
amb satel-lit ofereixen la possibilitat d'identificar i restringir arees on les entrades de SGD
han augmentat la productivitat primaria i calcular el gradient de concentraci6é de Chl-a al

llarg del temps induit per la SGD.

Finalment, s’'investiga el desti dels filtres UV seleccionats, en dos sistemes de recarrega
gestionada d’aqiiifers; un complementat amb una barrera reactiva a base d'argila i compost
vegetal, i 'altre com a sistema de referéncia. Es monitoritza la benzofenona-3 (BP-3) i els
seus productes de transformaci6 (TP) (benzofenona-1 (BP-1), 4,4'-dihidroxibenzofenona
(4-DHB), 4-hidroxibenzofenona (4-HB) i 2, 2'-dihidroxi-4-metoxibenzofenona (DHMB)),
benzofenona-4 (BP-4) i avobenzona (AVO) en tots els compartiments involucrats (aigua, sol
i biopel-licula), abans i després de modificar les condicions redox mitjancant un pols
d'acetat de liti. Els resultats mostren que la implementacié6 d'una barrera reactiva als
sistemes de recarrega gestionada d’aqiiifers millora substancialment la degradaci6 dels

filtres UV, especialment de la BP-3 i els seus TP.

Aquesta tesi ha contribuit a millorar la gestié dels recursos hidrics subterranis a través de

nous enfocaments metodologics i técnics per fer front als nous reptes de la societat actual.
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1.1. Introduction

Only less than 1% of freshwater in the Earth surface is available for human uses and
groundwater accounts for nearly all its useable part (UNESCO, 1999). Groundwater is an
essential part of the hydrological cycle being a valuable natural resource providing a
primary source of water for agriculture, domestic, and industrial uses. It is vital also for
sustaining streams, lakes, wetlands, and other dependent ecosystems (Klgve et al. 2014).
Therefore, its proper management and protection is needed to guarantee both human life

and ecosystem services.

Nevertheless, global change threats the good status of groundwater bodies, significantly
affecting the global hydrological behavior (Hansen et al. 2016), in the space, time and
frequency domains (Milly et al. 2005; Holman 2006). Global change is modifying annual
precipitation patterns, increasing length of droughts, evaporation and atmospheric water
vapor, and, decreasing ice cover (Easterling et al. 2000; Barnett et al. 2005; Allan and Soden
2008). Consequently, changes in soil moisture, runoff, aquifer recharge, groundwater
discharge, and storage are induced. All of them have an impact on the hydrological cycle,

including both groundwater quantity and quality.

Regarding groundwater quality, global change also affects it in many ways. As a result of the
decrease in groundwater resources amount, dilution mechanisms are less effective and
contaminant concentration becomes higher. For instance, there is an increase of salt
concentration and total-dissolved solids during dry periods (Grimm et al. 2008). Besides
this, groundwater quality is highly affected by the increase of population, especially in the
coastal areas, where around of 50-70% of the world population live (Benoit et al. 2007). In
these areas, an important quality problem is seawater intrusion. This process is defined as
the salt water flow inland, which is higher during lower groundwater discharge and recedes
towards the sea when the recharge is greater (Lopez and Gomez, 2007). In high populated
coastal areas, groundwater quality is also affected by human activities (agriculture,
industry, waste water, etc.), which in turn, may affect coastal ecosystems when polluted

groundwater discharges in to the sea.

Other quality problems are related to the management of waste water treatment plants
(WWTP). The fact that population are concentrated in big areas (cities) promotes high loads
of pollutants in the WWTP influents. For traditional pollutants (e.g. organic matter,
suspended soils, pathogens), it does not represent a big problem since there is enough
knowledge and enough technology to treat them until non-risky concentration. Indeed,
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most of the current WWTPs have been designed to treat these pollutants. Nevertheless, the
current WWTPs do not have enough capacity to remove the new pollutants, like
Contaminants of Emerging Concern (CECs). These compounds are at much lower
concentration than the traditional ones - at least three orders of magnitude, between nano-
and micrograms per liter. Besides this, they comprise a wide range of compounds with
different physical and chemical properties: pharmaceuticals, micro and nanoplastics,
antibiotic resistance genes... As they are not treated, they are present in the outflow of the
WWTP appearing in several environmental systems (surface water, groundwater,

seawater, etc.).

