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Abstract	
Department	of	Civil	and	Environmental	Engineering	

by	Sònia	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	a	reference	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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por	Sònia	Jou	Claus	

Se	espera	que	el	 cambio	global	afecte	significativamente	el	 comportamiento	hidrológico	
global,	cambiando	los	patrones	de	precipitación	media	anual,	aumentando	la	duración	de	
los	 períodos	 de	 sequía,	 aumentando	 la	 evaporación	 y	 el	 vapor	 de	 agua	 atmosférico	 y	
disminuyendo	 la	 capa	 de	 hielo.	 Por	 lo	 tanto,	 los	 cambios	 en	 la	 humedad	 del	 suelo,	 la	
escorrentía,	 la	 recarga,	 la	cantidad	y	 la	 calidad	del	agua	subterránea	se	verán	afectados.	
Además,	 el	 crecimiento	 poblacional	 esperado	 incrementará	 la	 contaminación	 al	 mismo	
tiempo	que	implicará	un	crecimiento	de	la	demanda	y	una	competencia	por	los	recursos	
hídricos	y	por	ende	un	aumento	en	la	extracción	de	aguas	subterráneas.	

Todos	estos	cambios	implican	desafíos	importantes	para	encontrar	soluciones	que	puedan	
contribuir	a	mitigar	los	efectos	en	la	calidad	del	agua	subterránea	y	su	efecto	en	el	medio	
ambiente.	 En	 este	 contexto,	 la	 aplicación	 de	 la	 teledetección	 en	 estudios	 de	 aguas	
subterráneas	representa	una	técnica	útil	para	complementar	la	información	obtenida	con	
los	métodos	tradicionales	en	estudios	hidrogeológicos	utilizados	para	la	caracterización	y	
cuantificación	de	recursos	hídricos.	Del	mismo	modo,	la	Recarga	Gestionada	de	Acuíferos	
representa	una	solución	factible	para	hacer	frente	a	los	desafíos	futuros	de	la	gestión	del	
agua,	promoviendo	el	almacenamiento	del	agua	disponible	en	los	acuíferos	y	mejorando	la	
calidad	del	agua	recargada.	

La	presente	tesis	se	centra	en	mejorar	la	gestión	de	los	recursos	hídricos	subterráneos	de	
dos	maneras	diferentes.	En	primer	lugar,	mediante	el	uso	de	herramientas	de	teledetección	
para	 la	 caracterización	 de	 las	 zonas	 costeras	 y,	 en	 segundo	 lugar,	 mediante	 el	 uso	 de	
barreras	 reactivas	 para	 mejorar	 la	 degradación	 de	 los	 contaminantes	 de	 preocupación	
emergente	en	el	contexto	de	la	recarga	gestionada	de	acuíferos	acoplada	al	efluente	de	una	
planta	de	tratamiento	de	aguas	residuales.	

En	primer	 lugar,	 se	evalúa	 la	posibilidad	de	utilizar	 imágenes	 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	identificación	de	
penachos	térmicamente	anómalos	obtenidos	a	partir	del	contraste	térmico	existente	entre	
las	 aguas	 subterráneas	 y	 las	 aguas	 superficiales	 del	 mar.	 El	 objetivo	 principal	 de	 esta	



primera	 parte	 de	 la	 investigación	 es	 demostrar	 la	 utilidad	de	 las	 imágenes	 térmicas	 de	
Landsat	8	como	una	herramienta	exploratoria	para	identificar	manantiales	SGD	(áreas	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	teledetección	satelital	TIR	es	un	método	
útil	para	identificar	manantiales	costeros	en	acuíferos	kársticos	tanto	a	nivel	 local	como	
regional.	Sin	embargo,	existen	algunos	factores	limitantes	que	deben	considerarse,	como	
limitaciones	 técnicas,	 características	 geológicas	 e	 hidrogeológicas	 del	 área	 de	 estudio,	
condiciones	ambientales	y	marinas	y	geomorfología	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	evolución	espacial	y	temporal	de	la	
influencia	ecológica	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	aplicó	un	análisis	
agrupado	a	los	datos	de	Chl-a.	Los	resultados	muestran	que	los	datos	satelitales	de	Chl-a	
ofrecen	 la	 posibilidad	 de	 identificar	 y	 restringir	 áreas	 donde	 las	 entradas	 de	 SGD	 han	
aumentado	la	productividad	primaria	y	calcular	el	gradiente	de	concentración	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	aquíferos	 (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	transformación	(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	biopelícula),	antes	y	después	de	modificar	las	
condiciones	redox	mediante	un	pulso	de	acetato	de	litio.	Los	resultados	muestran	que	la	
implementación	de	una	barrera	reactiva	en	los	sistemas	MAR	mejora	sustancialmente	el	
grado	de	degradación	de	los	filtros	UV,	especialmente	de	BP-3	y	sus	TP.	

La	presente	tesis	ha	contribuido	a	mejorar	la	gestión	de	los	recursos	hídricos	subterráneos	
a	través	de	nuevos	enfoques	metodológicos	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	 hidrològic	 global,	
canviant	els	patrons	de	precipitació	mitjana	anual,	augmentant	la	durada	dels	períodes	de	
sequera,	augmentant	l'evaporació	i	el	vapor	d'aigua	atmosfèric	i	disminuint	la	capa	de	gel.	
Per	tant,	els	canvis	en	la	humitat	del	sòl,	l'escorrentia,	la	recàrrega,	la	quantitat	i	la	qualitat	
de	 l'aigua	 subterrània	 es	 veuran	 afectats.	 A	 més,	 el	 creixement	 poblacional	 esperat	
incrementarà	 la	 contaminació	alhora	 que	 implicarà	 un	 creixement	 de	 la	 demanda	 i	 una	
competència	 pels	 recursos	 hídrics	 i,	 per	 tant,	 un	 augment	 en	 l'extracció	 d'aigües	
subterrànies.	

Tots	 aquests	 canvis	 impliquen	 reptes	 importants	 per	 trobar	 solucions	 que	 puguin	
contribuir	a	mitigar	els	efectes	en	la	qualitat	de	l'aigua	subterrània	i	el	seu	efecte	al	medi	
ambient.	En	aquest	context,	l'aplicació	de	la	teledetecció	en	estudis	d'aigües	subterrànies	
representa	una	 tècnica	útil	per	complementar	 la	 informació	obtinguda	amb	els	mètodes	
tradicionals	 en	 estudis	 hidrogeològics	 utilitzats	 per	 caracteritzar	 i	 quantificar	 recursos	
hídrics.	De	la	mateixa	manera,	la	Recàrrega	Gestionada	d'Aqüífers	representa	una	solució	
factible	 per	 fer	 front	 als	 futurs	 desafiaments	 en	 la	 gestió	 de	 l'aigua,	 promovent	
l'emmagatzematge	 de	 l'aigua	 disponible	 als	 aqüífers	 i	 millorant	 la	 qualitat	 de	 l'aigua	
recarregada.	

Aquesta	 tesi	 es	 centra	 en	 millorar	 la	 gestió	 dels	 recursos	 hídrics	 subterranis	 de	 dues	
maneres	 diferents.	 En	 primer	 lloc,	 mitjançant	 l'ús	 d'eines	 de	 teledetecció	 per	 a	 la	
caracterització	de	les	zones	costaneres	i,	en	segon	lloc,	mitjançant	l'ús	de	barreres	reactives	
per	millorar	la	degradació	dels	contaminants	de	preocupació	emergent	en	el	context	de	la	
recàrrega	gestionada	d’aqüífers	acoblada	a	 l’efluent	d’una	planta	de	 tractament	d’aigües	
residuals.	

En	 primer	 lloc,	 s'avalua	 la	 possibilitat	 d'utilitzar	 imatges	 infraroges	 tèrmiques	 (TIR)	
disponibles	gratuïtament	de	Landsat	8	com	a	eina	exploratòria	per	identificar	fonts	de	SGD	
a	tot	el	món.	L'ús	de	dades	tèrmiques	de	satèl·lit	com	a	tècnica	per	identificar	fonts	de	SGD	
al	mar	es	basa	en	la	identificació	de	plomalls	tèrmicament	anòmals	obtinguts	a	partir	del	
contrast	 tèrmic	 existent	 entre	 les	 aigües	 subterrànies	 i	 les	 aigües	 superficials	 del	 mar.	
L'objectiu	principal	d'aquesta	primera	part	de	la	investigació	és	demostrar	la	utilitat	de	les	



imatges	infraroges	tèrmiques	(TIR)	de	Landsat	8	com	a	eina	exploratòria	per	identificar	
fonts	 de	 SGD	 (àrees	 càrstiques)	 a	 tot	 el	món	 i	 discutir	 quins	 són	 els	 principals	 factors	
limitants	d'aquesta	tècnica	en	estudis	de	SGD.	Els	resultats	mostren	que	la	teledetecció	amb	
imatges	de	satèl·lit	tèrmiques,	és	un	mètode	útil	per	identificar	fonts	costaneres	en	aqüífers	
càrstics	 tant	 a	 nivell	 local	 com	 regional.	 No	 obstant	 això,	 hi	 ha	 alguns	 factors	 que	 cal	
considerar,	 com	 ara,	 limitacions	 de	 la	 tècnica,	 característiques	 geològiques	 i	
hidrogeològiques	 de	 l'àrea	 d'estudi,	 condicions	 ambientals	 i	marines	 i	 la	 geomorfologia	
costanera.	

En	 segon	 lloc,	 es	 presenta	 l'ús	 potencial	 de	 dades	 de	 clorofil·la	 (Chl-a)	 obtingudes	amb	
satèl·lit,	com	una	eina	de	baix	cost	per	mapejar	l'evolució	espacial	i	temporal	de	la	influència	
ecològica	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	 anàlisi	 d’	
agrupament	a	les	dades	de	Chl-a.	Els	resultats	mostren	que	les	dades	de	Chl-a	obtingudes	
amb	satèl·lit	ofereixen	la	possibilitat	d'identificar	i	restringir	àrees	on	les	entrades	de	SGD	
han	augmentat	la	productivitat	primària	i	calcular	el	gradient	de	concentració	de	Chl-a	al	
llarg	del	temps	induït	per	la	SGD.	

Finalment,	 s’investiga	 el	 destí	 dels	 filtres	UV	 seleccionats,	 en	 dos	 sistemes	de	 recàrrega	
gestionada	d’aqüífers;	un	complementat	amb	una	barrera	reactiva	a	base	d'argila	i	compost	
vegetal,	i	l'altre	com	a	sistema	de	referència.	Es	monitoritza	la	benzofenona-3	(BP-3)	i	els	
seus	productes	de	transformació	(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,	sòl	
i	 biopel·lícula),	 abans	 i	 després	 de	 modificar	 les	 condicions	 redox	 mitjançant	 un	 pols	
d'acetat	 de	 liti.	 Els	 resultats	 mostren	 que	 la	 implementació	 d'una	 barrera	 reactiva	 als	
sistemes	 de	 recàrrega	 gestionada	 d’aqüífers	millora	 substancialment	 la	 degradació	 dels	
filtres	UV,	especialment	de	la	BP-3	i	els	seus	TP.	

Aquesta	tesi	ha	contribuït	a	millorar	la	gestió	dels	recursos	hídrics	subterranis	a	través	de	
nous	enfocaments	metodològics	i	tècnics	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	(Kløve	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	(López	and	Gómez,	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;	Mejıás	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	
(Mejías	 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	
a	reactive	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	
et	al.,	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	
et	al.,	2012).	Recent	studies	(Rodríguez-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.		
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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.

§ To	map	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	
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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	Niña	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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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	
Submarine	Groundwater	Discharge	Springs	in	the	Mediterranean	Sea	Basin.	Hydrology	and	Earth	System	Sciences,	
25,9,9.	
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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,	but	also	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-González	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	et	al.	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;	Mejıás	 et	 al.,	 2012);	 submarine	 springs,	 where	 the	 discharge	 occurs	 via	 deep	
sinkholes	(Bakalowicz,	2015;	Fleury	et	al.,	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	(Mejías	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	ºC	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;	Mejías	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	 (Mejías	 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	et	al.	(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	imagery	in	SGD	studies	has	evolved	in	parallel	with	the	launch	of	new	
sensors	that	feature	spatial	resolution	improvements	over	previous	sensors.	However,	the	
application	 of	 satellite	 TIR	 images	 is	 neither	 extensive	 nor	 widespread	 compared	 to	
airborne	TIR	images.	Several	SGD	studies	used	Landsat	7	to	locate	groundwater	discharge	
areas	(e.g.	Wang	et	al.,	2008	);	to	detect	known	but	previously	unmapped	SGD	locations	
(Varma	et	al.	2010);	to	determine	the	spatial	extent	and	scale	of	SGD-derived	temperature	
anomalies	(Wilson	&	Rocha,	2012);	and	to	infer	SGD	temporal	variation	using	long-term	
thermal	 anomaly	 size	 variations	 (Mallast	 et	 al.,	 2014).	 More	 recent	 studies	 used	 data	
obtained	 by	 Landsat	 8	 TIRS	 to	 identify	 and	 characterize	 SGD	 sites	 using	 the	 sensors	
technical	 improvements.	 For	 example,	 McCaul	 et	 al.	 (2016)	 proposed	 a	 multiapproach	
methodology	for	understanding	submarine	and	intertidal	groundwater	discharge	patterns.	
Xing	et	al.	(2016)	evaluated	the	ability	of	satellite	remote	sensing	methods	(Landsat	7	and	
8)	to	detect	thermal	anomalies	related	to	SGD	as	a	possible	index	of	the	presence	of	offshore
low-salinity	groundwater	storage	at	local	scale.	To	the	best	of	our	knowledge,	there	is	no	
study	 that	 thoroughly	 compares	 SGD	 locations	 with	 satellite-data-derived	 thermal	
anomalies	over	large	spatial	scales	in	order	to	assess	the	suitability	of	satellite	TIR-RS	data
in	conducting	SGD	research.

The	aim	of	this	chapter	is	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	
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used	as	an	exploratory	tool	for	identifying	SGD	springs	worldwide,	from	local	to	regional	
scales,	 for	 long-term	analysis.	The	second	aim	 is	 to	discuss	 the	 influencing	 factors	 to	be	
considered	in	the	identification	of	SGD	at	the	local	and	regional	level.	

The	study	was	carried	out	on	the	coastal	karstic	aquifers	of	the	Mediterranean	Sea	basin,	
where	 there	are	many	 local	 studies	 that	describe	 the	discharge	processes	 thanks	 to	 the	
significant	 connectivity	 between	 this	 coastal	 aquifer	 type	 and	 the	 sea	 (e.g.,	 Bakalowicz,	
2005;	Barberá	&	Andreo,	2015;	Worthington,	1999).	In	this	hydrogeological	context,	SGD	
takes	 place	 mainly	 through	 submarine	 or	 aerial	 springs	 (point	 source).	 Although	
groundwater	 discharge	 from	 submarine	 springs	 represents	 a	 negligible	 fraction	 of	 the	
global	 SGD	 (Luijendijk	 et	 al.	 2020),	 in	 some	 areas,	 such	 as	 the	Mediterranean	 Sea,	 this	
fraction	can	be	locally	important,	strongly	influencing	marine	ecosystems	and	serving	as	a	
freshwater	 resource	 for	 the	 population	 (Rodellas	 et	 al.,	 2015;	 Alorda-Kleinglass	 et	 al.,	
2021).	 To	 validate	 the	 temporal	 effectiveness	 of	 this	 technique,	 Landsat-8	 images	 from	
2017	 and	 2018	 on	 the	 coasts	 of	 the	Mediterranean	 Sea	 basin	were	 used	 to	 locate	 SGD	
springs	previously	described	in	the	scientific	literature,	showing	in	which	period	of	the	year	
these	SGD	springs	are	observable	via	satellite.	In	addition,	we	will	hypothesize	and	discuss	
those	 factors	 that	may	 condition	 the	 identification	 of	 SGD	 springs	 in	 order	 that	 future	
studies	might	take	them	into	account	when	using	satellite	remote	sensing	TIR	techniques.	

2.2.	Methods	
2.2.1.	Study	area	
The	Mediterranean	basin	has	been	selected	for	this	study	because	it	is	one	of	the	areas	of	
the	world	where	numerous	SGD	studies	have	been	carried	out	and	where	dozens	of	coastal	
springs	have	been	described	dating	back	to	ancient	times	in	countries	such	as	Spain,	France,	
Italy,	Croatia,	Greece,	Turkey,	Syria,	Lebanon	and	Libya	(Figure	2.1).	In	this	study,	we	focus	
on	a	set	of	54	springs	mentioned	in	the	scientific	peer	review	literature	published	in	English	
(Basterretxea	et	al.,	2010;	Bakalowicz,	2018;	Fleury	et	al.,	2007;	Mejías	et	al.,	2012	and	
Garcia-Solsona	et	al.,	2010)	where	groundwater	discharge	is	known	to	occur	and	there	is	a	
description	 of	 the	 hydrogeological	 context	 of	 each	 spring	 (Table	 1,	 Appendix	 A).	 The	
number	of	springs	included	in	the	study	represents	at	 least	88%	of	the	submarine	karst	
springs	described	in	the	English	peer	review	literature	concerning	Mediterranean	basin.	

The	SGD	contribution	to	the	Mediterranean,	ranges	from	3	to	50·1011	m3·yr-1,	where	fresh	
groundwater	inputs	represent	1	–	25%	of	the	total	SGD	inputs	(Rodellas	et	al.	2015).	SGD	
has	been	described	and	studied	in	several	 locations	along	the	Mediterranean	coast	(e.g.,	
Bakalowicz,	 2015;	Mejías	 et	 al.,	 2012;	 Tulipano	 et	 al.,	 2005;	Bejannin	 et	 al.,	 2017).	 The	



14	 Chapter	2	

Mediterranean	 basin	 is	 characterized	 by	 46%	 of	 its	 coastline	 being	 formed	 by	 karstic	
aquifers	(Bakalowicz,	2015;	Fleury	et	al.,	2007;	Trezzi	et	al.,	2016).	Its	narrow	continental	
shelves	prevent	large	tidal	amplification	along	the	coast;	tidal	amplitude	is	usually	less	than	
0.2	m	(Werner	et	al.	2013).	The	Mediterranean	climate	is	seasonal,	characterized	by	windy,	
mild,	wet	winters	and	by	relatively	calm,	warm	and	dry	summers.	Strong	local	winds,	such	
as	 the	cold	and	dry	Tramontana,	Mistral	and	Bora,	 from	the	north,	and	 the	hot	and	dry	
Sirocco,	from	the	south,	are	typical	of	the	region.	These	strong	regional	and	seasonal	wind	
regimes	provide	a	substantial	amount	of	vertical	mixing	in	the	seawater	column.	In	general,	
the	main	rainfall	season	is	during	fall	and	spring,	with	an	average	annual	precipitation	of	
500	mm	y-1	(Andreo	&	Carrasco,	1993).	The	sea	temperature	is	approximately	between	26	
- 30	and	14	-	19	ºC	in	the	summer	and	winter,	respectively.

The	available	information	for	each	of	the	54	studied	springs	(Table	1,	Appendix	A)	shows	
that	the	mean	flow	rates	range	between	0.009	and	50	m3·s-1,	the	distances	from	the	shore	
range	from	the	coastline	to	1	km	offshore,	and	that	discharge	depths	vary	between	7	m.a.s.l	
and	150	m.b.s.l.	 In	 accordance	with	 these	 characteristics,	we	might	 classify	 the	 studied	
springs	in	5	groups.	The	first	group	of	springs	discharge	inland	near	the	seashore	and	reach	
the	sea	through	small	streams;	these	karstic	springs	are	located	between	300	and	500	m	
inland	and	at	elevations	of	2,	3	and	15	m.a.s.l	 for	Patan	 in	Croatia,	Almyros	of	 Iraklio	 in	
Greece	and	Maro	in	Spain,	respectively.	The	second	group	of	springs	discharges	in	coastal	
lagoons	at	a	distance	of	100	m	from	the	sea	shore	and	a	depth	of	4	m.b.s.l	(Font	Dame	and	
Font	Estramar	in	Salses-Laucate	lagoon	in	France),	and	at	an	unknown	shore	distance	and	
30	m.b.s.l	(Vise	in	Thau	lagoon	respectively).	The	third	group	of	springs	is	located	between	
0	and	10	m	from	the	shoreline	and	in	shallow		sea	waters	of	between	0	and	7	m.b.s.l	(Torre	
Badum,	Las	Fuentes,	Font	de	Dins	in	Spain,	Ain	Zayana	in	Libya,	Agios	Nikolaos,	Cephalonia	
and	Anavalos	Kiveri	 in	Greece	 and	Ovacik	 and	Gokova	 in	Turkey).	 The	 fourth	 group	 of	
springs	is	also	located	close	to	the	shoreline,	but	at	a	water	column	depth	of	12	m.b.s.l.	The	
two	springs	of	this	group	are	Moraig	in	Spain	and	Port	Miou	and	Bestouan	in	France.	The	
fifth	and	last	group	consists	of	Mortola	in	Italy	and	Chekka	in	Lebanon,	in	which	discharges	
occurs	offshore	between	100	m	and	1	km	and	with	a	water	column	depth	of	between	35	
and	150	m.b.s.l.	

The	type	of	coastal	karst	aquifer	studied	has	been	defined	using	the	same	classification	as	
in	Tulipano	et	al.	(2005)	for	Mediterranean	coastal	karst	aquifers.	The	first	type	are	systems	
with	 poorly-developed,	 but	 highly-fractured	 karstification.	 This	 karst	 type	 included	 3	
different	subsystems	in	which	1)	faults	dissect	the	aquifer	such	as	in	the	Gokova	(4	springs)	
(Bayari	&	Kurttaş,	2002)	and	Ovacik	spring,	where	the	faults	are	located	in	the	underlying	
beds	that	extend	towards	the	sea	(Elhatip,	2003);	2)	groundwater	flows	along	the	zones	of	
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cracks,	fractures	and	karst	hollows,	such	as	in	the	Donnalucata	spring	(Povinec	et	al.,	2006);	
and	3)	groundwater	flows	through	stratification	joints,	such	as	in	the	Mortola	spring	(Fleury	
et	al.,	2007).	The	second	type	are	systems	with	well-developed	karstification	connected	to	
the	sea	(e.g.,	Moraig,	Port	Miou,	Bestouan,	Almyros	of	Iraklio,	Almiros	of	Agios	Nikolaos,	
Cephalonia,	 Ain	 Zayana	 and	 Chekka).	 The	 last	 type	 of	 defined	 karst	 system	 is	 a	 well-
developed	karstification	but	with	low	connectivity	with	the	sea.	This	group	is	represented	
by	only	two	springs:	Kiveri	Anavalos	in	Greece	and	Vise	in	France.	

Figure	2.1.	Location	of	the	54	SGD	springs	used	 for	this	 study.	SGD	spring	shown	in	the	figure	are	described	in	
Bakalowicz,	2018;	Basterretxea	et	al.,	2010;	Fleury	et	al.,	2007;	Garcia-Solsona	et	al	.,	2010	and	Mejías	et	al.,	2012.	
©	Google	Earth	2021.	

2.2.2.	Landsat	8	TIRS	data	acquisition	
To	determine	the	optimal	time	period	for	SGD	detection	using	remote	sensing,	the	SST	of	a	
series	of	images	covering	all	seasons	was	compared.	The	TIRS	instrument	of	Landsat	8	is	a	
thermal	imager	with	two	thermal	infrared	bands	centered	at	10.8	µm	and	12.0	µm	and	a	
ground	sampling	distance	(GSD)	of	100	m.	However,	all	thermal	images	are	resampled	using	
a	cubic	convolution	to	30	m	(Roy	et	al.,	2014).	To	carry	out	this	study,	only	the	thermal	band	
10	TIRS	1	(10.6	-	11.2	μm)	of	the	11	Landsat	8	bands	was	used	to	study	the	SGD	sites.	The	
other	Landsat	8	thermal	band,	11	TIRS	2	(11.50	-	12.51	μm),	was	not	used	because	the	data	
collected	 in	 this	 band	 had	 some	 large	 calibration	 uncertainties	 (U.S.	 Geological	 Survey,	
2014b).	
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A	total	of	27	path/row	combinations	were	analyzed	with	the	Landsat	8	TIR	images	of	the	
Mediterranean	coast	between	January	2017	and	December	2018	to	cover	all	54	known	SGD	
sites.	To	that	end,	a	total	of	1296	images	(2	images	per	month	for	the	two	years	of	study)	
were	acquired	from	the	U.S.	Geological	Survey	(USGS)	with	cloud	coverage	between	0%	and	
90%	 in	each	 image.	A	manual	 inspection	of	all	 images	resulted	 in	 finer	selection	of	413	
images	with	cloud-free	conditions	above	the	areas	of	interest	(Table	2,	Appendix	A).	The	
finer	selection	of	cloud-free	images	was	used	for	subsequent	steps.	

2.2.3.	Deriving	SST	values	from	Landsat	8	TIRS	data	
Data	 processing	 included	 the	 conversion	 of	 digital	 numbers	 to	 SST,	 including	 an	
atmospheric	correction	of	each	image	following	the	methodology	presented	by	Chander	et	
al.	(2009).	Image	processing	began	with	radiometric	correction,	which	was	performed	by	
converting	 the	 digital	 number	 (DN)	 to	 sensor	 spectral	 radiance	 through	 band-specific	
rescaling	gain	and	bias	factors	according	to	Equation	(1).	

#$ = &'()*+,( ∗ .*+, + 0'()*+,( 	 (1)	

where	Lλ	 is	 the	sensor	spectral	 radiance	 [W·m-2·sr-1·μm-1];	Grescale	 is	 the	band-specific	
rescaling	gain	factor	[W·m-2·sr-1·μm-1·DN-1];	Qcal	is	the	quantized	and	calibrated	standard	
product	pixel	values	(DN)	and	Brescale	is	the	band-specific	rescaling	bias	factor	[W·m-2·sr-
1·μm-1].	

The	next	step	was	an	atmospheric	correction	to	remove	the	atmospheric	component	of	the	
recorded	 thermal	 signal	 which	 strongly	 depends	 on	 atmospheric	 conditions	 (aerosol	
content,	 humidity,	 temperature	 etc.)	 at	 a	 specific	 recording	 time	 and	 place.	 To	
atmospherically	correct	images	at	sensor	spectral	radiance,	it	was	necessary	to	transform	
them	into	surface	radiance	of	an	ideal	‘black	body’,	considering	the	scene-specific	up-	and	
down-	welling	radiance	and	transmission	values	and	the	emissivity	of	the	water	surface,	
according	to	Equation	(2)	(Barsi	et	al.	2003).	

#1 =
#2 − #4 − 5 ∗ (1 − 8) ∗ #:

5 ∗ 8

(2)	

where	Lt	is	the	radiance	of	an	ideal	‘black	body’	[W·m-2·sr-1·μm-1];	Lλ	is	the	sensor	spectral	
radiance	 [W·m-2·sr-1·μm-1];	 LU	 is	 the	 upwelling	 radiance	 [W·m-2·sr-1·μm-1];	 LD	 is	 the	
downwelling	radiance	[W·m-2·sr-1·μm-1];	ε	 is	the	emissivity	of	the	surface	[-]	and	τ	is	the	
atmospheric	transmission	[-].	
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A	web-based	atmospheric	correction	tool	(Atmospheric	Correction	Parameter	Calculator)	
developed	 by	 Barsi	 et	 al.	 (2003)	 based	 on	 MODTRAN	 was	 used	 to	 obtain	 values	 for	
atmospheric	 transmissivity	 and	 the	 upwelling	 and	 downwelling	 radiances	 of	 the	
atmosphere.	The	emissivity	of	water	in	the	Landsat	8	TIR	bands	ranges	from	0.98	(band	11)	
to	0.99	(band	10)	and	in	this	study,	we	assume	a	constant	emissivity	of	0.99	(Wen-Yao	et	al.	
1987).	

Finally,	 to	 obtain	 the	 sea	 surface	 temperature	 (SST),	 the	 corrected	 radiances	 were	
introduced	into	Equation	(3).	

; =
<=

ln	(
<A
#1
+ 1)

(3)	

where	T	is	the	effective	sensor	brightness	temperature	[K];	Lt	is	the	radiance	of	an	ideal	
‘black	body’	[W·m-2·sr-1·μm-1];	K1	is	prelaunch	calibration	constant	1	[W·m-2·sr-1·μm-1];	and	
K2	is	prelaunch	calibration	constant	2	[ºK].	

The	resulting	atmospherically-corrected	SST	data	represent	temperature	with	an	error	of	
less	than	1.3	ºK	for	the	temperature	range	270	-	330	ºK.	This	temperature	represents	the	
skin	temperature	of	the	water	(<1	mm	of	the	upper	most	water	layer),	which	differs	from	
the	bulk	temperature	below	it	by	about	0.1	ºK	due	to	sensible	heat	fluxes,	evaporative	heat	
loss,	and	long	wave	radiation	(Donlon	et	al.	2002;	Wloczyk	et	al.	2006).	

2.2.4.	Site	inter-comparison	between	single	image	and	multiple	images	

Temperature	maps	of	 coastal	waters	were	created	 from	temperature	data	 to	assess	 the	
significance	of	the	SST	anomalies.	The	identification	of	SGD	spring	sites	was	based	on	the	
assumption	that	temperatures	of	discharging	groundwater	may	be	different	than	seawater	
and	less	variable	than	seawater	temperatures	throughout	the	year.	SGD	spring	sites	were	
analyzed	using	 two	different	procedures.	First,	 single	 images	were	used	 to	 identify	SGD	
springs	by	means	of	the	water	temperature	anomalies.	As	a	second	step	of	the	single	image	
approach,	 the	 change	 between	 images	 along	 the	 study	period	was	 also	 evaluated.	 This	
qualitative	analysis	allows	us	 to	observe	variations	 in	 the	morphology	and	 temperature	
range	of	the	known	discharge	plume	between	images.	As	a	second	approach,	called	multiple	
imaging,	SGD	spring	sites	were	detected	by	evaluating	the	pixel-by-pixel	standard	deviation	
(SD)	across	all	 image	sets.	Lower	values	of	SD	were	used	as	 indicators	for	groundwater	
discharge	using	sea	surface	temperature	(SST)	data	series.	This	statistical	parameter	has	
been	 previously	 applied	 in	 semi-arid	 areas	 to	 study	 groundwater	 and	 surface	 water	
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interactions	and	identify	spring	discharge	into	lakes	or	enclosed	seas	(Mallast	et	al.,	2014;	
Tcherepanov	et	al.,	2005).	It	was	assumed	that	groundwater	tends	to	be	less	variable	than	
surface	 water,	 which	 varies	 seasonally	 and	 daily.	 The	 applied	 multi-temporal	 thermal	
remote	sensing	approach	was	based	on	a	variable	number	of	Landsat	8	TIRS	images.	The	
images	used	to	calculate	the	standard	deviation	varied	between	5	and	17	images,	depending	
on	 the	 number	 of	 images	without	 clouds	 available	 for	 each	 studied	 site.	 The	 resulting	
thermal	maps	were	combined	with	satellite	imagery	from	Google	Earth	(only	the	land	part)	
using	GIS	(QGIS	Las	Palmas)	to	show	the	location	the	SGD	springs	at	the	identified	sites.	

2.3.	Results	and	discussion	
2.3.1.	Overall	identifications	
As	an	example	of	the	Landsat	8	TIR	images	analyzed	in	the	Mediterranean	Sea	basin,	the	
thermal	images	of	the	Almyros	SGD	spring	in	Agios	Nikolaos	(Crete,	Greece)	throughout	the	
year	2017	are	shown	in	Figure	2.	In	general,	a	thermal	anomaly	plume	is	observed	in	several	
of	the	23	images	(one	of	the	July	images	is	missing)	occurring	near	and	perpendicular	to	the	
coastline,	 reflecting	 the	 continuous	 discharge	 of	 groundwater.	 Since	 a	 satellite	 image	
provides	the	sea	surface	temperature	(SST)	of	the	first	millimeter	of	seawater	(Donlon	et	
al.,	2002;	Wloczyk	et	al.,	2006),	the	thermal	contrast	due	to	SGD	can	be	observed	as	the	fresh	
groundwater	flows	over	seawater	due	to	its	lower	density	(i.e.,	lower	salinity)	(Wilson	&	
Rocha,	2012).	The	images	series	of	Almyros	Agios	Nikolaos	(Figure	2.2)	shows	how	thermal	
contrast	caused	by	the	groundwater	discharge	cannot	be	observed	throughout	the	whole	
year.	The	thermal	contrast	is	more	identifiable	from	the	second	half	of	April	until	the	end	of	
October,	but	the	best	thermal	plume	observations	were	from	June	to	October	(Figure	2).	
Conversely,	 this	 spring	cannot	be	identified	 from	November	 to	March.	The	groundwater	
discharge	was	 not	 identified	 in	 February	 and	 December	 due	 to	 the	 absence	 of	 thermal	
contrast,	and	in	the	other	months	(January,	March	and	November)	because	clouds	made	
identification	 difficult.	 Thus,	 the	 overall	 percentage	 of	 time	 for	 optimal	 SGD	 spring	
identification	was	37%	in	2017.	

If	the	same	approach	is	applied	for	the	total	of	54	SGD	springs	studied,	only	23	springs	were	
identified	in	individual	images,	representing	a	44%	success	rate	for	the	technique	over	the	
entire	study	period	(2017	and	2018).	The	success	percentage	for	 identifying	the	23	SGD	
springs,	according	 to	 the	period	of	 the	year,	 is	 shown	 in	Supplementary	Material	3.	The	
highest	success	percentage	for	SGD	identification	was	during	the	summer,	specifically	from	
June	 to	 September	 (Figure	 3),	 which	 corresponds	 to	 an	 average	 of	 21%	 of	 the	 images	
analyzed.	 Conversely,	 the	 SGD	 springs	were	 not	 identified	 in	 the	 remaining	 79%	of	 the	
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images.	 The	 winter	 period,	 from	 December	 to	 February	 (Figure	 2.3),	 had	 the	 lowest	
percentage	of	SGD	spring	identifications.	

Figure	2.2.	SST	images	(degrees	Celsius)	obtained	via	band	10	of	Landsat	8	OLI/TIRS	of	the	region	of	Almyros	of	
Agios	Nikolaos	(Crete,	Greece)	throughout	2017.	Of	the	23	images	analyzed,	the	presence	of	an	SGD	spring	was	
clearly	visible	in	nine	images	that	represent	a	37	%	ratio	of	success.	In	January,	March	and	November	2017,	it	was	
not	possible	to	obtain	an	SST	image	due	to	the	presence	of	clouds.	©	Google	Earth	2021.	
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Figure	2.3.	Percentage	of	successful	and	unsuccessful	SGD	identifications	for	all	SGD	springs	that	were	identified	
at	least	once	(23	springs	representing	44%)	throughout	the	year	2017	and	during	the	year	2018	(based	on	the	
selection	of	720	images),	are	shown	individually	in	the	Figure	1,	Appendix	A.	The	X-axis	shows	the	months	of	the	
year.	Roman	numerals	(I	and	II)	represent	the	 two	satellite	passes	per	month	 that	cover	every	area.	No	image	
available	 is	 represented	 in	 grey,	 color	while	 the	 presence	 of	 clouds	 is	 in	 orange	 and	 blue	 for	 successful	 SGD	
identifications.	Those	in	which	images	were	not	covered	by	clouds,	but	SGD	springs	were	not	identified,	are	shown	
in	the	figure	as	“others”	in	green	color.	

2.3.2.	Influencing	factors	to	consider	in	the	identification	of	SGD	springs	
The	analysis	of	the	images	of	the	Mediterranean	coast	obtained	by	Landsat	8	TIRS	during	
2017	and	2018	was	successful	for	several	studied	springs	but	did	not	identify	SGD	springs	
in	all	 the	 images	analyzed.	Thus,	 identifying	SGD	springs	using	Landsat	8	TIRS	presents	
some	limitations,	as	the	success	rate	was	slightly	 less	than	50%.	The	following	potential	
limitations	were	 previously	 reported	 in	 the	 literature	 in	 some	 local	 studied	 areas:	 only	
information	for	the	first	millimeters	of	seawater	is	available	(Donlon	et	al.,	2002;	Wloczyk	
et	al.,	2006);	spatial	resolution	(Wilson	&	Rocha,	2012);	period	of	the	year	(Bayari	&	Kurttas	
2002;	 Wilson	 &	 Rocha	 2012;	 Xing	 et	 al.,	 2016);	 the	 results	 are	 highly	 dependent	 on	
atmospheric	temperature,	seawater	currents,	wind	speed	and	direction,	sea	surface	effects	
(Kelly	et	al.,	2013)	and	cloud	cover;	and	the	need	for	specialist	knowledge	to	convert	the	
data	into	accessible	(visualized)	information	(McCaul,	2016).	

Given	 the	 above-mentioned	 limitations,	 we	 propose	 a	 conceptual	 framework	 of	 factors	
representing	technical	limitations	in	order	to	asses	those	issues	that	should	be	considered	
when	applying	TIR-RS	to	the	study	of	SGD.	These	technical	limitation	factors	can	be	grouped	
as	 follows:	 (1)	 technical	 limitations,	 (2)	 geological/hydrogeological	 characteristics,	 (3)	
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environmental	and	marine	conditions,	(4)	coastal	geomorphology	and	(5)	anthropogenic	
sources	(Figure	2.4).		

Figure	2.4.	Conceptual	framework	of	technical	limitation	factors	that	can	limit	the	identification	of	SGD	springs	by	
using	Landsat	8	TIRS	images.	

2.3.2.1.	Technical	limitation	factors	
Some	of	the	main	limitations	of	the	technique	are	related	to	the	temporality	of	obtaining	
images;	 the	 spatial	 resolution,	 the	 availability	 of	 images	 in	 the	 desired	 period	 and	 the	
atmospheric	conditions	during	the	image	capture.	Each	satellite	has	an	image	acquisition	
spatial	 and	 temporal	 resolution,	 and	 therefore	 the	 results	 are	 subject	 to	 these	 pre-
established	conditions.	For	Landsat	8	TIRS,	the	temporal	resolution	is	two	weeks,	and	the	
spatial	resolution	is	100	m	resampled	to	30	m,	so	a	smaller	thermal	anomaly	plume	than	
this	produced	by	an	SGD	spring	will	not	be	identified.	For	example,	in	the	20	m	wide	semi-
enclosed	cove	of	Alcalfar	(Menorca,	western	Mediterranean)	there	are	several	described	
springs	(García-Solsona	et	al.,	2010)	that	were	not	identified	by	satellite	due	to	the	small	
dimensions	 of	 the	cove	 (García-Solsona	et	 al.,	 2010).	The	 availability	 of	 satellite	 images	
depends,	in	some	cases,	on	technical	problems	that	the	satellite	experiences	during	image	
collection,	which	implies	that	there	are	annual	series	of	images	with	some	missing	images.	
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In	the	example	used	in	Figure	2,	where	the	Almyros	of	Agios	Nikolaos	(Greece)	SGD	spring	
is	identified,	only	23	of	the	24	images	that	should	have	been	produced	during	2017	were	
obtained.	The	striping	noise	that	it	can	be	seen	in	the	images	(Figure	2.2),	and	which	affect	
TIR	bands	especially,	is	another	technical	limitation.	Sometimes	the	difference	is	so	large	
that	it	would	hinder	a	proper	SGD	detection	(Gerace	&	Montanaro,	2017).		

Other	important	limitations	related	to	the	technique	include	the	atmospheric	conditions	at	
the	time	of	the	image	capture.	Clouds	and	clouds	shadows	change	radiometric	information	
leaving	the	sea	surface	and	prevent	a	correct	analysis	of	the	images.	For	the	Mediterranean	
Sea	basin,	of	80%	of	the	images	in	which	SGD	springs	were	not	identified,	60%	were	due	to	
the	high	presence	of	clouds.	Thus,	clouds	are	the	main	factor	limiting	the	identification	of	
SGD	springs.	The	presence	of	clouds	is	higher	in	winter	than	in	summer;	therefore,	warmer	
months	are	much	better	for	identifying	SGD	springs	in	the	Mediterranean	Sea.	However,	in	
at	least	20%	of	the	cloudless	images,	it	was	not	possible	to	observe	and	locate	SGD	springs	
described	 in	 the	 literature.	 Therefore,	 a	 detailed	 analysis	 of	 the	 cloudless	 imagery	 is	
necessary	to	confirm	the	optimal	conditions	for	locating	SGD	springs	in	the	area	of	interest	
(Anderson	2005).		

2.3.2.2.	Geology	and	hydrogeology	limitation	factors	
The	 characteristics	 of	 coastal	 aquifers	 and	 the	 different	 driving	 forces	 that	 allow	
groundwater	discharge	into	the	sea	are	other	factors	that	can	limit	the	identification	of	SGD	
springs.	According	to	Garcia-Orellana	(2021),	SGD	is	the	combination	of	fresh	terrestrial	
groundwater	 discharge	 driven	 by	 hydraulic	 gradient	 between	 land	 and	 sea	 and	 saline	
groundwater	discharge	from	the	seawater	recirculation	through	the	coastal	and	continental	
margin.	Thus,	the	thermal	signal	of	both	types	of	groundwater	will	define	the	intensity	and	
shape	of	the	plume	that	can	be	observed	in	the	sea.	

For	coastal	aquifer	SGD	springs,	geological	factors	such	as	the	lithology	(e.g.,	type	of	rock,	
degree	of	karstification,	presence	of	faults	and/or	fractures,	etc.)	determine	the	hydraulic	
properties	 that	 greatly	 influence	 the	 groundwater	 flow	 that	 discharges	 into	 the	 sea	
(Brunner	et	al.,	2007;	Edet	et	al.,	1998).	Another	aspect	to	consider	is	the	connectivity	of	the	
aquifer	with	the	sea.	Coastal	aquifers	may	be	totally	or	partially	hydraulically	connected	to	
the	sea,	depending	on	several	factors,	such	as	the	geological	structure	of	the	aquifer	and	the	
seabed,	 as	 well	 as	 the	 hydraulic	 properties	 of	 both	 onshore	 and	 offshore	 geological	
formations.	In	addition,	the	amount	of	SGD	depends	on	the	aquifer	water	budget,	which	
produces	variations	 in	groundwater	discharge	 flow.	The	main	 factors	 that	 influence	 this	
budget	are	the	natural	variations	in	recharge	at	different	temporal	scales	(rainfall	events,	
seasonality,	inter-annual	changes)	and	the	abstraction	of	groundwater,	which	can	reduce	
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the	discharge	of	the	fresh	groundwater	component	of	the	SGD,	or	even	induce	seawater	
intrusion	 into	 the	 coastal	 aquifer.	Unfortunately,	 these	 factors	 are	 linked,	 since	 in	most	
cases	when	recharge	is	low,	abstractions	tend	to	be	higher.	

In	the	presented	research,	from	the	54	karstic	SGD	studied	springs,	information	on	the	type	
of	coastal	karst	aquifer	is	only	available	for	37%	of	the	springs	(Figure	2,	Appendix	A).	From	
those,	the	first	karst	type	system,	characterized	by	poorly-developed	but	highly-fractured	
karstification,	 represents	 11%	 of	 the	 springs	 and	 7%	 of	 the	 total	 where	 successfully	
identified.	The	second	type	of	karst	system,	characterized	by	well-developed	karstification	
connected	to	the	sea,	represents	22%	of	the	springs,	and	half	of	those	were	identified	(11%	
of	the	total).	Finally,	the	third	karst	type	system	with	well-developed	karstification	but	low	
connectivity	with	the	sea,	represent	only	4%	of	the	springs,	and	half	of	those	were	identified	
(1.8%	 of	 the	 total).	 Therefore,	 the	 best	 geological	 and	 hydrogeological	 settings	 for	
identifying	SGD	springs	are	karst	systems	with	well-developed	karstification	and	that	are	
well-connected	 to	 the	 sea,	 as	well	 as	 those	 systems	with	 poorly-developed	 but	 highly-
fractured	karstification.	This	is	because	these	systems	have	high	transmissivities	that	can	
induce	 high	 local	 SGD	 rates,	making	 it	easy	 to	 detect	 their	 thermal	 plumes.	However,	 it	
depends	on	the	recharge	area	and	its	rate.	

Conversely,	 low	 groundwater	 discharge	 water	 volumes	 may	 limit	 the	 identification	 of	
thermal	anomalies	because	they	could	attenuate	the	thermal	anomaly	produced	by	the	SGD.	
Therefore,	low	discharge	water	volumes	are	unlikely	to	be	identified	using	this	technique.	
Of	the	54	karstic	SGD	studied	springs,	the	flow	rate	information	was	only	available	for	59%	
of	 the	 springs	 (Figure	 2,	 Appendix	 A).	 Springs	 with	 a	 flow	 rate	 lower	 than	 10	 m3·s-1	
represent	40%	of	the	springs.	From	those,	only	50%	were	identified.	The	springs	with	a	
flow	rate	higher	than	10	m3·s-1	represent	15%	of	the	springs,	and	from	those	60%	were	
identified.	This	indicates	that	apart	from	flow	rate,	other	factors	affect	the	failure	to	identify	
these	SGD	springs	on	the	coastline.	

Inter-annual	and	annual	changes,	such	as	humid-dry	periods,	overexploitation,	and	extreme	
events	such	as	strong	rainfall	storms,	etc.,	can	also	modify	SGD	flows.	Thus,	the	research	
period	in	which	the	images	were	collected	is	also	important	because	seasonal	variations	
(Lee	et	al.	2016)	can	lead	to	SGD	thermal	plume	variations,	not	only	due	to	the	temperature	
difference	between	groundwater	and	seawater	(Lee	et	al.,	2016),	but	also	annual	SGD	flow	
rate	variations	(Michael	et	al.,	2010)	that	allow	their	identification.	

Regarding	hydrogeological	conditions	in	the	Mediterranean	Sea	basin,	it	was	expected	that	
the	best	 seasons	 for	 identifying	SGD	springs	using	satellite	TIR-RS	would	be	spring	and	
autumn,	when	 rainfall	 is	 higher	 and	 therefore	a	 higher	 discharge	 flow	 rate	 is	expected.	
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However,	results	showed	that	late	spring	and	summer	were	the	best	seasons	for	identifying	
SGD	springs,	indicating	that	other	factors	influence	the	identification	of	SGD	springs	using	
this	technique.	

2.3.2.3.	Environmental	and	marine	conditions	
Other	aspects	that	could	affect	the	thermal	contrast	between	the	groundwater	plume	and	
seawater	 include	 environmental	 and	 marine	 conditions.	 Both	 factors	 can	 make	 the	
identification	of	SGD	difficult,	because	 they	cause	seawater	mixing	with	 the	discharging	
groundwater,	reducing	the	thermal	contrast	between	them	and	modifying	the	sea	surface	
temperature.	The	main	environmental	 condition	 that	can	affect	SGD	identification	 is	 the	
action	of	wind,	which	can	mix	the	first	millimeters	of	the	sea	surface	water,	 limiting	the	
identification	of	SGD	springs	using	remote	sensing	techniques.	Similarly,	marine	conditions	
can	affect	SGD	identification	if	they	reduce	the	thermal	contrast	between	the	groundwater	
plume	and	the	seawater.	These	marine	conditions	are	basically	reduced	to	the	coastal	water	
hydrodynamic	conditions	that	can	be	affected	by	processes	such	as	the	influence	of	tides	or	
coastal	currents,	the	formation	of	a	pycnocline	in	surface	seawater,	or	the	fetch	due	to	wind	
action.	 Tides,	 coastal	 currents	 and	 fetch	 generate	 seawater	 movement	 and	 mix	
groundwater	with	seawater,	causing	a	thermal	contrast	attenuation.	Similarly,	the	presence	
of	a	pycnocline	can	result	in	less	vertical	mixing	of	the	water	column.	In	subtropical	areas	
with	cold	winters	and	hot	summers,	such	as	the	Mediterranean	Sea,	coastal	waters	often	
develop	 a	 pycnocline	 during	 the	 summer	 months,	 as	 high	 temperatures	 increase	 the	
evaporation	of	 seawater,	generating	an	 increase	 in	salinity	and	 therefore	water	density.	
This	effect	causes	cold,	fresh	groundwater	to	flow	over	salty	and	dense	seawater,	generating	
an	SGD	layer	on	the	sea	surface. 

The	 temperature	 of	 the	Mediterranean	 Sea	 oscillates	 seasonally	 between	 26	 -	 30	 ºC	 in	
summer	and	14	-	19	ºC	in	winter,	while	the	groundwater	temperature	remains	relatively	
constant	over	time,	implying	a	greater	contrast	between	summer	and	winter.	However,	SGD	
spring	 visualizations	 in	 cloud-free	 images	 decrease	 significantly	 in	 winter	 months	
compared	to	warmer	months	(Figure	2.4).	35%	of	the	springs	were	identified	in	summer	
and	only	4%	were	identified	in	winter	(Figure	2,	Appendix	A).	Consequently,	the	number	of	
SGD	spring	visualizations	is	much	higher	in	summer	than	in	winter.	In	winter	months,	wind,	
water	 column	mixing,	 currents,	 etc.,	 are	more	 intense	and	 reduce	 the	 thermal	 contrast.	
Therefore,	environmental	and	marine	conditions	during	the	winter	months	are	unfavorable	
for	the	identification	of	coastal	springs.	 

For	this	reason,	areas	where	the	influence	of	various	marine	factors	such	as	tides,	coastal	
currents	or	fetch	is	small	are	ideal	for	identifying	SGD	springs,	because	such	factors	induce	
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mixing	 attenuating	 the	 thermal	 contrast	 needed	 to	 identify	 SGD	 springs.	 Similarly,	 in	
subtropical	areas	such	as	the	Mediterranean	Sea,	it	is	easier	to	identify	SGD	springs	because	
coastal	waters	 often	 develop	 a	 pycnocline	 during	 the	 summer	months,	 resulting	 in	 less	
vertical	mixing	 of	 the	water	 column	 and	 therefore	 better	 identification	 of	 SGD	 springs.	
Therefore,	 in	the	Mediterranean	basin,	environmental	and	marine	conditions	in	summer	
months	are	much	more	favorable	 for	 the	 identification	of	 coastal	 springs	 than	in	winter	
months.	

2.3.2.4.	Coastal	morphology	limitation	factors	
Another	aspect	that	influences	SGD	thermal	plume	visualization	is	the	coastal	morphology;	
depending	on	its	characteristics,	the	seawater	residence	time	in	the	study	zone	may	allow	
the	formation	of	a	thermal	plume.	In	semi-enclosed	areas,	such	as	bays	or	coves,	where	the	
residence	 time	 of	 discharging	 water	 in	 the	 sea	 is	 in	 the	 range	 of	 one	 to	 several	 days	
(Tamborski	et	al.,	2020),	the	formation	of	thermal	plumes	from	SGD	can	easily	be	detected	
by	 satellite,	 in	 comparison	 with	 open	 sea	 areas,	 where	 the	 seawater	 residence	 time	 is	
shorter	 (less	 than	a	day),	due	 to	 the	effect	of	marine	or	weather	 factors	 such	as	waves,	
coastal	 currents	 or	 fetch.	 Groundwater	 discharge	 can	 occur	 below	 sea	 level,	 either	 at	
shallow	(<	10	m)	or	at	greater	depths,	right	on	the	shoreline	or	a	few	meters	from	it	(Zektser	
&	Dzhamalov,	2006).	The	morphology	of	the	coastal	seabed	combined	with	the	geological	
characteristics	 of	 the	 aquifer	 (e.g.,	 karstification	 degree	 and	 coastal	 hydraulic	 gradient)	
determine	both	the	depth	and	offshore	distance	of	the	groundwater	discharge.	These	two	
characteristics	 are	 very	 significant,	 since	 the	 location	 of	 the	 SGD	 spring	 on	 the	 coast	 is	
critical	 for	 the	 correct	 identification	 of	 the	 thermal	 contrast	 between	 groundwater	 and	
seawater	using	satellite	thermal	images.	While	groundwater	discharges	produced	at	coastal	
level	 or	 several	 meters	 inland	 usually	 generate	 thermal	 contrasts	 easily	 detectable	 by	
satellite	 (Mejías	 et	 al.,	 2012),	 submarine	 springs	 located	 several	 meters	 deep	 often	
represent	a	challenge	for	satellite	detection.	This	is	because	when	groundwater	discharges	
below	sea	level,	 it	rises	to	the	sea	surface	generating	a	buoyant	thermal	 layer	of	several	
millimeters,	 due	 to	 its	 lower	 density	 that	 arises	 from	 its	 temperature	 and	 salinity	
characteristics.	Therefore,	a	greater	discharge	depth	requires	more	time	to	reach	the	sea	
surface,	 adapting	 the	 SGD’s	 thermal	 signal	 at	 the	 sea	 surface	 to	 the	 surrounding	water	
temperature.	Thus,	marine	factors	may	have	a	greater	influence	in	balancing	the	seawater	
and	groundwater	temperatures,	preventing	the	recognition	of	thermal	anomalies	on	the	sea	
surface,	as	stated	by	Mallast	et	al.	(2013)	

However,	the	time	required	for	groundwater	to	reach	the	sea	surface	depends	not	only	on	
the	depth	of	the	discharge	below	sea	level,	but	also	on	hydrogeological	factors,	such	as	the	
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discharge	flow.	Thus,	SGD	springs	characterized	by	shallow	depths	and	large	flow	rates	will	
favor	the	detection	of	SGD-induced	thermal	plumes	on	the	sea	surface,	while	deep	areas	
with	small	flows	may	be	undetectable.	Intermediate	situations,	such	as	shallow	areas	with	
small	 flows	 or	 deep	 areas	with	 large	 flows,	may	 be	 detected	 depending	 on	 the	 relative	
importance	of	the	environmental	and/or	marine	limiting	factors.	

For	studied	springs	 in	 the	Mediterranean	Sea	basin,	52%	of	 the	springs	were	 located	 in	
semi-enclosed	coastal	areas	(Figure	2,	Appendix	A).	Of	these,	31%	of	the	studied	springs	
were	 identified	 (Port	 Miou	 and	 Bestouan	 in	 France;	 Cephalonia,	 Anavalos	 Kiveri	 and	
Almyros	of	Agios	Nikolaos	in	Greece;	Martinscica,	Perilo,	Novijanska,	Jurjevska	and	Patan	
in	Croatia;	and	Gokova	(three	springs),	Ovacik	and	Antalya	(three	springs)	in	Turkey).	These	
results	 show	 that	 when	 discharge	 occurs	 in	 semi-enclosed	 areas,	 where	 the	 seawater	
residence	time	is	large,	the	springs	can	be	identified	until	late	autumn,	even	though	the	flow	
of	 groundwater	 is	 relatively	 small	 (0.75	 m3·s-1	 was	 reported	 for	 the	 Ovacik	 spring	 in	
Turkey).	Therefore,	the	success	in	identifying	SGD	springs	in	semi-enclosed	areas	also	is	
higher	throughout	the	year.		

Of	the	54	SGD	studied	springs,	the	distance	and	depth	information	are	available	for	41%	of	
the	springs	 (Figure	2,	Appendix	A).	The	first	group	of	 springs,	which	discharge	near	 the	
seashore	and	reach	the	sea	through	small	streams,	represents	6%	of	the	springs	(Patan	in	
Croatia,	 Almyros	 of	 Iraklio	 in	 Greece	 and	 Maro	 in	 Spain)	 and	 from	 those,	 66%	 were	
identified	(Patan	and	Almyros	of	Iraklio).	The	second	group	of	springs,	which	represent	6%	
(Font	Dame,	Font	Estramar	and	Vise)	characterized	by	discharge	in	coastal	lagoons,	was	not	
identified.	The	third	group	of	springs,	which	discharge	close	to	the	shoreline	and	in	shallow	
water,	represents	20%	of	the	springs	(Torre	Badum,	Las	Fuentes,	Font	de	Dins	in	Spain,	Ain	
Zayana	in	Libya,	Agios	Nikolaos,	Cephalonia	and	Anavalos	Kiveri	in	Greece	and	Ovacik	(3	
springs)	and	Gokova	in	Turkey)	and	we	were	able	to	identify	91%	(all	of	them	except	Ain	
Zayana	spring).	No	springs	were	identified	from	the	fourth	group,	which	represents	6%	of	
the	springs	(Moraig	in	Spain	and	Port	Miou	and	Bestouan	in	France),	and	is	characterized	
by	discharge	close	to	the	shoreline	but	at	a	water	column	depth	of	12	m.b.s.l.	None	of	the	
springs	of	the	fifth	group	(Mortola	in	Italy	and	Chekka	in	Lebanon),	which	represent	4%	of	
the	springs,	characterized	by	discharge	offshore	with	a	water	column	depth	between	35	and	
150	m.b.s.l,	were	identified.	

From	 the	 analysis	 of	 the	 images	 obtained	 by	 Landsat	 8	 TIRS	 and	 considering	 the	
hydrogeological	 data	 of	 the	 various	 coastal	 springs,	 we	 conclude	 that	 groundwater	
discharges	that	occur	at	significant	depths	(>	12	m.b.s.l)	are	unlikely	be	identified	by	this	
technique,	 probably	 because	 the	 thermal	anomaly	generated	 between	 groundwater	 and	
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seawater	 does	 not	 reach	 the	 sea	 surface.	 This	 is	 the	 probable	 reason	 for	 the	 failure	 to	
identify	the	springs	of	Vise	in	France,	Mortola	in	Italy	and	Chekka	in	Lebanon.	For	the	Vise	
spring,	which	discharges	at	30	m.b.s.l,	the	hydrogeological	information	indicates	that	it	is	a	
mixture	of	karstic	water,	thermal	water	and	seawater	(Aquilina	et	al.	2002);	most	likely	the	
discharging	groundwater	does	not	produce	enough	thermal	contrast	to	be	detected	with	a	
satellite	sensor.	On	the	other	hand,	SGD	springs	located	in	very	shallow	areas,	such	as	the	
Salses-Laucate	lagoon,	which	has	an	average	maximum	depth	of	2	m.b.s.l	(Bejannin	et	al.	
2017),	and	where	there	are	two	well-known	springs	(Font	Dame	and	Font	Estramar)	were	
not	identified.	A	possible	reason	is	that	these	types	of	shallow	coastal	lagoons	are	highly	
influenced	by	atmospheric	temperature,	since	the	small	water	column	has	little	capacity	to	
buffer	 temperature	 fluctuations	 (Lee	 et	 al.,	 2016).	 However,	 Anavalos	 Kiveri	 and	 Torre	
Badum,	 identified	 during	winter	months,	are	 shallow	 (0	 and	 to	 10	m.b.s.l)	 SGD	 springs.	
Therefore,	although	initially	these	types	of	springs	should	be	easily	detectable	by	satellite,	
atmospheric	factors	can	greatly	influence	the	formation	of	the	thermal	contrast	needed	to	
identify	them.	

The	shore	distance	at	which	groundwater	discharge	occurs	is	another	factor	that	affects	the	
identification	of	groundwater	discharge	in	coastal	areas.	SGD	springs	discharging	further	
than	500	m	 from	 the	 seashore	were	 not	 recognized,	 such	 as	 the	Mortola	 spring	with	a	
distance	of	800	m.	This	may	be	related	to	the	fact	that	as	the	distance	to	the	coast	increases,	
the	depth	of	the	water	column	increases,	and	the	travel	time	of	the	fresher	groundwater	
also	increases,	allowing	a	complete	temperature	equilibrium.	Furthermore,	these	zones	are	
more	affected	by	ocean	currents	that	increase	water	mixing,	attenuating	the	thermal	signal.	

In	some	cases,	there	is	not	one	single	factor	affecting	SGD	spring	identification,	but	rather	a	
combination	of	several	factors	(flow	rate,	season,	coastal	morphology,	etc.)	which	makes	it	
difficult	to	explain	why	an	SGD	spring	was	not	identified.	

2.3.2.5.	Thermal	anomalies	from	streams	and	anthropogenic	sources	
When	looking	for	coastal	thermal	anomalies	by	using	satellite	TIR	images,	some	anomalies	
can	be	detected	that	are	not	necessarily	related	to	SGD.	These	anomalies	can	be	from	natural	
sources,	such	as	rivers	or	streams,	or	civilian	facilities	such	as	ports,	thermal	power	plants,	
fish	farms	or	wastewater	treatment	plants.	These	thermal	anomalies	may	misidentify	or	
mask	 some	 SGD	 springs	 when	 discharge	 occurs	 in	 shallow	 areas	 with	 high	 seawater	
residence	times.	

For	example,	natural	water	sources,	such	as	small	rivers	or	streams,	also	produce	a	thermal	
signal	at	sea.	As	SGD,	they	may	have	a	different	temperature	than	seawater.	This	is	the	case	
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for	the	small	river	near	Split	in	Croatia	(Figure	3,	Appendix	A),	which	produces	a	thermal	
anomaly	that	could	be	misinterpreted	as	an	SGD	spring.	Furthermore,	when	SGD	and	rivers	
discharge	at	the	same	location,	the	thermal	signal	of	SGD	will	be	masked	and/or	modified	
by	surface	water	discharge.	In	the	case	of	civil	 facilities,	the	most	common	facilities	that	
could	be	confused	with	SGD	springs	would	be	the	discharges	from	wastewater	treatment	
plants	 as	 they	 usually	 discharge	water	with	a	 different	 thermal	 signal	 than	 the	 sea.	For	
example,	in	the	Hyperion	Treatment	Plant	(HTP)	and	the	Orange	County	Sanitation	District	
(OCSD)	wastewater	diversion	events	in	Southern	California,	where	treated	water	discharge	
takes	 place	 at	 depth,	 it	 is	 possible	 to	 detect	 its	 thermal	 effect	 on	 the	 coastal	 waters	
(DiGiacomo	et	 al.	 2004)	with	 SST	differences	 of	at	 least	 0.5	 ºC	 identifiable	with	TIR-RS	
(Gierach	et	al.	2017).	Other	examples	of	civilian	facilities	that	can	generate	thermal	signals	
and	induce	non-identification	or	masking	of	SGD	springs,	are	power	plants	or	ports.	In	the	
case	of	the	Mediterranean	Sea	basin,	it	was	observed	that	facilities	located	along	NE	of	the	
Iberian	Peninsula,	such	as	the	Vandellós	II	nuclear	power	plant,	the	port	of	Barcelona,	and	
the	 port	 of	 Benicarló,	 showed	 thermal	 anomalies	 similar	 to	 those	 produced	by	 the	 SGD	
springs	(Figure	3,	Appendix	A).	These	outflows	can	also	mask	and	modify	the	SGD	thermal	
signal	of	the	plume	when	both	outflows	take	place	at	the	same	location,	such	as	the	case	of	
Peñíscola	in	Spain,	where	the	SGD	discharge	takes	place	at	the	same	location	as	the	port	
(Figure	3,	Appendix	A).	

2.3.3.	Application	of	the	multi-temporal	SST	series	method	
In	some	studied	areas,	there	may	be	low	thermal	contrast	that	can	prevent	the	identification	
of	SGD	springs.	In	these	cases,	it	is	possible	to	deepen	the	analysis	of	the	images	by	using	
the	multi-temporal	SST	series	proposed	by	Mallast	et	al.	 (2014)	 in	 the	Dead	Sea,	which	
minimizes	the	effect	of	the	previously-indicated	limiting	factors.	Unlike	single	images,	the	
multi-temporal	SST	series	method	allows	several	images	and	thus	several	points	in	time	to	
be	integrated,	accentuating	the	small	thermal	anomalies	for	easy	identification.	An	example	
of	the	usefulness	of	the	multi-temporal	SST	series	method	is	 in	the	Serra	d’Irta	(Eastern	
Iberian	Peninsula)	(Mejías	et	al.,	2012;	Garcia-Solsona	et	al.,	2010;	Trezzi	et	al.,	2016).	At	
this	site,	Mejías	et	al.	(2012)	identified	four	large	thermal	anomalies	(Torre	Badum,	Punta	
del	Pebret	and	Les	Fonts	springs)	by	using	airborne	thermal	remote	sensing	that	were	not	
identified	using	Landsat	7,	by	using	airborne	thermal	remote	sensing.	Using	single	images	
with	Landsat	8	TIRS,	only	the	Torre	Badum	spring	was	identified,	compared	with	the	four	
thermal	anomalies	identified	by	aerial	thermal	infrared	images	in	2012.	The	multi-temporal	
SST	series	method,	which	integrates	10	cloud	free	images	from	2017	to	2018,	enables	the	
identification	of	Torre	Badum	and	Les	Fonts,	2	of	the	4	springs	identified	in	2012	by	Mejías	
et	al.	(2012)	(Figure	2.5).	
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Figure	2.5.	a)	Serra	d’Irta	single	image	map	using	an	image	taken	on	21/6/17.	One	spring	in	the	middle	of	the	Torre	
Badum	spring	was	identified.	b)	Serra	d’Irta	Standard	Deviation	(STD)	map	using	10	cloud	free	images	acquired	
between	2017-2018.	Two	springs	in	Serra	d’Irta,	in	the	south	the	Les	Fonts	beach	in	Alcossebre	spring,	and	in	the	
middle	the	Torre	Badum	spring,	were	identified.	c)	Image	modified	from	Mejías	et	al.	(2012)	where	SGD	springs	
were	identified	using	aerial	thermal	infrared	images.	©	Google	Earth	2021.	

Although	 the	 multi-temporal	 SST	 series	 method	 is	 better	 for	 identifying	 SGD	 springs	
because	thermal	contrast	is	enhanced,	this	method	did	not	enable	SGD	spring	identification	
in	other	places	where	the	single	image	method	did	not	 identify	them.	Furthermore,	with	
multi-temporal	SST	series,	the	temporal	morphological	information,	such	as	the	shape	and	
size	of	the	discharge	plume,	is	lost	(Mallast	et	al.,	2013).	Conversely,	single	images	allow	the	
identification	 of	 morphological	 variations	 in	 the	 discharge	 plume	 and	 the	 temperature	
variations	along	that	plume.	Therefore,	if	the	study	objective	is	to	identify	SGD	springs,	the	
multi-temporal	SST	series	method	is	the	best	option,	but	if	the	objective	is	to	study	the	SGD	
plume	variation,	single	images	are	better.	

2.3.4.	Identification	of	new	SGD	springs:	challenges	and	recommendations	
for	future	SGD	studies		
One	of	the	main	objectives	of	this	study	is	to	demonstrate	the	great	usefulness	of	satellite	
TIR	imagery	at	local	and	regional	scales,	identifying	SGD	springs	not	previously	described	
in	 the	 scientific	 literature.	 An	example	 of	 this	 usefulness	 is	 the	 identification	 of	 21	 SGD	
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springs	 undescribed	 in	 the	 bibliography	 along	 the	 Croatian	 coast	 using	 single	 images	
(Figure	2.6).	This	demonstrates	that	the	analysis	of	single	images	obtained	from	Landsat	8	
TIRS	allows	the	identification	of	new	SGD	springs.	Therefore,	this	economical	technique	is	
very	useful	in	inaccessible	areas	(Gumma	&	Pavelic,	2013;	Edet	et	al.,	1998).	For	this	reason,	
in	the	design	of	SGD	studies	at	both	local	and	regional	levels,	it	is	recommended	that	the	
coastal	water	temperatures	for	thermal	anomalies	first	be	screened	using	the	presented	
satellite	based	TIR-RS	approach,	as	this	will	help	narrow	the	sampling	surveys.	Although	
the	study	of	the	thermal	images	during	a	single	year	should	be	sufficient	to	identify	potential	
coastal	springs,	it	is	highly	advisable	to	analyze	thermal	images	over	several	years,	since	
there	may	be	 one	 or	 several	 factors	 (technical,	marine,	 environmental,	 hydrogeological,	
etc.)	that	may	alter	the	SGD	thermal	signal.		

Figure	2.6.	Springs	reported	in	the	literature	(described	SGD	spring)	vs	new	SGD	spring	identified	with	Landsat	8	
TIRS.	New	SGD	springs,	not	reported	in	the	literature	are	represented	in	pink.	Springs	reported	in	the	literature	
are	represented	in	white.	©	Google	Earth	2021	

Although	this	study	focused	on	the	discharge	of	groundwater	from	springs	located	in	karst	
aquifers,	 the	 study	 of	 satellite	 TIR-RS	 images	 could	 be	 extrapolated	 to	 other	 types	 of	
aquifers	where	the	discharge	is	more	diffused	and	where	the	proportion	of	meteoric	water	
is	lower.	To	identify	thermal	plumes,	water	discharging	into	the	sea,	whether	of	meteoric	
origin	or	marine	circulation,	must	have	acquired	sufficient	thermal	contrast	in	the	coastal	
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aquifer	 before	 discharge.	 This	 thermal	 contrast	 can	 also	 occur	 in	 places	where	 coastal	
aquifers	 are	 volcanic	 rocks	 or	 fractured	 granites,	 and	 even	 in	 sedimentary	 formations.	
However,	in	each	case,	the	specific	geological	context	(aquifer	matrix,	hydraulic	parameter	
distribution,	etc.)	should	be	considered	in	the	analysis.		

Several	studies	have	shown	the	possibility	of	quantifying	SGD	through	the	study	of	thermal	
plumes	 obtained	 by	 aircrafts	 (Tamborski	 et	al.,	 2015;	Danielescu	 et	al.,	 2009;	Mejías	 et	
al.,2012).	By	determining	 the	 thermal	plume	area,	which	 is	often	directly	 related	 to	 the	
discharge	volume,	SGD	may	be	quantitatively	identified.	However,	there	are	several	factors	
that	can	alter	the	thermal	plume	shape	that	could	result	in	error.	Furthermore,	because	the	
TIR-RS	image	only	allows	us	to	observe	less	than	1	mm	of	the	sea	surface,	and	thus	prevents	
a	 determination	 of	 the	 volume	beneath	 the	 thermal	 plume,	 the	 required	 information	 is	
missing.	 Moreover,	 quantification	 by	 means	 of	 images	 represents	 a	 major	 challenge,	
because	satellite	images	(e.g.,	Landsat	8	TIRS)	can	only	be	obtained	once	every	16	days,	and	
many	 factors	 can	 alter	 the	 shape	 of	 the	 plume	 independent	 of	 the	 actual	 discharge.	
Therefore,	unless	the	discharge	occurs	in	locations	where	the	environmental	and	marine	
conditions	are	well-known,	quantification	by	satellite	images	represents	a	major	challenge	
that	should	be	further	investigated.	

Although	 this	 study	 focused	 regionally	 on	 the	 Mediterranean	 Sea	 basin,	 it	 can	 be	
extrapolated	to	other	parts	of	the	world,	 in	places	where	the	SGD	has	sufficient	thermal	
contrast	 when	 discharging	 into	 the	 sea.	 This	 technique	 has	 been	 successfully	 used	 in	
regional	areas	such	as	Ireland	(Wilson	&	Rocha,	2012;	McCaul	et	al.,	2016)	or	the	Laizhou	
Bay	in	China	(Xing	et	al.,	2016).	However,	in	areas	where	the	thermal	contrast	between	the	
sea	and	the	aquifer	is	low	and/or	temperature	does	not	fluctuate	during	the	year,	such	as	
in	tropical	zones,	the	use	of	satellite	images	represents	a	challenge	that	must	be	explored	in	
detail.	Furthermore,	 it	 is	important	to	perform	an	initial	study	to	attempt	to	identify	the	
previously-described	main	factors	that	can	limit	SGD	spring	identification	in	the	study	area,	
to	try	to	control/avoid	these	effects.	

2.4.	Conclusions	
This	study	demonstrates	that	satellite	remote	sensing	is	a	useful	tool	for	the	identification	
of	coastal	SGD	springs	in	karst	aquifers,	both	locally	and	regionally,	by	performing	an	initial	
screening	of	the	coastal	water	temperature	images	to	identify	possible	thermal	anomalies	
that	can	help	narrow	SGD	study	sampling	surveys.	However,	this	study	highlights	limiting	
factors	that	should	be	considered:	(1)	technical	limitations,	(2)	geological/hydrogeological	
characteristics,	(3)	environmental	and	marine	conditions	and	(4)	coastal	geomorphology.	
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In	the	karstic	coastal	aquifer	of	the	Mediterranean	Sea	basin,	the	highest	success	percentage	
of	SGD	visualizations	was	during	June,	July,	August	and	September.	The	main	factor	limiting	
the	 identification	 of	 SGD	 springs	were	 clouds,	 which	 are	 far	 more	 abundant	 in	 winter	
months.	The	best	geological	and	hydrogeological	settings	for	identifying	SGD	springs	were	
karst	systems	with	well-developed	karstification	that	are	well-connected	to	the	sea,	as	well	
as	those	systems	with	poorly-developed,	but	highly-fractured	karstification.	Environmental	
and	 marine	 conditions	 (such	 as	 pycnocline	 formation,	 light	 winds	 etc.)	 in	 the	 summer	
months	were	much	more	 favorable	 for	 the	 identification	 of	 coastal	 springs	 than	 in	 the	
winter	months.	Semi-enclosed	areas,	where	the	seawater	residence	time	is	large,	favor	the	
identification	of	SGD	springs	throughout	the	year.	Groundwater	discharges	that	occurred	at	
a	depth	of	more	than	12	m.b.s.l	or	 in	very	shallow	waters	were	not	 identified.	Also,	SGD	
springs	that	discharged	further	than	500	m	from	the	seashore	were	not	recognized.		

Multi-temporal	SST	series	are	better	for	identifying	SGD	springs	in	coastal	zones,	but	the	
information	 for	changes	 in	 the	discharge	plume	changes	 is	 lost,	while	 single	 images	are	
more	 suited	 to	 studying	 the	 morphological	 variations	 in	 the	 discharge	 plume	 and	
temperature	variations	along	the	plume.	

Although	 this	 study	 focused	 regionally	 on	 the	 Mediterranean	 Sea	 basin,	 it	 can	 be	
extrapolated	to	other	parts	of	the	world	and	other	aquifer	types,	in	places	where	the	SGD	
has	 sufficient	 thermal	 contrast	 when	 discharging	 into	 the	 sea	 and	 where	 the	 specific	
geological	 contexts	 (e.g.,	 aquifer	 matrix	 and	 hydraulic	 parameters	 distribution)	 are	
considered.	Long	time	series	are	better	for	identifying	SGD	spring	areas,	since	there	may	be	
one	 or	 several	 factors	 (technical,	marine,	 environmental,	 hydrogeological,	 etc.)	 that	 can	
alter	 the	 SGD’s	 thermal	 signal.	 It	 is	 recommended	 to	 first	 screen	 the	 coastal	 water	
temperature	images	obtained	by	satellite	to	identify	possible	thermal	anomalies	that	will	
help	 narrow	 the	 sampling	 surveys.	 This	 technique	 allows	 the	 identification	 and	
quantification	of	SGD	springs	in	zones	without	hydrogeological	information.	
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3.1.	Introduction	
Productivity	in	coastal	areas	responds	largely	to	land-ocean	interaction	processes	in	which	
nutrients	are	supplied	to	seawater	(Cloern	and	Jassby	2010).	Although	riverine	inputs	have	
traditionally	been	considered	the	main	source	of	nutrients	to	the	coast,	it	is	well-known	that	
other	 processes	 such	 as,	 atmospheric	 deposition,	 anthropogenic	 inputs	 (effluents	 of	
wastewater	 treatment	plants	or	 spills)	or	 submarine	groundwater	discharge	 (SGD)	also	
contribute	to	coastal	biogeochemical	cycles	(Jickells	et	al.	2017).	SGD	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).		

Several	 studies	 have	 demonstrated	 that	 SGD	 is	 also	 an	 important	 pathway	 delivering	
nutrients	and	other	chemical	solutes	to	marine	ecosystems	(Paytan	et	al.	2006;	Rodellas	et	
al.	2015;	Cho	et	al.	2018).	As	the	concentration	of	nutrients	in	SGD	is	often	much	higher	than	
concentrations	 in	 receiving	water	bodies,	even	relatively	 small	SGD	 flows	can	constitute	
significant	nutrient	inputs	and	impact	coastal	biogeochemical	budgets	(Moore	2010;	Santos	
et	 al.	 2021).	 Thus,	 several	 studies	 have	 shown	 that	 SGD-driven	nutrients	 inputs	 have	 a	
significant	 impact	 on	 coastal	 marine	 ecosystems	 since	 these	 fluxes	 may	 modify	
biogeochemical	 cycles	 (Valiela	 et	 al.	 1992;	 Mayfield	 et	 al.	 2021)	 and	 could	 alter	 the	
ecological	status	of	the	coastal	water	bodies	and	services	these	ecosystems	provide	(Lecher	
and	Mackey	2018;	Alorda-Kleinglass	et	al.	2021).		

Several	 studies	 have	 shown	 increases	 of	 phytoplankton	 biomass	 linked	 to	 SGD-derived	
nutrient	inputs	(Rodellas	et	al.	2014;	Tovar-Sánchez	et	al.	2014;	Wang	et	al.	2018)	and	some	
investigations	have	documented	the	uptake	of	SGD-driven	nutrients	to	primary	producers	
(Lapointe	et	al.	2004;	Honda	et	al.	2018;	Andrisoa	et	al.	2019).	Furthermore,	short-term	
changes	 in	 the	composition	 of	 coastal	microalgal	 communities	 have	 been	also	 reported,	
leading,	in	some	cases,	to	adverse	effects	such	as	coastal	eutrophication	or	harmful	algae	
blooms	(e.g.,	Adolf	et	al.	2019).	The	abundance,	biomass	and	dynamics	of	phytoplankton	in	
coastal	areas	reflect	the	prevailing	environmental	conditions	and	represent	key	parameters	
for	assessing	information	on	the	ecological	status,	as	well	as	on	the	coastal	water	quality	
(Hays	2005;	Paerl	2006).	

Despite	the	evident	significance	of	SGD	to	coastal	marine	ecosystems,	there	are	still	limited	
number	of	studies	that	quantify	the	biological	impacts	of	SGD,	particularly	when	compared	
to	studies	estimating	SGD	rates	and	SGD-driven	solutes	fluxes	(Lecher	and	Mackey	2018).	
The	traditional	and	simplest	method	used	as	a	proxy	for	measuring	primary	productivity	is	
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through	 the	 photosynthetic	 pigment,	 Chl-a.	 This	 parameter	 (Chl-a)	 is	 widely	 used	 in	
oceanography	 for	 environmental	 monitoring	 of	 harmful	 algal	 blooms,	 critical	 coastal	
habitats	(e.g.,	seagrasses),	eutrophication	processes	and	a	variety	of	hazards	in	the	coastal	
and	estuarine	zones	(Kratzer	and	Tett	2009;	Cui	et	al.	2010,	Klemas	2011;	Kratzer	et	al.	
2014,	Ryan	et	al.	2008;	Wei	et	al.	2008;	Shen	et	al.	2012;	Frolov	et	al.	2013).	The	traditional	
method	for	measuring	primary	productivity	is	through	 in	situ	or	discrete	water	samples	
analysis	of	Chl-a,	which	can	be	time-consuming,	expensive	and	laborious	when	interested	
in	 covering	 large	 areas,	 obtaining	 periodic	 information	 or	 studying	 remote	 areas	 with	
difficult	 access	 (Glasgow	et	al.	 2004;	Bierman	 et	al.	 2011).	However,	 the	 use	 of	 remote	
sensing	to	obtain	Chl-a	information	is	now	a	widely	used	tool	in	oceanography	to	study	the	
seasonal	and	interannual	variability	in	algal	biomass	and	primary	production	(Bricaud	et	
al.	2002;	Bosc	et	al.	2004),	the	algal	blooming	patterns	and	anomalies	(Barale	et	al.	2008)	
or	determining	the	biophysical	impact	of	discharged	wastewater	in	nearshore	environment	
(Trinh	et	al.	2017).	However,	the	use	of	remote	sensing-derived	Chl-a	data	has	not	been	
used	 in	 SGD	 studies,	 although	 this	 technique	 is	 widely	 used	 in	 other	 environmental	
disciplines	 due	 to	 its	 low-cost	 and	 long-range.	 Thus,	 remote	 sensing	 could	 provide	
instrumental	information	on	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.	In	addition,	the	use	of	remote	sensing	could	
help	 determine	 the	 impact	 of	 SGD	 in	 remote	 or	 inaccessible	 areas	 or	 in	 areas	without	
previous	 information,	 which	 usually	 require	 difficult	 and	 costly	 campaigns	 over	 long	
periods	to	cover	in	detail	the	area	of	influence	of	SGD	both	spatially	and	temporally.	In	this	
context,	 remote	 sensing	 could	 provide	 a	 cost-effective	 method	 to	 obtain	 preliminary	
information	of	Chl-a	concentration	in	SGD-influenced	sites	from	ocean	color	multispectral	
data.	This	method	could	thus	allow	characterizing	the	ecological	influence	of	SGD	in	large	
study	areas	with	high	 temporal	 coverage,	 reasonable	accuracy	and	global	 coverage,	 in	a	
similar	manner	as	done	with	thermal	data	to	localize	freshwater	springs	in	coastal	areas	
(Wilson	and	Rocha	2012;	Mallast	et	al.	2013;	Jou-Claus	et	al.	2021).	

This	work	aims	to	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.		