Therefore, there are several threats that affect groundwater resources availability at global
scale due to pollution. However, there is not a unique solution to solve all different
groundwater quality problems. Oppositely, each issue needs to be specifically addressed,
using the best tool that allows to manage and minimize the impact of each water quality

problem.

1.1 The impact of submarine groundwater discharge and the use of remote sensing

Groundwater salinization in coastal areas results in a decline in the quality and quantity of
existing groundwater resources. At the same time, groundwater from coastal aquifer
discharge in to the coastal areas as part of the submarine groundwater discharge (SGD).
SGD is an important component of water cycle and is defined as the flow of water through
continental and insular margins from the seabed to the coastal ocean, regardless of fluid
composition or driving force, and thus includes meteoric fresh groundwater but also
seawater circulating through the coastal aquifer or permeable sediments (Burnett et al.
2003; Taniguchi et al. 2019a; Garcia-Orellana et al. 2021).

According to Garcia-Orellana et al. (2021), groundwater discharge can be grouped into the
following five different pathways: (1) terrestrial groundwater discharge, (2) density-driven
seawater circulation, (3) seasonal exchange of seawater, (4) shore face circulation of
seawater and, (5) centimeter-scale porewater exchange (PEX). The discharge of fresh
groundwater (pathway 1) and, to a lesser extent, density-driven seawater circulation
(pathway 2) are the only mechanisms representing a net source of freshwater, to the coastal
ocean, usually mixed with seawater. The SGD discharge process occurs mainly through
three different ways: coastal onshore springs, which discharge on the coastline via surface
sinkholes (Garcia-Solsona et al., 2010; Mejias et al., 2012); submarine springs, where the
discharge occurs via deep sinkholes (Bakalowicz, 2015; Fleury et al., 2007); and, diffuse
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discharge, non-concentrated discharge that occurs throughout sediments (Rodellas et al,,
2014).

Several studies have demonstrated that SGD is also an important process delivering
nutrients and other solutes to marine ecosystems (Paytan et al. 2006; Rodellas et al. 2015;
Cho et al. 2018). Indeed, this nutrient discharge impacts significantly on coastal marine
ecosystems, modifying biogeochemical cycles (Valiela et al. 1992; Boehm et al. 2004) and
altering the ecological status of the coastal water bodies (Lecher and Mackey 2018; Alorda-
Kleinglass et al. 2021). A proxy to determine the status of coastal ecosystem is the study of
phytoplankton abundance and dynamics (Hays 2005; Paerl 2006). The simplest method for
measuring primary productivity is by analyzing chlorophyll-a (Chl-a). Traditionally, it has
been measured in-situ or by discrete water samples. These methods are time-consuming,
expensive and laborious, especially, when the goal is to cover large areas and to obtain
periodic information of remote areas with difficult access (Glasgow et al. 2004; Bierman et
al. 2011).

Understanding and, therefore, mapping SGD is a challenge even when it is relied on the
application of multitude of traditional in situ methods. These methods include different
procedures such as traditional local knowledge, visual observation, changes in vegetation
or changes in water temperature and salinity, seepage meters or radioactive isotope tracers
(Mejias et al, 2012; Schubert et al., 2014). Nevertheless, they are not good enough to
characterize SGD at large scale, the application of most of them has an economical cost
relatively high and its efficiency to evaluate the impact of SGD on coastal ecosystems is

limited.

In this context, the application of remote sensing in SGD studies could be an alternative
methodology for identifying SGD locations. Furthermore, it may help to assess the areas
influenced by SGD as well as the impact of SGD on coastal biogeochemical cycles, thus
contributing to better constrain the effects of SGD on coastal ecosystems.