3.2.	Methodology	
3.2.1.	Chlorophyll	data	acquisition	with	Landsat	8	
Ocean	color	multispectral	data	are	measured	from	space	by	the	Operational	Land	Imager	
(OLI)	radiometer	aboard	Landsat	8.	These	sensors	have	the	spatial	resolution	(30	m	for	
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multi	spectral	visible	data)	and	signal-to-noise	ratio	necessary	to	provide	useful	products	
derived	from	ocean	color	along	the	coastal	zone	(Vanhellemont	and	Ruddick	2014).	Ocean	
color	remote	sensing	measurements	define	the	relationship	between	the	inherent	optical	
properties	of	the	ocean,	or	the	absorption	and	scattering	properties	of	the	constituents,	and	
water-leaving	radiance.	This	data	can	be	used	to	describe	components	of	water	quality,	such	
as	cyanobacterial	pigments	(CYP),	total	suspended	mater	(TSM),	Colored	dissolved	organic	
matter	 (CDOM),	attenuation	 coefficient	 of	 diffuse	 light	 (Kd),	 turbidity/secchi	 disk	 depth	
(Turb/SD)	and	chlorophyll-a	(Chl-a)	concentration	(Gholizadeh	et	al.	2016).	Algorithms	are	
available	 to	estimate	 the	Chl-a	concentrations	by	1)	 retrieving	 the	radiant	 flux	 from	the	
target	surface,	2)	correcting	the	signal	from	the	atmosphere,	3)	transforming	the	radiant	
energy	collected	by	the	satellite	sensor	into	the	remotely	sensing	reflectance	(Rrs),	and	4)	
converting	the	Rrs	values	into	products.	In	order	to	derive	the	biomass	product	associated	
with	Chl-a,	 the	 reflectance	 in	 the	blue	and	green	wavelengths	 is	often	used	 (Franz	et	al.	
2014;	Mobley	et	al.	2016).	

Landsat	8	 raw	data	 for	 this	 study	sites	were	downloaded	 from	the	USGS	Earth	Explorer	
website	 for	 the	 period	 2014	 and	 2019	 (USGS,	 2021).	 We	 used	 Data	 Analysis	 System	
(SeaDAS),	which	is	an	open-source	software	package	distributed	by	NASA,	for	processing	
and	 analyzing	 chlorophyll	 data.	 Chl-B	was	 calculated	 using	 the	 standard	OC2	 algorithm	
(O’Reilly	 et	al.	 1998)	 from	 the	NASA	Ocean	Biology	Processing	Group,	 using	 the	above-
calculated	Crs:		

DEFAG(HℎD+) = BG +JBKDEFAG L
C')($M,N()

C')($O'((P)
Q

KR

KSA

(1)	

where	a0	and	ai	are	sensor	specific	coefficients,	and	Rrs	(λblue)	and	Rrs	(λgreen)	are	the	
instrument-specific	wavelengths	482	and	561	nm,	respectively,	on	the	OLI	sensor	aboard	
Landsat	8	(NASA,	2021).	

3.2.2.	Delimitation	of	areas	influenced	by	SGD	

3.2.2.1.	Study	sites	
The	main	challenge	in	identifying	and	constraining	the	extent	of	the	SGD-influenced	zone	is	
to	 distinguish	 high	 SGD-derived	 Chl-a	 concentrations	 from	 those	 derived	 from	 other	
potential	sources.	To	this	aim,	we	selected	five	coastal	areas	distributed	all	over	the	world	
where	significant	inputs	of	terrestrial	SGD	to	the	coastal	zone	have	been	identified	(Figure	
2).	Furthermore,	this	study	sites	are	characterized	by	no	perennial	streams	and	therefore	
SGD	dominates	water	inputs	to	the	ocean.	SGD	study	sites	are	Aimakapä	fishpond	in	Hawai	
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(Johnson	et	al.	2008),	Pantai	Baron	in	Indonesia	(Oehler	et	al.	2018),	Bangdu	Bay	in	Jeju	
Island	(Lee	et	al.	2016),	La	Paz	Bay	in	México	(Urquidi-Gaume	et	al.	2016)	and	Serra	d’Irta	
in	 the	east	of	 the	Iberian	Peninsula	(Mejías	et	al.	2012).	These	areas	 represent	different	
hydrogeologic	 and	 climatic	 conditions.	 The	 climate	 is	 warm	 and	 dry	 in	 the	 Aimakapä	
fishpond,	Hawaii	 (mean	 rainfall	 of	 600	mm·y-1	and	 temperature	 of	 24ºC	 (Johnson	 et	al.	
2008)),	tropical	in	Pantai	Baron	(mean	rainfall	of	up	to	2000	mm·y-1	and	temperature	of	27	
ºC	 (Oehler	 et	 al.	 2018)),	 maritime	 in	 Bangdu	 Bay	 (mean	 rainfall	 of	 1634	 mm·y-1	 and	
temperature	 of	 16ºC)	 (Lee	 et	 al.	 2016),	 arid	 in	 La	 Paz	 (mean	 rainfall	 of	 200	 mm·y1,	
evapotranspiration	rate	is	of	2000–2200	mm	and	mean	temperature	27ºC)	(Urquidi-Gaume	
et	al.	2016)	and	Mediterranean	in	Serra	d’Irta	(mean	rainfall	500	mm·y-1	and	temperature	
21ºC)	(Mejías	et	al.	2012).		

3.2.2.2.	Clustering	chlorophyll	zones	
Chl-a	concentration	was	used	to	delineate	areas	ecologically-influenced	by	SGD.	A	k-means	
unsupervised	clustering	algorithm	 (Odeh	 et	al.	 1992)	was	 used	 to	 classify	 similar	Chl-a	
concentrations	into	temporally	dynamic	zones	(DZ)	(Figure	1b).	The	Grouping	Analysis	tool	
in	 ArcMap	 10.4.1	 (ESRI,	 Redlands,	 CA)	was	 used	 for	 the	 DZ	 delineation.	 The	 Calinski-
Harabasz	criterion	(CHC)	(Harabasz	et	al.,	1974),	was	used	to	rank	clusters,	delineate	DZ	
and	select	the	optimum	number	of	DZs	(Eq.	2).	The	CHC,	also	known	as	a	pseudo	F-statistic,	
measures	the	ratio	of	between	DZ	differences	and	within	DZ	similarity.		

TUT =
0VWXX/(ZWP − 1)

[VWXX/(\ − ZWP)

(2)	

where	BMZSS	is	the	between-zones	sum	of	squares,	DZn	is	the	number	of	considered	zones,	
WMZSS	is	the	within-zone	sum	of	squares,	and	N	is	the	number	of	pixels.	High	CHC	values	
indicate	high	homogeneity	within	DZ	and	heterogeneity	between	DZ.		
The	Chl-a	averages	and	maximum	and	minimum	values	within	each	DZ	were	calculated	for	
further	comparison	between	different	DZs.		

3.2.2.3.	Box	plots	and	background	concentration	
Differences	 in	Chl-a	concentrations	across	 the	DZs	were	assessed	using	box	plots	 (SPSS	
Statistics)	(Figure	1c).	Results	show	that	small	DZs	of	high	Chl-a	concentration	and	high	
standard	deviations	are	characteristic	of	the	areas	influenced	by	SGD.	In	contrast,	large	DZs	
associated	with	low	Chl-a	concentration	and	low	standard	deviations	are	characteristic	of	
the	background.	We	are	interested	in	differentiating	Chl-a	concentration	values	from	the	
background	 values	 because	 in	 some	 areas	 or	 specific	 periods	 of	 the	 year	 the	 Chl-a	
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background	concentrations	could	be	higher	and	also	due	to	the	influence	of	other	sources	
of	nutrients.		

Chl-a	background	concentration	was	obtained	from	three	transects	offshore	(polygons	of	
4.0	x	0.5	km	perpendicular	 to	 the	shoreline)	 in	areas	apparently	not	 influenced	by	SGD	
(according	to	remote	images	and	previous	literature).	The	highest	Chl-a	concentration	in	
these	polygons	(represented	with	a	dashed	line	in	Figure	1c)	was	used	to	determine	the	
threshold	between	DZs	from	areas	influenced	by	SGD	(Chl-a	concentrations	above	the	limit)	
and	Chl-a	background	(Chl-a	concentrations	below	the	limit)	(Figure1d).	

Figure	3.1.	Example	of	the	methodological	approach	followed	to	obtain	the	area	influenced	by	SGD.	Example	of	
Pantai	Baron	(Indonesia).	a)	Chl-a	data	processed	using	SeaDAS,	b)	similar	Chl-a	concentrations	divided	in	clusters,	
c)	box	plots	of	Chl-a	concentration	vs	clusters	and	d)	derived	SGD-ecological	influence	area.	Black	line	represents
the	SGD	ecological	influence	boundary.	The	white	dot	is	the	location	of	the	SGD	source	according	to	Oehler	et	al.
(2018).	

3.3.	Results	and	discussion	
3.3.1.	Ecological	influence	of	SGD	
Chl-a	 concentrations	 derived	 from	 satellite	 data	 for	 all	 selected	 locations	 are	 shown	 in	
Figure	2.	At	each	location,	high	Chl-a	concentrations	can	be	visually	defined	in	areas	close	
to	 the	 previously	 identified	 SGD	 spots	 (according	 to	 the	 literature).	 In	 addition,	 a	 clear	
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offshore	 Chl-a	 concentration	 gradient	 is	 observed	 from	 the	 location	 of	 the	 SGD	 coastal	
springs,	with	relatively	high	concentrations,	that	slowly	decrease	with	distance	from	the	
source.	The	detection	of	a	high	Chl-a	concentration	at	those	locations	close	to	SGD	sources	
reveals	 the	 existence	 of	 areas	 with	 increased	 primary	 productivity,	 most	 likely	 as	 a	
consequence	of	nutrient	inputs	supplied	by	SGD	(there	are	no	other	significant	and	point-
like	nutrient	sources	in	the	area).	Chl-a	data	from	remote	sensing	allows	thus	to	identify	
and	constrain	a	zone	where	SGD	has	driven	an	increase	on	phytoplankton	biomass,	i.e.	an	
area	with	ecological	impacts	derived	from	SGD.		

Figure	3.2.	Chl-a	data	of	the	SGD	springs	used	for	this	study.	The	SGD	point-source	springs	are	described	in:	1.	
Oehler	et	al.	(2018),	2:	Johnson	et	al.	(2008),	3:	Lee	et	al.	(2016),	4:	Urquidi-Gaume	et	al.	(2016)	and	5:	Mejías	et	
al.	(2016).	White	dots	are	the	location	of	SGD	sources.	

3.3.2.	Constraining	the	SGD	ecological	influence	
Although	the	influence	of	SGD	on	coastal	ecology	can	be	identified	directly	from	satellite	
Chl-a	 imagery,	we	also	 set	 out	 to	 constrain	 the	 area	 of	 Chl-a	 plumes	 and	 thus	 the	 area	
influenced	by	SGD.	

The	area	ecologically	influenced	by	the	SGD	(Figure	3	and	supplementary	material	S.1,	S.2,	
S.3	 and	 S.4)	 has	 been	 constrained	 using	 the	 conservative	 methodological	 approach	
described	in	section	2.2	where	a	high	Chl-a	concentration	considered	as	background	and
thus	results	obtained	that	probably	exclude	some	areas	also	affected	by	the	SGD.

The	 extent	 of	 the	 Chl-a	 plumes	 allows	 identifying	 and	 constraining	 areas	 with	 direct	
ecological	 influence	 of	 SGD,	 since	 they	 present	 Chl-a	 concentrations	 above	 background	
levels	that	can	only	be	ascribed	to	SGD.		
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This	approach	allows	thus	identifying	areas	where	SGD	inputs	have	produced	increases	on	
primary	productivity,	providing	data	on	Chl-a	concentrations	variations	with	a	relatively	
good	spatial	resolution	(30x30	m).	To	illustrate	the	potential	of	this	approach,	the	monthly	
temporal	evolution	of	the	area	ecologically	impacted	by	SGD	in	Pantai	Baron	(Yogyakarta,	
Indonesia)	for	2014	is	shown	in	Figure	3.	The	temporal	evolutions	of	the	other	study	sites	
are	included	in	the	supplementary	material	S.1,	S.2,	S.3	and	S.4.	In	all	the	study	sites,	the	
ecological	area	impacted	by	SGD	near	the	described	spring	can	be	identified	throughout	the	
year.	However,	neither	the	extension	of	the	area	of	influence	nor	the	Chl-a	concentrations	
were	constant	throughout	the	studied	time	period.	In	Pantai	Baron,	the	area	of	influence	of	
SGD	 varied	between	0.02	and	0.20	 km2,	with	 a	 large	and	 intense	 Chl-a	 plume	observed	
during	January,	April	and	May	and	a	smaller	and	less	intense	plume	in	February	or	August.	
The	mean	Chl-a	concentration	of	this	areas	of	ecological	influence	varied	between	2	and	4	
mg·m-3,	 with	 higher	 Chl-a	 concentrations	 observed	 in	 April	 and	 lower	 in	 August.	 In	
Aimakapä	fishpond,	the	area	of	SGD	influence	varied	between	0.08	and	0.60	km2,	with	a	
large	and	intense	Chl-a	plume	observed	during	August	and	September	and	smaller	plume	
between	 November	 and	 December.	 The	 mean	 Chl-a	 concentration	 of	 this	 area	 varies	
between	3	and	20	mg·m-3	with	higher	Chl-a	concentration	in	February	and	November.	In	
Bangdu	Bay,	most	of	the	images	are	covered	by	clouds,	but	in	which	the	study	area	is	free	
the	area	of	SGD	influence	varied	between	0.46	and	0.88	km2,	with	a	large	and	intense	Chl-a	
plume	 observed	 during	May	 and	 July	 and	 smaller	 plume	 in	 December.	 The	mean	 Chl-a	
concentration	of	this	area	varies	between	3	and	6	mg·m-3,	with	higher	Chl-a	concentration	
in	May	and	December.	For	the	areas	of	La	Paz	and	Serra	d’Irta	it	was	difficult	to	assign	an	
area	of	ecological	influence	and	an	average	concentration	of	Chl-a	due	to	the	SGD,	since	the	
discharge	occurs	at	several	points	along	the	entire	coast.	
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Figure	3.3.	Chl-a	data	of	the	region	of	Pantai	Baron	(Yogiakarta,	Indonesia)	throughout	2014.	In	November	and	
December	2014,	it	was	not	possible	to	obtain	Chl-a	data	due	to	the	presence	of	clouds.	Black	line	represents	the	
SGD	ecological	influence	boundary.	White	dots	are	the	location	of	SGD	sources.	

Temporal	 analysis	 of	 the	 extent	 and	 distribution	 of	 Chl-a	 concentrations	 can	 provide	
instrumental	 information	 on	 the	 seasonal	 variability	 of	 SGD-nutrient	 inputs	 and	 their	
ecological	implications.	

However,	 it	 is	 important	 to	highlight	 that	 the	 temporal	variability	of	 the	SGD	ecological	
influence	is	not	only	produced	by	changes	in	nutrient	fluxes	supplied	by	SGD	(i.e.,	temporal	
variations	 in	SGD-nutrient	fluxes),	but	also	depends	on	the	characteristics	of	 the	coastal	
ocean,	 including	 water	 properties	 (i.e.	 temperature,	 salinity,	 light	 penetration	 into	 the	
water	 column,	 turbulence,	 pH,	 stratification),	 retention	 and	 dispersion	 of	 solutes	 (i.e.	
residence	 time	 of	 solutes)	 and	 the	 characteristics	 of	marine	 communities	 (e.g.	 types	 of	
phytoplankton,	competition	between	species	(Gobler	and	Boneillo	2003;	Blanco	et	al.	2008;	
Troccoli-Ghinaglia	et	al.	2010;	Lecher	and	Mackey	2018;	Taniguchi	et	al.	2019b),	but	also	
the	limiting	factors	of	the	Landsat	8	acquisition	technique	(Jou	et	al.,	2021).	For	a	detailed	
assessment	 of	 the	 ecological	 implications	 of	 SGD	 and	 their	 temporal	 variations,	 Chl-a	
remote	sensing	data	should	thus	be	combined	with	other	information	and	measurements.	
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The	analysis	of	the	areas	of	ecological	influence	of	the	SGD	would	allow	comparison	of	the	
degrees	 of	 influence	 between	 the	 different	 study	 areas.	 This	 type	 of	 comparison	would	
allow	the	use	of	Landsat	8	Chl-a	data	to	obtain	large-scale	SGD	ecological	influence	maps.	
However,	it	is	important	to	keep	in	mind	that	the	coastal	waters	of	each	study	area	may	be	
characterized	by	various	constituents	with	different	optical	behaviors	 that	 influence	 the	
color	 of	 the	 water	 and	 thus	 the	 remote	 sensing	 data.	 Therefore,	 the	 inherent	 optical	
properties	of	each	study	area	will	be	determined	not	only	by	phytoplankton,	but	also	by	
absorption	and	scattering	by	total	suspended	material	(TSM)	and	colored	dissolved	organic	
matter	(CDOM)	(Tilstone	et	al.	2011),	as	well	as	by	the	reflectance	of	bottom	substrates	in	
shallow	coastal	waters.		

3.4.	Conclusions	and	potential	applications	
Many	studies	(Sugimoto	et	al.,	2017;	Lecher	and	Mackey	2018,	among	others)	suggest	that	
there	is	a	need	of	more	extensive	studies	coupled	with	kinetic	and	quantitative	indices	of	
phytoplankton	production	and	SGD	to	confirm	the	influence	of	nutrient	transport	via	SGD	
on	primary	production.	In	this	context,	Landsat	8	satellite	data	has	the	spatial	resolution	
and	 the	 necessary	 signal	 to	 noise	 ratio	 to	 provide	 useful	 data	 derived	 products	 along	
coastlines,	being	a	powerful	tool	to	study	the	potential	ecological	impacts	of	SGD	in	different	
areas	worldwide.	 The	approach	proposed	 in	 this	 study	 offers	 the	 possibility	 to	 identify	
areas	where	SGD	inputs	have	increased	primary	productivity	and	calculate	the	temporal	
and	spatial	variability	of	Chl-a	concentrations	in	an	area	influence	by	SGD.	This	approach	
represents	and	economic	and	effective	method	to	introduce	an	ecological	dimension	on	SGD	
studies,	which	are	often	only	based	on	the	evaluation	of	chemical	fluxes.	If	data	on	vertical	
Chl-a	profiles	in	SGD-impacted	areas	can	be	collected,	it	would	allow	characterizing	the	total	
inventory	of	Chl-a,	which	can	be	used	to	estimate	the	total	primary	productivity	in	the	area	
produced	 by	 SGD	 inputs	 (Cloern	 et	 al.	 1995).	 Importantly,	 it	 also	 allows	 recovering	
ecological	information	related	to	past	studies	and	samplings,	which	is	not	available	by	other	
means	 and	 document	 the	 temporal	 variations	 on	 the	 ecological	 impacts	 of	 SGD.	
Furthermore,	 this	 methodology	 is	 also	 particularly	 appropriate	 to	 obtain	 preliminary	
information	on	inaccessible	or	remote	study	sites,	at	a	reduced	time	and	economical	costs	
compared	with	in	situ	field	measurements.		
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4.1.	Introduction	
Ultraviolet	filters	(UVFs)	are	contaminants	of	emerging	concern	(CECs)	produced	and	used	
in	large	quantities	worldwide.	They	are	constituents	of	a	large	number	of	personal	care	and	
hygiene	products	and	other	consumer	goods	(Tran	et	al.	2013).	UVFs	can	be	organic	(absorb	
UV	radiation)	or	inorganic	(reflect	and	scatter	UV	radiation,	such	as	TiO2	or	ZnO).	Organic	
UVFs	 comprise	 a	 broad	 group	 of	 compounds	 with	 quite	 different	 chemical	 properties.	
Benzophenones,	such	as	benzophenone-3	(BP-3),	benzophenone-4	(BP-4)	and	avobenzone	
(AVO),	are	among	the	most	used.	These	compounds,	as	other	UVFs,	are	characterized	by	
being	photo-stable	and	lipophilic	(Rodil	et	al.	2009),	so	they	can	be	bioaccumulated	and	
biomagnified	along	the	trophic	web	(Gago-Ferrero	et	al.,	2013;	Molins-Delgado	et	al.,	2017).	
Benzophenones	and	their	derivatives	have	been	reported	as	endocrine	disruptors	(Calafat	
et	al.,	2008).	They	cause	adverse	effects	in	fish	and	rodents	fecundity	(Kunz	and	Fent,	2009),	
neurotoxicity,	cytotoxicity,	and	Hirschsprung	disease	(Wang	et	al.	2021).	In	humans,	they	
have	been	associated	to	estrogen-dependent	diseases	such	as	endometriosis	(Kunisue	et	al.	
2012).	Despite	the	lipophilic	nature	of	most	UVFs,	they	have	been	detected	in	all	types	of	
water:	surface,	seawater	(Kawaguchi	et	al.,	2006),	wastewater	(Li	et	al.,	2007),	tap	water	
(Díaz-Cruz	et	al.	2012),	and	groundwater	(Jurado	et	al.	2014).	Furthermore,	UVFs	have	been	
found	 in	solid	environmental	matrices	such	sewage	sludge	 (Gago-Ferrero	et	al.,	2011b),	
sediments	(Barón	et	al.,	2013),	and	biota	(fish,	marine	mammals,	birds,	and	invertebrates)	
(Alonso	et	al.,	2015).	

Managed	aquifer	recharge	(MAR)	is	considered	a	potential	source	of	UVFs	into	groundwater	
bodies	(Park	and	Lee,	2018),	especially	if	the	origin	of	the	recharged	water	is	the	effluent	of	
a	waste	water	treatment	plant	(WWTP).	Although	MAR	would	contribute	to	increase	water	
resources	and	 to	stimulate	circular	economy,	 this	 combination	must	ensure	 that	 source	
water	 quality	meets	 the	 standards.	 Consequently,	 Valhondo	 et	 al.	 (2014)	 suggested	 the	
installation	 of	 a	 reactive	 barrier	 at	 the	 bottom	 of	 an	 infiltration	 basin	 to	 enhance	
degradation	and	sorption	processes	of	recalcitrant	contaminants.	At	this	point,	MAR	acts	as	
a	tertiary	treatment,	named	Soil	Aquifer	Treatment	(SAT).	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).		

UVFs	biodegrade	in	groundwater	under	aerobic	and	anaerobic	conditions,	but	mainly	by	
co-metabolism	(Tran	et	al.,	2013).	Liu	et	al.	(2012)	studied	the	biodegradation	of	BP-3	in	
batch	experiments	under	different	reduction	oxidation	conditions	and	found	that	half-	life	
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was	between	4	and	10	days.	They	also	observed	the	formation	of	different	transformation	
products	(TPs)	depending	on	the	degradation	pathway.		

Sorption	of	UVFs	is	governed	by	their	affinity	to	the	solid	organic	phases	(as	characterized	
by	octanol-water	partition	coefficient,	<]^	 or	organic	carbon-water	partition	coefficient,	
<]*)	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	 et	 al.,	 2012).	 Ionizable	 organic	 molecules	 with	 !<+	 within	 the	
experimental	pH	range	mat	change	their	ionic	state	and	therefore	their	sorption	tendency.	
In	groundwater	and,	particularly,	in	SAT	applications,	pH	oscillates	between	7	and	8.	This	
is	quite	 relevant	 for	 some	UVFs,	 such	benzophenones,	 since	!<+ ’s	are	within	 this	 range.	
Consequently,	to	understand	the	fate	of	these	compounds	is	also	relevant	to	understand	the	
pH	evolution	of	the	geochemical	system.	

Recent	studies	(Rodríguez-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.	
Inside	the	biofilm,	there	are	both	positive	and	negative	charges,	which	favor	the	retention	
of	 anionic	 and	cationic	 species,	 as	well	 as	 lipids,	which	 favor	 the	 retention	 of	 lipophilic	
compounds.	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	 is	 no	 work	 about	 the	 resilience	 of	 biotransformation	 and	 retention	
mechanisms	with	respect	to	changes	in	redox	conditions,	which	is	expected	in	a	SAT	facility.		

This	study	is	aimed	at	evaluating	the	role	of	biofilms	and	organic	mineral	surfaces	in	the	
fate	 of	 benzophenone-type	 UVFs	 and	 the	 impact	 of	 varying	 redox	 conditions	 on	 both	
sorption	and	degradation.	The	selected	UVFs	were	BP-3	and	its	TPs	(benzophenone-1	(BP-
1),	 4,4′-dihydroxybenzophenone	 (4-DHB),	 4-hydroxybenzophenone	 (4-HB)	 and	 2,2'-
dihydroxy-4-methoxybenzophenone	(DHMB)),	BP-4	and	AVO.	Analyzed	samples	comprise	
water,	soil	and	biofilm,	the	compartments	involved	in	SAT	operations	implemented	with	a	
reactive	 barrier.	 With	 this	 goal,	 the	 temporal	 and	 spatial	 evolution	 of	 the	 UVFs	 was	
compared	after	a	 slug	injection	of	acetate,	which	enhanced	redox	processes,	 in	 two	SAT	
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replicates,	one	containing	a	reactive	barrier	at	the	infiltration	basin	and	the	other	without	
reactive	barrier.	

4.2.	Materials	and	methods	
4.2.1.	Site	description	and	pilot	aquifer	recharge	system	
The	pilot	SAT	system	is	located	in	the	WWTP	of	Palamós,	(Catalonia,	Spain)	(Figure	4.1).	
The	site	consists	of	6	replicates	(15	m	long,	2.38	m	wide,	and	1.5	m	depth)	emulating	MAR-
SAT	systems	with	an	aquifer	made	up	of	fine	sand	(0.1-	0.2	mm	grain	size)	coupled	with	an	
infiltration	basin	of	1.15	m	high,	2.38	m	wide,	and	1.5	m	long.	The	systems	are	fed	with	the	
WWTP	secondary	effluent,	previously	homogenized	in	a	reservoir	with	24	h	retention	time.	
A	detailed	description	of	the	pilot	can	be	found	elsewhere	(Valhondo	et	al.	2020b).		

Two	of	the	six	systems	were	used	in	this	study;	one	without	reactive	barrier,	made	up	of	
sand	(sand-treatment,	ST),	and	the	other	with	a	1	m	thick	reactive	barrier	made	up	of	sand	
(49%	in	volume),	vegetal	compost	(49%)	and	clay	(2%)	(compost-treatment,	CT)	installed	
at	the	bottom	of	the	infiltration	basin.	The	systems	are	equipped	with	monitoring	points	
distributed	along	the	flow	path	(10	piezometers	and	the	inflow	and	the	outflow	points	of	
the	 systems)	 (Figure	 4.1).	 Nine	 piezometers	 were	 installed	 in	 three	 sections,	 at	 1.3	 m	
(Section	A),	6.3	m	(section	B),	and	12.3	m	(Section	C)	 from	the	 infiltration	basin.	Every	
section	contains	three	PVC	piezometers	of	53	mm	diameter,	each	open	(10	cm	screened	
interval)	at	a	different	height	from	the	aquifer	base:	0.1-0.2	m	(piezometer	1),	0.6-0.7	m	
(piezometer	 2)	 and	 1.2-1.3	 m	 (piezometer	 3).	 Additionally,	 a	 fully	 screened	 inclined	
piezometer	at	the	base	of	the	reactive	barrier	can	collect	water	exiting	the	barrier.	Finally,	
outflow	is	integrated	and	collected	by	means	of	a	discharge	pipe	installed	at	the	base	of	the	
aquifer	end.	Head,	electrical	conductivity	(EC),	and	temperature	were	measured	regularly	
with	CTD/CD-Divers	(Schlumberger	water	services,	Delf,	The	Netherlands).		
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Figure	4.1.	The	Soil	Aquifer	Treatment	(SAT)	pilot	system	at	Palamós	(Girona,	Spain).	a)	Location	and	picture	of	
the	facility	with	the	six	systems.	b)	Detailed	scheme	of	the	monitoring	points	at	each	system.	Black	dots	represent	
the	sand	sampling	points	whereas	the	red	squares	represent	the	biofilm	and	water	sampling	points.	

4.2.2.	Experimental	design	
The	experiment	consisted	of	injecting	57	L	of	water	from	the	WWTP	spiked	with	lithium	
acetate	(LiAc)	at	17.8	mg/L	in	the	infiltration	basins	of	the	two	selected	systems	-ST,	and	
CT-	 and	 the	 subsequent	 monitoring	 of	 the	 hydrochemical	 parameters	 and	 UVFs	
concentrations.	Water,	soil,	and	biofilm	samples	were	collected	during	86	d	at	scheduled	
times	after	the	test	started.		

Electrical	conductivity	of	the	WWTP	effluent	displayed	variability	and	occasional	peaks	that	
can	be	used	to	obtain	the	breakthrough	curves	(BTCs)	of	a	conservative	tracer.	Figure	1,	
Appendix	C	shows	the	BTCs	at	different	monitoring	points.	Sampling	periods	were	selected	
to	capture	the	BTCs	at	each	piezometer	(Figure	1,	Appendix	C).	The	average	recharge	inflow	
was	set	to	1	L/min	and	the	head	of	the	outlet	was	set	at	135	cm	for	both	systems.		

LiAc	was	selected	because	Li+	 is	as	a	 sorptive	 tracer	and	Ac-	acts	as	 the	source	of	easily	
degradable	organic	carbon.	Li+	was	an	adequate	tracer	in	this	case	because	1)	it	does	not	
interact	 with	 UVFs	 determinations	 as	 colorimetric	 tracers	 or	 bromide	 (Abdallah	 et	 al.	
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2015);	2)	it	is	absent	in	Palamós	wastewater;	3)	it	is	non-degradable,	and	4)	it	allows	us	to	
characterize	adsorption	(Anghel	et	al.	2002).		

4.2.3.	Sampling	

4.2.3.1.	Groundwater:	hydrochemistry	and	UV	Filters	
Water	samples	were	collected	from	the	inlet	(recharge	water),	piezometers	and	outlet	of	
the	two	SAT	systems	(in	total,	50	samples	per	system).	Samples	were	collected	after	purging	
the	 piezometers	 using	 drive	 pumps.	 Physicochemical	 field	 parameters	 (EC,	 pH,	 redox	
potential	(Eh),	and	temperature)	were	measured	in	situ	with	a	multiparameter	probe	(YSI	
Inc.	Yellow	Springs,	OH,	USA).	Alkalinity	was	measured	in	the	field	with	an	alkalinity	test	kit	
(Merck	 Millipore).	 Water	 hydrochemistry	 characterization	 consisted	 in	 the	 analysis	 of	
dissolved	organic	carbon	(DOC),	NH4+,	major	cations	and	anions.		

The	water	samples	for	DOC	and	ions	determinations	were	filtered	in	the	field	through	0.22	
µm	nylon	membrane	filters.	Aliquots	for	DOC	were	collected	in	muffled	glass	bottles	of	20	
mL,	whereas	for	major	cations	and	anions	were	collected	in	polypropylene	bottles	of	20	and	
40	mL,	respectively.	Samples	for	DOC	analysis	were	acidified	with	HCl	and	those	for	cation	
determination	with	HNOb.	The	samples	were	shipped	to	laboratory	under	cool	conditions	
and	stored	under	4	°C.	Samples	for	UVFs	analysis	were	collected	in	amber	glass	bottles	of	
150	 ml,	 immediately	 frozen,	 and	 kept	 in	 the	 dark	 to	 prevent	 from	 photo-	 and	 bio-
degradation.	

4.2.3.2.	Soil:	Total	organic	carbon	and	sorbed	UV	
UVFs	sorption	was	characterized	by	soil	monitoring	before,	during,	and	after	LiAc	injection	
(detailed	times	in	Figure	1,	Appendix	C).	Solid	samples	were	taken	in	the	three	sections	of	
the	two	systems:	near	piezometers	A2,	B2,	and	C2	(see	Figure	1)	using	a	110	cm	long	and	1	
cm	wide	drill.	Eight	 soil	 samples	were	collected	 for	each	system	to	determine	 the	UVFs	
concentrations	as	well	as	the	fraction	of	organic	carbon.	Samples	were	extracted	near	the	
open	 interval	 of	 the	 piezometer	 and	 they	were	 completely	water	 saturated.	 Samples	 to	
analyze	organic	carbon	were	stored	in	13	mL	polypropylene	bottles	(5	g	per	sample)	and	
kept	under	4ºC	until	analysis.	Samples	to	analyze	UVFs	were	stored	in	muffled	amber	glass	
bottles	(20	g	per	sample)	and	kept	in	the	dark	at	-20ºC	until	analysis.		

4.2.3.3.	Biofilm:	Total	bacteria,	EPS	and	sorbed	UV	Filters	
To	characterize	UVFs	sorption	into	the	biofilm,	we	constructed	biotraps	that	were	installed	
in	3	piezometers	(O,	A2	and	B2)	of	each	SAT	system	(Figure	4.1).	Biotraps	were	made	up	of	
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siliceous	fine	sand	present	in	the	aquifer,	which	was	previously	muffled	during	5	h	at	600	
ºC	to	eliminate	the	organic	carbon	fraction.	The	sand	(127.23	g)	was	placed	in	a	cylindrical	
sand	bag	(12	cm	long,	3	cm	diameter)	made	of	nylon	with	a	mesh	size	of	0.3x0.3	mm.	Sand	
bags	were	packed	into	a	protective	plastic	mesh	(5 × 5	mm).	Biotraps	were	installed	one	
month	before	 the	 test	 to	promote	bacterial	growth	and	biofilm	formation	under	normal	
operation	conditions.	Sampling	was	performed	before,	during,	and	after	the	LiAc	peak	at	
the	monitoring	points	(Figure	4.1	and	Figure	1,	Appendix	C).	For	sampling,	the	bags	were	
opened,	and	the	sand	was	collected	with	a	spatula.	Afterwards,	bags	were	reinstalled	in	the	
piezometers	for	later	sampling.	

Samples	for	UVFs	analyses	(200-400	g	per	sample)	were	collected	in	200	mL	muffled	amber	
glass	bottles.	Samples	for	EPS	analyses	were	collected	in	13	mL	polypropylene	bottles	(7g	
per	 sample)	 and	were	 stored	 frozen	until	 analysis.	 Samples	 for	 bacterial	 analyses	were	
collected	in	muffled	glass	bottles	(2.3	g	per	sample)	where	10	mL	of	filtered	water	(0.2	µm	
filter	pore)	from	the	site	and	100	µL	of	formaldehyde	(37%)	were	added.	They	were	stored	
under	4	°C	until	analyses.		

The	parameters	to	be	determined	were:	the	UVFs	concentrations	in	the	biofilm	(7	samples	
per	system)	and	the	amount	of	biofilm	and	bacterial	density	(9	samples	per	system).	Since	
no	 interaction	 between	 silica	 sand	 and	 organic	 compounds	 is	 expected,	 sorbed	 UVFs	
detected	in	biotraps	are	associated	to	the	biofilm	presence.	

4.2.4.	Chemicals	
All	the	UVFs	standards	used	were	of	>98%	of	purity.	BP-3,	BP-4,	AVO,	BP-1	and	4-DHB	were	
purchased	 from	Sigma	Aldrich	 (Darmstadt,	 Germany).	DHMB	was	 obtained	 from	Merck	
(Darmstadt,	 Germany).	 The	 isotopically	 labelled	 internal	 standards,	 as	 2-hydroxy-4-
methoxy-	2′,3′,4′,5′,6′-d5	(BP3-d5),	(±)-3-(4-methylbenzylidene-d4)	camphor	(4MBC-d4),	
and	5-(2,5-dimethylphenoxy)-2,2-bis(tri-deuteriomethyl)	 pentanoic	 acid	 (GMF-d6)	were	
from	 CDN	 isotopes	 (Quebec,	 Canada).	 Table	 4.1	 lists	 physicochemical	 properties	 of	
monitored	compounds.	
LiAc	was	99%	of	purity	and	was	purchased	from	Thermo	Fisher	Scientific	(Waltham,	MA,	
USA).	HCl,	HNO3	and	CH2O	analytical	grade	were	provided	by	Merck	(Darmstadt,	
Germany).	
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Table	1.	Physicochemical	properties	of	UVFs	(“ChemSpider	|	Search	and	share	chemistry,”	n.d.).		

Abbrevation	 Other	names	 CAS	 MW	
(g/mol)	 efghfi	 efghfj 	 khl	

Solubility	
(g/l,H2O,25ºC)	

BP-3	 Oxybenzone;	2-hydroxy-
4-methoxybenzophenone

131-
57-7 228.24	 3.79	 3.10	 7.56	 0.21	

BP-4	
5-benzoyl-4-hydroxy-2-
methoxybenzene	sulfonic

acid;	HMBS;	
Sulisobenzone	

4065-
45-6 308.31	 0.37	 1.96	 -

2.42	 0.65	

AVO	

1-(4-tert-butylphenyl)-3-
(4-

methoxyphenyl)propane-
1,3-dione	

70356-
09-1 310.39	 4.51	 3.23	 6.55	 0.0015	

Analyzed	transformation	products	of	BP-3:	

BP-1	 2,4-
dihydroxybenzophenone	

131-
56-6 214.22	 2.96	 3.46	 7.09	 0.39	

DHMB/	(BP-
8)	

2,2'-dihydroxy-4-
methoxybenzophenone;	

benzophenone-8;	
dioxybenzone	

131-
53-3 224.24	 3.82	 3.32	 6.78	 0.052	

4HB	 4-hydroxybenzophenone 1137-
42-4 198.22	 3.02	 3.24	 7.85	 0.41	

4DHB	 4,4'-
dihydroxybenzophenone	

611-
99-4 214.22	 2.19	 3.45	 7.55	 0.60	

4.2.5.	Analytical	methods	

4.2.5.1.	Hydrochemistry	of	water	
DOC	was	measured	with	a	TOC-VCSH	analyzer	Shimadzu	(Kyoto,	Japan)	in	the	filtered	water	
samples.	Cationic	 species	were	analyzed	by	 inductively-coupled	plasma	optical	emission	
spectroscopy	(ICP-	OES)	using	an	iCAP	6500	instrument	(Thermo	Fisher	Scientific).	NH4+	
was	analyzed	using	an	 Ion	Selective	Electrode	 (Thermo	Fisher	Scientific,	Massachusetts,	
USA).	 Major	 anions	 (F-,	 Cl-,	 NO3-,	 Br-,	 NO2-,	 PO43-	 and	 SO4-2)	 were	 determined	 by	 ion	
chromatography	(Dionex,	Sunnyvale,	CA,	USA)	using	an	Ionpack	AS9	2x250	mm	column	and	
Na2CO3	9	mM	solution	as	mobile	phase.		

4.2.5.2.	Total	Organic	Carbon	in	solid	samples	
TOC	was	determined	by	organic	elemental	analysis	(Thermo	Scientific,	Milan,	Italy).	Before	
the	analysis	the	samples	were	dried	in	an	oven	at	50ºC	for	24	h	and	then	were	ground	with	
a	ball	mill.	Mineral	carbonate	from	the	samples	was	removed	with	6M	HCl	to	isolate	organic	
carbon.	Subsequently,	20	mg	of	each	sample	were	weighed	and	V2O5	was	added	to	facilitate	
combustion.	The	samples	were	analyzed	at	120	mL/min	flow,	combustion	oven	at	1000	ºC,	
chromatographic	column	at	60ºC,	and	oxygen	loop	of	10	mL	at	100	kPa.	
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4.2.5.3.	Bacterial	density	and	content	of	polysaccharides	in	EPS	
Bacterial	density	and	EPS	determinations	are	described	in	Perujo	et	al.	(2017).	Bacterial	
density	was	measured	by	flow	cytometry	and	results	are	reported	as	bacterial	cells·107/g	
sediment	dry	weight	(dw).	EPS	were	extracted	by	a	cation	exchange	resin	and	the	content	
of	polysaccharides	was	measured	spectrophotometrically.		

4.2.5.4.	UVFs	analysis	in	water,	soil	and	biofilm	
Water	samples	for	UVFs	analysis	were	vacuum	filtered	twice,	first	using	1	mm	glass	fiber	
filters	(Whatman,	Fairfield,	CT,	USA)	and	then	through	0.45	µm	nylon	membrane	filters	and	
stored	at	-20	°C	in	the	dark	until	analysis.	Analytical	determinations	were	performed	using	
on-line	solid	phase	extraction	coupled	to	high	performance	liquid	chromatography-tandem	
mass	spectrometry	(on-line-SPE-HPLC-MS/MS),	as	described	in	Gago-Ferrero	et	al.	(2013).	
Briefly,	5	ml	of	the	water	samples	were	extracted	and	purified	in	an	automated	on-line	SPE-
LC	Sym-	biosisTM	Pico	(Spark	Holland.	Emmen,	The	Netherlands)	instrument	using	PLRPs	
on-line	SPE	cartridges.	The	trapped	analytes	were	eluted	from	the	SPE	cartridge	with	the	
chromatographic	 mobile	 phase	 and	 introduced	 into	 an	 LC	 analytical	 column	 Hibar	
Purosher®	STAR®	HR	R-18	(50	mm	×	2.0	mm,	5	μm).	The	mobile	phase	consisted	of	HPLC-
grade	water	 and	 acetonitrile	 (ACN)	with	 0.1%	 formic	 acid	 as	 a	 modifier	 to	 analyze	 in	
positive	ionization	mode,	and	5	mM	of	NH4Ac	as	modifier	to	when	analyzing	in	negative	
ionization	 mode.	 MS/MS	 detection	 was	 performed	 in	 a	 4000	 QTRAPTM	 MS/MS	 mass	
spectrometer	 (Applied	 Biosystems-Sciex.	 Foster	 City,	 USA)	 under	 selected	 reaction	
monitoring	mode	(SRM)	for	improved	selectivity	and	sensitivity.	Analyses	were	run	in	both	
positive	 and	 negative	 modes	 using	 an	 electrospray	 ionization	 source	 (ESI+,	 ESI).	
Quantification	 was	 performed	 by	 isotopic	 dilution	 using	 isotopically	 labelled	 internal	
standards	specified	in	the	chemicals	section.	Method	limits	of	detection	(LODs)	ranged	from	
0.2	to	3.0	ng/L.		