Remote sensing is a technique that allows extracting information of the environment from
images at different wavelengths, improving and complementing the information obtained
from traditional methods. Remote sensors installed in satellites, airplanes and drones,
collect data by detecting the electromagnetic radiation that is reflected from Earth. There is
a significant number of satellite platforms and programs that can be grouped according to
their temporal and spatial resolution: low spatial resolution 1km - 250m (NOAA-AVHRR,
TERRA, AQUA, etc.), mean spatial resolution 100m - 15m (Landsat, TERRA-ASTER, IRS-
WIFS, etc.), high spatial resolution 10m - 2m (QUICKBIRD, IKONOS, etc.) and very high
spatial resolution <2 (LIDAR...). Remote sensing data can be used indirectly or directly to
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detect different water quality indicators (Gholizadeh, 2016). The most commonly measured
qualitative parameters of water by means of remote sensing are: chlorophyll-a, secchi disk
depth, colored dissolved organic matters, total organic carbon, total suspended matters and
turbidity, obtained using a combination of multispectral bands and temperature obtained
using thermal infrared (TIR) images. Furthermore, satellite remote sensing is a cost-
effective method of global coverage allowing the study of inaccessible zones and/or areas
with data scarcity (Wilson and Rocha, 2012). However, the suitability and the potential of
satellite images to perform SGD research has been only evaluated in a few studies at local

scale and its applicability as a SGD characterization tool need to be evaluated in more detail.

1.2 The impact of Contaminant of Emerging Concern and the use of Managed Aquifer
Recharge

As stated above, the current WWTPs do not allow to remove CECs until non risky
concentrations for human and for ecosystem are reached. Indeed, most of these compounds
are non-legislated and they are released to the environment within the WWTP outflows.

In this context, it is needed to develop technologies capable to treat a wide range of CECs
that at the same time can be easily coupled to WWTP. One example of a type of CECs is
Ultraviolet filters (UVF) which are constituents of a large number of personal care and
hygiene products and other consumer goods (Tran et al,, 2013) and may have toxic effects
on aquatic and terrestrial organisms. This compounds, as other CECS are released to the

environment within the WWTP outflows.

In this context, Managed Aquifer Recharge (MAR) is a technology that increases the
availability of water in aquifers through enhancing the infiltration and the subsequent
transit travel along the aquifer. In addition, MAR can act as a biogeochemical reactor
improving recharged water quality during its passage through the soil (Greskowiak et al.
2006) by decreasing the concentration of suspended solids, pathogens, nitrogen,
phosphates, metals, dissolved organic carbon (Bouwer 2002) and CECs. If MAR is coupled
to a WWTP, it contributes to increase water resources and to stimulate circular economy.
Nevertheless, this combination must ensure that source water quality (the outflow of the
WWTP) meets the standards. For that, Valhondo et al. (2014) suggested the installation of
areactive barrier at the bottom of an infiltration basin to enhance the removal of CECs. The
reactive barriers consist of different materials providing a range of sorption sites (neutral,
cationic, and anionic) and enhancing biodegradation by the release of labile organic carbon,
which promotes a wide range of redox states enlarging degradation pathways and,
therefore removal of CECs (Valhondo et al. 2015).
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Biodegradation and sorption are essential processes for organic contaminants attenuation
during subsurface flow (Maeng et al 2011; Shaffer et al.2012). CECs are biodegraded in
groundwater under aerobic and anaerobic conditions, but mainly by co-metabolism (Tran
etal, 2013) forming different transformation products (TPs) depending on the degradation
pathway. Sorption of CECs is governed by their affinity to the solid organic phases and by
the electrostatic and similar interactions among the ionized molecule and the charged solid
surfaces (Torresi et al., 2017). These sorption mechanisms are affected by numerous
chemical parameters of the solution (ionic strength, pH, concentrations of competing ions)
and solid surfaces (its composition, surface charge and the age of organic matter) (Schaffer
etal., 2012). Recent studies (Rodriguez-Escales and Sanchez-Vila 2020) have demonstrated
that, besides traditional sedimentary organic surfaces, biofilms can act as active sorbents to
organic compounds in porous media. Biofilms are an assemblage of microorganism
comprising microbial species attached to a surface and encased in a self-synthesized matrix
with water and extracellular polymeric substances (EPS). Therefore, biofilms are the site
for biotransformation of organic compounds and can retain them through several

mechanisms.