Soil	and	biofilm	samples	were	analyzed	using	a	QuEChERS-based	methodology	originally	
developed	for	the	determination	of	UVFs	in	vegetables	(Sunyer-Caldú	and	Diaz-Cruz	2021).	
In	the	case	of	the	biofilms,	the	development	and	further	validation	of	the	analytical	method	
was	performed.	Briefly,	samples	were	freeze-dried	and	5	g-dw	of	soil	and	1	g-dw	of	biofilm	
were	used	for	 the	analysis.	QuEChERS	kits	 from	BEKOlut®	(citrate	and	PSA-Kit-02	kits)	
were	used	for	extraction	and	purification.	Finally,	an	aliquot	of	5	mL	was	evaporated	and	
reconstituted	to	1	mL	with	MeOH.	This	extract	was	analyzed	in	the	same	conditions	as	the	
water	samples	without	 the	online-SPE	process	 (HPLC-MS/MS).	The	quantification	of	 the	
analytes	was	carried	out	using	10	matrix	matched	standard	solutions	ranging	from	1	to	700	
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ng/mL	to	build	the	calibration	curves.	LODs	ranged	from	0.04	to	0.17	ng/g	dw	for	soils	and	
from	0.18	to	0.87	ng/g	dw	for	biofilm.	For	the	analysis	of	biofilm,	the	performance	of	the	
validated	method	is	presented	in	section	Appendix	C.	

4.3.	Results	and	discussion	
4.3.1.	Transport	in	the	SAT	systems	
The	first	step	to	understand	the	fate	of	UVFs	is	to	understand	transport	in	the	SAT	systems.	
We	assess	transport	using	electrical	conductivity	(EC)	and	Li+,	along	with	species	affected	
by	biochemical	processes	at	O,	A2	and	B2	observation	points	in	both	CT	and	ST	(Figure	4.2).	
Sampling	was	performed	along	the	whole	system,	but	only	the	most	relevant	observations	
are	displayed.	The	BTC	of	salinity	(EC)	displays	a	very	fast	response	at	point	O	of	the	ST	(it	
was	 not	 recorded	 in	 the	 CT),	 below	 the	 barrier	 and	 a	 long	 tail	 (some	 4	 days).	 This	
observation	is	consistent	with	the	BTC	of	Li+,	whose	peak	arrival	was	similar	to	that	salinity	
but	whose	tail	was	much	heavier	and	lasted	a	lot	longer.	This	type	of	response	is	attributed	
to	 heterogeneity	 (e.g.,	Brusseau	and	 Srivastava,	 1999).	A	 portion	 of	 the	 flux	 takes	 place	
along	preferential	flow	paths,	but	a	significant	portion	flows	through	much	slower	paths	or	
exchanges	with	 immobile	 zones,	with	an	 aggregate	 residence	 time	 of	 up	 to	 4	 days.	 The	
preferential	flow	paths	display	little	adsorption	surface	for	Li+,	which	explains	why	it	is	only	
slightly	retarded.	Adsorption	surfaces	concentrate	in	the	slow	flowing	portion,	hence	the	
long	tail	of	the	Li+	BTC.	Flow	in	the	CT	is	slightly	more	uniformly	distributed	than	in	the	ST,	
as	deduced	 from	the	Li+	BTC,	which	 is	slightly	more	delayed,	and	displays	a	 lower	peak	
concentration	and	steeper	tail.	

BTCs	at	point	A2	were	similar	to	those	at	point	O,	only	delayed	and	also	a	bit	faster	in	the	
ST.	 The	EC	 tail	 is	 similar	 to	 that	 of	 the	 point	O,	which,	 together	with	 the	 small	 drop	 in	
maximum	EC,	indicates	a	very	small	dispersion.	That	is	transport	from	O	to	A2	is	virtually	
plug	 flow	 (slightly	 slower	 for	 CT	 than	 for	 ST).	 Salinity	BTCs	 at	 B2	 are	 similar	 for	 both	
systems.	Both	are	markedly	diluted	and	with	a	slightly	longer	tail	for	CT	than	for	ST.	Note	
that	Li+	and	EC	display	similar	peak	arrival	times	but	different	tails,	confirming	that	some	
preferential	 flow	still	occurs.	To	summarize,	 transport	 through	 the	reactive	barrier	was	
largely	driven	by	preferential	 flow,	with	a	broad	range	of	 residence	 times.	On	 the	other	
hand,	transport	in	the	aquifer	was	what	might	be	expected	from	a	relatively	homogeneous	
aquifer	with	 relatively	 small	 dispersion	 for	 short	 transport	 length	 (up	 to	A2),	 but	more	
significant	dispersion	up	to	B2.	
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4.3.2.	Degradation	of	labile	organic	carbon	and	redox	zonation	
Redox	zonation	is	largely	controlled	by	the	oxidation	of	dissolved	organic	carbon	(DOC)	and	
ammonium.	The	BTCs	of	DOC	(Figure	4.2e	and	4.2f)	were	similar	to	those	of	Li+	in	that	they	
displayed	a	fast	peak	and	a	much	lower	concentration	for	the	CT	than	for	the	ST.	The	main	
difference	is	that	the	tails	of	the	fast	degrading	acetate	were	steep,	which	we	attribute	to	
strong	 biochemical	 activity	 in	 the	 slow	 flow	 and	 immobile	 portions	 (possibly	 biofilms),	
especially	in	the	CT.	In	fact,	DOC	was	mostly	degraded	by	the	time	the	plume	reached	the	
B2	point	(fully	degraded	in	CT).	That	is,	the	presence	of	the	reactive	barrier	enhanced	the	
biological	activity	and	the	organic	carbon	oxidation,	which	is	consistent	with	observations	
of	Valhondo	et	al.	 (2020a	and	b).	 It	 should	be	pointed	out	 that	 the	 reactive	barrier	was	
installed	 two	 years	 before	 the	 slug	 injection	with	 the	 goal	 of	 releasing	 of	DOC	 to	 favor	
reducing	 conditions.	 DOC	 release	was	 expected	 to	 be	 exhausted	 after	 these	 two	 years	
(Canelles	et	al.	2021).	The	fact	that	degradation	is	higher	in	the	CT	system	may	be	caused	
its	richer	bacterial	activity,	which	is	in	agreement	with	observations	obtained	from	column	
experiments	using	the	same	materials	(Modrzyński	et	al.	2021).		
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Figure	 4.2:	 Breakthrough	 curves	 (BTCs)	 of	 electrical	 conductivity	 (EC)	 (a	 and	 b),	 redox	 potential	 (g	 and	 h),	
concentrations	of	lithium	(c	and	d),	dissolved	organic	carbon	(DOC)	(e	and	f)),	and	!"	versus	cumulative	volume	
(square	root	scale)	at	observation	points	O	(red,	EC	not	acquired	in	the	CT),	A2	(green),	and	B2	(blue)	in	the	ST	
(left)	and	CT	(right)	systems.	The	shadow	rectangles	represent	the	range	of	inflow	values.	Black	points	represent	
the	conditions	prior	to	tracer	injection.	
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The	 redox	 potential	 (Figure	 4.2f	 and	 4.2g)	 was	 quantified	 as	 pe	 (computed	 as	 !" =
mℎn/2.3C;,	where	mℎ	is	the	measured	redox	potential,	n	the	Faraday	constant,	C	the	gas	
constant,	 and	 ;	 temperature).	 Redox	 potential	 was	 measured	 during	 sampling,	 thus	
representing	the	mixture	of	captured	waters,	which	explain	the	observed	fluctuations.	The	
injection	of	easily	degradable	DOC	leads	to	reducing	conditions	(i.e.,	a	fast	drop	in	pe).	A	
lower	!"	was	reached	in	the	ST,	where	!"	values	decreased	fast,	from	8	to	3	-	4	(associated	
to	Mn	reducing	conditions)	than	in	the	CT,	where	!"	dropped	to	the	range	of	4-7.	This	latter	
range	is	usually	associated	to	denitrification	processes,	but	nitrate	was	virtually	absent	in	
the	 inflow	 which	 is	 ammonium	 rich.	 These	 differences	 in	 the	 redox	 potential	 may	 be	
explained	by	higher	denitrification	rates	in	the	CT	(Figure	4.3).	Under	normal	operation	
(first	point	in	the	graphs	of	all	observation	points),	ammonium	depletion	occurred	in	both	
systems,	but	much	more	in	the	CT,	whose	NH4+	dropped	some	4	mmol/L,	than	in	the	ST.	The	
fact	that	NO3-	only	increased	0.1	mmol/L	implies	that	denitrification	was	also	marked	in	the	
CT.	The	injection	of	acetate	 leads	 to	 reducing	conditions,	which	might	explain	 the	slight	
decrease	 in	 ammonium	 (nitrification	 is	 hindered)	 in	 the	 ST	 and	 the	 drop	 in	 nitrate	
(denitrification	is	also	hindered),	but	not	the	drop	of	ammonium	in	the	CT.	At	this	point,	we	
conjecture	the	potential	existence	of	other	ammonium	oxidation	processes	leaded	by	the	
presence	of	other	electron	acceptors	such	as	manganese	(Luther	et	al.,	1997),	iron	(Yang	et	
al.,	2012),	or	even	the	presence	of	annamox	(Hu	et	al.,	2011).	Nevertheless,	we	do	not	have	
the	 enough	 experimental	 evidence	 to	 confirm	 any	 of	 these	 processes.	 Note	 that,	
downstream	 of	 the	 CT	 barrier,	 NH4+	 builds	 up.	 This	 can	 be	 explained	 by	 the	 potential	
desorption	of	sorbed	ammonia	until	reach	equilibrium	conditions.	
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Figure	4.3.	Breakthrough	curves	(BTCs)	of	ammonium	(a,	b)	and	nitrate	(c,	d)	versus	cumulative	volume	(square	
root	scale)	along	the	two	SAT	systems.	The	shadow	rectangle	represents	the	variability	of	concentrations	in	the	
influent.	The	black	points	represent	the	prior	conditions	before	the	injection	of	lithium	acetate.	

Mn	(II)	concentration	in	solution	(Vrs=),	as	a	product	of	the	reduction	of	Mn	(IV)	oxides	
(Vrt=),	was	comparable	in	 the	 two	systems.	Mn	reduction	occurred	prior	 to	 the	 test,	a	
small	 increase	was	 observed	 as	 the	 reducing	 front	 reached	 the	 observation	 points	 and	
slowly	returned	 to	pre-test	 conditions	 (Figure	4.5).	Note	 that	manganese	reduction	was	
observed	in	the	same	samples	where	denitrification	was	occurring.	This	is	explained	by	1)	
the	potential	coexistence	of	these	two	processes	at	similar	redox	potentials	(Stumm	and	
Morgan	1996)	or	2)	the	fact	that	water	sampling	was	done	by	pumping,	which	implied	flow	
average	 concentrations	 and	 a	 potential	 induced	 mixing	 of	 waters	 with	 different	
hydrochemistry.		

Initial	Fe	concentrations	in	solution	(assumed	n"s=,	given	the	neutral	pH)	were	low	and	
comparable	 to	 those	 of	 the	 inflow,	 suggesting	 that	 little,	 if	 any,	 iron	 reduction	 occurred	
during	normal	operation	prior	to	the	test.	Fe	concentration	grew	at	all	observation	points	
as	the	reducing	front	reached	them,	which	indicates	Fe	(III)	reduction,	similar	to	the	Mn	
reduction	discussed	above.	Nevertheless,	whereas	Vrs=	concentration	was	stable	in	time,	
a	 decrease	 of	 n"s=	 concentration	 is	 observed	 in	 B2,	 with	 a	 tendency	 to	 the	 inflow	
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concentration.	This	decrease	of	n"s=	could	be	associated	with	potential	precipitations	of	
secondary	iron	minerals.	Indeed,	this	is	geochemical	plausible	since	the	saturation	index	of	
some	sulfur	minerals	(e.g.	pyrite	and	mackinawite)	are	higher	than	0	(results	not	shown)	
and	a	similar	behavior	has	been	previously	observed	in	similar	environments	(Rodríguez-
Escales	et	al.	2020).		

Sulfate	concentrations	dropped	after	the	reducing	front	reached	every	observation	point	
(see	Figure	4.4),	but	did	not	differ	significantly	from	the	inflow	concentration.	Thus,	it	might	
be	conjectured	that	some	sulfate	reduction	has	occurred	after	the	acetate	injection,	which	
would	be	consistent	with	the	slight	drop	in	Fe	concentrations.	

Overall,	the	initial	redox	state,	as	characterized	by	changes	in	DOC,	pe,	Fe,	Mn	and	sulfate,	
was	similar	in	the	two	systems.	This	suggests	that	the	DOC	release	capacity	of	the	reactive	
layer	had	been	exhausted	after	two	years	of	operation.	However,	the	response	to	acetate	
injection	was	significantly	different.	The	CT	system	displayed	to	a	much	larger	capacity	for	
DOC	 degradation	 and	 ammonium	 oxidation.	 This	 suggests	 a	 rich	 and	 diverse	 bacterial	
population,	which	 is	 consistent	with	 less	 fingering	 during	 infiltration	 (biofilms	 increase	
water	retention	and	reduce	permeability)	and	with	the	findings	of	Valhondo	et	al.	2020a,	
who	showed	that	the	presence	of	a	reactive	barrier	enhanced	the	CECs	removal	in	our	SAT	
system.	
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Figure	4.4.	Breakthrough	curves	(BTCs)	of	manganese	(a,b),	iron	(b,c),	and	sulfate	(d,e)	versus	cumulative	volume	
(square	root	scale)	along	the	two	SAT	systems.	The	shadow	rectangle	represents	the	variability	of	concentration	
in	the	influent.	The	black	points	represent	the	prior	conditions	before	the	injection	of	lithium	acetate.	

4.3.3.	UV	filters	occurrence	in	water,	soil	and	biofilm	
Figure	5	displays	the	concentration	profiles	of	the	BP-3	and	its	TPs	that	were	found	only	in	
water	(all	but	4-HB).	BP-3	displayed	a	sizeable	concentration	in	the	influent,	as	indicated	
by	 the	 shadowed	 rectangles	 in	 Figure	 4.5a	 and	b.	Under	 normal	 operation,	 prior	 to	 the	
acetate	injection	(indicated	by	black	symbols	in	Figure	4.5),	BP-3	concentration	remained	
comparable	to	inflow	values	at	all	monitored	points	in	the	ST,	but	fell	below	detection	limits	
after	point	O	in	the	CT.	This	behavior	was	similar	for	all	TPs	(Figure	4.5).		
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After	 the	 acetate	 injection,	 BP-3	 initially	 dropped	 in	 both	 systems,	 concurring	with	 the	
tracer	peaks,	but	then	rebounded	back	to	levels	comparable	to	the	inflow	concentration	
(Figures	4.2	e	and	f).	The	BP-3	decrease	suggests	an	enhanced	biodegradation	because	of	
the	acetate	presence,	as	reported	by	Liu	et	al.	(2012).	The	rebound	is	explained	because:	1)	
after	the	acetate	peak,	the	system	tended	to	the	prior	conditions,	especially	in	ST;	and	2)	we	
conjecture	a	potential	competitive	sorption	of	BP-3.	The	acetate	injection	induced	changes,	
which	could	favor	the	decay	of	some	microbial	communities	and	their	detachment	from	the	
solid	structure,	thus	favoring	the	dragging	of	EPS	and	all	sorbed	substances	by	the	fluid	
flow-	as	BP-3.		

Figure	4.5.	Concentration	profiles	of	BP-3	and	BP-1	 (a,	 b),	4-DHB	and	DHMB	(c,	 d)	versus	cumulative	volume	
(square	root	scale)	along	the	SAT	pilot	systems.	The	shadow	rectangle	represents	the	variability	of	concentration	
in	the	influent.	The	black	points	represent	the	prior	conditions	before	the	injection	of	lithium	acetate. 

BP-3	is	biotransformed	in	some	TPs	(Figure	4.6).	First,	it	can	be	biotransformed	into	BP-1	
via	 demethylation	 of	 the	 methoxy	 substituent	 (Mao	 et	 al.,	 2019).	 This	 transformation	
pathway	can	occur	both	in	oxic	and	anoxic	conditions	(Liu	et	al.,	2012).	Note	that	BP-1	was	
also	present	in	the	influent	water	(Figure	5a	and	5b),	meaning	it	was	already	present	in	the	
inlet	water	of	the	WWTP	or	it	was	formed	there,	as	observed	in	Mao	et	al.	(2019).	After	the	
injection	of	LiAc,	BP-1	dropped	in	the	ST	and	remained	below	detection	at	the	CT.	As	BP-3,	
it	rebounded.		
BP-1	biodegradation	can	 lead	 to	 the	formation	of	4-DHB	(Liu	et	al.	2012).	Similarly	and	
under	oxic	conditions,	BP-3	can	form	DHMB	(Kim	and	Choi,	2014)	(Figure	4.6a).	Both	were	
identified	in	pore	waters	and	followed	a	similar	behavior	as	BP-3	and	BP-1.	Prior	to	the	
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injection,	their	concentrations	were	comparable	to	the	inflow	along	the	ST	and	were	below	
detection	limit	in	CT.	Also,	the	concentrations	of	both	dropped	as	the	acetate	peak	reached	
every	observation	point,	and	rebounded	back	to	normal	operation	concentrations	after	the	
peak	in	the	ST,	but	remained	comparable	to	inflow	concentrations	in	A2	and	B2	points	of	
the	CT.	
Finally,	4-HB,	can	be	formed	from	4-DHB	or,	directly,	from	BP-1	by	a	hydroxyl	group	loss	
(Mao	et	al.,	2019)	(Figure	4.6a).	Interestingly,	this	compound	was	not	present	in	the	inflow	
water.	Thus,	it	was	formed	in	the	SAT	systems,	demonstrating	that	our	systems	enhanced	
the	biodegradation	of	BP-3	regardless	the	reactive	barrier.	Similarly	to	the	other	TPs,	 its	
concentration	was	lower	in	CT	(Figure	4.7b).		

Figure	4.6.	Summary	of	a)	biodegradation	pathways	of	BP-3	and	b)	main	partitioning	processes,	where	1)	is	the	
pH	dependent	ionization	of	UVF,	controlled	by	!<+ 	;	2)	retention	in	the	sediment	(adsorption	onto	mineral	surfaces	
of	ionic	forms	or	absorption	into	organic	sediment	fractions);	3)	absorption	into	biofilm.	UVF	refers	to	ultra-violet	
filter	in	water	(w),	biofilm	(b)	or	sediment	(s)	in	neutral	(n)	or	ionic	(i)	form.	*Compounds	also	formed	in	anoxic	
conditions.	

Overall,	CT	showed	lower	concentrations	for	BP-3	and	its	TPs	in	water.	We	attribute	this	to	
a	higher	degradation	capacity	of	this	system	induced	by	the	reactive	barrier	in	a	similar	way	
as	 reported	 for	 acetate	 degradation	 (see	 Section	 3.1).	The	 differences	 between	 the	 two	
systems	 can	 be	 associated	 to:	 1)	 the	 geochemical	 conditions	 promoted	 by	 the	 reactive	
barrier	 facilitated	 the	 degradation	 of	 UVFs;	 2)	 the	 compost	 reactive	 barrier	 induced	 a	
different	 microbial	 population	 capable	 to	 degrade	 these	 compounds;	 and	 3)	 a	 higher	
sorption	 capacity	 of	 the	 system	 induced	 by	 the	 compost	 reactive	 barrier.	 Although	 the	
number	of	bacteria	detected	in	the	different	sections	of	the	systems	were	similar	(Table	1,	
Appendix	 C),	 the	 processes	 discussed	 so	 far	 imply	 that	 microbial	 communities	 were	
different.		

Regarding	the	occurrence	of	BP-3	and	TPs	in	solid	phases,	the	only	compound	detected	was	
4-HB	(Figure	4.7).	Its	accumulation	was	especially	important	in	biofilm.	Since	diffusion	in	
the	biofilm	is	comparable	to	that	in	water	(Horn	and	Morgenroth	2006),	partitioning	of	BP-
3	and	 its	TPs	between	 the	biofilm	and	bulk	solution	 is	 largely	governed	 their	affinity	 to	
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organic	matter,	which	is	significant	and	comparable	for	all	of	them	(values	of	<]^	and	<]*	
are	listed	in	Table	1).	Also,	!<+	values	are	similar.	This	implies	that	retention	4-HB	in	the	
biofilm	 cannot	 be	 attributed	 to	 preferential	 partitioning.	 Therefore,	 we	 attribute	 the	
accumulation	of	4-HB	in	the	biofilm	to	an	unbalance	between	its	formation	and	degradation.	
Since	degrading	bacteria	concentrate	in	the	biofilm,	its	presence	in	the	soil	organic	matter	
was	low.	

Figure	4.7.	Concentration	profiles	of	4-HB	in	water	(a,	b),	biofilm	(c,	d),	and	sediment	(e,	f)	versus	 	cumulative	
volume	(square	root	scale)	along	the	SAT	pilot	systems.	

Regarding	the	other	monitored	UVFs,	BP-4	was	detected	in	water	samples	at	concentrations	
between	one	and	two	orders	of	magnitude	higher	than	the	other	UVFs,	which	is	consistent	
with	its	low	degradability	both	in	the	WWTP	(inflow	concentrations	were	high)	and	in	the	
SAT	systems.	BP-4	was	found	in	soil	samples,	more	often	than	in	biofilm	(Figure	4.8).	This	
agrees	with	the	low	affinity	of	BP-4	to	the	organic	phase	in	the	biofilm	(DEF<]^ = 0.37).	On	
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the	other	hand,	BP-4	was	mainly	in	its	ionic	form	(!w+ = −2.42),	which	could	enhance	the	
ionic	interaction	with	positive	surfaces,	like	Fe	and	Mn	oxides,	as	observed	by	Chang	et	al.	
(2018).		

Figure	4.8.	Concentration	profiles	of	BP-4	 in	water	 (a,	b),	biofilm	(c,	d),	 and	 sediment	 (e,	 f)	versus	 cumulative	
volume	(square	root	scale)	along	the	SAT	pilot	systems.	

AVO	has	a	structure	similar	to	that	of	BP-3.	Interestingly,	this	compound	was	not	present	in	
the	influent	water	but	it	was	detected	in	water	samples	from	the	SAT	systems.	As	far	as	we	
know,	there	is	no	literature	about	the	potential	formation	of	AVO	as	a	derivative	product	of	
other	 UVFs.	 Therefore,	we	 conjecture	 1)	 that	 AVO	 reverts-back	 from	 a	 conjugate	 (as	 a	
glucuronide	conjugate	typical	from	Phase	II	metabolism);	or	2)	a	potential	desorption	from	
the	biofilm	and	sediment,	which	is	not	likely	due	to	the	high	logKow.	AVO	was	detected	in	
most	of	the	biofilm	samples	from	both	systems	and	at	similar	concentrations	(Figure	4.9).	
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This	could	be	related	to	its	high	affinity	to	the	organic	phase	in	the	biofilm	(DEF<]^	=	4.51)	
and	slow	degradability.		

Figure	4.9.	Concentration	profiles	of	AVO	in	water	(a,	b),	biofilm	(c,	d),	and	sediment	(e,	f)	versus	cumulative	volume	
(square	root	scale)	along	the	SAT	pilot	systems.	

Summarizing,	we	 have	 detected	 two	 UVFs	 and	 one	 TP	 in	 the	 biofilm	 and	 the	 sediment	
compartments:	BP-4,	AVO	and	4-HB.	This	study	documents	for	the	first	time	that	UVFs	are	
accumulated	in	biofilms	formed	in	the	porous	media	and	in	a	SAT	context.	Hence,	this	work	
opens	a	new	paradigm	in	the	understanding	of	organic	pollutants	fate	in	aquifers,	adding	
biofilm	as	a	new	environmental	compartment	for	their	retention	and	degradation.	
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4.3.	Conclusions	
The	fate	of	selected	benzophenone-type	organic	UVFs	and	its	sensitivity	to	varying	redox	
conditions	was	investigated	in	two	soil	aquifer	treatment	(SAT)	pilot	systems.	Overall,	the	
SAT	systems	studied	were	found	to	contribute	to	the	elimination	of	the	UVFs	present	in	
urban	WWTP	effluents.	The	installation	of	a	compost-based	reactive	barrier	enhances	their	
degradation	rates.		

The	 reactive	 barrier	 was	 successful	 at	 providing	 diverse	 redox	 conditions	 and	
hydrochemistry	of	SAT	systems	after	acetate	injection.	Fe	reducing	condition	was	achieved	
in	 both	 SATs,	 despite	 CT	 displayed	 more	 variability.	 In	 particular,	 ammonia	 oxidation	
processes	were	more	important	in	CT	than	in	ST,	especially	in	the	vicinity	of	the	infiltration	
zone.		

Three	 TPs	 of	 BP-3	 (BP-1,	 4-DHB,	 and	 DHMB)	 were	 detected.	 Similar	 to	 BP-3,	 the	
degradation	 of	 these	TPs	was	 highest	 in	 the	CT.	 This	 could	 be	 associated	with	a	 higher	
variability	 of	 the	 redox	 conditions	 and,	 consequently,	 to	 a	 higher	 diversity	 of	microbial	
communities.	 Besides,	 the	 microbiome	 of	 the	 CT	 appeared	 to	 be	 more	 adapted	 to	 the	
degradation	of	recalcitrant	organic	compounds.	Interestingly,	4-HB	was	the	only	TP	of	BP-
3	found	in	the	biofilm	and	in	the	sediment,	which	not	only	reflects	 its	affinity	to	organic	
matter,	similar	to	the	other	TPs,	but	also	suggests	a	much	slower	degradation	kinetics,	than	
its	parents.	Regarding	the	other	UVFs,	BP-4	and	AVO	were	found	in	the	solid	matrices.	BP-
4	concentration	in	water	was	quite	high	due	to	its	a	low	degradability.	Consequently,	this	
compound	was	sorbed	into	both	the	sediment	and	the	biofilm.	On	the	other	hand,	AVO	was	
not	 found	 in	 the	water	but	 it	was	detected	 in	 the	biofilm	and	 in	 the	sediment.	This	was	
explained	by	its	high	affinity	to	the	organic	phase	in	the	biofilm	(DEF<]^	=	4.51).	

This	 study	 demonstrates	 that	 implementing	 a	 reactive	 barrier	 in	 an	 infiltration	 basin	
improves	the	degradation	of	benzophenone-type	UVFs	and,	specially,	of	BP-3	and	its	TPs,	
and	that	biofilm	can	act	as	an	additional	environmental	compartment	favoring	the	retention	
and	degradation	of	UVFs	in	porous	media.	Indeed,	to	the	author’s	knowledge,	this	is	the	first	
work	reporting	the	occurrence	of	benzophenone-type	UVFs	in	biofilms	formed	in	aquifers,	
contributing	to	a	better	understanding	of	their	fate	in	porous	media	and,	especially,	in	SAT	
systems.	Beyond	aquifers,	the	role	of	biofilms	as	an	additional	environmental	compartment	
would	imply	that	aquatic	ecosystems	would	be	exposed	to	a	higher	dose	of	UVFs	and	likely	
to	 many	 other	 organic	 pollutants	 than	 those	 calculated	 through	 the	 measured	
concentrations	in	water,	suspended	particulate	matter,	sediments	and	biota. 
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General	conclusions	and	future	work	
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All	the	investigations	carried	out	as	data	acquisition,	data	post-processing	,	data	analysis	
and	field	work,	have	been	aimed	at	improving	the	current	knowledge	of	SGD	behavior	and	
its	ecological	implications	and	the	fate	of	UV	filters	in	a	MAR	facility.		

The	 study	 of	 SGD	 detection	 using	 satellite	 TIR	 remote	 sensing	 demonstrates	 that	 this	
technique	is	a	useful	tool	for	the	identification	of	coastal	SGD	springs	in	karst	aquifers	and	
can	be	applied	from	local	to	regional	scale.	Comparing	the	two	tested	approaches,	single	
image	and	multitemporal	thermal	analyses,	we	conclude	that	the	second	one	is	better	for	
identifying	 SGD	 springs	 in	 coastal	 zones.	 Nevertheless,	 this	 method	 does	 not	 allow	 to	
characterize	the	changes	in	the	discharge	plume,	which	can	be	done	it	more	precisely	using	
single	images.	Therefore,	they	are	more	suited	to	studying	the	morphological	variations	in	
the	 discharge	 plume	 and	 temperature	 variations	 along	 the	 plume.	 In	 this	 chapter,	 the	
following	limiting	factors	have	been	identified	when	applying	TIR	remote	sensing	to	the	
study	of	SGD:	(1)	technical	limitations,	(2)	geological	/hydrogeological	characteristics,	(3)	
environmental	and	marine	conditions	and	(4)	coastal	geomorphology.	In	this	context,	long	
time	series	are	better	for	identifying	SGD	springs	areas,	since	there	may	be	one	or	several	
limiting	factors	that	can	alter	the	SGD’s	thermal	signal.	

Satellite	chlorophyll	(Chl-a)	data	has	been	used	as	a	tool	to	identify	and	map	the	impact	of	
SGD	on	coastal	 biogeochemical	 cycles,	 the	 extension	 of	areas	 influenced	by	SGD	 and	 its	
spatio-temporal	variations.	Its	use	has	contributed	to	better	constrain	the	limited	assessed	
effects	 of	 SGD	 on	 coastal	 ecosystems.	 The	 presented	 methodological	 approach	 allows	
identifying	Chl-a	concentrations	above	background	levels,	which	are	directly	associated	to	
the	ecological	influence	of	SGD.	By	knowing	the	temporal	changes	of	Chl-a	concentration	
and	Chl-a	background	concentration	in	a	specific	zone,	it	is	possible	to	identify	the	areas	
where	primary	productivity	has	increased	and	associate	it	to	SGD	inputs.		

This	research	highlights	the	significance	of	using	satellite	remote	sensing	as	a	complement	
to	 observations	 collected	 from	 field	 surveys.	 Using	 satellite	 remote	 sensing	 allows	 to	
estimate	different	environmental	parameters	at	global	scale	with	resolution	from	meters	to	
kilometers.	These	satellite	observations	could	be	used	as	a	complementary	methodology	to	
identify	and	characterize	SGD	since	it	allows	screening	inaccessible	areas	and	zones	without	
hydrogeological	information.		

In	this	dissertation	only	temperature	and	chlorophyll-a	have	been	used	separately	to	study	
SGD.	 However,	 remote	 sensing	 allows	 to	 measure	 other	 useful	 parameters	 as	 colored	
dissolved	organic	matters,	total	suspended	matter,	and	turbidity	among	others.	Therefore,	
evaluating	the	importance	of	all	these	parameters	when	studying	SGD	and	its	combination	
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(for	 instance	 combining	 temperature,	 Chlorophyll-a	 and	 others	 in	 an	 specific	 area)	will	
provide	 additional	 information	 to	 SGD	 studies	 as	 well	 as	 useful	 information	 for	
environmental	 monitoring	 and	 ecosystem	 management	 in	 coastal	 areas.	 Furthermore,	
when	 remote	 sensing	 data	 is	 combined	 with	 specific	 in	 situ	 data	 can	 allow	 a	 detailed	
characterization	of	SGD	influenced	areas	helping	to	quantify	SGD	related	processes	as	flow	
and	 nutrients	 discharge,	 biogeochemical	 processes,	 environmental	 impact,	 etc.	 Lastly,	
despite	sea	water	intrusion	not	being	evaluated	as	part	of	this	dissertation,	remote	sensing	
data	obtained	to	characterize	SGD	flow	can	be	used	as	an	indicator	of	sea	water	intrusion,	
as	higher	(fresh)	SGD	flows	should	be	linked	with	a	reduction	of	the	sea	water	intrusion.	
However,	further	research	is	needed	to	evaluate	this	hypothesis.		

Focusing	on	managed	artificial	recharge,	the	implementation	of	compost	reactive	barrier	in	
an	infiltration	basin	increased	the	removal	of	benzophenone-type	UVFs	and,	specially,	of	
BP-3	 and	 its	 transformation	 products.	 This	 improvement	 was	 directly	 related	 to	 the	
compost	 barrier,	which,	 enhanced	 the	 reduction-oxidation	 processes	 providing	 a	wider	
range	of	reactions	and,	consequently,	of	microbial	diversity.	In	this	sense,	it	is	still	needed	a	
deeper	 understanding	 of	 all	 geochemical	 changes	 induced	 by	 the	 reactive	 barriers,	
specially,	on	the	secondary	processes	related	to	the	formation	of	new	surfaces.	Besides	this,	
this	 dissertation	 has	 experimentally	 demonstrated	 that	 biofilm	 can	 retain	 organic	
compounds	and	it	acts	as	an	additional	environmental	compartment.	Understanding	 the	
compounds’	 dynamic	 in	 biofilm	 is	 complex.	 It	 depends	 on	 several	 processes	 that	 occur	
simultaneously:	portioning,	diffusion	or	degradation.	Although	this	complexity,	its	inclusion	
in	environmental	analysis	would	be	relevant	for	those	compounds	with	high	DEF<]^	(higher	
than	3).	

This	 dissertation	 has	 contributed	 to	 improve	 groundwater	 resources	 management	
throughout	new	methodological	and	technical	approaches	to	deal	with	the	new	challenges	
of	today’s	society.	It	is	expected	that	the	results	will	help	to	use	satellite	remote	sensing	data	
in	SGD	studies	to	support	research	and	monitoring,	providing	a	cost-effective	complement	
to	traditional	monitoring	efforts.	It	is	also	expected	that	the	results	will	help	to	improve	the	
management	of	MAR	systems	according	to	the	different	targets	of	quantity	and	quality.	

.
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Appendix	A.	Supplementary	information	of	Chapter	2	

Table	1,	Appendix	A:	Overview	of	known	SGD	sites	along	the	Mediterranean	
coast.		

Country	 ID/Name	
Flow	
rate	

(m3·s-1)	

Depth	
(m)	

Distance	
(m)	 Type	 Literature	

Spain	

1	 Maro-Cerro	
Gordo	 0.031	 15-20	 0	(on	the	

cliff	side)	 ND	 Backalowicz,	
2018	

2	 Moraig	 0.3-9.0	 -12	 0	(on	the	
cliff	side)	 2	 Fleury	et	al.,	2007	

3	 Toix	 ND	 -8	 Seashore	 2	 Fleury	et	al.,	2007	

4	 Agua	dulce	 ND	
Coastal	
and	

submarine	
ND	 ND	 Backalowicz,	

2018	

5	 Almirante	
Gallinera	 ND	 ND	 ND	 ND	 Backalowicz,	

2018	

6	 Alfaro-
Mediodia	

65	and	
84	

hm3/y	
ND	 ND	 ND	 Backalowicz,	

2018	

7	 Torre	Badum	 2	 0	 <10	 ND	 Mejías	et	al.,	2012	

8	 La	Fuentes	 0.03-
0.17	 ND	 <10	 ND	 Mejías	et	al.,	2012	

9	 Font	de	Dins	 1.1-0.4	 ND	 <10	 ND	 Mejías	et	al.,	2012	

10	 La	Falconera	 0.1	 ND	 0	 ND	 Backalowicz,	
2018	

11	 Alcaufar	 ND	 ND	 ND	 ND	 Garcia-Solsona	et	
al.,	2010	

12	 Migjorn-El	
Pla	 1	 ND	 ND	 ND	 Basterretxea	et	

al.,	2010	

13	 Llevant	 0.009	 ND	 ND	 ND	 Basterretxea	et	
al.,	2010	

14	 Font	des	
Verger	 0.01-1	 ND	 ND	 ND	 Basterretxea	et	

al.,	2010	

15	 Ses	Ufanes	 20-30	 ND	 ND	 ND	 Basterretxea	et	
al.,	2010	

France	

16	 Fitou	 0.1	 ND	 ND	 2	 Bejannin	et	al.,	
2017	

17	 Laucate	 ND	 ND	 ND	 2	 Bejannin	et	al.,	
2017	

18	 Fontdame-
Fontestramar	 1-15	 4	 100	 2	 Fleury	et	al.,	2007	

19	 Vise	 >0.1	 -30	 ND	 3	 Bejannin	et	al.,	
2017	

20	 Port-Miou	 0.5-0.7	 -12	 ND	 2	 Fleury	et	al.,	2007	
21	 Bestoua	 ND	 ND	 ND	 2	 Fleury	et	al.,	2007	

Italy	 22	 Mortola	 0.2	 -36	 800	 1	 Fleury	et	al.,	2007	



	

	
	

23	
Bue	Marino	

Cave	
(Sardinia)	

ND	 ND	 ND	 ND	 Backalowicz,	
2018	

24	 Taranto	 ND	 -19	 ND	 ND	 Fleury	et	al.,	2007	

25	 Cefalú	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

26	 Castellamare	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

27	 Donnalucata	 0.004-
0.012	 ND	

Onshore	
and	

offshore	
1	 Burnett&Dulaiova	

2006	

28	 Pozzalo	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

Croatia	

29	 South	Istria	 0.024	 ND	 ND	 ND	 Backalowicz,	
2018	

30	 Martinscica	 0.4	 ND	 ND	 ND	 Backalowicz,	
2018	

31	 Perilo	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

32	 Novijanska	 >0.4	 ND	 ND	 ND	 Backalowicz,	
2018	

33	 Jurjevska	 50-0.6	 ND	 ND	 ND	 Backalowicz,	
2018	

34	 Patan	 0.5-10	 2.7	 500	 ND	 Backalowicz,	
2018	

35	 Slano	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

36	 Robinzon	 2		 ND	 ND	 ND	 Backalowicz,	
2018	

Grece	

37	 Cephalonia	 1-10	 0	 Seashore	 2	 Fleury	et	al.,	2007	

38	 Kiveri-
Anavalos	 9-11	 0	to	-7	 0	to	few	

m	 3	 Fleury	et	al.,	2007	

39	 E.argolis	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

40	 Parnon	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

41	 Almiros	of	
Iraklio	 2-30	 3	 1000	 2	 Fleury	et	al.,	2007	

42	 Agios	
Nikolaos	 >2.3	 4-7	 0.5	 2	 Fleury	et	al.,	2007	

Turkey	

43	 Gokova-1	 0.02-
0.10	 0	 Seashore	 1	 Bayari&Kurttas.,	

2015	

44	 Gokova-2	 ND	 0	 Seashore	 1	 Bayari&Kurttas.,	
2015	

45	 Gokova-3	 ND	 0	 Seashore	 1	 Bayari&Kurttas.,	
2015	

46	 Antalya-1	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

47	 Antalya-2	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	

48	 Antalya-3	 ND	 ND	 ND	 ND	 Backalowicz,	
2018	



	

	 	

49	 Lefke	
(Chipre)	 ND	 ND	 ND	 ND	 Backalowicz,	

2018	
50	 Ovacik	 0.74	 -1.5	to	-3	 	2	m	 1	 Elhatip,	2003	

Syria	 51	 Latakia	 	 	 	 	 Backalowicz,	
2018	

Lebanon	 52	 Chekka	 60	 -10	to	-
150	

100m-
1km	 2	 Fleury	et	al.,	2007	

Israel	 53	 Dor	 4.05*10-
11	

ND	 ND	 ND	 Weinstein	et	al.,	
2011	

Libya	 54	 Ain	Zayanah	 1-5	 0-1	 Seashore	 2	 Fleury	et	al.,	2007	

	

Table	2,	Appendix	A:	Landsat	8	auxiliary	data.	

Site	 ID	 Date	 Time	 Path	 Ro
w	

Scene	
cloud	
%	

1	

LC08_L1TP_200035_20181231_20190130_01_T1	 31/12/18	 10:50	 200	 35	 4.91	

LC08_L1TP_200035_20181215_20181227_01_T1	 15/12/18	 10:50	 200	 35	 0.23	

LC08_L1TP_200035_20181012_20181030_01_T1	 12/10/18	 10:50	 200	 35	 0.02	

LC08_L1TP_200035_20180926_20181009_01_T1	 26/9/18	 10:50	 200	 35	 10.02	

LC08_L1TP_200035_20180825_20180829_01_T1	 25/8/18	 10:50	 200	 35	 9.44	

LC08_L1TP_200035_20180809_20180815_01_T1	 9/8/18	 10:50	 200	 35	 0.54	

LC08_L1TP_200035_20180708_20180717_01_T1	 8/7/18	 10:50	 200	 35	 14.06	

LC08_L1TP_200035_20180622_20180703_01_T1	 22/6/18	 10:50	 200	 35	 23.21	

LC08_L1TP_200035_20180419_20180501_01_T1	 19/4/18	 10:50	 200	 35	 14.13	

LC08_L1TP_200035_20180403_20180417_01_T1	 3/4/18	 10:50	 200	 35	 5.02	

LC08_L1TP_200035_20171212_20171223_01_T1	 12/12/17	 10:50	 200	 35	 4.01	

LC08_L1TP_200035_20171110_20171121_01_T1	 10/11/17	 10:50	 200	 35	 14.10	

LC08_L1TP_200035_20171025_20171107_01_T1	 25/10/17	 10:50	 200	 35	 10.81	

LC08_L1TP_200035_20170923_20171013_01_T1	 23/9/17	 10:50	 200	 35	 42.87	

LC08_L1TP_200035_20170822_20170911_01_T1	 22/8/17	 10:50	 200	 35	 3.56	

LC08_L1TP_200035_20170721_20170728_01_T1	 21/7/17	 10:50	 200	 35	 0.07	

	LC08_L1TP_200035_20170518_20170525_01_T1	 18/5/17	 10:50	 200	 35	 1.92	

LC08_L1TP_200035_20170331_20170414_01_T1	 31/3/17	 10:50	 200	 35	 11.58	

LC08_L1TP_200035_20170315_20170328_01_T1	 15/3/17	 10:50	 200	 35	 57.47	

2,3,4,5,
6	

LC08_L1TP_198033_20181217_20181227_01_T1	 17/12/18	 10:37	 198	 33	 11,03	

LC08_L1TP_198033_20181201_20181211_01_T1	 1/12/18	 10:37	 198	 33	 34,05	

LC08_L1TP_198033_20180928_20181009_01_T1	 28/10/18	 10:37	 198	 33	 6,42	



	

	
	

LC08_L1TP_198033_20180827_20180911_01_T1	 27/9/18	 10:37	 198	 33	 6,18	

LC08_L1TP_198033_20180726_20180731_01_T1	 26/7/18	 10:37	 198	 33	 1,52	

LC08_L1TP_198033_20180710_20180717_01_T1	 10/7/18	 10:37	 198	 33	 1,15	

LC08_L1TP_198033_20180624_20180704_01_T1	 24/6/18	 10:37	 198	 33	 6,18	

LC08_L1TP_198033_20180405_20180417_01_T1	 5/4/18	 10:37	 198	 33	 0,2	

LC08_L1TP_198033_20180131_20180207_01_T1	 31/1/18	 10:37	 198	 33	 5,35	

LC08_L1TP_198033_20171230_20180103_01_T1	 30/12/17	 10:37	 198	 33	 0,7	

LC08_L1TP_198033_20171112_20171121_01_T1	 12/11/17	 10:37	 198	 33	 0,14	

LC08_L1TP_198033_20171027_20171107_01_T1	 27/10/17	 10:37	 198	 33	 0,07	

LC08_L1TP_198033_20171011_20171024_01_T1	 11/10/17	 10:37	 198	 33	 6,68	

LC08_L1TP_198033_20170925_20171013_01_T1	 25/9/17	 10:37	 198	 33	 0,31	

LC08_L1TP_198033_20170824_20170913_01_T1	 24/8/17	 10:37	 198	 33	 3,99	

LC08_L1TP_198033_20170621_20170630_01_T1	 21/6/17	 10:37	 198	 33	 5,76	

LC08_L1TP_198033_20170520_20170525_01_T1	 20/5/17	 10:37	 198	 33	 0,28	

LC08_L1TP_198033_20170504_20170515_01_T1	 4/5/17	 10:37	 198	 33	 8,82	

LC08_L1TP_198033_20170402_20170414_01_T1	 2/4/17	 10:37	 198	 33	 0,09	

LC08_L1TP_198033_20170301_20170316_01_T1	 1/3/17	 10:37	 198	 33	 2,78	

LC08_L1TP_198033_20170112_20170311_01_T1	 12/1/17	 10:37	 198	 33	 1,13	

7,8,9	

LC08_L1TP_198032_20180928_20181009_01_T1	 28/9/18	 10:36	 198	 32	 0,42	

LC08_L1TP_198032_20180726_20180731_01_T1	 26/7/18	 10:36	 198	 32	 0,28	

LC08_L1TP_198032_20180710_20180717_01_T1	 10/7/18	 10:36	 198	 32	 2,36	

LC08_L1TP_198032_20180624_20180704_01_T1	 24/6/18	 10:36	 198	 32	 19,94	

LC08_L1TP_198032_20180421_20180502_01_T1	 21/4/18	 10:36	 198	 32	 16,3	

LC08_L1TP_198032_20180405_20180417_01_T1	 5/4/18	 10:36	 198	 32	 0,07	

LC08_L1TP_198032_20180131_20180207_01_T1	 31/1/18	 10:36	 198	 32	 8,41	

LC08_L1TP_198032_20180115_20180120_01_T1	 15/1/18	 10:36	 198	 32	 10,19	

LC08_L1TP_198032_20171230_20180103_01_T1	 30/12/17	 10:36	 198	 32	 14,49	

LC08_L1TP_198032_20171128_20171207_01_T1	 28/11/17	 10:36	 198	 32	 0,81	

LC08_L1TP_198032_20171112_20171121_01_T1	 12/11/17	 10:36	 198	 32	 0,75	

LC08_L1TP_198032_20171027_20171107_01_T1	 27/10/17	 10:36	 198	 32	 0,27	

LC08_L1TP_198032_20170925_20171013_01_T1	 25/9/17	 10:36	 198	 32	 11,41	

LC08_L1TP_198032_20170824_20170913_01_T1	 24/8/17	 10:36	 198	 32	 3,36	

LC08_L1TP_198032_20170808_20170823_01_T1	 8/8/17	 10:36	 198	 32	 24,18	

LC08_L1TP_198032_20170621_20170630_01_T1	 21/6/17	 10:36	 198	 32	 0,27	



	

	 	

LC08_L1TP_198032_20170520_20170525_01_T1	 20/5/17	 10:36	 198	 32	 3,16	

LC08_L1TP_198032_20170504_20170515_01_T1	 4/5/17	 10:36	 198	 32	 9,31	

LC08_L1TP_198032_20170418_20170501_01_T1	 18/4/17	 10:36	 198	 32	 4,92	

LC08_L1TP_198032_20170402_20170414_01_T1	 2/4/17	 10:36	 198	 32	 7,42	

LC08_L1TP_198032_20170317_20170328_01_T1	 17/3/17	 10:36	 198	 32	 0,13	

LC08_L1TP_198032_20170301_20170316_01_T1	 1/3/17	 10:36	 198	 32	 0,03	

LC08_L1TP_198032_20170112_20170311_01_T1	 12/1/17	 10:36	 198	 32	 4,83	

10	

LC08_L1TP_197031_20181124_20181210_01_T1	 24/11/18	 10:30	 197	 31	 8,24	

LC08_L1TP_197031_20181023_20181031_01_T1	 23/10/18	 10:30	 197	 31	 2,27	

LC08_L1TP_197031_20180921_20180928_01_T1	 21/9/18	 10:30	 197	 31	 5,19	

LC08_L1TP_197031_20180820_20180829_01_T1	 20/8/18	 10:30	 197	 31	 0,4	

LC08_L1TP_197031_20180804_20180814_01_T1	 4/8/18	 10:30	 197	 31	 11,54	

LC08_L1TP_197031_20180719_20180731_01_T1	 19/7/18	 10:30	 197	 31	 1,32	

LC08_L1TP_197031_20180703_20180717_01_T1	 3/7/18	 10:30	 197	 31	 10,04	

LC08_L1TP_197031_20180601_20180614_01_T1	 1/6/18	 10:30	 197	 31	 17,96	

LC08_L1TP_197031_20180430_20180516_01_T1	 30/4/18	 10:30	 197	 31	 21,24	

LC08_L1TP_197031_20180209_20180222_01_T1	 9/2/18	 10:30	 197	 31	 2,4	

LC08_L1TP_197031_20180124_20180206_01_T1	 24/1/18	 10:30	 197	 31	 0,91	

LC08_L1TP_197031_20171223_20180103_01_T1	 23/12/17	 10:30	 197	 31	 6,88	

LC08_L1TP_197031_20171121_20171206_01_T1	 21/11/17	 10:30	 197	 31	 0,54	

LC08_L1TP_197031_20170902_20170916_01_T1	 2/9/17	 10:30	 197	 31	 11,32	

LC08_L1TP_197031_20170817_20170826_01_T1	 17/8/17	 10:30	 197	 31	 0,22	

LC08_L1TP_197031_20170716_20170727_01_T1	 16/7/17	 10:30	 197	 31	 4,06	

LC08_L1TP_197031_20170630_20170715_01_T1	 30/6/17	 10:30	 197	 31	 16,01	

LC08_L1TP_197031_20170614_20170628_01_T1	 14/6/17	 10:30	 197	 31	 0,66	

LC08_L1TP_197031_20170411_20170415_01_T1	 11/4/17	 10:30	 197	 31	 1,23	

LC08_L1TP_197031_20170326_20170329_01_T1	 26/3/17	 10:30	 197	 31	 10,26	

LC08_L1TP_197031_20170310_20170317_01_T1	 10/3/17	 10:30	 197	 31	 0,36	

LC08_L1TP_197031_20170222_20170301_01_T1	 22/2/17	 10:30	 197	 31	 0,45	

LC08_L1TP_197031_20170206_20170216_01_T1	 6/2/17	 10:30	 197	 31	 6,31	

LC08_L1TP_197031_20170105_20170312_01_T1	 5/1/17	 10:30	 197	 31	 6,15	

11	

LC08_L1TP_196032_20180930_20181010_01_T1	 30/9/18	 10:24	 196	 32	 1.85	

LC08_L1TP_196032_20180626_20180704_01_T1	 26/6/18	 10:24	 196	 32	 10.86	

LC08_L1TP_196032_20180423_20180502_01_T1	 23/4/18	 10:24	 196	 32	 15.19	



	

	
	

LC08_L1TP_196032_20171029_20171109_01_T1	 29/10/17	 10:24	 196	 32	 1.12	

LC08_L1TP_196032_20170911_20170927_01_T1	 11/9/17	 10:24	 196	 32	 0.75	

LC08_L1TP_196032_20170404_20170414_01_T1	 4/4/17	 10:24	 196	 32	 0.27	

LC08_L1TP_196032_20170319_20170328_01_T1	 19/3/17	 10:24	 196	 32	 0.17	

16,17,
18,19	

LC08_L1TP_197030_20181124_20181210_01_T1	 24/11/18	 10:29	 197	 30	 7,9	

LC08_L1TP_197030_20181023_20181031_01_T1	 23/10/18	 10:29	 197	 30	 0,03	

LC08_L1TP_197030_20180820_20180829_01_T1	 20/8/18	 10:29	 197	 30	 0,88	

LC08_L1TP_197030_20180719_20180731_01_T1	 19/7/18	 10:29	 197	 30	 0,31	

LC08_L1TP_197030_20171121_20171206_01_T1	 21/11/17	 10:29	 197	 30	 1	

LC08_L1TP_197030_20171004_20171014_01_T1	 4/10/17	 10:29	 197	 30	 2,83	

LC08_L1TP_197030_20170817_20170826_01_T1	 17/8/17	 10:29	 197	 30	 0,66	

LC08_L1TP_197030_20170310_20170317_01_T1	 10/3/17	 10:29	 197	 30	 0,17	

20,21,
22	

LC08_L1TP_196030_20180914_20180928_01_T1	 14/9/18	 10:23	 196	 30	 0,73	

LC08_L1TP_195030_20180907_20180912_01_T1	 7/9/18	 10:17	 195	 30	 3,99	

LC08_L1TP_195030_20180806_20180815_01_T1	 6/8/18	 10:17	 195	 30	 2,12	

LC08_L1TP_195030_20180721_20180731_01_T1	 21/7/18	 10:17	 195	 30	 4,06	

LC08_L1TP_195030_20180619_20180703_01_T1	 19/6/18	 10:17	 195	 30	 2,16	

LC08_L1TP_196030_20180525_20180605_01_T1	 25/5/18	 10:23	 196	 30	 3,52	

LC08_L1TP_195030_20180211_20180222_01_T1	 11/2/18	 10:17	 195	 30	 3,96	

LC08_L1TP_196030_20171114_20171122_01_T1	 14/11/17	 10:23	 196	 30	 1,19	

LC08_L1TP_195030_20171022_20171107_01_T1	 22/10/17	 10:17	 195	 30	 1,05	

LC08_L1TP_196030_20170927_20171013_01_T1	 27/9/17	 10:23	 196	 30	 0,78	

LC08_L1TP_195030_20170920_20170930_01_T1	 20/9/17	 10:17	 195	 30	 0,04	

LC08_L1TP_195030_20170904_20170916_01_T1	 4/9/17	 10:17	 195	 30	 4,12	

LC08_L1TP_195030_20170718_20170727_01_T1	 18/7/17	 10:17	 195	 30	 3,18	

LC08_L1TP_195030_20170702_20170715_01_T1	 2/7/17	 10:17	 195	 30	 0,39	

LC08_L1TP_196030_20170607_20170616_01_T1	 7/6/17	 10:23	 196	 30	 0,34	

LC08_L1TP_195030_20170429_20170515_01_T1	 29/4/17	 10:17	 195	 30	 2,45	

LC08_L1TP_196030_20170420_20170501_01_T1	 20/4/17	 10:23	 196	 30	 0,08	

LC08_L1TP_195030_20170413_20170501_01_T1	 13/4/17	 10:17	 195	 30	 1,81	

LC08_L1TP_196030_20170404_20170414_01_T1	 4/4/17	 10:23	 196	 30	 0,41	

LC08_L1TP_195030_20170328_20170414_01_T1	 28/3/17	 10:17	 195	 30	 0,76	

23	
LC08_L1TP_192032_20181223_20190129_01_T1	 23/12/18	 9:59	 192	 32	 6.47	

LC08_L1TP_192032_20181121_20181129_01_T2	 21/11/18	 9:59	 192	 32	 29.83	



	

	 	

	LC08_L1TP_192032_20180817_20180829_01_T1	 17/8/18	 9:59	 192	 32	 2.46	

LC08_L1TP_192032_20180630_20180716_01_T1	 30/6/18	 9:59	 192	 32	 0.7	

LC08_L1TP_192032_20180105_20180118_01_T1	 5/1/18	 9:59	 192	 32	 14.46	

LC08_L1TP_192032_20171017_20171024_01_T1	 17/10/17	 9:59	 192	 32	 0.79	

LC08_L1TP_192032_20170830_20170914_01_T1	 30/8/17	 9:59	 192	 32	 0.01	

LC08_L1TP_192032_20170729_20170811_01_T1	 29/7/17	 9:59	 192	 32	 0.40	

LC08_L1TP_192032_20170627_20170714_01_T1	 27/6/17	 9:59	 192	 32	 0.03	

LC08_L1TP_192032_20170408_20180523_01_T1	 8/4/17	 9:59	 192	 32	 0	

LC08_L1TP_192032_20170219_20180527_01_T1	 19/2/17	 9:59	 192	 32	 6.49	

24	

LC08_L1TP_188032_20181227_20190129_01_T1	 27/12/18	 9.34	 188	 32	 0.59	

LC08_L1TP_188032_20181109_20181116_01_T1	 9/11/18	 9.34	 188	 32	 1.02	

LC08_L1TP_188032_20180906_20180912_01_T1	 6/9/18	 9.34	 188	 32	 0	

LC08_L1TP_188032_20180805_20180814_01_T1	 5/8/18	 9.34	 188	 32	 8.21	

LC08_L1TP_188032_20180125_20180206_01_T1	 25/1/18	 9.34	 188	 32	 1.10	

LC08_L1TP_188032_20171224_20180103_01_T1	 24/12/17	 9.34	 188	 32	 0.86	

LC08_L1TP_188032_20170818_20170826_01_T1	 8/8/17	 9.34	 188	 32	 0.17	

• LC08_L1TP_188032_20170412_20180527_01_T1	 12/4/17	 9.34	 188	 32	 5.32	

LC08_L1TP_188032_20170223_20170301_01_T1	 23/2/17	 9.34	 188	 32	 29.05	

25,26,
27,28	

LC08_L1TP_189034_20180929_20181009_01_T1	 29/9/18	 9:41	 189	 34	 1.50	

LC08_L1TP_189034_20180812_20180815_01_T1	 12/8/18	 9:41	 189	 34	 6.32	

LC08_L1TP_189034_20180727_20180731_01_T1	 27/7/18	 9:41	 189	 34	 4.69	

LC08_L1TP_189034_20180609_20180615_01_T1	 9/6/18	 9:41	 189	 34	 5.33	

LC08_L1TP_189034_20180524_20180605_01_T1	 24/5/18	 9:41	 189	 34	 3.62	

LC08_L1TP_189034_20180406_20180417_01_T1	 6/4/18	 9:41	 189	 34	 0.54	

LC08_L1TP_189034_20171215_20171224_01_T1	 15/12/17	 9:41	 189	 34	 2.97	

LC08_L1TP_189034_20171012_20171024_01_T1	 12/10/17	 9:41	 189	 34	 5.61	

LC08_L1TP_189034_20170825_20180527_01_T1	 25/8/17	 9:41	 189	 34	 0	

LC08_L1TP_189034_20170622_20170630_01_T1	 22/6/17	 9:41	 189	 34	 3.21	

LC08_L1TP_189034_20170318_20170328_01_T1	 18/3/17	 9:41	 189	 34	 0	

12,13,
14,15	

LC08_L1TP_197032_20181023_20181031_01_T1	 23/10/18	 10:30	 197	 32	 2,22	

LC08_L1TP_196033_20180930_20181010_01_T1	 30/9/18	 10:24	 196	 33	 1,46	

LC08_L1TP_197032_20180921_20180928_01_T1	 21/9/18	 10:30	 197	 32	 1,16	

LC08_L1TP_196033_20180829_20180911_01_T1	 29/8/18	 10:24	 196	 33	 5,45	

LC08_L1TP_197032_20180820_20180829_01_T1	 20/8/18	 10:30	 197	 32	 0,33	



	

	
	

LC08_L1TP_197032_20180804_20180814_01_T1	 4/8/18	 10:30	 197	 32	 9,79	

LC08_L1TP_196033_20180728_20180731_01_T1	 28/7/18	 10:24	 196	 33	 7,18	

LC08_L1TP_197032_20180719_20180731_01_T1	 19/7/18	 10:30	 197	 32	 0,91	

LC08_L1TP_196033_20180712_20180717_01_T1	 12/7/18	 10:24	 196	 33	 1,99	

LC08_L1TP_197032_20180703_20180717_01_T1	 3/7/18	 10:30	 197	 32	 5,07	

LC08_L1TP_197032_20180617_20180703_01_T1	 17/6/18	 10:30	 197	 32	 15,65	

LC08_L1TP_197032_20180601_20180614_01_T1	 1/6/18	 10:30	 197	 32	 4,68	

LC08_L1TP_197032_20180516_20180604_01_T1	 16/5/18	 10:30	 197	 32	 15,06	

LC08_L1TP_197032_20180124_20180206_01_T1	 24/1/18	 10:30	 197	 32	 1,48	

LC08_L1TP_196033_20180117_20180205_01_T1	 17/1/18	 10:24	 196	 33	 0,82	

LC08_L1TP_196033_20180101_20180104_01_T1	 1/1/18	 10:24	 196	 33	 4,8	

LC08_L1TP_197032_20171121_20171206_01_T1	 21/11/17	 10:24	 196	 33	 3,73	

LC08_L1TP_196033_20171029_20171109_01_T1	 29/10/17	 10:30	 197	 32	 11,37	

LC08_L1TP_197032_20171020_20171106_01_T1	 20/10/17	 10:24	 196	 33	 17,55	

LC08_L1TP_196033_20171013_20171024_01_T1	 13/10/17	 10:30	 197	 32	 3,32	

LC08_L1TP_197032_20171004_20171014_01_T1	 4/10/17	 10:24	 196	 33	 9,81	

LC08_L1TP_196033_20170927_20171013_01_T1	 27/9/17	 10:30	 197	 32	 2,71	

LC08_L1TP_196033_20170911_20170927_01_T1	 11/9/17	 10:30	 197	 32	 0,88	

LC08_L1TP_197032_20170817_20170826_01_T1	 17/8/17	 10:24	 196	 33	 0,05	

LC08_L1TP_197032_20170716_20170727_01_T1	 16/7/17	 10:24	 196	 33	 9,07	

29,30,
31,32,
33	

LC08_L1TP_190029_20181022_20181031_01_T1	 22/10/18	 9:46	 190	 29	 26,52	

LC08_L1TP_190029_20180819_20180829_01_T1	 19/8/18	 9:46	 190	 29	 2,98	

LC08_L1TP_190029_20180718_20180731_01_T1	 18/7/18	 9:46	 190	 29	 7,78	

LC08_L1TP_190029_20180531_20180614_01_T1	 31/5/18	 9:46	 190	 29	 13,72	

LC08_L1TP_190029_20180429_20180502_01_T1	 29/4/18	 9:46	 190	 29	 3,21	

LC08_L1TP_190029_20180328_20180405_01_T1	 28/3/18	 9:46	 190	 29	 11,75	

LC08_L1TP_190029_20180123_20180206_01_T1	 23/1/18	 9:46	 190	 29	 9,98	

LC08_L1TP_190029_20171222_20180103_01_T1	 22/12/17	 9:46	 190	 29	 3,06	

LC08_L1TP_190029_20171120_20171206_01_T1	 20/11/17	 9:46	 190	 29	 4,23	

LC08_L1TP_190029_20171104_20171109_01_T1	 4/11/17	 9:46	 190	 29	 22,97	

LC08_L1TP_190029_20171019_20171025_01_T1	 19/10/17	 9:46	 190	 29	 7,73	

LC08_L1TP_190029_20170816_20170825_01_T1	 16/8/17	 9:46	 190	 29	 1,8	

LC08_L1TP_190029_20170731_20170811_01_T1	 31/7/17	 9:46	 190	 29	 0,44	

LC08_L1TP_190029_20170613_20170628_01_T1	 13/6/17	 9:46	 190	 29	 2,71	



	

	 	

LC08_L1TP_190029_20170528_20170615_01_T1	 28/5/17	 9:46	 190	 29	 4,29	

LC08_L1TP_190029_20170410_20170414_01_T1	 10/4/17	 9:46	 190	 29	 0,19	

LC08_L1TP_190029_20170325_20180523_01_T1	 25/3/17	 9:46	 190	 29	 7,35	

LC08_L1TP_190029_20170309_20170317_01_T1	 9/3/17	 9:46	 190	 29	 2,3	

LC08_L1TP_190029_20170120_20170311_01_T1	 20/1/17	 9:46	 190	 29	 31,89	

35,36	

LC08_L1TP_187030_20180830_20180911_01_T1	 30/8/18	 9:27	 187	 30	 4,33	

LC08_L1TP_187031_20180830_20180911_01_T1	 30/8/18	 9:28	 187	 31	 1,69	

LC08_L1TP_187030_20180713_20180717_01_T1	 13/7/18	 9:27	 187	 30	 25,21	

LC08_L1TP_187030_20180526_20180605_01_T1	 26/5/18	 9:27	 187	 30	 15,92	

LC08_L1TP_187031_20180526_20180605_01_T1	 26/5/18	 9:28	 187	 31	 0,28	

LC08_L1TP_187030_20180424_20180502_01_T1	 24/4/18	 9:27	 187	 30	 18,56	

LC08_L1TP_187031_20180424_20180502_01_T1	 24/4/18	 9:28	 187	 31	 3,07	

LC08_L1TP_187030_20180408_20180417_01_T1	 8/4/18	 9:27	 187	 30	 4,37	

LC08_L1TP_187031_20180408_20180417_01_T1	 8/4/18	 9:28	 187	 31	 0,27	

LC08_L1TP_187030_20180118_20180206_01_T1	 18/1/18	 9:27	 187	 30	 10,37	

LC08_L1TP_187031_20180118_20180206_01_T1	 18/1/18	 9:28	 187	 31	 1,43	

LC08_L1TP_187030_20170827_20170914_01_T1	 27/8/17	 9:27	 187	 30	 3,6	

LC08_L1TP_187031_20170827_20170914_01_T1	 27/8/17	 9:28	 187	 31	 6,85	

LC08_L1TP_187030_20170811_20170824_01_T1	 11/8/17	 9:27	 187	 30	 0,16	

LC08_L1TP_187031_20170811_20170824_01_T1	 11/8/17	 9:28	 187	 31	 2,63	

LC08_L1TP_187030_20170710_20170725_01_T1	 10/7/17	 9:27	 187	 30	 0,17	

LC08_L1TP_187031_20170710_20170725_01_T1	 10/7/17	 9:28	 187	 31	 0,36	

LC08_L1TP_187030_20170608_20170616_01_T1	 8/6/17	 9:27	 187	 30	 36,01	

LC08_L1TP_187031_20170608_20170616_01_T1	 8/6/17	 9:28	 187	 31	 0,52	

LC08_L1TP_187030_20170523_20170526_01_T1	 23/5/17	 9:27	 187	 30	 30,46	

LC08_L1TP_187031_20170523_20170526_01_T1	 23/5/17	 9:28	 187	 31	 7,41	

LC08_L1TP_187030_20170304_20170316_01_T1	 4/3/17	 9:27	 187	 30	 8,83	

LC08_L1TP_187031_20170304_20170316_01_T1	 4/3/17	 9:28	 187	 31	 0,75	

LC08_L1TP_187030_20170216_20170228_01_T1	 16/2/17	 9:27	 187	 30	 0,98	

LC08_L1TP_187031_20170216_20170228_01_T1	 16/2/17	 9:28	 187	 31	 2,02	

34	

LC08_L1TP_188030_20181227_20190129_01_T1	 27/12/18	 9:34	 188	 30	 11,5	

LC08_L1TP_188030_20181109_20181116_01_T1	 9/11/18	 9:34	 188	 30	 4,66	

LC08_L1TP_188030_20181008_20181029_01_T1	 8/10/18	 9:34	 188	 30	 4,66	

LC08_L1TP_188030_20180922_20180928_01_T1	 22/9/18	 9:34	 188	 30	 7	



	

	
	

LC08_L1TP_188030_20180906_20180912_01_T1	 6/9/18	 9:34	 188	 30	 6,9	

LC08_L1TP_188030_20180821_20180829_01_T1	 21/8/18	 9:34	 188	 30	 2,81	

LC08_L1TP_188030_20180720_20180731_01_T1	 20/7/18	 9:34	 188	 30	 0,57	

LC08_L1TP_188030_20180704_20180717_01_T1	 4/7/18	 9:34	 188	 30	 20,2	

LC08_L1TP_188030_20180602_20180615_01_T1	 2/6/18	 9:34	 188	 30	 1,84	

LC08_L1TP_188030_20180125_20180206_01_T1	 25/1/18	 9:34	 188	 30	 2,3	

LC08_L1TP_188030_20171224_20180103_01_T1	 24/12/17	 9:34	 188	 30	 5,63	

LC08_L1TP_188030_20171021_20171106_01_T1	 21/10/17	 9:34	 188	 30	 5,95	

LC08_L1TP_188030_20171005_20171014_01_T1	 5/10/17	 9:34	 188	 30	 18,17	

LC08_L1TP_188030_20170818_20170826_01_T1	 18/8/17	 9:34	 188	 30	 0,45	

LC08_L1TP_188030_20170802_20170812_01_T1	 2/8/17	 9:34	 188	 30	 0,03	

LC08_L1TP_188030_20170717_20170727_01_T1	 17/7/17	 9:34	 188	 30	 8,62	

LC08_L1TP_188030_20170530_20180527_01_T1	 30/5/17	 9:34	 188	 30	 1,94	

LC08_L1TP_188030_20170514_20180527_01_T1	 14/5/17	 9:34	 188	 30	 9,81	

LC08_L1TP_188030_20170412_20180527_01_T1	 12/4/17	 9:34	 188	 30	 0,71	

LC08_L1TP_188030_20170327_20170414_01_T1	 27/3/17	 9:34	 188	 30	 17,8	

LC08_L1TP_188030_20170311_20170317_01_T1	 11/3/17	 9:34	 188	 30	 30,07	

LC08_L1TP_188030_20170122_20170311_01_T1	 22/1/17	 9:34	 188	 30	 6,15	

37	

LC08_L1TP_185033_20180917_20180928_01_T1	 17/9/18	 9:16	 185	 33	 1,29	

LC08_L1TP_185033_20180901_20180912_01_T1	 1/9/18	 9:16	 185	 33	 1,56	

LC08_L1TP_185033_20180731_20180814_01_T1	 31/7/18	 9:16	 185	 33	 4,6	

LC08_L1TP_185033_20180715_20180730_01_T1	 15/7/18	 9:16	 185	 33	 0,65	

LC08_L1TP_185033_20180613_20180615_01_T1	 13/6/18	 9:16	 185	 33	 3,6	

LC08_L1TP_185033_20180528_20180605_01_T1	 28/5/18	 9:16	 185	 33	 13,16	

LC08_L1TP_185033_20180512_20180517_01_T1	 12/5/18	 9:16	 185	 33	 5,64	

LC08_L1TP_185033_20180426_20180502_01_T1	 26/4/18	 9:16	 185	 33	 14,84	

LC08_L1TP_185033_20180205_20180220_01_T1	 5/2/18	 9:16	 185	 33	 1,16	

LC08_L1TP_185033_20171016_20171024_01_T1	 16/10/17	 9:16	 185	 33	 0,05	

LC08_L1TP_185033_20170914_20170928_01_T1	 14/9/17	 9:16	 185	 33	 0,06	

LC08_L1TP_185033_20170728_20170810_01_T1	 28/7/17	 9:16	 185	 33	 3,29	

LC08_L1TP_185033_20170712_20170726_01_T1	 12/7/17	 9:16	 185	 33	 1,14	

LC08_L1TP_185033_20170626_20180527_01_T1	 26/6/17	 9:16	 185	 33	 1,54	

LC08_L1TP_185033_20170610_20180527_01_T1	 10/6/17	 9:16	 185	 33	 7,04	

LC08_L1TP_185033_20170423_20170502_01_T1	 23/4/17	 9:16	 185	 33	 4,12	



	

	 	

LC08_L1TP_185033_20170101_20170312_01_T1	 1/1/17	 9:16	 185	 33	 1,94	

38,39,
40	

LC08_L1TP_183034_20181224_20190129_01_T1	 24/12/18	 9:04	 183	 34	 1,82	

LC08_L1TP_183034_20181208_20181211_01_T1	 8/12/18	 9:04	 183	 34	 1,52	

LC08_L1TP_183034_20181106_20181115_01_T1	 6/11/18	 9:04	 183	 34	 6,35	

LC08_L1TP_183034_20180919_20180928_01_T1	 19/9/18	 9:04	 183	 34	 2	

LC08_L1TP_183034_20180919_20180928_01_T1	 3/9/18	 9:04	 183	 34	 0,02	

LC08_L1TP_183034_20180818_20180829_01_T1	 18/8/18	 9:04	 183	 34	 1,9	

LC08_L1TP_183034_20180802_20180814_01_T1	 2/8/18	 9:0	 183	 34	 10,41	

LC08_L1TP_183034_20180717_20180730_01_T1	 17/7/18	 9:04	 183	 34	 0,16	

LC08_L1TP_183034_20180530_20180614_01_T1	 30/5/18	 9:04	 183	 34	 6,55	

LC08_L1TP_183034_20180514_20180517_01_T1	 14/5/18	 9:04	 183	 34	 1,27	

LC08_L1TP_183034_20180428_20180502_01_T1	 28/4/18	 9:04	 183	 34	 0,09	

LC08_L1TP_183034_20180106_20180119_01_T1	 6/1/18	 9:04	 183	 34	 1,63	

LC08_L1TP_183034_20171205_20171222_01_T1	 5/12/17	 9:04	 183	 34	 5,74	

LC08_L1TP_183034_20170916_20170929_01_T1	 16/9/17	 9:04	 183	 34	 0,02	

LC08_L1TP_183034_20170831_20170915_01_T1	 31/8/17	 9:04	 183	 34	 2,68	

LC08_L1TP_183034_20170815_20170825_01_T1	 15/8/17	 9:04	 183	 34	 5,23	

LC08_L1TP_183034_20170730_20170811_01_T1	 30/7/17	 9:04	 183	 34	 0,04	

LC08_L1TP_183034_20170714_20170726_01_T1	 14/7/17	 9:04	 183	 34	 1,9	

LC08_L1TP_183034_20170628_20170714_01_T1	 28/6/17	 9:04	 183	 34	 2,94	

LC08_L1TP_183034_20170511_20170516_01_T1	 11/5/17	 9:04	 183	 34	 1,24	

LC08_L1TP_183034_20170425_20170502_01_T1	 25/4/17	 9:04	 183	 34	 2,5	

LC08_L1TP_183034_20170324_20180527_01_T1	 24/3/17	 9:04	 183	 34	 0,21	

LC08_L1TP_183034_20170103_20170312_01_T1	 3/1/17	 9:04	 183	 34	 1,83	

41,42	

LC08_L1TP_181036_20181124_20181210_01_T1	 8/11/18	 8:53	 181	 36	 17,46	

LC08_L1TP_181036_20181007_20181029_01_T1	 7/10/18	 8:53	 181	 36	 5,15	

LC08_L1TP_181036_20180921_20180928_01_T1	 21/9/18	 8:53	 181	 36	 3,12	

LC08_L1TP_181036_20180905_20180912_01_T1	 5/9/18	 8:53	 181	 36	 0,03	

LC08_L1TP_181036_20180820_20180829_01_T1	 20/8/18	 8:53	 181	 36	 1,24	

LC08_L1TP_181036_20180719_20180731_01_T1	 19/7/18	 8:53	 181	 36	 0,15	

LC08_L1TP_181036_20180703_20180717_01_T1	 3/7/18	 8:53	 181	 36	 0,7	

LC08_L1TP_181036_20180601_20180614_01_T1	 1/6/18	 8:53	 181	 36	 0,05	

LC08_L1TP_181036_20180516_20180604_01_T1	 16/5/18	 8:53	 181	 36	 5,94	

LC08_L1TP_181036_20180430_20180502_01_T1	 30/4/18	 8:53	 181	 36	 6,22	



	

	
	

LC08_L1TP_181036_20180414_20180501_01_T1	 14/4/18	 8:53	 181	 36	 15,35	

LC08_L1TP_181036_20180225_20180308_01_T	 25/2/18	 8:53	 181	 36	 42,38	

LC08_L1TP_181036_20180108_20180119_01_T1	 8/1/18	 8:53	 181	 36	 2,55	

LC08_L1TP_181036_20171020_20171106_01_T1	 20/10/17	 8:53	 181	 36	 5,75	

LC08_L1TP_181036_20171004_20171014_01_T1	 4/10/17	 8:53	 181	 36	 1,28	

LC08_L1TP_181036_20170918_20180527_01_T1	 18/9/17	 8:53	 181	 36	 0	

LC08_L1TP_181036_20170902_20170916_01_T1	 2/9/17	 8:53	 181	 36	 0	

LC08_L1TP_181036_20170801_20170811_01_T1	 1/8/17	 8:53	 181	 36	 0,78	

LC08_L1TP_181036_20170716_20170727_01_T1	 16/7/17	 8:53	 181	 36	 2,43	

43,44,
45	

LC08_L1TP_180034_20181101_20181115_01_T1	 1/11/18	 8:46	 180	 34	 0.07	

LC08_L1TP_180034_20181016_20181030_01_T1	 16/10/18	 8:46	 180	 34	 0	

LC08_L1TP_180034_20180914_20180928_01_T1	 14/9/18	 8:46	 180	 34	 5.57	

LC08_L1TP_180034_20180813_20180828_01_T1	 13/8/18	 8:46	 180	 34	 3.31	

LC08_L1TP_180034_20180728_20180731_01_T1	 28/7/18	 8:46	 180	 34	 2.09	

LC08_L1TP_180034_20180712_20180717_01_T1	 12/7/18	 8:46	 180	 34	 0.31	

LC08_L1TP_180034_20180610_20180615_01_T1	 10/6/18	 8:46	 180	 34	 1.52	

LC08_L1TP_180034_20180509_20180517_01_T1	 9/5/18	 8:46	 180	 34	 11.93	

LC08_L1TP_180034_20180423_20180502_01_T1	 23/4/18	 8:46	 180	 34	 5	

LC08_L1TP_180034_20180218_20180307_01_T1	 18/2/18	 8:46	 180	 34	 0.65	

LC08_L1TP_180034_20180101_20180104_01_T1	 1/1/18	 8:46	 180	 34	 1.19	

LC08_L1TP_180034_20171013_20171024_01_T1	 13/10/17	 8:46	 180	 34	 0.04	

LC08_L1TP_180034_20170927_20171013_01_T1	 27/9/17	 8:46	 180	 34	 2.01	

LC08_L1TP_180034_20170826_20170913_01_T1	 26/8/17	 8:46	 180	 34	 0.02	

LC08_L1TP_180034_20170709_20170717_01_T1	 9/7/17	 8:46	 180	 34	 0.05	

LC08_L1TP_180034_20170506_20170515_01_T1	 6/5/17	 8:46	 180	 34	 10.42	

LC08_L1TP_180034_20170303_20170316_01_T1	 3/3/17	 8:46	 180	 34	 9.52	

LC08_L1TP_180034_20170215_20170228_01_T1	 15/2/17	 8:46	 180	 34	 25.38	

46,47,
48	

LC08_L1TP_178034_20181221_20181227_01_T1	 21/12/18	 8:33	 178	 34	 17.22	

LC08_L1TP_178034_20181103_20181115_01_T1	 3/11/18	 8:33	 178	 34	 0.07	

LC08_L1TP_178034_20180916_20180928_01_T1	 16/9/18	 8:33	 178	 34	 0.07	

LC08_L1TP_178034_20180815_20180828_01_T1	 15/8/18	 8:33	 178	 34	 0.04	

LC08_L1TP_178034_20180119_20180206_01_T1	 19/1/18	 8:33	 178	 34	 8.56	

LC08_L1TP_178034_20171031_20171109_01_T1	 31/10/17	 8:33	 178	 34	 4.76	

LC08_L1TP_178034_20170929_20171013_01_T1	 29/9/17	 8:33	 178	 34	 15.51	



LC08_L1TP_178034_20170828_20170914_01_T1	 28/8/17	 8:33	 178	 34	 0.15	

LC08_L1TP_178034_20170321_20170328_01_T1	 21/3/17	 8:33	 178	 34	 21.56	

LC08_L1TP_178034_20170217_20170228_01_T1	 17/2/17	 8:33	 178	 34	 1.69	

49	

LC08_L1TP_176036_20181105_20181115_01_T1	 5/11/18	 8:22	 176	 36	 27.70	

LC08_L1TP_176036_20181004_20181010_01_T1	 4/10/18	 8:22	 176	 36	 3.48	

LC08_L1TP_176036_20180918_20180928_01_T1	 18/9/18	 8:22	 176	 36	 0.17	

LC08_L1TP_176036_20180326_20180404_01_T1	 26/3/18	 8:22	 176	 36	 1.03	

LC08_L1TP_176036_20180206_20180221_01_T1	 6/2/18	 8:22	 176	 36	 3.11	

LC08_L1TP_176036_20171017_20171024_01_T1	 17/10/17	 8:22	 176	 36	 0.60	

LC08_L1TP_176036_20170915_20180526_01_T1	 15/9/17	 8:22	 176	 36	 5.60	

LC08_L1TP_176036_20170830_20170914_01_T1	 30/8/17	 8:22	 176	 36	 1.20	

LC08_L1TP_176036_20170729_20170811_01_T1	 29/7/17	 8:22	 176	 36	 2.78	

LC08_L1TP_176036_20170510_20170516_01_T1	 10/5/17	 8:22	 176	 36	 0.02	

LC08_L1TP_176036_20170424_20170502_01_T1	 24/4/17	 8:22	 176	 36	 0.18	

LC08_L1TP_176036_20170307_20170317_01_T1	 7/3/16	 8:22	 176	 36	 0.49	

LC08_L1TP_176036_20170118_20170311_01_T1	 18/1/17	 8:22	 176	 36	 0.75	

50	

LC08_L1TP_176035_20181004_20181010_01_T1	 4/10/18	 8:21	 176	 35	 0.18	

LC08_L1TP_176035_20180918_20180928_01_T1	 18/9/18	 8:21	 176	 35	 1.71	

LC08_L1TP_176035_20180817_20180829_01_T1	 17/8/18	 8:21	 176	 35	 5.32	

LC08_L1TP_176035_20180716_20180730_01_T1	 16/7/18	 8:21	 176	 35	 2.62	

LC08_L1TP_176035_20180630_20180716_01_T1	 30/6/18	 8:21	 176	 35	 6.85	

LC08_L1TP_176035_20180326_20180404_01_T1	 26/3/18	 8:21	 176	 35	 2.19	

LC08_L1TP_176035_20180206_20180221_01_T1	 6/2/18	 8:21	 176	 35	 1.04	

LC08_L1TP_176035_20171017_20171024_01_T1	 17/10/17	 8:21	 176	 35	 0.25	

LC08_L1TP_176035_20170729_20170811_01_T1	 29/7/17	 8:21	 176	 35	 0.77	

LC08_L1TP_176035_20170526_20170616_01_T1	 26/5/17	 8:21	 176	 35	 3.31	

LC08_L1TP_176035_20170424_20170502_01_T1	 24/4/17	 8:21	 176	 35	 0.78	

LC08_L1TP_176035_20170323_20170329_01_T1	 23/3/17	 8:21	 176	 35	 4.96	

LC08_L1TP_176035_20170118_20170311_01_T1	 18/1/17	 8:21	 176	 35	 0.87	

51,52	

LC08_L1TP_174036_20181107_20181116_01_T1	 7/11/18	 8:09	 174	 36	 17.03	

LC08_L1TP_174036_20180702_20180716_01_T1	 7/11/18	 8:09	 174	 36	 2.37	

LC08_L1TP_174036_20180515_20180604_01_T1	 7/11/18	 8:09	 174	 36	 2.53	

LC08_L1TP_174036_20180413_20180417_01_T1	 7/11/18	 8:09	 174	 36	 1.49	

LC08_L1TP_174036_20180224_20180308_01_T1	 7/11/18	 8:09	 174	 36	 12.59	



	