In this context, although there is some experimental evidence of organic compounds
retention in wastewater treatment plants biofilms (Torresi et al. 2017), there is no
experimental evidence about retention of organic compounds in the porous media biofilms.
More importantly, there are no works about the resilience of biotransformation and
retention mechanisms with respect to changes in redox conditions, which is expected in a
MAR facility.



Introduction and objectives 7

1.2. Motivation and objectives

In this context it is necessary to find solutions that could contribute to mitigate the effects
of global change in groundwater; increasing the amount of water resources, improving their

management and enhancing their quality.

For that, the main objective of this dissertation is to improve groundwater resources
management in two different ways. The first one, by using remote sensing tools for the
characterization of groundwater in coastal areas; and, the second one, by using reactive
barriers to improve degradation of contaminants of emerging concern in the context of
managed aquifer recharge coupled to the outflow of a waste water treatment plant. With
this, this dissertation will contribute to improve two important problems related with
groundwater quality: characterizing SGD discharge and its ecological impact and improving
the removal of CECs in the outflow of WWTPs.

To accomplish this broad objective, specific goals are identified:

= To study the usefulness of satellite TIR images at different sites, covering a large
scale and in different seasons to assess whether Landsat 8 TIR-RS can be used as
an exploratory tool for identifying SGD springs worldwide for long-term analysis.

= To discuss the influencing factors to be considered in the identification of SGD at
the local and regional level.

= To evaluate the potential use of Landsat 8 satellite Chl-a data for identifying SGD-
impacted coastal areas.

=  Tomap the spatial extension and temporal evolution of SGD-influenced areas using
Landsat 8 satellite Chl-a data for different selected sites.

= To evaluate the role of reactive barriers made up of compost in the degradation of
UVFs and its transformation products.

= To evaluate the impact of varying redox conditions on both sorption and
degradation processes of UV filters in MAR systems.

= To evaluate the impact of biofilm in the fate of UV filters.

1.3. Thesis outline

The resulting document is structured in five chapters. The introduction to the problem is
presented in Chapter 1. Chapter 2 thoroughly compares reported SGD locations with
satellite-data-derived thermal anomalies in order to assess the suitability of satellite TIR-
data for conducting SGD research. The goal of this chapter is to study the usefulness of

satellite TIR images at different sites, covering a large scale and in different seasons to



8 Chapter 1

assess whether Landsat 8 TIR remote sensing can be used as an exploratory tool for
identifying SGD springs worldwide, from local to regional scales, for long-term analysis.
Chapter 2 also provides a discussion about the influencing factors to be considered in the

identification of SGD at the local and regional level.

Chapter 3, focuses on understanding the impact of SGD on coastal biogeochemical cycles
and on the extension of areas influenced by SGD, contributing thus to better constrain the
poorly assessed effects of SGD on coastal ecosystems. The goal of this chapter is evaluate
the potential use of Landsat 8 satellite Chl-a data for identifying and constraining SGD-
impacted coastal areas and mapping the spatial extension and temporal evolution of SGD-

influenced areas.

Chapter 4 is focused on the effect of compost reactive barriers in the fate of UVFs and their
transformation products in a MAR facility. As a side objective, it is also evaluated the role of
biofilm and organic mineral surfaces in the fate of UVFs as well as the effect of varying redox

conditions in both sorption and degradation.
Finally, Chapter 5 presents the conclusions obtained during the performed research.