	
	

LC08_L1TP_174036_20180107_20180119_01_T1	 7/11/18	 8:09	 174	 36	 1.57	

	LC08_L1TP_174036_20171019_20171025_01_T1	 7/11/18	 8:09	 174	 36	 0.02	

LC08_L1TP_174036_20171003_20171014_01_T1	 7/11/18	 8:09	 174	 36	 1.94	

LC08_L1TP_174036_20170901_20170915_01_T1	 7/11/18	 8:09	 174	 36	 5.97	

LC08_L1TP_174036_20170731_20170811_01_T1	 7/11/18	 8:09	 174	 36	 1.46	

LC08_L1TP_174036_20170528_20170615_01_T1	 7/11/18	 8:09	 174	 36	 1.25	

LC08_L1TP_174036_20170512_20170525_01_T1	 7/11/18	 8:09	 174	 36	 1.07	

LC08_L1TP_174036_20170325_20170329_01_T1	 7/11/18	 8:09	 174	 36	 1.50	

LC08_L1TP_174036_20170221_20170301_01_T1	 7/11/18	 8:09	 174	 36	 1.85	

53	

	LC08_L1TP_174037_20181225_20190129_01_T1	 25/12/18	 8:10	 174	 37	 29.85	

LC08_L1TP_174037_20181107_20181116_01_T1	 7/11/18	 8:10	 174	 37	 16.73	

LC08_L1TP_174037_20180920_20180928_01_T1	 20/9/18	 8:10	 174	 37	 1.10	

LC08_L1TP_174037_20180904_20180912_01_T1	 4/9/18	 8:10	 174	 37	 0.88	

LC08_L1TP_174037_20180702_20180716_01_T1	 2/7/18	 8:10	 174	 37	 0.91	

LC08_L1TP_174037_20180616_20180703_01_T1	 16/6/18	 8:10	 174	 37	 0.02	

LC08_L1TP_174037_20180413_20180417_01_T1	 13/4/18	 8:10	 174	 37	 0.23	

LC08_L1TP_174037_20180224_20180308_01_T1	 24/2/18	 8:10	 174	 37	 7.47	

LC08_L1TP_174037_20180107_20180119_01_T1	 7/1/18	 8:10	 174	 37	 2.47	

LC08_L1TP_174037_20171019_20171025_01_T1	 19/10/17	 8:10	 174	 37	 0.06	

LC08_L1TP_174037_20170731_20170811_01_T1	 31/7/17	 8:10	 174	 37	 0.84	

LC08_L1TP_174037_20170715_20170727_01_T1	 15/7/17	 8:10	 174	 37	 0.29	

LC08_L1TP_174037_20170528_20170615_01_T1	 28/5/17	 8:10	 174	 37	 0.51	

LC08_L1TP_174037_20170512_20170525_01_T1	 12/5/17	 8:10	 174	 37	 0.25	

LC08_L1TP_174037_20170325_20170329_01_T1	 25/3/17	 8:10	 174	 37	 2.85	

LC08_L1TP_174037_20170221_20170301_01_T1	 21/2/17	 8:10	 174	 37	 1.31	

LC08_L1TP_174037_20170205_20170216_01_T1	 5/2/17	 8:10	 174	 37	 1.80	

LC08_L1TP_174037_20170120_20170311_01_T1	 20/1/17	 8:10	 174	 37	 13.20	

54	

LC08_L1TP_184038_20181012_20181030_01_T1	 12/10/18	 9:12	 184	 38	 17,32	

LC08_L1TP_184038_20180910_20180913_01_T1	 10/9/18	 9:12	 184	 38	 7,37	

LC08_L1TP_184038_20180809_20180815_01_T1	 9/8/18	 9:12	 184	 38	 0	

LC08_L1TP_184038_20180708_20180717_01_T1	 8/7/18	 9:12	 184	 38	 0,17	

LC08_L1TP_184038_20180622_20180703_01_T1	 11/6/18	 9:12	 184	 38	 12,24	

LC08_L1TP_184038_20180606_20180615_01_T1	 6/6/18	 9:12	 184	 38	 0,01	

LC08_L1TP_184038_20180505_20180517_01_T1	 5/5/18	 9:12	 184	 38	 8,93	



	

	 	

LC08_L1TP_184038_20180419_20180501_01_T1	 19/4/18	 9:12	 184	 38	 18,29	

LC08_L1TP_184038_20180403_20180417_01_T1	 3/4/18	 9:12	 184	 38	 0,12	

LC08_L1TP_184038_20180318_20180403_01_T1	 18/3/18	 9:12	 184	 38	 5,08	

LC08_L1TP_184038_20180214_20180222_01_T1	 14/2/18	 9:12	 184	 38	 5,47	

LC08_L1TP_184038_20171212_20171223_01_T1	 12/12/17	 9:12	 184	 38	 9,72	

LC08_L1TP_184038_20171126_20171206_01_T1	 26/11/17	 9:12	 184	 38	 0,36	

LC08_L1TP_184038_20171110_20171121_01_T1	 10/11/17	 9:12	 184	 38	 1,55	

LC08_L1TP_184038_20170923_20171013_01_T1	 23/9/17	 9:12	 184	 38	 0,35	

LC08_L1TP_184038_20170907_20170926_01_T1	 7/9/17	 9:12	 184	 38	 0,41	

LC08_L1TP_184038_20170822_20170911_01_T1	 22/8/17	 9:12	 184	 38	 9,4	

LC08_L1TP_184038_20170806_20170813_01_T1	 6/8/17	 9:12	 184	 38	 0,19	

LC08_L1TP_184038_20170721_20170728_01_T1	 21/7/17	 9:12	 184	 38	 1,74	

LC08_L1TP_184038_20170705_20170716_01_T1	 5/7/17	 9:12	 184	 38	 8,46	

LC08_L1TP_184038_20170619_20170629_01_T1	 19/6/17	 9:12	 184	 38	 16,92	

LC08_L1TP_184038_20170518_20170525_01_T1	 18/5/17	 9:12	 184	 38	 13,58	

LC08_L1TP_184038_20170416_20170501_01_T1	 16/4/17	 9:12	 184	 38	 0,01	

LC08_L1TP_184038_20170315_20170328_01_T1	 15/3/17	 9:12	 184	 38	 0,85	



	

	
	

Figure	 1,	 Appendix	 A:	 Percentage	 of	 successful	 and	 unsuccessful	 SGD	
identifications	 for	 all	 SGD	 springs	 that	 were	 identified	 at	 least	 once	
throughout	2017	and	2018.	

	

	
	

	

	 	



	

	 	

Figure	2,	Appendix	A:	Percentage	of	SGD	springs	visualizations.	

	 	

	 	

	

	

	 	



Figure	3,	Appendix	A:	Thermal	anomalies	from	streams	and	anthropogenic	
sources.	A)Vandellós	II	nuclear	power	plant	in	Spain,	B)Benicarló	port	in	the	
north	and	Peñíscola	port	in	the	south,	both	in	Spain,	C)Small	river	in	Croatia.	
©	Google	Earth	2021.	



	

	 	

Figure	4,	Appendix	A:	Conceptual	framework	of	technical	limitation	factors	
that	 can	 limit	 the	 identification	 of	 SGD	 springs	 by	 using	 Landsat	 8	 TIRS	
images.	 

	
	 	



	

	
	

Appendix	B.	Supplementary	information	of	Chapter	3	
	

Figure	1,	Appendix	B:	Temporal	evolution	of	the	ecologically	impacted	area	
by	SGD	in	Aimakapä	fishpond	in	Hawai.	

	
	 	



	

	 	

Figure	2,	Appendix	B:	Temporal	evolution	of	the	ecologically	impacted	area	
by	SGD	in	Bangdu	Bay	in	Jeju	Island.	

	
	 	



	

	
	

Figure	3,	Appendix	B:	Temporal	evolution	of	the	ecologically	impacted	area	
by	SGD	in	La	Paz	Bay	in	México.	

	
	 	



	

	 	

Figure	4,	Appendix	B:	Temporal	evolution	of	the	ecologically	impacted	area	
by	SGD	in	Serra	d’Irta	in	the	east	of	the	Iberian	Peninsula.	

	
	 	



	

	
	

Appendix	C.	Supplementary	information	of	Chapter	4	
	

Figure	 1,	 Appendix	 C:	 Evolution	 of	 Electrical	 conductivity	 (EC)	 versus	
cumulative	time	in	infiltration	water	(Inf)	and	observation	points	(O,	A2,	and	
B2)	 of	 the	 sand	 and	 compost	 systems.	 The	 horizontal	 straight	 color	 bars	
represent	the	monitoring	intervals	of	each	sampling	point.	

	
	 	



Table	 1,	 Appendix	 C:	 Concentration	 of	 bacterial	 density	 and	 EPS	 in	 the	
biotraps	at	different	monitoring	points.	

Bacterial	density	(cel	x	107/cm3)	 EPS	(µg	glucose-EPS/cm3)	

SAND	
TREATMENT	

COMPOST	
TREATMEN

T	

SAND	
TREATMENT	

COMPOST	
TREATMEN

T	

O	

Initial		
(0	d)	 10.54	 15.26	 44.75	 29.07	

Injection	(6	
d)	 11.13	 14.39	 10.03	 12.11	

After	
injection	
(61	d)	

17.33	 7.57	 41.99	 30.65	

A2	

Initial	
(0	d)	 11.29	 13.16	 32.79	 29.98	

Injection	
(8	d)	 13.59	 15.35	 34.88	 3.52	

After	
injection	
(61	d)	

7.05	 6.76	 20.56	 11.62	

B2	

Initial	
(0	d)	 8.13	 12.05	 19.35	 21.99	

Injection	
(28	d)	 6.73	 6.63	 11.40	 14.03	

After	
injection	
(61	d)	

18.94	 5.79	 19.82	 9.98	



	

	
	

Validation	performance	of	the	method	in	biofilm,	Appendix	C	

In	order	to	validate	the	method	for	the	biofilm,	method	limits	of	detection	(MLODs)	and	
method	 limits	 of	 quantification	 (MLOQs)	 were	 determined	 as	 the	 lowest	 compound	
concentration	that	yielded	a	signal-to-noise	(S/N)	ratio	of	3	and	10,	respectively.	Analytical	
calibration	curves	were	constructed	according	 to	 the	 individual	 response	 range	 of	 each	
analyte.	Accuracy	was	evaluated	by	the	recovery	rates	of	each	standard	spiked	in	the	blank	
biofilm,	determined	in	four	replicate	spiked	extracts	at	two	concentration	levels;	5,	and	100	
ng/mL	 in	 standard	 solutions,	 and	measured	 3	 times	 (n=9).	 Precision	was	 expressed	 as	
percentage	 of	 relative	 standard	 deviation	 (RSD	 (%)),	 for	 each	 concentration	 level.	 The	
matrix	 effect	 (ME)	was	 evaluated	 by	 comparing	 the	 slopes	 of	 the	 analytical	 calibration	
curves	prepared	in	MeOH	and	in	sample	extracts	(matrix-matched	calibration	standards).		

Calibration	range	

Calibration	curves	at	ten	different	concentrations	(1,	3,	5,	10,	30,	50,	100,	300,	500,	and	700	
ng/mL)	were	built,	both	in	pure	MeOH	and	in	the	matrix	extract	(matrix-matched	standards	
solutions)	to	evaluate	the	potential	ME.	Correlation	coefficients	(r2)	of	analytical	calibration	
curves	were	r2	>	0.99	in	both	MeOH	and	in	the	matrix-matched	standards,	indicating	good	
linearity	 for	 all	 compounds.	 There	 were	 significant	 differences	 between	 the	 signals	 in	
methanol	and	in	the	matrix,	so	matrix	matched	calibration	curves	were	prepared	for	all	the	
analysis.		

Accuracy	

The	recovery	rates	ranged	between	73.2	%	and	138%	(without	taking	into	account	4HB,	
that	presented	bad	recovery	values	at	the	high	concentration	level).	The	lowest	recovery	
value	was	obtained	for	4HB	and	the	highest	for	DHMB.	The	complete	list	of	recovery	values	
is	listed	in	the	end	of	this	section	in	tables	S.2.	

Sensitivity	

The	 MLOD	 and	 MLOQ	 obtained	 are	 listed	 in	 Tables	 S.3,	 along	 with	 the	 determination	
coefficient	for	each	compound.	The	MLODs	for	biofilm	ranged	between	0.18	and	0.87	ng/g	
dw	 and	 the	MLOQs	 ranged	 between	 0.60	 and	 2.89	 ng/g	 dw,	 showing	 that	 the	method	
presents	good	sensitivity.		

	
	 	



Precision	

Four	replicates	of	spiked	samples	at	two	concentrations	(5	ng/mL	and	100	ng/mL)	were	
analyzed.	 The	 RSD	 values	 are	 listed	 in	 table	 S.4.	 They	 ranged	between	 0.32	 and	 22.25,	
showing	good	precision	values	in	the	intra-day	analysis.	

Table	2,	Appendix	C:	Recoveries	obtained	in	the	biofilm	for	each	compound	
in	different	replicates	and	concentrations.	(1),	(2),	(3),	(4)	are	the	number	of	
replicates.	

BP3	 BP1	 BP4(-)	 4HB	 4DHB	 DHMB	 AVO	
5	ng/g	dw	(1)	 129.4	 93.6	 113.2	 64.2	 81.6	 125.2	 116.0	
5	ng/g	dw	(2)	 103.0	 81.6	 115.8	 114.0	 88.2	 131.2	 95.2	
5	ng/g	dw	(3)	 124.0	 73.2	 104.4	 103.8	 92.4	 128.6	 109.4	
5	ng/g	dw	(4)	 107.2	 119.2	 72.5	 105.6	 97.2	 127.2	 90.4	
100	ng/g	dw	(1)	 86.4	 96.3	 73.4	 4.6	 122.9	 122.1	 107.6	
100	ng/g	dw	(2)	 79.6	 99.3	 104.2	 5.4	 113.8	 138.0	 84.4	
100	ng/g	dw	(3)	 86.5	 79.5	 94.0	 4.9	 94.3	 117.0	 85.6	
100	ng/g	dw	(4)	 88.0	 94.2	 65.2	 4.9	 116.4	 122.0	 85.2	



Table	3,	Appendix	C:	Limits	of	detection	and	quantification	of	 the	method	
and	coefficient	of	determination	for	each	compound	analyzed	in	the	method.	
MLOD:	limit	of	detection	of	the	method;	MLOQ:	limit	of	quantification	of	the	
method;	r2:	coefficient	of	determination.	

BP3	 BP1	 BP4(-)	 4HB	 4DHB	 DHMB	 AVO	
MLOD	(ng/g	dw)	 0.18	 0.83	 0.85	 0.80	 0.35	 0.87	 0.57	
MLOQ	(ng/g	dw)	 0.60	 2.75	 2.83	 2.67	 1.15	 2.89	 1.89	
r2	 0.99958	 0.99115	 0.99167	 0.99842	 0.99024	 0.99581	

Table	4,	Appendix	C:	Relative	standard	deviations	among	replicates	of	each	
spiking	level	in	the	different	compounds.	RSD:	Relative	standard	deviation.	

RSD	intra	5	ng/g	 RSD	intra	100	ng/g	
BP3	 12.78	 3.76	
BP1	 20.03	 8.80	
BP4	(-)	 19.93	 18.02	
4HB	 22.25	 0.32	
4DHB	 6.62	 12.31	
DHMB	 2.52	 9.14	
AVO	 11.96	 11.28	
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Abstract. Submarine groundwater discharge (SGD) has re-
ceived increasing attention over the past 2 decades as a
source of nutrients, trace elements and ocean pollutants that
may alter coastal biogeochemical cycles. Assessing SGD
flows and their impact on coastal marine environments is a
difficult task, since it is not easy to identify and measure these
water flows discharging into the sea. The aim of this study is
to demonstrate the significant usefulness of the freely avail-
able thermal infrared (TIR) imagery of the Landsat 8 thermal
infrared sensor (TIRS) as an exploratory tool for identifying
SGD springs worldwide, from local to regional scales, for
long-term analysis. The use of satellite thermal data as a tech-
nique for identifying SGD springs in seawater is based on the
identification of thermally anomalous plumes obtained from
the thermal contrasts between groundwater and sea surface
water. In this study, we use the TIR remote sensing (TIR-
RS) imagery provided by Landsat 8 at a regional scale and
discuss the principle limiting factors of using this technique
in SGD studies. The study was developed in karstic coastal
aquifers in the Mediterranean Sea basin during different sea-
sons and under diverse meteorological conditions. Although
this study demonstrates that freely available satellite TIR
remote sensing is a useful method for identifying coastal
springs in karst aquifers both locally and regionally, the lim-
iting factors include technical limitations, geological and hy-
drogeological characteristics, environmental and marine con-
ditions and coastal geomorphology.

1 Introduction

Submarine groundwater discharge (SGD) is an important
component of the hydrological cycle and has been com-
monly defined as any flow of water across the continen-
tal 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., 2019). This definition includes mete-
oric fresh groundwater resulting from inland recharge, but
also seawater circulated through the sediments of coastal
aquifers (Burnett and Dulaiova, 2003). Both water flows mix
in coastal aquifers, where biogeochemical reactions may oc-
cur when this groundwater interacts with the geological ma-
trix (Moore, 1999; Moosdorf et al., 2021; Rocha et al., 2021;
Ruiz-González et al., 2021). This dynamic mixing zone in-
fluences the transfer of chemical compounds such as nutri-
ents, trace metals and other contaminants to coastal waters
(Alorda-Kleinglass et al., 2019; Boehm et al., 2004; Rodel-
las et al., 2015; Trezzi et al., 2016). SGD-derived inputs
from chemical compounds can highly impact coastal ecosys-
tems by influencing productivity, biomass, species compo-
sition and sonification (Andrisoa et al., 2019; Garcés et al.,
2011; Garcia-Orellana et al., 2016; Krest et al., 2000). Ac-
cording to Garcia-Orellana et al. (2021), groundwater dis-
charge pathways of SGD can be grouped into the follow-
ing five different SGD pathways according to the charac-
teristics of the processes: (1) terrestrial groundwater dis-
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charge, (2) density-driven seawater circulation, (3) seasonal
exchange of seawater, (4) shoreface circulation of seawater
and (5) centimeter-scale porewater exchange (PEX). The dis-
charge of fresh groundwater (pathway 1) and, to a lesser ex-
tent, density-driven seawater circulation (pathway 2) is the
only mechanism 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 oc-
curs mainly through three different ways, namely coastal on-
shore springs, which discharge on the coastline via surface
sinkholes (Garcia-Solsona et al., 2010; Mejías et al., 2012),
submarine springs, where the discharge occurs via deep sink-
holes (Bakalowicz, 2015; Fleury et al., 2007), and diffuse
discharge, a type of discharge which is not concentrated and
occurs throughout sediments (Rodellas et al., 2014).

Identifying and mapping groundwater discharge areas is
challenging, despite the number of traditional methods avail-
able for locating the main groundwater discharge locations
and quantifying their flow rates. These methods include sim-
ple procedures such as deploying traditional local knowl-
edge, conducting visual observations, monitoring changes in
vegetation, as well as in water temperature and salinity, and
using seepage meters or radioactive isotope tracers (Garcia-
Orellana et al., 2021; Mejías et al., 2012; Rosenberry et al.,
2020; Schubert et al., 2014). Apart from these methods, sev-
eral authors have suggested thermal infrared remote sens-
ing (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 hy-
drogeological information (Wilson and Rocha, 2012). Tem-
perature has been used successfully to study SGD by compar-
ing the relatively constant temperature of groundwater with
that of surface seawaters, which fluctuates seasonally (Dale
and Miller, 2007). In general, groundwater maintains a rela-
tively constant temperature between depths of 5 and 100 m,
approximately 1–2 �C higher than the mean annual air tem-
perature (Anderson, 2005). The detection of SGD springs via
TIR-RS is possible in any environment where there is ther-
mal contrast between the discharging fluid and the receiv-
ing surface water body (Kelly et al., 2013). TIR images have
the potential to identify the location of major SGD springs,
and to study their spatial and temporal variability, by explor-
ing the temperature difference between coastal seawater and
brackish groundwater discharges at different times.

There are two types of platforms for obtaining thermal
infrared information, i.e., airborne TIR-RS (airplane, heli-
copter and drone) and satellite TIR-RS (Modis, Aster and
Landsat). Airborne TIR has been used for different appli-
cations; for example, Shaban et al. (2005) and Akawwi et
al. (2008) conducted aerial TIR surveys along the Mediter-
ranean Sea 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 groundwa-
ter fluxes. Airborne TIR-RS has also been applied in com-

bination with other methods, not only for qualitative SGD
recognition, but also for quantifying groundwater flows from
freshwater springs (Danielescu et al., 2009; Mejías et al.,
2012). In the coastal carbonate aquifer of El Maestrazgo
(Iberian Peninsula), a combination of complementary tech-
niques was used to locate submarine springs via airborne
high-resolution thermal infrared, radon measurements and
physical–chemical anomalies and to quantify the groundwa-
ter discharge by direct quantification with flowmeters and
Ra isotopes (Mejías et al., 2012). Tamborski et al. (2015)
combined airborne TIR overflights with coastal radionuclide
surveys to investigate the significance of SGD along the
northern shore of Long Island (New York, USA) to pro-
vide quantitative evidence for TIR-RS as a tool to remotely
identify and measure SGD. Finally, Danilescu et al. (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 maximum frequency of every 16 d
for a specific area. Furthermore, the spatial resolution, which
varies between 30 and 1000 m, is lower than the airborne res-
olution. This results in the fact that small thermal anoma-
lies, induced by small flows of SGD, are likely not to be de-
tected. 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 res-
olution and acquisition, namely the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) and
the Landsat satellite, among others, which provide an ap-
propriate spatial and temporal resolution for large-scale
SGD monitoring. For those sensors suitable for SGD re-
search, Landsat is the one with the longest TIR data pro-
vision (from 1982 until today and already planned to go
beyond 2030; Wulder et al., 2019) and is the one most
widely applied for the purposes of SGD research (Wilson and
Rocha, 2012, among others).

The use of satellite imagery in SGD studies has evolved
in parallel with the launch of new sensors that feature spa-
tial resolution improvements over previous sensors. How-
ever, the application of satellite TIR images is neither ex-
tensive nor widespread compared to airborne TIR images.
Several SGD studies used Landsat 7 to locate groundwater
discharge areas (e.g., Wang et al., 2008), to detect known but
previously unmapped SGD locations (Varma et al., 2010), to
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determine the spatial extent and scale of SGD-derived tem-
perature anomalies (Wilson and Rocha, 2012) and to infer
SGD temporal variation using long-term thermal anomaly
size variations (Mallast et al., 2014). More recent studies
used data obtained by the Landsat 8 thermal infrared sen-
sor (TIRS) to identify and characterize SGD sites using the
sensor’s technical improvements. For example, McCaul et
al. (2016) proposed a multi-approach methodology for un-
derstanding submarine and intertidal groundwater discharge
patterns. Xing et al. (2016) evaluated the ability of satellite
remote sensing methods (Landsat 7 and 8) to detect thermal
anomalies related to SGD as a possible index of the presence
of offshore low-salinity groundwater storage at local scale.
To the best of our knowledge, there is no study that thor-
oughly compares SGD locations with satellite-data-derived
thermal anomalies over large spatial scales in order to assess
the suitability of satellite TIR-RS data for conducting SGD
research.

The aim of this work is to study the usefulness of satel-
lite 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, from local to regional scales, for long-term anal-
ysis. The second aim is to discuss the influencing factors to
be considered in the identification of SGD at the local and
regional level.

The study was carried out on the coastal karstic aquifers
of the Mediterranean Sea basin, where there are many local
studies that describe the discharge processes thanks to the
significant connectivity between this coastal aquifer type and
the sea (e.g., Bakalowicz, 2005; Barberá and Andreo, 2015;
Worthington, 1999). In this hydrogeological context, SGD
takes place mainly through submarine or aerial springs (point
source). Although the groundwater discharge from subma-
rine springs represents a negligible fraction of the global
SGD (Luijendijk et al., 2020), in some areas, such as the
Mediterranean Sea, this fraction can be locally important,
strongly influencing marine ecosystems and serving as a
freshwater resource for the population (Rodellas et al., 2015;
Alorda-Kleinglass et al., 2021). To validate the temporal ef-
fectiveness of this technique, Landsat 8 images from 2017
and 2018 on the coasts of the Mediterranean Sea basin were
used to locate SGD springs previously described in the sci-
entific literature, showing in which period of the year these
SGD springs are observable via satellite. In addition, we will
hypothesize and discuss those factors that may condition the
identification of SGD springs in order that future studies
might take them into account when using satellite remote
sensing TIR techniques.

2 Methods

2.1 Study area

The Mediterranean basin has been selected for this study be-
cause it is one of the areas of the world where numerous SGD
studies have been carried out and where dozens of coastal
springs have been described dating back to ancient times
in countries such as Spain, France, Italy, Croatia, Greece,
Turkey, Syria, Lebanon and Libya (Fig. 1). In this study, we
focus on a set of 54 springs mentioned in the scientific peer
review literature published in English (Basterretxea et al.,
2010; Bakalowicz, 2018; Fleury et al., 2007; Mejías et al.,
2012; Garcia-Solsona et al., 2010) where groundwater dis-
charge is known to occur, and where there is a description of
the hydrogeological context of each spring (Supplement 1).
The number of springs included in the study represents at
least 88 % of the submarine karst springs described in the
English peer review literature concerning the Mediterranean
basin.

The SGD contribution to the Mediterranean ranges from
3 to 50 ⇥ 1011 m3 yr�1, where fresh groundwater inputs rep-
resent 1 %–25 % of the total SGD inputs (Rodellas et al.,
2015). SGD has been described and studied in several loca-
tions along the Mediterranean coast (e.g., Bakalowicz, 2015;
Mejías et al., 2012; Tulipano et al., 2005; Bejannin et al.,
2017). The Mediterranean basin is characterized by 46 % of
its coastline being formed by karstic aquifers (Bakalowicz,
2015; Fleury et al., 2007; Trezzi et al., 2016). Its narrow con-
tinental shelves prevent large tidal amplification along the
coast; tidal amplitude is usually less than 0.2 m (Werner et
al., 2013). The Mediterranean climate is seasonal, charac-
terized by windy, mild, wet winters and by relatively calm,
warm and dry summers. Strong local winds, such as the cold
and dry tramontane, mistral and bora from the north and the
hot and dry sirocco from the south, are typical of the region.
These strong regional and seasonal wind regimes provide a
substantial amount of vertical mixing in the seawater column.
In general, the main rainfall season is during fall and spring,
with an average annual precipitation of 500 mm yr�1 (An-
dreo and Carrasco, 1993). The sea temperature is approxi-
mately between 26–30 and 14–19 �C in the summer and win-
ter, respectively.

The available information for each of the 54 studied
springs (Supplement 1) shows that the mean flow rates range
between 0.009 and 50 m3 s�1, the distances from the shore
range from the coastline to 1 km offshore and that dis-
charge depths vary between 7 m a.s.l. (above sea level) and
150 m b.s.l. (below sea level). In accordance with these
characteristics, we might classify the studied springs into
five groups. The first group of springs discharge inland near
the seashore and reach the sea through small streams; these
karstic springs are located between 300 and 500 m inland
and at elevations of 2, 3 and 15 m a.s.l. for Patan in Croa-
tia, Almyros of Heraklion, Crete, in Greece and Maro in
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Figure 1. Location of the 54 SGD springs used for this study. The SGD springs shown in the figure are described in Bakalowicz (2018),
Basterretxea et al. (2010), Fleury et al. (2007), Garcia-Solsona et al. (2010) and Mejías et al. (2012). © Google Earth 2021.

Spain, respectively. The second group of springs discharges
in coastal lagoons at a distance of 100 m from the sea shore
and a depth of 4 m b.s.l. (Font Dame and Font Estramar in
Salses-Leucate lagoon in France) and at an unknown shore
distance and 30 m b.s.l. (Vise in Thau lagoon, respectively).
The third group of springs is located between 0 and 10 m
from the shoreline and in shallow sea waters of between
0 and 7 m b.s.l. (Torre Badum, Las Fuentes and Font de Dins
in Spain, Ain Zayana in Libya, Agios Nikolaos, Kefalonia
and Anavalos Kiveri in Greece, and Ovacık and Gökova in
Turkey). The fourth group of springs is also located close to
the shoreline but at a water column depth of 12 m b.s.l. The
two springs of this group are Moraig in Spain and Port Miou
and Bestouan in France. The fifth and last group consists of
Mortola in Italy and Chekka in Lebanon, in which discharges
occurs offshore between 100 m and 1 km and with a water
column depth of between 35 and 150 m b.s.l.

The type of coastal karst aquifer studied has been defined
using the same classification as in Tulipano et al. (2005)
for Mediterranean coastal karst aquifers. The first type has
systems with poorly developed, but highly fractured, kars-
tification. This karst type included three different subsys-
tems in which (1) faults dissect the aquifer, such as in the
Gökova (four springs; Bayari and Kurttaş, 2002) and Ovacık
spring, where the faults are located in the underlying beds
that extend towards the sea (Elhatip, 2003), (2) groundwater
flows along the zones of cracks, fractures and karst hollows,
such as in the Donnalucata spring (Povinec et al., 2006), and
(3) groundwater flows through stratification joints, such as

in the Mortola spring (Fleury et al., 2007). The second type
has systems with well-developed karstification connected to
the sea (e.g., Moraig, Port Miou, Bestouan, Almyros of Her-
aklion, Almyros of Agios Nikolaos, Kefalonia, Ain Zayana
and Chekka). The last type of defined karst system is a
well-developed karstification but with low connectivity with
the sea. This group is represented by only two springs, i.e.,
Kiveri Anavalos in Greece and Vise in France.

2.2 Landsat 8 TIRS data acquisition

To determine the optimal time period for SGD detection us-
ing remote sensing, the SST of a series of images covering
all seasons was compared. The TIRS instrument of Landsat 8
is a thermal imager with two thermal infrared bands centered
at 10.8 and 12.0 µm and a ground sampling distance (GSD)
of 100 m. However, all thermal images are resampled using a
cubic convolution to 30 m (Roy et al., 2014). To carry out this
study, only the thermal band 10 TIRS 1 (10.6–11.2 µm) of
the 11 Landsat 8 bands was used to study the SGD sites. The
other Landsat 8 thermal band, 11 TIRS 2 (11.50–12.51 µm),
was not used because the data collected in this band had some
large calibration uncertainties (US Geological Survey, 2014).

A total of 27 path and row combinations were analyzed
with the Landsat 8 TIR images of the Mediterranean coast
between January 2017 and December 2018 to cover all
54 known SGD sites. To that end, a total of 1296 images
(two images per month for the 2 years of study) were ac-
quired from the US Geological Survey (USGS), with cloud
coverage between 0 % and 90 % in each image. A manual
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inspection of all images resulted in finer selection of 413 im-
ages with cloud-free conditions above the areas of interest
(Supplement 2). The finer selection of cloud-free images was
used for subsequent steps.

2.3 Deriving SST values from Landsat 8 TIRS data

Data processing included the conversion of digital num-
bers to SST, including an atmospheric correction of each
image following the methodology presented by Chander et
al. (2009). Image processing began with radiometric correc-
tion, which was performed by converting the digital num-
ber (DN) to sensor spectral radiance through band-specific
rescaling gain and bias factors according to Eq. (1).

L� = Grescale · Qcal + Brescale, (1)

where L� is the sensor spectral radiance (W m�2 sr�1 µm�1),
Grescale is the band-specific rescaling gain factor
(W m�2 sr�1 µm�1 DN�1), Qcal is the quantized and
calibrated standard product pixel values (DN) and Brescale is
the band-specific rescaling bias factor (W m�2 sr�1 µm�1).

The next step was an atmospheric correction to remove
the atmospheric component of the recorded thermal signal
which strongly depends on atmospheric conditions (aerosol
content, humidity, temperature, etc.) at a specific recording
time and place. To atmospherically correct images at sen-
sor spectral radiance, it was necessary to transform them
into surface radiance of an ideal blackbody, considering the
scene-specific up- and downwelling radiance and transmis-
sion values and the emissivity of the water surface, according
to Eq. (2) (Barsi et al., 2003).

Lt = L� � LU � ⌧ · (1 � ") · LD

⌧ · " , (2)

where Lt is the radiance of an ideal blackbody
(W m�2 sr�1 µm�1), L� is the sensor spectral radi-
ance (W m�2 sr�1 µm�1), LU is the upwelling radiance
(W m�2 sr�1 µm�1), LD is the downwelling radiance
(W m�2 sr�1 µm�1), " is the emissivity of the surface (–),
and ⌧ is the atmospheric transmission (–).

A web-based atmospheric correction tool (Atmospheric
Correction Parameter Calculator) developed by Barsi et
al. (2003), based on MODTRAN, was used to obtain values
for atmospheric transmissivity and the upwelling and down-
welling radiances of the atmosphere. The emissivity of water
in the Landsat 8 TIR bands ranges from 0.98 (band 11) to
0.99 (band 10), and in this study, we assume a constant emis-
sivity of 0.99 (Wen-Yao et al., 1987).

Finally, to obtain the sea surface temperature (SST), the
corrected radiances were introduced into Eq. (3).

T = K2

ln
⇣

K1
Lt

+ 1
⌘ , (3)

where T is the effective sensor brightness temperature (K),
Lt is the radiance of an ideal blackbody (W m�2 sr�1 µm�1),

K1 is prelaunch calibration constant 1 (W m�2 sr�1 µm�1),
and K2 is prelaunch calibration constant 2 (K).

The resulting atmospherically corrected SST data repre-
sent temperature with an error of less than 1.3 K for the tem-
perature range 270–330 K. This temperature represents the
skin temperature of the water (< 1 mm of the upper most wa-
ter layer), which differs from the bulk temperature below it
by about 0.1 K due to sensible heat fluxes, evaporative heat
loss and longwave radiation (Donlon et al., 2002; Wloczyk
et al., 2006).

2.4 Site inter-comparison between a single image and
multiple images

Temperature maps of coastal waters were created from tem-
perature data to assess the significance of the SST anoma-
lies. The identification of SGD spring sites was based on
the assumption that temperatures of discharging groundwater
may be different than seawater and less variable than sea-
water temperatures throughout the year. SGD spring sites
were analyzed using two different procedures. First, single
images were used to identify SGD springs by means of the
water temperature anomalies. As a second step of the sin-
gle image approach, the change between images along the
study period was also evaluated. This qualitative analysis al-
lows us to observe variations in the morphology and tem-
perature range of the known discharge plume between im-
ages. As a second approach, called multiple imaging, SGD
spring sites were detected by evaluating the pixel-by-pixel
standard deviation (SD) across all image sets. Lower val-
ues of SD were used as indicators for groundwater discharge
using a sea surface temperature (SST) data series. This sta-
tistical parameter has been previously applied in semi-arid
areas to study groundwater and surface water interactions
and identify spring discharge into lakes or enclosed seas
(Mallast et al., 2014; Tcherepanov et al., 2005). It was as-
sumed that groundwater tends to be less variable than sur-
face water, which varies seasonally and daily. The applied
multi-temporal thermal remote sensing approach was based
on a variable number of Landsat 8 TIRS images. The im-
ages used to calculate the standard deviation varied between
5 and 17 images, depending on the number of images with-
out clouds available for each studied site. The resulting ther-
mal maps were combined with satellite imagery from Google
Earth (only the land part) using GIS (geographic informa-
tion system; QGIS Las Palmas) to show the location the SGD
springs at the identified sites.
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Figure 2. SST images (degrees Celsius) obtained via band 10 of Landsat 8 OLI/TIRS of the region of Almyros of Agios Nikolaos (Crete,
Greece) throughout 2017. Of the 23 images analyzed, the presence of an SGD spring was clearly visible in nine images that represent a 37 %
ratio of success. In January, March and November 2017, it was not possible to obtain an SST image due to the presence of clouds. © Google
Earth 2021.

3 Results and discussion

3.1 Overall identifications

As an example of the Landsat 8 TIR images analyzed in the
Mediterranean Sea basin, the thermal images of the Almy-
ros SGD spring in Agios Nikolaos (Crete, Greece) through-
out the year 2017 are shown in Fig. 2. In general, a thermal
anomaly plume is observed in several of the 23 images (one
of the July images is missing) occurring near and perpendic-
ular to the coastline, reflecting the continuous discharge of
groundwater. Since a satellite image provides the sea surface
temperature (SST) of the first millimeter of seawater (Don-
lon et al., 2002; Wloczyk et al., 2006), the thermal contrast
due to SGD can be observed as the fresh groundwater flows

over seawater due to its lower density (i.e., lower salinity;
Wilson and Rocha, 2012). The images series of Almyros
Agios Nikolaos (Fig. 2) show how thermal contrast caused
by the groundwater discharge cannot be observed through-
out the whole year. The thermal contrast is more identifiable
from the second half of April until the end of October, but
the best thermal plume observations were from June to Oc-
tober (Fig. 2). Conversely, this spring cannot be identified
from November to March. The groundwater discharge was
not identified in February and December, due to the absence
of thermal contrast, and in the other months (January, March
and November) because clouds made identification difficult.
Thus, the overall percentage of time for optimal SGD spring
identification was 37 % in 2017.
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Figure 3. Percentage of successful and unsuccessful SGD identifications for all SGD springs that were identified at least once (23 springs
representing 44 %) throughout the year 2017 and during the year 2018 (based on the selection of 720 images) are shown individually in the
Supplement 3. The x axis shows the months of the year. Roman numerals (I and II) represent the two satellite passes per month that cover
every area. No image available is represented in gray, while the presence of clouds is in orange and blue for successful SGD identifications.
Those for which the images were not covered by clouds, and where SGD springs were not identified, are shown in the figure as “others” in
green.

If the same approach is applied for the total of 54 SGD
springs studied, only 23 springs were identified in individual
images, representing a 44 % success rate for the technique
over the entire study period (2017 and 2018). The success
percentage for identifying the 23 SGD springs, according to
the period of the year, is shown in Supplement 3. The high-
est success percentage for SGD identification was during the
summer, specifically from June to September (Fig. 3), which
corresponds to an average of 21 % of the images analyzed.
Conversely, the SGD springs were not identified in the re-
maining 79 % of the images. The winter period, from De-
cember to February (Fig. 3), had the lowest percentage of
SGD spring identifications.

3.2 Influencing factors to consider in the identification
of SGD springs

The analysis of the images of the Mediterranean coast ob-
tained by Landsat 8 TIRS during 2017 and 2018 was suc-
cessful for several studied springs but did not identify SGD
springs in all the images analyzed. Thus, identifying SGD
springs using Landsat 8 TIRS presents some limitations, as
the success rate was slightly less than 50 %. The following
potential limitations were previously reported in the litera-
ture in some local studied areas: only information for the
first millimeters of seawater is available (Donlon et al., 2002;
Wloczyk et al., 2006), spatial resolution (Wilson and Rocha,
2012), period of the year (Bayari and Kurttaş, 2002; Wilson
and Rocha, 2012; Xing et al., 2016), the results are highly
dependent on atmospheric temperature, seawater currents,
wind speed and direction, sea surface effects (Kelly et al.,

2013) and cloud cover, and the need for specialist knowledge
to convert the data into accessible (visualized) information
(McCaul et al., 2016).

Given the abovementioned limitations, we propose a con-
ceptual framework of factors representing technical limita-
tions in order to assess those issues that should be considered
when applying TIR-RS to the study of SGD. These technical
limitation factors can be grouped as follows: (1) technical
limitations, (2) geological and hydrogeological characteris-
tics, (3) environmental and marine conditions, (4) coastal ge-
omorphology, and (5) anthropogenic sources (Fig. 4).

3.2.1 Technical limitation factors

Some of the main limitations of the technique are related to
the temporality of obtaining images, the spatial resolution,
the availability of images in the desired period and the at-
mospheric conditions during the image capture. Each satel-
lite has an image acquisition spatial and temporal resolution,
and therefore, the results are subject to these pre-established
conditions. For Landsat 8 TIRS, the temporal resolution is
2 weeks, and the spatial resolution is 100 m resampled to
30 m, so a smaller thermal anomaly plume than this pro-
duced by an SGD spring will not be identified. For example,
in the 20 m wide semi-enclosed cove of Alcaufar (Menorca;
western Mediterranean), there are several described springs
(García-Solsona et al., 2010) that were not identified by satel-
lite due to the small dimensions of the cove (García-Solsona
et al., 2010). The availability of satellite images depends, in
some cases, on technical problems that the satellite experi-
ences during image collection, which implies that there are
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Figure 4. Conceptual framework of technical limitation factors that can limit the identification of SGD springs by using Landsat 8 TIRS
images.

annual series of images with some missing images. In the ex-
ample used in Fig. 2, where the Almyros of Agios Nikolaos
(Greece) SGD spring is identified, only 23 of the 24 images
that should have been produced during 2017 were obtained.
The striping noise that can be seen in the images (Fig. 2), and
which affect TIR bands especially, is another technical limi-
tation. Sometimes the difference is so large that it would hin-
der a proper SGD detection (Gerace and Montanaro, 2017).

Other important limitations related to the technique in-
clude the atmospheric conditions at the time of the image
capture. Clouds and clouds shadows change radiometric in-
formation leaving the sea surface and prevent a correct anal-
ysis of the images. For the Mediterranean Sea basin, of 80 %
of the images in which SGD springs were not identified, 60 %
were due to the high presence of clouds. Thus, clouds are the
main factor limiting the identification of SGD springs. The
presence of clouds is higher in winter than in summer; there-
fore, warmer months are much better for identifying SGD
springs in the Mediterranean Sea. However, in at least 20 %
of the cloudless images, it was not possible to observe and lo-
cate SGD springs described in the literature. Therefore, a de-
tailed analysis of the cloudless imagery is necessary to con-
firm the optimal conditions for locating SGD springs in the
area of interest (Anderson, 2005).

3.2.2 Geology and hydrogeology limitation factors

The characteristics of coastal aquifers and the different driv-
ing forces that allow groundwater discharge into the sea are
other factors that can limit the identification of SGD springs.
According to Garcia-Orellana et al. (2021), SGD is the com-
bination of fresh terrestrial groundwater discharge driven by
hydraulic gradient between land and sea and saline ground-
water discharge from the seawater recirculation through the
coastal and continental margin. Thus, the thermal signal of
both types of groundwater will define the intensity and shape
of the plume that can be observed in the sea.

For coastal aquifer SGD springs, geological factors such
as the lithology (e.g., type of rock, degree of karstification,
presence of faults and/or fractures, etc.) determine the hy-
draulic properties that greatly influence the groundwater flow
that discharges into the sea (Brunner et al., 2007; Edet et al.,
1998). Another aspect to consider is the connectivity of the
aquifer with the sea. Coastal aquifers may be totally or par-
tially hydraulically connected to the sea, depending on sev-
eral factors such as the geological structure of the aquifer
and the seabed, as well as the hydraulic properties of both
onshore and offshore geological formations. In addition, the
amount of SGD depends on the aquifer water budget, which
produces variations in groundwater discharge flow. The main
factors that influence this budget are the natural variations in
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recharge at different temporal scales (rainfall events, season-
ality and inter-annual changes) and the abstraction of ground-
water, which can reduce the discharge of the fresh ground-
water component of the SGD or even induce seawater intru-
sion into the coastal aquifer. Unfortunately, these factors are
linked since, in most cases, when recharge is low, abstrac-
tions tend to be higher.

In the presented research, from the 54 karstic SGD studied
springs, information on the type of coastal karst aquifer is
only available for 37 % of the springs (Supplement 4). From
those, the first karst-type system, characterized by poorly de-
veloped but highly fractured karstification, represents 11 %
of the springs, and 7 % of the total were successfully iden-
tified. The second type of karst system, characterized by
well-developed karstification connected to the sea, represents
22 % of the springs, and half of those were identified (11 %
of the total). Finally, the third karst type system, with well-
developed karstification but low connectivity with the sea,
represents only 4 % of the springs, and half of those were
identified (1.8 % of the total). Therefore, the best geologi-
cal and hydrogeological settings for identifying SGD springs
are karst systems with well-developed karstification and that
are well-connected to the sea, as well as those systems with
poorly developed but highly fractured karstification. This is
because these systems have high transmissivities that can in-
duce high local SGD rates, making it easy to detect their ther-
mal plumes. However, it depends on the recharge area and its
rate.

Conversely, low groundwater discharge water volumes
may limit the identification of thermal anomalies because
they could attenuate the thermal anomaly produced by the
SGD. Therefore, low discharge water volumes are unlikely
to be identified using this technique. Of the 54 karstic SGD
studied springs, the flow rate information was only available
for 59 % of the springs (Supplement 4). Springs with a flow
rate lower than 10 m3 s�1 represent 40 % of the springs. From
those, only 50 % were identified. The springs with a flow
rate higher than 10 m3 s�1 represent 15 % of the springs, and
from those, 60 % were identified. This indicates that, apart
from flow rate, other factors affect the failure to identify these
SGD springs on the coastline.

Inter-annual and annual changes, such as humid–dry peri-
ods, overexploitation and extreme events such as strong rain-
fall storms, etc., can also modify SGD flows. Thus, the re-
search period in which the images were collected is also im-
portant because seasonal variations (Lee et al., 2016) can lead
to SGD thermal plume variations, not only due to the tem-
perature difference between groundwater and seawater (Lee
et al., 2016) but also the annual SGD flow rate variations
(Michael et al., 2005) that allow their identification.

Regarding hydrogeological conditions in the Mediter-
ranean Sea basin, it was expected that the best seasons for
identifying SGD springs using satellite TIR-RS would be
spring and autumn, when rainfall is higher, and therefore,
a higher discharge flow rate is expected. However, results

showed that late spring and summer were the best seasons for
identifying SGD springs, indicating that other factors influ-
ence the identification of SGD springs using this technique.

3.2.3 Environmental and marine conditions

Other aspects that could affect the thermal contrast between
the groundwater plume and seawater include environmental
and marine conditions. Both factors can make the identifi-
cation of SGD difficult because they cause seawater mixing
with the discharging groundwater, reducing the thermal con-
trast between them and modifying the sea surface tempera-
ture. The main environmental condition that can affect SGD
identification is the action of wind, which can mix the first
millimeters of the sea surface water, limiting the identifica-
tion of SGD springs using remote sensing techniques. Simi-
larly, marine conditions can affect SGD identification if they
reduce the thermal contrast between the groundwater plume
and the seawater. These marine conditions are basically re-
duced to the coastal water hydrodynamic conditions that can
be affected by processes such as the influence of tides or
coastal currents, the formation of a pycnocline in surface sea-
water or the fetch due to wind action. Tides, coastal currents
and fetch generate seawater movement and mix groundwater
with seawater, causing a thermal contrast attenuation. Simi-
larly, the presence of a pycnocline can result in less vertical
mixing of the water column. In subtropical areas with cold
winters and hot summers, such as the Mediterranean Sea,
coastal waters often develop a pycnocline during the sum-
mer months, as high temperatures increase the evaporation
of seawater, generating an increase in salinity and therefore
water density. This effect causes cold, fresh groundwater to
flow over salty and dense seawater, generating an SGD layer
on the sea surface.

The temperature of the Mediterranean Sea oscillates sea-
sonally between 26–30 �C in summer and 14–19 �C in win-
ter, while the groundwater temperature remains relatively
constant over time, implying a greater contrast between
summer and winter. However, SGD spring visualizations in
cloud-free images decrease significantly in winter months
compared to warmer months (Fig. 4). In total, 35 % of the
springs were identified in summer, and only 4 % were iden-
tified in winter (Supplement 4). Consequently, the number
of SGD spring visualizations is much higher in summer than
in winter. In the winter months, wind, water column mixing,
currents, etc., are more intense and reduce the thermal con-
trast. Therefore, environmental and marine conditions during
the winter months are unfavorable for the identification of
coastal springs.

For this reason, areas where the influence of various ma-
rine factors such as tides, coastal currents or fetch is small are
ideal for identifying SGD springs because such factors in-
duce mixing attenuating the thermal contrast needed to iden-
tify SGD springs. Similarly, in subtropical areas such as the
Mediterranean Sea, it is easier to identify SGD springs be-
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cause coastal waters often develop a pycnocline during the
summer months, resulting in less vertical mixing of the water
column and, therefore, better identification of SGD springs.
Therefore, in the Mediterranean basin, environmental and
marine conditions in summer months are much more favor-
able for the identification of coastal springs than in winter
months.

3.2.4 Coastal morphology limitation factors

Another aspect that influences SGD thermal plume visual-
ization is the coastal morphology; depending on its charac-
teristics, the seawater residence time in the study zone may
allow the formation of a thermal plume. In semi-enclosed
areas, such as bays or coves, where the residence time of dis-
charging water in the sea is in the range of 1 to several days
(Tamborski et al., 2020), the formation of thermal plumes
from SGD can easily be detected by satellite, in comparison
with open-sea areas, where the seawater residence time is
shorter (less than 1 d), due to the effect of marine or weather
factors such as waves, coastal currents or fetch. Groundwa-
ter discharge can occur below sea level, either at shallow
(< 10 m) or at greater depths, right on the shoreline or a
few meters from it (Zektser et al., 2006). The morphology
of the coastal seabed combined with the geological charac-
teristics of the aquifer (e.g., karstification degree and coastal
hydraulic gradient) determine both the depth and offshore
distance of the groundwater discharge. These two charac-
teristics are very significant, since the location of the SGD
spring on the coast is critical for the correct identification of
the thermal contrast between groundwater and seawater us-
ing satellite thermal images. While groundwater discharges
produced at coastal level or several meters inland usually
generate thermal contrasts that are easily detectable by satel-
lite (Mejías et al., 2012), submarine springs located several
meters deep often represent a challenge for satellite detec-
tion. This is because, when groundwater discharges below
sea level, it rises to the sea surface, generating a buoyant
thermal layer of several millimeters due to its lower density
that arises from its temperature and salinity characteristics.
Therefore, a greater discharge depth requires more time to
reach the sea surface, adapting the SGD’s thermal signal at
the sea surface to the surrounding water temperature. Thus,
marine factors may have a greater influence in balancing
the seawater and groundwater temperatures, preventing the
recognition of thermal anomalies on the sea surface, as stated
by Mallast et al. (2013).

However, the time required for groundwater to reach the
sea surface depends not only on the depth of the discharge
below sea level but also on hydrogeological factors, such as
the discharge flow. Thus, SGD springs characterized by shal-
low depths and large flow rates will favor the detection of
SGD-induced thermal plumes on the sea surface, while deep
areas with small flows may be undetectable. Intermediate sit-
uations, such as shallow areas with small flows or deep areas

with large flows, may be detected, depending on the relative
importance of the environmental and/or marine limiting fac-
tors.

For studied springs in the Mediterranean Sea basin, 52 %
of the springs were located in semi-enclosed coastal ar-
eas (Supplement 4). Of these, 31 % of the studied springs
were identified (Port Miou and Bestouan in France; Ke-
falonia, Anavalos Kiveri and Almyros of Agios Nikolaos
in Greece; Martinšćica, Perilo, Novijanska, Jurjevska and
Patan in Croatia; Gökova (three springs), Ovacık and Antalya
(three springs) in Turkey). These results show that, when dis-
charge occurs in semi-enclosed areas where the seawater res-
idence time is large, the springs can be identified until late au-
tumn, even though the flow of groundwater is relatively small
(0.75 m3 s�1 was reported for the Ovacık spring in Turkey).
Therefore, the success in identifying SGD springs in semi-
enclosed areas also is higher throughout the year.

Of the 54 SGD studied springs, the distance and depth
information are available for 41 % of the springs (Supple-
ment 4). The first group of springs, which discharge near the
seashore and reach the sea through small streams, represents
6 % of the springs (Patan in Croatia, Almyros of Heraklion in
Greece and Maro in Spain), and from those, 66 % were iden-
tified (Patan and Almyros of Heraklion). The second group
of springs, which represent 6 % (Font Dame, Font Estramar
and Vise) and are characterized by discharge in coastal la-
goons, was not identified. The third group of springs, which
discharge close to the shoreline and in shallow water, repre-
sents 20 % of the springs (Torre Badum, Las Fuentes, Font de
Dins in Spain, Ain Zayana in Libya, Agios Nikolaos, Kefalo-
nia and Anavalos Kiveri in Greece, and Ovacık (3 springs)
and Gökova in Turkey), and we were able to identify 91 %
(all of them except the Ain Zayana spring). No springs were
identified from the fourth group, which represents 6 % of the
springs (Moraig in Spain and Port Miou and Bestouan in
France) and is characterized by discharge close to the shore-
line but at a water column depth of 12 m b.s.l. None of the
springs in the fifth group (Mortola in Italy and Chekka in
Lebanon), which represent 4 % of the springs and are char-
acterized by discharge offshore with a water column depth
between 35 and 150 m b.s.l., were identified.

From the analysis of the images obtained by Landsat 8
TIRS, and considering the hydrogeological data of the vari-
ous coastal springs, we conclude that groundwater discharges
that occur at significant depths (> 12 m b.s.l.) are unlikely to
be identified by this technique, probably because the ther-
mal anomaly generated between groundwater and seawater
does not reach the sea surface. This is the probable reason
for the failure to identify the springs of Vise in France, Mor-
tola in Italy and Chekka in Lebanon. For the Vise spring,
which discharges at 30 m b.s.l., the hydrogeological infor-
mation indicates that it is a mixture of karstic water, ther-
mal water and seawater (Aquilina et al., 2002); most likely,
the discharging groundwater does not produce enough ther-
mal contrast to be detected with a satellite sensor. On the
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other hand, SGD springs located in very shallow areas, such
as the Salses-Leucate lagoon, which has an average maxi-
mum depth of 2 m b.s.l. (Bejannin et al., 2017), and where
there are two well-known springs (Font Dame and Font Es-
tramar), were not identified. A possible reason is that these
types of shallow coastal lagoons are highly influenced by
atmospheric temperature, since the small water column has
little capacity to buffer temperature fluctuations (Lee et al.,
2016). However, Anavalos Kiveri and Torre Badum, identi-
fied during winter months, are shallow (0 to 10 m b.s.l.) SGD
springs. Therefore, although initially these types of springs
should be easily detectable by satellite, atmospheric factors
can greatly influence the formation of the thermal contrast
needed to identify them.

The shore distance at which groundwater discharge occurs
is another factor that affects the identification of groundwater
discharge in coastal areas. SGD springs discharging further
than 500 m from the seashore were not recognized, such as
the Mortola spring with a distance of 800 m. This may be re-
lated to the fact that, as the distance to the coast increases,
the depth of the water column increases, and the travel time
of the fresher groundwater also increases, allowing a com-
plete temperature equilibrium. Furthermore, these zones are
more affected by ocean currents that increase water mixing,
attenuating the thermal signal.

In some cases, there is not one single factor affecting
SGD spring identification but rather a combination of several
factors (flow rate, season, coastal morphology, etc.) which
makes it difficult to explain why an SGD spring was not iden-
tified.

3.2.5 Thermal anomalies from streams and
anthropogenic sources

When looking for coastal thermal anomalies by using satel-
lite TIR images, some anomalies can be detected that are not
necessarily related to SGD. These anomalies can be from nat-
ural sources, such as rivers or streams, or civilian facilities
such as ports, thermal power plants, fish farms or wastewater
treatment plants. These thermal anomalies may misidentify
or mask some SGD springs when discharge occurs in shal-
low areas with high seawater residence times.

For example, natural water sources, such as small rivers
or streams, also produce a thermal signal at sea. As SGD,
they may have a different temperature than seawater. This
is the case for the small river near Split in Croatia (Supple-
ment 5), which produces a thermal anomaly that could be
misinterpreted as an SGD spring. Furthermore, when SGD
and rivers discharge at the same location, the thermal sig-
nal of SGD will be masked and/or modified by surface water
discharge. In the case of civil facilities, the most common fa-
cilities that could be confused with SGD springs would be
the discharges from wastewater treatment plants as they usu-
ally discharge water with a different thermal signal than the
sea. For example, in the Hyperion Treatment Plant (HTP)

and the Orange County Sanitation District (OCSD) wastew-
ater diversion events in Southern California, where treated
water discharge takes place at depth, it is possible to detect
its thermal effect on the coastal waters (DiGiacomo et al.,
2004) with SST differences of at least 0.5 �C identifiable with
TIR-RS (Gierach et al., 2017). Other examples of civilian
facilities that can generate thermal signals and induce non-
identification or masking of SGD springs are power plants or
ports. In the case of the Mediterranean Sea basin, it was ob-
served that facilities located along NE of the Iberian Penin-
sula, such as the Vandellós II Nuclear Power Plant, the Port of
Barcelona and the Port of Benicarló, showed thermal anoma-
lies similar to those produced by the SGD springs (Supple-
ment 5). These outflows can also mask and modify the SGD
thermal signal of the plume when both outflows take place
at the same location, such as the case of Peñíscola in Spain,
where the SGD discharge takes place at the same location as
the port (Supplement 5).

3.3 Application of the multi-temporal SST series
method

In some studied areas, there may be low thermal contrast
that can prevent the identification of SGD springs. In these
cases, it is possible to deepen the analysis of the images by
using the multi-temporal SST series proposed by Mallast et
al. (2014) in the Dead Sea, which minimizes the effect of
the previously indicated limiting factors. Unlike single im-
ages, the multi-temporal SST series method allows several
images and, thus, several points in time to be integrated, ac-
centuating the small thermal anomalies for easy identifica-
tion. An example of the usefulness of the multi-temporal SST
series method is in the Serra d’Irta (eastern Iberian Peninsula;
Mejías et al., 2012; Garcia-Solsona et al., 2010; Trezzi et al.,
2016). At this site, Mejías et al. (2012) identified four large
thermal anomalies (Torre Badum, Punta del Pebret and Les
Fonts springs), by using airborne thermal remote sensing,
that were not identified using Landsat 7. Using single images
with Landsat 8 TIRS, only the Torre Badum spring was iden-
tified when compared with the four thermal anomalies iden-
tified by aerial thermal infrared images in 2012. The multi-
temporal SST series method, which integrates 10 cloud-free
images from 2017 to 2018, enables the identification of Torre
Badum and Les Fonts, two of the four springs identified
in 2012 by Mejías et al. (2012; Fig. 5).

Although the multi-temporal SST series method is better
for identifying SGD springs because the thermal contrast is
enhanced, this method did not enable SGD spring identifica-
tion in other places where the single-image method did not
identify them. Furthermore, with multi-temporal SST series,
the temporal morphological information, such as the shape
and size of the discharge plume, is lost (Mallast et al., 2013).
Conversely, single images allow the identification of mor-
phological variations in the discharge plume and the temper-
ature variations along that plume. Therefore, if the study ob-
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Figure 5. (a) Serra d’Irta single image map using an image taken on 21 June 2017. One spring in the middle of the Torre Badum spring was
identified. (b) Serra d’Irta standard deviation (SD) map using 10 cloud-free images acquired between 2017 and 2018. In total, two springs
in Serra d’Irta, in the south of the Les Fonts beach at the Alcossebre spring and in the middle at the Torre Badum spring, were identified.
(c) Image modified from Mejías et al. (2012), where SGD springs were identified using aerial thermal infrared images. © Google Earth 2021.

jective is to identify SGD springs, the multi-temporal SST se-
ries method is the best option, but if the objective is to study
the SGD plume variation, single images are better.

3.4 Identification of new SGD springs: challenges and
recommendations for future SGD studies

One of the main objectives of this study is to demonstrate the
great usefulness of satellite TIR imagery at local and regional
scales, identifying SGD springs not previously described in
the scientific literature. An example of this usefulness is the
identification of 21 SGD springs undescribed in the bibliog-
raphy along the Croatian coast using single images (Fig. 6).
This demonstrates that the analysis of single images obtained
from Landsat 8 TIRS allows the identification of new SGD
springs. Therefore, this economical technique is very useful
in inaccessible areas (Gumma and Pavelic, 2013; Edet et al.,
1998). For this reason, in the design of SGD studies at both
local and regional levels, it is recommended that the coastal
water temperatures for thermal anomalies first be screened
using the presented satellite-based TIR-RS approach, as this
will help narrow the sampling surveys. Although the study of
the thermal images during a single year should be sufficient
to identify potential coastal springs, it is highly advisable to
analyze thermal images over several years, since there may
be one or several factors (technical, marine, environmental,
hydrogeological, etc.) that may alter the SGD thermal signal.

Although this study focused on the discharge of ground-
water from springs located in karst aquifers, the study of

satellite TIR-RS images could be extrapolated to other types
of aquifers where the discharge is more diffused and where
the proportion of meteoric water is lower. To identify ther-
mal plumes, water discharging into the sea, whether of me-
teoric origin or marine circulation, must have acquired suffi-
cient thermal contrast in the coastal aquifer before discharge.
This thermal contrast can also occur in places where coastal
aquifers are volcanic rocks or fractured granites and even in
sedimentary formations. However, in each case, the specific
geological context (aquifer matrix, hydraulic parameter dis-
tribution, etc.) should be considered in the analysis.

Several studies have shown the possibility of quantifying
SGD through the study of thermal plumes obtained by air-
craft (Tamborski et al., 2015; Danielescu et al., 2009; Mejías
et al.,2012). By determining the thermal plume area, which
is often directly related to the discharge volume, SGD may
be quantitatively identified. However, there are several fac-
tors that can alter the thermal plume shape that could result
in error. Furthermore, because the TIR-RS image only al-
lows us to observe less than 1 mm of the sea surface, and
thus prevents a determination of the volume beneath the ther-
mal plume, the required information is missing. Moreover,
quantification by means of images represents a major chal-
lenge because satellite images (e.g., Landsat 8 TIRS) can
only be obtained once every 16 d, and many factors can alter
the shape of the plume independent of the actual discharge.
Therefore, unless the discharge occurs in locations where the
environmental and marine conditions are well known, quan-
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Figure 6. Springs reported in the literature (described SGD spring) vs. a new SGD spring identified with Landsat 8 TIRS. New SGD
springs, not reported in the literature, are represented in pink. Springs reported in the literature are represented in green and white. © Google
Earth 2021.

tification by satellite images represents a major challenge that
should be further investigated.

Although this study focused regionally on the Mediter-
ranean Sea basin, it can be extrapolated to other parts of
the world and in places where the SGD has sufficient ther-
mal contrast when discharging into the sea. This technique
has been successfully used in regional areas such as Ireland
(Wilson and Rocha, 2012; McCaul et al., 2016) or Laizhou
Bay in China (Xing et al., 2016). However, in areas where
the thermal contrast between the sea and the aquifer is low
and/or temperature does not fluctuate during the year, such
as in tropical zones, the use of satellite images represents a
challenge that must be explored in detail. Furthermore, it is
important to perform an initial study to attempt to identify the
previously described main factors that can limit SGD spring
identification in the study area, to try to control/avoid these
effects.

4 Conclusions

This study demonstrates that satellite remote sensing is a use-
ful tool for the identification of coastal SGD springs in karst
aquifers, both locally and regionally, by performing an initial
screening of the coastal water temperature images to iden-
tify possible thermal anomalies that can help narrow SGD
study sampling surveys. However, this study highlights the
following limiting factors that should be considered: (1) tech-

nical limitations, (2) geological/hydrogeological characteris-
tics, (3) environmental and marine conditions and (4) coastal
geomorphology.

In the karstic coastal aquifer of the Mediterranean Sea
basin, the highest success percentage of SGD visualizations
was during June, July, August and September. The main fac-
tor limiting the identification of SGD springs was clouds,
which are far more abundant in winter months. The best ge-
ological and hydrogeological settings for identifying SGD
springs were karst systems with well-developed karstifica-
tion that are well-connected to the sea and those systems with
poorly developed, but highly fractured, karstification. Envi-
ronmental and marine conditions (such as pycnocline for-
mation, light winds, etc.) in the summer months were much
more favorable for the identification of coastal springs than
in the winter months. Semi-enclosed areas, where the sea-
water residence time is large, favor the identification of SGD
springs throughout the year. Groundwater discharges that oc-
curred at a depth of more than 12 m b.s.l. or in very shal-
low waters were not identified. Also, SGD springs that dis-
charged further than 500 m from the seashore were not rec-
ognized.

Multi-temporal SST series are better for identifying SGD
springs in coastal zones, but the information for changes in
the discharge plume changes is lost, while single images are
more suited to studying the morphological variations in the
discharge plume and temperature variations along the plume.
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Although this study focused regionally on the Mediter-
ranean Sea basin, it can be extrapolated to other parts of the
world and other aquifer types in places where the SGD has
sufficient thermal contrast when discharging into the sea and
where the specific geological contexts (e.g., aquifer matrix
and hydraulic parameters distribution) are considered. Long
time series are better for identifying SGD spring areas, since
there may be one or several factors (technical, marine, en-
vironmental, hydrogeological, etc.) that can alter the SGD’s
thermal signal. It is recommended to first screen the coastal
water temperature images obtained by satellite to identify
possible thermal anomalies that will help narrow the sam-
pling surveys. This technique allows the identification and
quantification of SGD springs in zones without hydrogeo-
logical information.
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H I G H L I G H T S

• New water-reliant industries are be-
coming established on the East African
coast.

• New methodology used to estimate ab-
straction in areas with uncertain or no
abstraction data.

• Even after severe droughts, recharge re-
covers from current abstraction rates.

• The shallowaquifer that local communi-
ties rely on is less resilient to drought
than the deep aquifer.

• Aquifer storage recovers the year after
drought but groundwater quality does
not.
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The industrialization process taking place in Africa has led to an overall increase in groundwater abstraction in
most countries in the continent. However, the lack of hydrogeological data, as in many developing countries,
makes it difficult to properlymanage groundwater systems. This study presents a real case study inwhich a com-
bination of different hydrogeological tools togetherwith different sources of information allow the assessment of
how increased competition for water may be affecting groundwater systems by analysing the sustainability of
new abstraction regimes under different real climatic condition (before, during and after La Niña 2016). The
area where this approach has been applied is Kwale County (in Coastal Kenya) in a hydrogeological context rep-
resentative of an important part of the east coast of the continent, where new mining and agriculture activities
co-exist with tourism and local communities. The results show that the lack of aquifer systems data can be over-
come, at least partly, by integrating different sources of information. Most of the time, water-reliant users collect
specific hydrogeological information that can contribute to defining the overall hydrogeological system, since
their own main purpose is to exploit the aquifer with the maximum productivity. Therefore, local community
water usage, together with different stakeholder's knowledge and good corporate water management act as a
catalyst for providing critical data, and allows the generation of crediblemodels for future groundwatermanage-
ment and resource allocation. Furthermore, complementary but simple information sources such as in situ inter-
views, Google Earth, Trip Advisor and easy-to use analyticalmethods that can be applied in the African context as
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inmany developing countries, and enables groundwater abstraction to be estimated and the sustainability of the
aquifer system to be defined, allowing potential future risks to be assessed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The exploitation of groundwater generates different types of nega-
tive externalities (Giannoccaro et al., 2017): (i) reduced availability of
the resource for other current or future uses; (ii) increase in extraction
costs; (iii) possible risk ofwater quality degradation; and (iv) damage to
groundwater dependent ecosystems. If the exploitation of groundwater
occurs close to the coastline, other negative externalities and costs are
generated: (i) reduced groundwater supply due to enhanced corrosion
and well failure; (ii) health problems, (iii) negative effects on agricul-
ture, since crop, land quality and cropping area potentially decline
(SASMIE, 2017).

Anticipated increases in abstraction must be considered together
with the expected increase in droughts in dry periods and precipitation
in wet periods (Solomon and Qin, 2013; Stocker et al., 2013). Climate
change will affect hydrogeological system dynamics and their water re-
sources quality (Mas-Pla and Menció, 2018). For example, aquifer re-
charge reduction caused by climate change is an important factor in
aquifer salinization (Oiro and Comte, 2019). The increased abstraction
is poorly compatible with the sustainable use of coastal aquifers
where there is a high population density and where tourism is concen-
trated (Dhar and Datta, 2009; Mantoglou, 2003; Okello et al., 2015),
since the use of coastal groundwater is compromised by salinization
(Michael et al., 2017). Many coastal aquifers in the world are currently
experiencing intensive saltwater intrusion (SWI) caused by both natu-
ral and man-induced processes (Custodio, 2010; De Filippis et al.,
2016a, 2016b; SASMIE, 2017; Werner et al., 2013).

In the last couple of decades many African countries have seen un-
precedented economic growth rates, and this has drawn the region
into the global limelight (World Bank, 2013). This growth has led to
an increase in groundwater abstraction in most African countries
(Adelana and MacDonald, 2008). The drilling of new deep boreholes
with higher abstraction rates than traditional dugwells or shallowbore-
hole handpumps has increased in many areas to meet the water de-
mands of these new economic activities (Comte et al., 2016).

The high socio-economic and ecological importance of groundwater
and the fact that groundwater is an important strategic resource are
recognised throughout developing countries. A study by Pavelic et al.
(2012) emphasizes that data on groundwater systems throughout
Sub-Saharan Africa SSA are sparse, so the current state of knowledge
creates a barrier to sustainable groundwater development. In order to
define realistic local management policy it is essential to understand
groundwater use and users. One of themajor challenges to proper gov-
ernance is lack of scientific and general (social, economic, environmen-
tal among others) knowledge about aquifers. Without an adequate
general understanding of aquifers, actors may not properly identify
the source of aquifer pollution or depletion and may be prone to blam-
ing each other for mismanagement (IGRAC, 2019). Thus, in the absence
of coordinated efforts to manage aquifers, it is unlikely that any ad-
vanced understanding will be achieved. This paradox is the crux of the
groundwater governance challenge and perhaps explains why effective
groundwater governance regimes are still elusive today.

Therefore, key aquifers need urgent characterization to change the
current situation, in which development proceeds with insufficient
aquifer knowledge (Olago, 2018). One of the main challenges when
studying these aspects in developing countries is the lack of informa-
tion, especially with respect to abstraction data and the location of ab-
straction well fields, in order to determine the possible future impacts
at the local and/or regional scale on groundwater systems. To the

knowledge of authors, there are no studies that determine the effects
of new abstractions in relation to current economic growth in Africa.

Hence the aim of this study is to present a real case study in which a
combination of different hydrogeological tools together with different
sources of information allow the assessment of how increased competi-
tion for water may be affecting groundwater systems by analysing the
sustainability of new abstraction regimes under different real climatic
conditions. The coastal area of Kwale (Kenya coast) has been selected
as a unique case due to: 1) local communities co-existwith tourist activ-
ity in the coast and newwater-reliant industries established since 2012,
representative ofwhat is happening inmany areas of the continent; and
2) this area presents a hydrogeological context representative of an im-
portant part of the East coast of the continent. Furthermore, aquifer sus-
tainability has been assessed during a drought period caused by the
2016 La Niña event and during the following recovery period after the
significant rains of 2017.

The approach presented looks to avoid repeating the errors made in
many areasworldwide, such as in theMediterraneanbasin,where some
coastal aquifers were salinized decades ago by tourism, industrial and
agricultural groundwater abstraction and where local economies suf-
fered the consequences, costs and expense of developing the new
water sources that were required (SASMIE, 2017). In this regard, some
final remarks are made considering the socio-economical and institu-
tional situation in many parts of the Africa continent.

2. Methods

2.1. Application area

The 660 km2 study site is located in Kwale County, on Kenya's south-
ern coast, around 50 km south of Mombasa; it had a 2013 population of
around 730,000 (Commission on Revenue Allocation, 2013). Themajor-
ity (82%) of Kwale's inhabitants live in rural areas in small and scattered
communities. The coastal areas host urban communities, including
Ukunda, Msambweni and Diani. Most of the local economy is based on
small-scale agriculture.

Protected wells and boreholes are accessed by more than a fifth of
the county's populace and 43% of households use an improved drinking
water source (Foster and Hope, 2016). There are around 300
handpumps providing drinking water to local communities, schools
and healthcare centres scattered across the study area. These
handpumps are used daily by the population to fill buckets for different
purposes, such as drinking and domestic water uses. The coastal strip
has a long established coastal tourism industry at Diani. Most of the ho-
tels are located in the coastal area in the north of the study area. Further-
more, the Ukunda area has many private homes that have their own
shallow well or borehole. In the last two decades, the acquisition of
small parcels of land has increased in this area to build bungalows/mai-
sonettes for which the source of water for construction and supply is
often groundwater.

Since 2012, two new, major economic activities have been
established in Kwale County, increasing the pace of environmental, eco-
nomic and social change in the area. One is the country's largest mining
operation: the Kwale Mineral Sands Project, operated by Base Titanium
Ltd. (Base). The other is irrigated sugarcane by the Kwale International
Sugarcane Company Limited (KISCOL). Water demand for both compa-
nies is met by a combination of surface and groundwater.

The Special Mining Lease operated by Base Titanium cover 1661 ha.
The Project resource comprises two dunes that contain economically
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viable concentrations of heavy minerals. These two areas are separated
by the Mkurumudzi River (Fig. 1). Mine construction was completed at
the end of 2013 and the first bulk shipment of mineral departed from
Mombasa in February 2014. Projected 2019 production is up to
450,000 t of ilmenite; 93,000 t of rutile (14% of the world's rutile out-
put); and 37,000 t of zircon. The total mineral resource on 30th June
2018 was estimated to be 134 million t.

Currently KISCOL's sugarcane fields occupy a total area of 5500 ha, of
which 4100 ha has been put to cultivation of sugarcane since 2008;
800 ha are currently under sub-surface drip irrigation (www.kwale-
group.com). The fields are located in the Kinondo, Milalani/Shirazi and
Nikaphu areas, the last one being located south of the study area
(Fig. 1). The factory has the capacity to crush 3000 t of cane per day
and it is projected to produce 3500 t/day of sugar at full capacity, self-
generating 18MWof electricity in a bagasse-fired power plant, and pro-
ducing around 50,000 L/day of ethanol (http://www.kwale-group.
com). The planned area for irrigated (not rain-fed) sugar at KISCOL is
3000 ha, to be achieved when all dams and the bulk water system
(BWS) is completed in the coming years.

The study area is divided into 4 zones (Fig.1) that represent the areas
where each economic activity takes place. Zone 1 covers the area where
the sugar fields irrigated with groundwater from in-situ boreholes are
located; Zone 2 includes the mine and its well field; Zone 3 is the area
where the sugar fields are irrigated with surface water from the
Mtawa River but not from boreholes; and Zone 4 includes the area
where most of the hotels are located.

2.1.1. Climate
The area experiences a bimodal rainfall pattern: 1) “long rains” gen-

erally fall from April to June (AMJ), and “short rains” occur between Oc-
tober and December (OND) (CWSB, 2013). The driest months on the

coast are those from January to March (JFM). The precipitation range
is between 900 and 1500 mm/year and the average temperature is
about 26.5 °C (County Government of Kwale, 2013). In recent years,
from 2012 to 2017, the average rainfall was 1145 mm/year. Rainfall in
2013 (1286mm) and 2017 (1265mm)were close to the averagewhilst
2014 (1604 mm) and 2015 (1345 mm) were well above, and 2012
(711 mm) and 2016 (636 mm) were both well below the average.
From May 2016 to early 2017, the study area experienced unusually
dry conditions. Local weather data (Kwale Agricultural Department Sta-
tion KMD 9439001 in Kwale) suggest that this period represents one of
the most extreme droughts since 1974 in this area (Ferrer et al., 2019).

2.1.2. Hydrogeology
The region is physiographically divided into three units, from inland

to the coast: the Coast Range (ShimbaHills) in thewest, with elevations
ranging from366 to 454m a.s.l (abovemean sea level); the Foot Plateau
from 60 to 137m a.s.l., and the Coastal Plain, generally below 50m a.s.l.
(Fig. 2).

The conceptual model of the groundwater system has been defined
in detail in Ferrer et al. (2019). This aquifer system comprises two
hydrogeological systems: a shallow aquifer composed of young geolog-
ical materials, including silicate sands (Pliocene Fm.) and carbonates,
corals and sands (Pleistocene Fm.), and a deep aquifer composed of
older materials, mainly sandstones (Jurassic and Triassic) which crop
out in the western part of the area in the Shimba Hills range. The shal-
low aquifer thickness is 25 m thick and the deep aquifer is around
350 m thick (ISGEAG, 2019). The hydrochemical facies and the water
isotopic composition indicate that there is hydraulic connectivity across
the materials that comprise the shallow aquifer. The same data show
that the Mazeras sandstones in the Shimba Hills are hydraulically con-
nected with the deep aquifer.

Fig. 1. Location of the study area, which is divided into four zones according to the different economic activities present: 1) includes the larger part of KISCOL'sMilalani fields and a part of
the mine; 2) includes Base Titanium mining facilities; 3) includes KISCOL's Kinondo fields; and 4) includes the major proportion of hotels and private plots.
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The Kilindini sands and coral limestone form the major part of the
shallow aquifer in the study area. The deep aquifer acts as a confined
unit due to the presence of a very low permeability aquitard emplaced
between the young and oldmaterials. This confined aquifer is disrupted
across the area by two in-filled palaeochannels perpendicular to the
coast (in Zones 1 and 3) that enhance the connectivity between the
shallow and deep aquifer in each of these zones. These palaeochannels
are filled with sedimentary and re-worked fluvio-deltaic materials.

The shallow aquifer is directly recharged by local rain through the
ground surface and the deep aquifer is recharged laterally from the
Shimba Hills where it outcrops. The discharge of both aquifer systems
is at the littoral zone of the Indian Ocean (Fig. 2). Equipotential lines
of the shallow aquifer show that the groundwater flow direction is
from the Shimba Hills to the Indian Ocean (Fig. 2). The potentiometric
map and the hydrochemistry indicate that the Ramisi (Zone 1) and
Mkurumudzi (Zone 2) Rivers are gaining streams, receiving water
from the aquifer, at least in their upper parts (Ferrer et al., 2019).

2.2. Estimation of the water budget with lack of data

2.2.1. Recharge estimation
In order to assess the sustainability of the aquifer system during the

2016 La Niña drought and the recovery period in 2017, the total re-
charge to the aquifers of the study area needs to be known, as it is the
main input to the system (Ferrer et al., 2019). The recharge was calcu-
lated following the methodology presented in Ferrer et al. (2019),
based on the soil water balance for the period 2010–2017. As the reso-
lution of the geologicalmap is not the optimal to obtain proper recharge
estimation, the soil and terrain database for Kenya (KENSOTER) was
used as the principal data source to define the soil properties for the
study area. The information of the soil map has been correlated with
the geological map and validated with several field samples in different
locations across the study area.

In that study, groundwater recharge was calculated for each land
cover type and each soil type, following the process presented in the
supplementary material. Rainfall data and meteorological parameters
were obtained from three different stations for the period 2010–2015.
At the end of 2015, 11 manual rain gauge stations were established
across the study area. These new data improved the accuracy of re-
charge estimation. During 2016–2017, temperature data were obtained
from the Trans-African HydroMeteorological Observatory (TAHMO)
stations (www.tahmo.org) (Fig. 3).

2.2.2. Current and future abstraction estimation
One of the main challenges when studying this type of area is the

lack of information, especially abstraction data and the location of pro-
duction boreholes. Depending on the abstraction data available in a
specified area, different methodologies can be applied. The abstraction
data accuracy will depend on the information source used.

In the study area, it proved very helpful to integrate information
from the Water Resources Authority (WRA) and from groundwater
users in the area (particularly themining and sugar companies). The ab-
straction permits for each economic activity were obtained from the
Water Resources Authority (WRA). The WRA data comprised the per-
mitted daily well/borehole abstraction volumes for individual con-
sumers and companies, such as Base, KISCOL, the hotels in the South
Coast, and community boreholes. However, not all the abstraction
data from the different water users have the same accuracy.

Base Titanium provided daily abstraction data from the end of 2013
to 2017. These actual abstraction estimates are very accurate.