The Appendix includes supplementary information of the previous chapters. Appendix A,
the supplementary information of chapter 2; Appendix B, the supplementary information f
chapter 3 and Appendix C, the supplementary information of chapter 4. At the end of the
appendix, two scientific published papers were included, one with being the base of chapter
2 and the other one I co-authored during the PhD development period. That paper explore
how irrigated agriculture, mining and tourism dependent on a multi-layered groundwater
system could affect the groundwater system by analysing the sustainability of the new
abstraction regimes before, during and after La Nifia event 2016/17 in Kwale, Kenya. As
part of the approach, induced changes in seawater intrusion are also studied. Geochemical
models to understand the geochemical processes occurring in the area affected by seawater

intrusion dynamics are developed using PHREEQC software.
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Applicability of Landsat 8 Thermal Infrared
Sensor for Identifying Submarine Groundwater
Discharge Springs in the Mediterranean Sea Basin

Jou-Claus, S, Folch, A., Garcia-Orellana, J., 2021. Applicability of Landsat 8 Thermal Infrered Sensor for Identifying
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259,9.
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2.1. Introduction

Submarine groundwater discharge (SGD) is an important component of the hydrological
cycle and has been commonly defined as any flow of water across the continental margin in
the ocean-aquifer interface, regardless of fluid composition or driving force, with spatial
scale lengths of meters to kilometers (Burnett and Dulaiova 2003; Moore 2010; Taniguchi
et al. 2019a). This definition includes meteoric fresh groundwater resulting from inland
recharge, butalso seawater circulated through the sediments of coastal aquifers (Burnett &
Dulaiova, 2003). Both water flows mix in coastal aquifers, where biogeochemical reactions
may occur when this groundwater interacts with the geological matrix (Moore, 1999;
Moosdorf et al., 2021; Rocha et al,, 2021; Ruiz-Gonzalez et al., 2021). This dynamic mixing
zone influences the transfer of chemical compounds such as nutrients, trace metals and
other contaminants to coastal waters (Boehm etal. 2004a; Rodellas et al. 2015; Trezzi et al.
2016; Alorda-Kleinglass et al. 2019).

SGD-derived inputs from chemical compounds can highly impact coastal ecosystems by
influencing productivity, biomass, species composition and sonification (Krest et al. 2000;
Garcés et al. 2011; Garcia-Orellana et al. 2016; Andrisoa et al. 2019). According to Garcia-
Orellana et al., (2021) groundwater discharge pathways of SGD can be grouped into five
different SGD pathways according to the characteristics of the processes: 1) Terrestrial
groundwater discharge; 2) Density-driven seawater circulation; 3) Seasonal exchange of
seawater; 4) Shoreface circulation of seawater and 5) cm-scale porewater exchange (PEX).
The discharge of fresh groundwater (Pathway 1) and, to a lesser extent, density-driven
seawater circulation (Pathway 2), are the only mechanisms that represents a net source of
freshwater, usually mixed with seawater, to the coastal ocean. The SGD discharge process
related to this fresher fraction of SGD occurs mainly through three different ways: coastal
onshore springs, which discharge on the coastline via surface sinkholes (Garcia-Solsona et
al, 2010; Mejias et al,, 2012); submarine springs, where the discharge occurs via deep
sinkholes (Bakalowicz, 2015; Fleury etal., 2007); and diffuse discharge, a type of discharge

which is not concentrated and occurs throughout sediments (Rodellas et al. 2012).