Unlike Base Titanium, KISCOL's actual abstraction rates were not
available. However, the company report that they control drip irrigation
by means of soil humidity sensors to conserve water. Therefore,
KISCOL's estimated monthly abstraction is based on soil evaporation
deficit (ETD). The ETD is the difference between potential evapotranspi-
ration and actual evapotranspiration under natural conditions, which
gives the minimum amount of irrigation water required to maintain

Fig. 2.Geological mapwith themain faults and the two palaeochannels (red dotted lines) shown. Potentiometric contoursmeasured in theMarch 2016field survey. The triangles indicate
the locations of thewellfields developed by Base Titanium and KISCOL (Milalani area). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb
version of this article.)
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the soilmoisture that allows the crop to get thewater it needs.Multiply-
ing the ETD by the KISCOL irrigation area, the minimum crop water re-
quirement (MCWR) is obtained.

Observed groundwater abstraction was available for only one hotel
located at the coast in Zone 4. Therefore, a complementary estimate of
hotel abstractions using other data sources was made. Hotel locations,
both those with and without WRA permit data, were obtained from
Google Earth. The number of rooms for each hotel and the hotels' class
were collected from the TripAdvisor webpage. Total groundwater vol-
ume consumed by hotels was estimated using the consumptions speci-
fied in the Practice Manual for Water Supply Services in Kenya (2005)
for each type of hotel, assuming a water use of 600 L/day per bed for
high class hotels and 300 L/day per bed for medium class. For 35% of
the hotels identified fromGoogle Earth, interviewswith hotelmanagers
validated consumption data. The Kenya National Bureau of Statistics
(KNBS) provided bed occupancy data for the South Coast 2015 to
2017. Despite hotel abstraction data not having the same degree of ac-
curacy as Base Titaniumdata, using thismethodology it is possible to es-
timate the order of magnitude of hotel abstraction.

The average abstraction of the community handpumpswas obtained
from Water point Data Transmitters (WDTs), which provide reliable
real-time data on handpump usage (Thomson et al., 2012). Using a
low cost integrated circuit (IC) based accelerometer, theWDT automat-
ically monitors the number of strokes made in operating a handpump
and then transmits this information to a computer over the GSM net-
work. Volumetric abstraction was calculated from the accelerometer

data for the period 2014–2015. These data provide information on
hourly pump use.

The abstraction of the water-reliant industries will increase in the
near future; Base Titanium planned to drill more boreholes within the
same wellfield, thus increasing the total groundwater abstracted. In
the absence of any better estimates, we arbitrarily assumed a 20% in-
crease in groundwater abstraction for irrigated sugar. The Draft Kwale
Water Master Plan has assumed a 1% growth per year in water demand
for the tourism sector over the next 20 years. In order to supply more
water to the population, theWater SupplyMaster Plan (2018) forMom-
basa and other towns within the Coast Province (CWSB, 2016) has pro-
posed developing the Msambweni wellfield to meet future demand for
themiddle and south coast zones. This is the considered future scenario
for groundwater abstraction.

2.2.3. Groundwater levels and quality data
Groundwater levels and quality data, such as field physicochemical

parameters (pH, temperature, electrical conductivity …), are easy and
cheap to obtain in countries with lack of data. Therefore, it is relevant
to create a monitoring network managed by local people with low
cost in order to obtain hydrogeological data for a specified period to
evaluate changes under different climatic conditions.

In order to assess the possible effects of the water-reliant industries
on the groundwater system, hydrochemical field data obtained during
the La Niña event in 2016 from Ferrer et al. (2019) were used.

Fig. 3. (Left) Average recharge from 2010 to 2017 in mm/d. (Right) Recharge difference between La Niña (2016) and a normal climatic year (2017). The coloured dots are the
meteorological stations used to calculate the net recharge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In order to study the aquifer recovery after the La Niña event in the
study area, the groundwater level and electrical conductivity (EC) of
23 points were measured in Magarini sands, Kilindini sands and the
Pleistocene corals every two weeks, with a groundwater level range
from 4 m bgl to 27 m bgl (below ground level) after the La Niña event
(April 2017), until December 2017. These points are part of a monitor-
ing network in which groundwater levels and physicochemical param-
eters were measured every two weeks. Fortnightly groundwater levels
of 35 piezometers measured by Base Titanium in its monitoring net-
work (2012–2017) have also been used to study the aquifer response
as well as the potential interaction between the shallow and the deep
aquifer during the study period.

To represent EC evolution in the study area, this information was
mapped for each of the seven field surveys using ArcGis 10.0 software,
and the hydrogeochemical analysis tool QUIMET (Velasco et al., 2014).
To represent the spatial distribution of the variables, the Inverse Dis-
tance Weighting (IDW) method was used, which is a deterministic
method that allows multivariate interpolation from a set of known
scattered points. The EC data were obtained from different wells mea-
suredduring thefield surveys carried out in the study area in September
2013, March 2014, June 2014, March–May 2015, and September 2015.
The physiochemical parameters measured in situ were temperature,
pH and EC25 (electric conductivity at 25 °C) bymeans of a Hanna Instru-
ments meter.

In order to understand the geochemical processes occurring in the
area affected by seawater intrusion (SWI), a geochemical modelling ex-
ercise was carried out to understand the long-term evolution in this
geological context and the potential impacts of SWI dynamics. Given
the composition of the Pleistocene corals, different geochemical models
considering several conceptual hydrogeological models were generated
to understand which reactions are taking place, to what extent, under
which conditions, and how water quality and aquifer mineralogy
could change due to SWI.

PHREEQC software was used to simulate the mixing between fresh
groundwater located inland in the Pleistocene formation with EC
b 1000 μS/cm and one sample from the saline water upwelling on the
beach (Diani), which is 83% seawater according to chloride concentra-
tion (Table 1. Supplementary material). A total of 20 mixed waters
were simulated.

3. Results

This section presents all the results analysed in order to determine
the sustainability of the groundwater system. First of all, the recharge
from 2010 to 2017 and its change is assessed, since it is the main
water input of the system and key to understanding the water budget.
Secondly, abstraction for each groundwater use is estimated and used
as outputs from the groundwater system. In the third component, the

groundwater level evolution is analysed as themain indicator of storage
changes in the system, showing the relationship between system inputs
and outputs. To evaluate the system in the coastal zone, where ground-
water quality plays an important role in the sustainability of the system,
the evolution of electrical conductivity (as a proxy for salinity) is
analysed. Finally, the results of the geochemical models, which are
needed to understand the geochemical processes occurring in the area
affected by seawater intrusion, are also presented.

3.1. Recharge

Total recharge volume was calculated for an area of 660 km2. This
area is bigger than the four study Zones (Fig. 1), covering the recharge
area of the shallow and deep aquifers from the sea to the Shimba Hills
(Ferrer et al., 2019). While the shallow aquifer is recharged directly
from the surface, the underlying deep aquifer is recharged from the
Shimba Hills. To estimate recharge across the study area, 123 soil
water balances were calculated (Fig. 3).

The spatial distribution of recharge follows the rainfall spatial pat-
tern. Higher recharge occurs near the coast and decreases inland, west
of Shimba Hills. However, in the eastern Shimba Hills (around
450 m a.s.l., see Fig. 1) recharge is higher. The highest average recharge
volume for the period 2010–2017 occurred in areas underlain by ferralic
arenosols, which have low usable soil water reserves (UR). Some areas
overlying the shallow aquifer in the Kilindini and Magarini sands also
have this type of soil. On the contrary, lower average recharge occurs
in areas with high UR ferric acrisols. These soils are mainly located on
the Mazeras sandstone, in the Shimba Hills.

The total recharge during La Niña in 2016 was 58·106 m3/year, 74%
less compared to 2017 (224·106 m3/year). A comparison of recharge
during La Niña with previous years (Table 2) shows that there is mini-
mal correlation between total annual rainfall and total annual recharge.
This is because the rainfall intensity and distribution through the year
influences net recharge, rather than the total annual volume of rainfall.
High rainfall peaks produced by intense but short storms aremore effec-
tive in driving recharge than lower,more continuous rainfall. An intense
rainfall event (N100mm) on a saturated catchment leads to intense and
significant recharge. This is consistent with other studies on the phe-
nomenon (Taylor et al., 2012; Taylor and Jasechko, 2015). The recharge
volume represents 7% of the annual rainfall in the driest years, but up to
23% in 2017.

3.2. Groundwater use by water-reliant industry

In this sub-section we present a detailed description of each water-
reliant user in the area and its abstraction rate estimate.

3.2.1. Base Titanium Ltd
The mining company constructed and commissioned an 8.4 106 m3

water supply dam on the Mkurumudzi River to meet most of its water
requirements for mining. This supply is backed up by a wellfield com-
prising four, 95–105m deep boreholes. At the end of 2013, both surface
and groundwater were abstracted to start the mine. The average

Table 1
Rainfall and temperature data from different meteorological stations used to calculate
groundwater recharge. The location of each station is shown in Fig. 3.

Rainfall &
temperature
2010–2015

Rainfall from manual rain
gauge
station 2016–2017

Temperature
2016–2017

SWAT N° 45395 Boyani station TAHMO Kidongo gate
Footprints

Kidongo gate
KISCOL

Muhaka ICIPE
Mwachande

SWAT N° 45394 KISCOL TAHMO Msambweni
SACOMuhaka

SWAT N° 42397 Hobo Msambweni TAHMO Msambweni
SACOJabalini

KISCOL
Mwachande

Table 2
Annual precipitation in mm/year obtained from the different meteorological stations lo-
cated in the study area (Table 1) and the annual recharge volume in 106 m3/year.

Year Precipitation (mm/year) Recharge (106 m3/year)

2010 1022 71
2011 1406 160
2012 987 50
2013 1154 86
2014 1715 156
2015 1757 169
2016 867 58
2017 1442 224

6 N. Ferrer et al. / Science of the Total Environment 694 (2019) 133634



groundwater abstraction for a “normal climate year” such as 2014 and
2015 was 1449 and 1806 m3/day, respectively. However, during the
2016 La Niña event, this abstraction increased by around 66% to
4272m3/day on average (Table 3). After the La Niña event, the daily av-
erage abstraction fell by around 26% (3370m3/d) in 2017, compared to
2016 (Fig. 4). It should be pointed out that Base Titanium recycles a con-
siderable proportion of process water: in 2016, it recycled N70% of the
total daily water use. It improved in 2017, recycling around 78%.

The mine site is located on the Pliocene formation but the Base
wellfield is on the Kilindini sands (Pleistocene) east of the mine
(Fig. 2). These production wells are screened in the deep aquifer, to en-
sure that groundwater is pumpedonly from the Jurassic and Triassic for-
mations. This was a deliberate design philosophy to reduce as much as
possible adverse effects to the shallow aquifer that local communities
use for water supply.

Adjacent to each operational borehole a shallow and deep monitor-
ing piezometer measures the groundwater level fluctuations under
baseline conditions and due to subsequent abstraction. Under natural
conditions before abstraction started in 2013, the deep groundwater
levels were higher than the shallow groundwater levels as the piezo-
metric control area of the confined deep aquifer is at a higher elevation,
in the Shimba Hills. Once abstraction started at the end of 2013, the
shallow piezometric trend shows a limited effect from pumping from
the deep aquifer, maintaining the hydraulic relationship between the
shallow anddeep aquifer, except sporadically due to occasionally higher
abstraction rates, as in April 2014 (Fig. 4). However, during the dry year
of 2016 (the La Niña event), some deep boreholes had a piezometric
level below the shallow aquifer groundwater level.

Since 2013, Base Titanium has also monitored the groundwater
quality in its production boreholes and some shallow and deep commu-
nity wells spread around the mine. The hydrochemical composition of
the pumpedwater from 2013 to the present (data not shown, Base Tita-
niummonitoring network) indicates that there is no significant change
in groundwater quality in the groundwater pumped from the deep
aquifer, even during the La Niña event. The EC values measured in the
inland deep community wells monitored by Base Titanium have been
b1500 μS/cm from 2012 until the present.

3.2.2. KISCOL sugar fields
KISCOL uses different water sources to meet sugarcane water de-

mand. Its water demand depends on the crop water requirements of
the sugar plant. As expected, the minimum crop water requirement
(MCWR) is higher during the driest months, with an average of
40,784 m3/day from January to March and 28,349 m3/day for the wet
period (April to June).

Groundwater is obtained from up to 17 boreholes, 60–100 m deep,
drilled in and spread across the sugar fields. According to WRA,
KISCOL has been allocated a total of 10,535 m3/day from 12 production
boreholes. However, information available indicates that only eight
boreholes are currently operational, so actual groundwater abstraction
is probably lower than the WRA allocation. These eight boreholes are
operational (since mid-2015), and are located in the Milalani fields
(Zone 1, Fig. 1). The Kinondo fields are irrigated by surface water
(Zone 3, Fig. 1) as the borehole pumps are not connected to power
lines and electrical generators have been vandalized. Pumped

groundwater is stored in one-day storage lagoons, together with
water coming from the dams, which is the other water source for
sugar irrigation. Groundwater acts as a strategic water reserve; volumes
used are small compared with water from dams. According to current
WRA rules, the maximum volume that may be pumped is 60% of the
well test discharge rate over a ten-hour pumping day. It means that
the mean estimated abstraction rate for the eight KISCOL boreholes is
2088 m3/day (Table 3). This value is in accordance with the KISCOL
test yields for these eight boreholes and it is in the same range as
other unpublished data from KISCOL.

KISCOL wells are multi-screened, taking water frommultiple water-
bearing zones in the shallow and deep aquifer units. This well design in-
creases the yield but produces amix of groundwater from aquifer levels,
as shown by the isotopic and hydrochemical composition (Ferrer et al.,
2019). Therefore, this screen configuration may facilitate the entrance
of contaminated water from the shallow aquifer towards the deep
one, contrary to the Base Titanium boreholes which are only screened
in the deep aquifer.

Water qualitywasmeasuredwithin KISCOL'sMilalani plantation in a
monitored borehole at different depths in the June 2016 field survey
(Ferrer et al., 2019). The most significant result was the measured ni-
trate concentration in this borehole: 48 mg/L at 21 m bgl and 31 mg/L
at 65 m bgl, as NO3. Furthermore, a well located at Nikaphu, south of
the study area, had 1.2 mg/L of ammonia, as NH4, during the March
2016 field campaign. Taking into account that groundwater has an Eh
of +239.4 mV and dissolved oxygen of 1.42 mg/L, the relatively high
ammonia content indicates that the sample is not in chemical equilib-
rium. This shows a relatively fast recirculation of shallow groundwater
around the pumping well. Currently, there are no nitrate polluted shal-
low wells around the KISCOL Mililani fields. Conversely, in the Kinondo
fields (Zone 3), where sugar is irrigated onlywith surfacewater, there is
only one point at the outflow from the end of the fields that is polluted
by nitrates, at 73 mg/L NO3 in June 2016.

3.2.3. Tourism
From the data obtained from Google Earth, 85% of the hotels located

on the coast are located in Zones 3 and 4 on the Diani coast, with only a
few situated on the Msambweni coast in Zones 1 and 2 (Fig. 1).

The highest tourism season is fromOctober toMarch and the lowest
fromApril to July. Hotel water use is closely associatedwith the number
of tourists, so both intra- and inter-annual abstraction varies consider-
ably (Fig. 5). Most hotels use water from private boreholes, from
which large volumes of water are withdrawn using electrical and/or

Table 3
The allocated and the actual or estimated groundwater abstraction for each water user. Hotel groundwater use marked with (*) is based on Table 4.

Period Recharge (m3/d) Groundwater abstraction (m3/d)

Base titanium KISCOL Hotels Handpumps Community boreholes

Dry year: La Niña 2016 158,602 Current: 4272
Allocated: 5280

Current: 2088
Allocated: 2528

3272* 450 991

Recovery/average year: 2017 613,890 Current: 3370
Allocated: 5280

Future abstraction 8800 9504 3926 540 11,500

Table 4
Hotel groundwater abstraction (m3/d) based on different information sources.

Source Kind of data Number of
points
with
available
data

Abstraction
(m3/day)

WRA WRA allocation permits 29 2760
Hotels Answer direct from the Hotels 38 1809
Estimate Google Earth + Trip Advisor + Manual for

Water Supply Services
91 3272
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diesel driven pumps. The groundwater abstraction points that support
this economic activity are located near the coast, mainly exploiting the
shallow aquifer located in the Pleistocene corals formation (Fig. 1).
Using both Google Earth and Trip Advisor it was possible to identify
109 hotels and obtain the number of rooms for 91hotels. Personal inter-
views with hotel managers improved the understanding of water use
and water source for each hotel. Around 40% of the hotels were unwill-
ing to answer the questions and the remaining 60% of hotels at least re-
vealed thewater source. Of the 60% of the hotels that answered, 72% are
only supplied by private boreholes while the remaining 28% supple-
ment groundwater with municipal piped water from the Tiwi aquifer,
located 6–12 km north of Ukunda and covering an area of approxi-
mately 30 km2.

We estimated hotel groundwater abstraction according to the differ-
ent type of data source (WRA allocations and hotel interviews).We also
estimated hotel groundwater abstraction using the number of rooms
and the hotel class type.

The total number of beds available on the south coast has decreased
around 40% from 2015 to 2017, since some hotels closed during this pe-
riod. However, the percentage of beds occupied has increased, main-
taining an occupancy rate of around a million bed-nights/year for the
period 2015–2017. The Draft Kwale Water Master Plan assumed a 1%/
year growth in water demand for the tourism sector over the next
20 years.

Hotel groundwater use varies through an order of magnitude across
the months of the year, based on bed occupancy (Fig. 5). Water con-
sumption is lower during the wet season, since it coincides with the

months with lowest tourism activity. However, the water consumption
in the rest of the year is significant. It is worth emphasizing that the
highest bed occupancy rate and thus the highest water consumption
occur from October to December, just before the dry season.

3.2.4. Community abstraction
Groundwater abstraction from commercial activities takes place

alongside the traditional dispersed 300 functional handpump-
equipped shallow wells and boreholes, and 22 community boreholes
(somewith solar pumps installed byBase Titanium), that provide drink-
ing water to communities and institutions. The WRA allocation for 22
community boreholes within the study area is 991 m3/day (Table 3).
There are also some open wells operated with buckets within the
study area for which no abstraction data exist; however, anticipated ab-
straction rates are much lower than in handpump-equipped boreholes.

Weekly data obtained from the transmitters (WDT) from the 300
handpumps during 2014 and 2015 gave a mean daily abstraction of ap-
proximately 1.5 m3/day per pump. Water pumped from community
handpumps also depends on rainfall (Thomson et al., 2019). Abstraction
varied from 0.71m3/day per pump in thewet season to 2.05m3/day per
pump in the dry season, with monthly variation shown in Fig. 6. They
operate under different dynamics, according to the economic activities
in the area. Themonthly average volume pumped is lower than the an-
nual average abstractions fromMay to December. This shows that com-
munities use other water sources duringwet periods, such as rainwater
collection (Thomson et al., 2019).

Fig. 4. Comparison between shallow and deep groundwater levels of piezometers located near a production borehole recorded by Base Titanium. Black vertical lines indicate the hydraulic
relationship between the shallow and the deep aquifer under different conditions: 1) “Natural conditions” refers to groundwater levels when the wellfield was not intensively pumped
before October 2013; 2) “regular abstraction” shows the shallow and deep groundwater levels once the deep aquifer exploitation started; 3) “La Niña” shows the groundwater levels
during the drought period caused by the La Niña event in 2016/2017 and 4) “Recovery” refers to the recovery of the aquifer hydraulic relationship after the rains of April 2017. Rainfall
volume data is from Kwale Agricultural Department station (Kenya Meteorological Department) (mm/d). The green line shows Base Titanium groundwater abstraction as m3/d. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5.Groundwater consumed in (m3/d) eachmonth based on the average bed occupancy
from 2015 to 2017 obtained from the Kenya National Bureau of Statistics (KNBS). Fig. 6.Monthly average abstraction variation for handpumps during 2014 and 2015
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3.3. Groundwater level evolution

In order to determine the sustainability of the groundwater system
under different abstraction regimes, it is important not only to consider
how abstraction could affect aquifers during a drought, but also how the
systems recover after such climatic events. Therefore, the present study
goes beyond that of Ferrer et al. (2019), as it focuses on the recovery of
groundwater levels during 2017 after La Niña event and especially on
shallow aquifer recovery. The shallow aquifer is the source of water
for most communities in the study area.

During the La Niña event, there was a groundwater level decline in
86% of the measured shallow wells. In the remaining shallow wells,
the groundwater levels were nearly constant. However, levels in 95%
of the shallow wells affected by La Niña drawdown recovered after
the first rainy season (AMJ) in 2017 (Table 2S Supplementarymaterial).
In this regard, the first rainy season (AMJ) ismore effective in the recov-
ery of the groundwater system than the short rains (OND).

Regarding groundwater level recovery after the La Niña event in the
deep aquifer, there are only data from Zone 2 (from the Base Titanium
monitoring network). Fig. 4 shows the effects of recharge and abstrac-
tion on deep piezometer water levels; this shows that groundwater
levels recovered after the first rainfall event in April 2017, to values
close to those observed in previous wet years.

3.4. Groundwater quality on the coastal strip

Sea water intrusion (SWI) in aquifers occurs naturally in coastal
areas around the world (Custodio, 2010; SASMIE, 2017). The position
of the seawater/fresh water-mixing zone is influenced by groundwater
discharge into the sea and aquifer thickness, aswell as aquifer hydraulic
conductivity. The natural discharge rate could be affected by groundwa-
ter abstraction, reducing diffuse discharge into the sea. In order to study
short-term salinity changes, we carried out a spatial analysis of ground-
water EC (electrical conductivity) between 2013 between 2016.

The evolution of EC since 2013 (Fig. 7) shows that salinity increased,
mainly in 2016. This illustrates the relationship between EC increase
and decreasing rainfall, since the total rainfall during 2016 (when the
La Niña event occurred), was 49% less compared to the 2014 total
(Table 2). The highest EC values in June 2016 correspond to thewells lo-
cated in Zones 3 and 4 (except for a point in Zone 1), with an EC mean
value of 2814 μS/cm and a maximum of 3793 μS/cm (Table 3, Supple-
mentary material). Looking at the EC variation across 2016–2017 for
the wells located near the coast, around 88% of the sampled sites
show an EC increase across the period. The wells that do not show any
EC increase are mainly located inland in Zone 4, and in some wells in
the Magarini sands in Zone 1 (Table 2, Supplementary material).

We compared hydrogeochemical modelling results with the sam-
ples from wells/boreholes affected by SWI in the shallow aquifer to un-
derstand the importance of the SWI change. Field samples contain
between 0% and 30% of seawater (Fig. 8a), except for the sample taken
from a beach upwelling, which had 83% seawater. The conceptual
model that gives results closest to the observed field samples is the
mixing of fresh and saline water, both in equilibrium with calcite (i.e.
Fig. 8a).

Looking at the delta ion evolution for calcite (total quantity of pre-
cipitated/dissolved calcite mineral) in this conceptual model, during
mixing between fresh groundwater and saline water (Fig. 8b) the in-
crease in salinity tends to dissolve calcite, with 30–40%maximumdisso-
lution in a water mixture containing 50% of seawater.

4. Discussion

4.1. Current situation

The total groundwater abstraction represented 6% of the recharge
during La Niña and 1.3% of recharge during a normal climatic year,

such as 2017. The recharge volume is an important component of the
aquifer system dynamics, responsible for groundwater level variation
in both the shallow and deep aquifers.

Not all water users exploit the same aquifers layers. The community
wells, handpumps and hotels mainly abstract groundwater from the
shallow aquifer. The recharge areas of this aquifer unit are those
exhibiting more volume variation between drought and a normal cli-
matic year (i.e. 2017) (Fig. 3). The shallow aquifer unit is less resilient
to climate variation than the deep one. This explainswhy somewells lo-
cated in the Kilindini andMagarini sands became dry during the LaNiña
drought. The aquifer system exhibited swift recovery after the first nor-
mal rainy season in 2017. This allowed the system to return to the aver-
age groundwater budget and to face the next drought period.

One consequence of wells becoming dry is the increase in walking
distance to collect water. As reported during fieldwork in June 2016,
during the La Niña event, some communities stated that they had to
walk longer distances to collect water because the nearest borehole or
well was dry. Among other impacts, Demie et al. (2016) found that
spending more time searching for water had a negative impact on

Fig. 7. EC spatial distribution along time after the differentfield surveys from2013 to 2016.
The inlandwhite areasmean that no data is available. The high EC values located inland in
from September 2015 to June 2016 correspond to a saline geological formation, the Maji
ya Chumvi beds (Caswell, 1953).
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girls and women, since this forces them to stop investing time in their
education and other important activities. Furthermore, the reduction
in groundwater availability leads to an increase in the price of the
water sold to local residents. The Gro for Good research team found
that during the drought event of 2016/2017, some areas having very
limited access to drinking water suffered a peak in the price of vended
water, with charges ranging from 20 to 50 Ksh per 20 L reported west
of the Shimba Hills. Such costs are an order of magnitude higher than
the usual price for vended water, which is 2 to 3 Ksh per 20 L. This
price increase has a huge impact on families is an area where the aver-
age household income is about 330 Ksh/day, about the cost of 2.5 kg of
rice. This price increase will either result in households having reduced
funds for other needs because of the drought, or reducing their water
use, or a combination of both. This may cause adverse health impacts
from compromised hygiene behaviour.

Unlike communities and hotels, Base exploits the deep aquifer and
KISCOL both aquifer units. The fact that the recharge variation is less
in the Shimba Hills than in the lowland means that the deep aquifer is
more resilient to drought events. This favours groundwater abstraction
by these users, since they can continue to exploit the deep aquifer dur-
ing periods of drought without impacting the shallow aquifer exploited
by the communities and hotels lasting at least as long as the last La Niña
event.

Focusing on mining, the abstraction rate depends on rainfall pat-
terns, increasing during the dry period in 2016, and reducing during
wet years, such as in 2017. The influence of abstraction on the shallow
aquifer is insignificant up to the present, according to observation pie-
zometer water level data in the shallow and deep aquifer in the Base
wellfield. This is due to the presence of an aquitard between the two
aquifers. Groundwater abstraction only significantly affected the piezo-
metric level of the deep aquifer system during the 2016 drought. This
groundwater level decline could be due to the combination of abstrac-
tion from the deep aquifer and the reduced recharge during the drought
in the ShimbaHills (Fig. 4). Unlike in other areas, like Italy, Tunisia,Med-
iterranean Spain and the Canary Islands (La Vigna et al., 2013; Maliki
et al., 2000; SASMIE, 2017), where intensive exploitation permanently
affects the relationships between aquifer units, after La Niña event the
hydraulic relationship between the shallow and deep aquifer recovered
following the rains in April 2017, showing that the impact on the deep
aquifer in 2016 was attributed to reduced recharge.

Like Base, KISCOLwater use changes over time, as their principal use
is for irrigation: lesswater is consumed during thewet season andmore
during the dry season and droughts. At present, current KISCOL abstrac-
tion has a dual effect on groundwater quality, as the potential pollutants
related to fertilizers used in the sugarcane fields are present in the deep
pumping wells but do not spread beyond the sugar fields due to the

Fig. 8. a) Mg vs. percentage of mixing. The red crosses represent sampled waters near the coast. The X-axis shows the percentage of mixing from 0% to 100% of fresh water in the coast
samples and the upwelling. The light blue line represents the best-fitting conceptual model (water solutions in equilibrium with calcite). b) Calcite ion delta (change) vs. percentage of
mixing of the model in equilibrium with calcite. The Y-axis represents the calcite saturation index and the X-axis shows percent mixing. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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recharge of irrigation return flow (Fig. 9). The presence of NO3 concen-
tration (31 mg/L) at 65m depth in a KISCOL control piezometer located
inMilalani (in the southern fields), demonstrates the aquifer unit's con-
nection through the well due to the long screened sections. The north-
ern fields (Kinondo), which are irrigated with surface water, shows
how the pollutants maymove following groundwater flow, as a well lo-
cated down flow of the fields is one of the few in the area with elevated
nitrate (Ferrer et al., 2019).

The relationship between the shallow and deep aquifer at the coast
itself is unknown. Furthermore, as there are no data for the deep aquifer
in the area between the coast on the one hand and the sugar fields and
the mine on the other, it is not possible to determine the effects of sug-
arcane irrigation and mining abstraction on saline intrusion in the deep
aquifer. However, none of the deep boreholes sampled during this study
(up to 100 m depth, from the Base Titanium monitoring network)
shows SWI influence. Moreover, it is unknown how water abstraction
from boreholes located within or near the palaeochannel could increase
the SWI, mainly around the Msambweni area, in Zone 1 (Fig.1).

In the coastal areas withmajor tourism concentrations, recent years'
data seem to show a local salinization effect in the shallow aquifer due
to the higher abstraction induced by tourism and associated activities.
However, a longer period of observation is needed to determine the sa-
line water intrusion dynamics in order to consider rainfall fluctuations
and to differentiate between seasonal effects (still unclear but possible)
and long-term trends. As the zone with most of the hotels is also the
area with the highest population density, it is not possible to differenti-
ate between saline intrusion caused by the hotel sector itself and that
caused by wells and boreholes serving private dwellings or used by
local communities.

EC in most measured shallowwells remained high after the drought
period, even after the important rains of early 2017, indicating that
groundwater quality in the coastal zone did not fully recover (Table 2,
supplementary material). This behaviour is in agreement with many
other well-studied areas (Custodio, 2002; SASMIE, 2017), which show
that salinity takes much longer than groundwater level to change and
to recover once the aquifer is salinized.

4.2. Future situation

Total groundwater abstraction is expected to increase by a factor of
four over the current rate (see Table 3). This level of abstraction
would represent 22% of the total recharge occurring during the La

Niña event. Currently, the existing water-reliant industries are
exploiting the aquifer without significantly affecting groundwater
levels. However, the possible local effect of pumping wells on the aqui-
fer system and the consequences of future increased groundwater ab-
straction during long drought periods should be evaluated. The
number of dry shallow wells could increase in the future due to more
frequent and longer droughts, but also due to augmented abstraction.

Considering the groundwater level difference between aquifer units
during LaNiña in the 14m-thick aquitard (theminimumaquitard thick-
ness reported by Base) and the estimated vertical hydraulic conductiv-
ity, Darcy's Law shows that the vertical water downward
displacement through the aquitard is of the order of 2m/year, penetrat-
ing much less than the aquitard thickness in one year. Consequently,
pollution from the upper aquifer level cannot reach the deep aquifer ex-
cept due to poorwell construction. However, in a future scenario with a
four-fold increase in groundwater abstraction rate and/or longer
droughts, a longer and possibly permanent shift in the difference in pi-
ezometric levels between the aquifer units may occur, produced by in-
duced larger vertical gradients across the aquitard, increasing the risk
of contamination from vertical drainage through the aquitard.

A future increase in groundwater abstraction by the sugar company
during a drought periodmay affect both the shallow and the deep aqui-
fer, as thosewells are screened in both aquifers (formaximumborehole
yield). A potential reduction in groundwater level in the shallow aquifer
in Zone 1may affect the Ramisi River-aquifer relationship in that area. A
fall in the shallow aquifer level would decrease aquifer discharge to the
river and at some point could induce river water infiltration into the
aquifer. The infiltration of naturally saline water from the Ramisi River
could affect the groundwater quality in shallow wells adjacent to the
river by increasing its salinity, thus limiting their use. The maximum
EC upstream in the Ramisi River was 5594 μS/cm (Ferrer et al., 2019).
In extreme cases, the EC could limit the use of groundwater from the
shallow aquifer. This does not only apply to domestic uses but also to
sugar irrigation, as the threshold EC for sugarcane is 1700 μS/cm (FAO,
2018), if some of abstraction wells were located close to the river. In
order to prevent this occurring, KISCOL might consider irrigating the
south sugar fields with surface water from dams located in the
Mkurumudzi catchment. Furthermore, it is expected that in periods
when the groundwater level in the deep aquifer stays lower than in
the shallow aquifer, pollution of the deep aquifer can be induced in
the wells, as has occurred in other areas (Menció et al., 2011) and is a
common occurrence in coastal areas.

SWI is an important issue in coastal aquifers, and has already been
observed in Kwale County (Oiro and Comte, 2019). A reduction in
groundwater flow would lead to a penetration of the saltwater wedge
inland, increasing the percentage of saline water in shallow wells al-
ready affected by SWI and affecting new areas. The significance of SWI
is that only 2 to 3% of seawater mixed with fresh water is enough to
make the resulting water useless for most purposes.

The calculation of the freshwater-saltwater mixing zone is a com-
plex task, but an approximation can be obtained assuming a sharp
freshwater-saline water interface and comparing the results with the
final equilibrium state. The steady state penetration of the sea water
wedge in the case of an homogeneous aquifer can be easily calculated
from aquifer thickness and hydraulic conductivity for a given ground-
water flow discharging at the coast (see Section 13, (Custodio and
Bruggeman, 1986; Custodio and Llamas, 1976).We calculated seawater
wedge growth from the coastline for the shallow aquifer, under the fu-
ture increased abstraction scenario with the same net recharge as dur-
ing the La Niña event (data in Supplementary material). Increasing
groundwater abstraction from 9535 m3/d to 34,270 m3/d will move
the steady state saline water wedge from 232 m inland up to 280 m in
the final equilibrium state. This advance of the salinewedge could affect
hotel groundwater supply and community handpumps located near the
coast.

Fig. 9. Schematic hydrogeological conceptual model (not to scale) of the aquifer system
with the main economic activities in the area and the location in the geology of the
abstraction boreholes for each activity. The question marks indicate the unknown
extension of the clay layer (in brown) acting as an intercalated aquitard that reduces the
connectivity between the Mazeras Fm and Pleistocene corals and sands, and the
discharge of the deep aquifer. Mazeras (Mazeras Fm), M&K (Mtomkuu and Kambe Fm),
P (Magarini sands), Pls (Kilindini sands), Bs (Bioclastic sands with clay lenses), Plc
(Pleistocene corals). F2 to F4 indicate the main faults in the study area. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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We also calculated the saline wedge depth for different distances
from the coast and for the different geologies near the coast, i.e. the
Pleistocene corals and Kilindini sands (data in Supplementarymaterial).
The results show that even during the future abstraction scenario dur-
ing a drought year like the 2016 La Niña, the salinewedgewill not affect
the Kilindini sands. Under the future scenario, the saline wedge in the
Kilindini sands (around six kilometres inland from the coast) would
be around 400 m deep, so the shallow aquifer would not be affected.
Only the coral limestone formation is affected by SWI in the present
and future scenarios. The saline wedge depth in the coral formation
ranges from two meters deep at one meter inland from the coastline,
to 100 m deep at the geological contact between the corals and the
Kilindini sands, located around four kilometres inland.

The future consequences of borehole salinization would be an in-
creasingly salty taste and at some point unsuitability of the water for
human consumption and agriculture. This would increase costs, due to
corrosion of domestic appliances, hotel facilities, pipes, and pumps, be-
sides the cost of providing drinkingwater by othermeans, and the early
abandonment of wells and associated facilities. Furthermore, as shown
by Foster et al. (2018), handpump failure risks are higher and lifespans
are shorter when groundwater is more saline and the static water level
is deeper.

The increase in salinity, as observed in 2016, and the dynamics of the
SWI will tend to increase calcite dissolution (Fig. 8b). The related in-
crease in karstification would have a number of potential long-term ef-
fects: 1) induced hydraulic conductivity rise will hasten further aquifer
salinization and 2) would increase the creation of sinkholes already ob-
served in parts of the coral limestone during fieldwork. New sinkholes
may be causedwhen caverns or channels in the coral limestone collapse
due to groundwater overexploitation (Alfarrah et al., 2017; Jakemann
et al., 2016; Khanlari et al., 2012). Occurrences of land subsidence in
limestone have been globally reported, such as in Spain (Molina et al.,
2009), India (Sahu and Sikdar, 2011), Mexico (Ortiz-Zamora and
Ortega-Guerrero, 2010) and the United States (Holzer and Galloway,
2005). This has implications for the stability of buildings and other
structures constructed on the limestone.

Despite the uncertainty of the impacts caused by the future abstrac-
tion scenario and longer forecast drought periods (Stocker et al., 2013),
aquifer management decisions regarding the potential impacts on the
aquifer system and the linked communities and economic activities
are needed. Private sector and public participation in water resources
management should be enhanced through decentralised management
approaches. In this way, stakeholders, including the Water Resources
Authority, private water users and communities in the study area,
should carry out decision-making. Water infrastructure and technolo-
gies should be fit-for-purpose in application and scale, and the pro-
poor focus should be underpinned by appropriately focused manage-
ment regimes (Olago, 2018).

This decision-making must focus onmanaging the aquifer system in
a sustainable way in order to protect the communities. These are the
most vulnerable stakeholders, since they rely on the less resilient aqui-
fer forwater supply. Therefore, alternative, securewater resourcesmust
be developed to supply vulnerable communities before community
wells become dry or salinize. One potential solution could be to supply
the communities fromdeep boreholes, since this aquifer unit ismore re-
silient in the face of adverse climate events. Base Titanium is already
working together with Kwale County government to install community
water sources into the deep aquifer to provide water security to com-
munities, with a number of Base-drilled boreholes originally with
handpumps installed planned to be converted to solar or mains-
powered pumps. Other possible actions to ensure community well sus-
tainability would comprise taking measures to protect the main re-
charge areas as is being done by the Kenya Wildlife Service supported
by Base Titanium together with conservation organisations in the
Shimba Hills National Reserve – the Water Tower for the Mkurumudzi
catchment; managing land use to ensure high infiltration rates;

promoting managed artificial recharge; and conjunctive water use. A
common conjunctive management strategy is the recharge and storage
of surface water in aquifers when it is available in excess of demand, for
withdrawal later when surface supplies are reduced, as during drought
(Foster and van Steenbergen, 2011). Furthermore, private companies
should strive to manage their groundwater resources sustainably,
minimising the impact on community well water quality and availabil-
ity. For example, Base Titanium adopts recycling and conjunctive use,
combining surface and groundwater during drought periods as a man-
agement strategy.

This study uses easy-to-apply calculations to illustrate the possible
future risks of increased abstraction under climate stress to an aquifer
system in Kwale County. At present, under ‘normal’ climatic conditions,
we have observed no adverse consequences in the aquifer system since
major abstraction started in 2012. However, the study underlines the
importance of evaluating all risks to any aquifer system prior to major
groundwater abstraction.

5. Conclusions and final remarks

Water-reliant growth in Africa needs to manage multiple risks for
sustainable management of strategic groundwater resources. Securing
new investors in rural areas where poverty is high and environmental
regulation is weak may focus on the former at the cost of the latter.
Lack of historical data such as water level, abstraction and quality data
is typically the norm and challenge objective decision-making in the
face of urgent development priorities. Government and enterprises
may find environmental sustainability of secondary importance to ad-
vancing economic production, creating local jobs and new sources of
taxation. Thismay translate into unknown risks to local, vulnerable pop-
ulations and future generations who rely on shallow groundwater for
water supply. Droughts compound this risk, with multiple and compet-
ing bulk water users abstracting from the same aquifer system without
any shared understanding of impacts, including short and long-term
damage from saline intrusion in coastal aquifers. As in most aquifers,
water quality does not recover in all wells after wet season recharge,
and significant amounts of data are needed to evaluate future aquifer re-
sponse. Furthermore, in areas of the continent with lower precipitation
and consequently lower recharge, a lower level of abstraction could be
harmful to aquifers. Future risk should therefore be predicted under dif-
ferent abstraction future scenarios, beforemajor abstraction takes place.

While gambling with groundwater may be common in Africa and
globally, this study shows that groundwater resources can be significant
and resilient to unpredictable but recurrent drought events. Given over
half a billion dollars in capital investment in the two water-reliant in-
dustries in Kwale, in addition to tourism and related investment, under-
standing investor risk and liability from groundwater sustainability
would seem prudent, if not a legal obligation, before major abstraction
starts. Government leadership is essential to manage the aquifer as a
system for all, including environmental services, rather than for the
powerful few. Without technical, material and political support, water
resource management agencies face stark choices in Africa, as limited
staff and capacity are unable to ensure that adequate monitoring sys-
tems exist to guide regulations thatmanagewater resources in the pub-
lic interest. Governance failure can promote market failure, by
mismanaging groundwater, by design or by accident. Furthermore, the
expected impact of climate change across the continent, with variable
consequences for water resources availability, could even worsen the
situation.

However, this is not inevitable and this study shows how one of the
main problems, the lack of aquifer systems data, can be overcome at
least partially by integrating different sources of information. Most of
the time, water-reliant users present specific hydrogeological informa-
tion that can contribute to define the overall hydrogeological system,
since their own main purpose is exploiting the aquifer with the maxi-
mum productivity. Therefore, local community water usage, together
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with different stakeholders knowledge and good corporate water man-
agement as a catalyst for providing critical data use, allows us to develop
crediblemodels for future groundwatermanagement and resource allo-
cation. Furthermore, complementary but simple information sources
such as in-situ interviews, Google Earth, Trip Advisor, easy-to-apply an-
alytical methods, etc., that can be achieved in the African context as in
many developing countries, enables groundwater abstraction to be esti-
mated and the sustainability of the aquifer system to be defined,
allowing potential future risks to be assessed as has been shown by
this study.
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