Identifying and mapping groundwater discharge areas is challenging, despite the number
of traditional methods available for locating the main groundwater discharge locations and
quantifying their flow rates. These methods include simple procedures such as deploying
traditional local knowledge, conducting visual observation, monitoring changes in
vegetation as well as in water temperature and salinity, and using seepage meters or
radioactive isotope tracers (Mejias et al. 2012; Schubert et al. 2014; Rosenberry et al. 2020;

Garcia-Orellana et al. 2021). Apart from these methods, several authors have suggested
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Thermal Infrared Remote Sensing (TIR-RS) as an alternative methodology for identifying
potential SGD spring sites, since it enables the screening and study of inaccessible zones
and/or areas with a scarcity of hydrogeological information (Wilson & Rocha, 2012).
Temperature has been used successfully to study SGD by comparing the relatively constant
temperature of groundwater with that of surface seawaters, which fluctuates seasonally
(Dale & Miller, 2007). In general, groundwater maintains a relatively constant temperature
between depths of 5 m and 100 m, approximately 1 - 2 2C higher than the mean annual air
temperature (Anderson 2005). The detection of SGD springs via TIR-RS is possible in any
environment where there is thermal contrast between the discharging fluid and the
receiving surface water body (Kelly et al. 2013). TIR images have the potential to identify
the location of major SGD springs, as well as to study their spatial and temporal variability,
by exploring the temperature difference between coastal seawater and brackish

groundwater discharges at different times.

There are two types of platforms for obtaining thermal infrared information: airborne TIR-
RS (airplane, helicopter and drone), and satellite TIR-RS (Modis, Aster, Landsat). Airborne
TIR has been used for different applications; for example Shaban et al. (2005) and Akawwi
et al. (2008) conducting aerial TIR surveys along the Mediterranean and Dead Sea
coastlines to identify potential SGD sites. Kelly et al. (2013) used TIRS images from localized
point-source SGD to demonstrate that groundwater plume areas are linearly and highly
correlated to in-situ groundwater fluxes. Airborne TIR-RS has also been applied in
combination with other methods, not only for qualitative SGD recognition, but also for
quantifying groundwater flows from freshwater springs (Danielescu et al., 2009; Mejias et
al, 2012). In the coastal carbonate aquifer of El Maestrazgo (Iberian Peninsula), a
combination of complementary techniques was used to locate submarine springs via
airborne high-resolution thermal infrared, radon measurements and physical-chemical
anomalies, and to quantify the groundwater discharge by direct quantification with
flowmeters and Ra isotopes (Mejias et al, 2012). Tamborski et al. (2015) combined
airborne TIR overflights with coastal radionuclide surveys to investigate the significance of
SGD along the north shore of Long Island (NY, US) to provide quantitative evidence for TIR-
RS, as a tool to remotely identify and measure SGD. Finally, Danilescu etal. (2009) assessed
total freshwater discharge in two small nutrient-sensitive estuaries in Prince Edward Island
(Canada), using a combination of TIR images, direct discharge measurements and

numerical simulations.

Compared to airplane, helicopter and drone platforms, satellite TIR-RS has some
characteristics that limit its use for coastal water observation. The temporal resolution is
fixed and varies depending on the satellite, with a minimum daily revisit frequency and a
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maximum frequency of every 16 days for a specific area. Furthermore, the spatial
resolution, which varies between 30 and 1000 meters, is lower than airborne resolution.
This results in the fact that small thermal anomalies, induced by small flows of SGD, are
likely not to be detected. Additionally, satellite TIR-RS images are affected by atmospheric
conditions (i.e., clouds and shadows). However, satellite TIR-RS imagery has the great
advantage of being free of charge (Landsat), easily accessible, globally available, multi-
temporal, and covering a regional scale instantaneously. These advantages turn satellite

TIR-based approaches into a viable and promising option for detecting SGD worldwide.

There are several satellite missions capable of measuring sea surface temperatures (SST)
with a moderate spatial resolution and acquisition: Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), and the Landsat satellite among others,
which provide appropriate spatial and temporal resolution for large-scale SGD monitoring.
For those sensors suitable for SGD research, Landsat is the one with the longest TIR data
provision (from 1982 until today and already planned to go beyond 2030 (Wulder et al.
2019) and the one most widely applied for the purposes of SGD research (Wilson & Rocha,
2012, among others).

The use of satellite ima