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“What	we	know	is	a	drop,	what	we	don’t	know	is	an	ocean"	
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Resumen	

El	uso	de	agua	desalada	en	agricultura	es	una	actividad	cada	vez	más	extendida,	

debido	a	la	disminución	de	los	recursos	convencionales	y	al	aumento	de	eficiencia	de	

los	procesos	de	desalación.	La	desalación	no	se	limita	ya	únicamente	al	agua	de	mar,	

en	 los	 últimos	 tiempos	 está	 aumentando	 la	 desalación	 de	 agua	 procedente	 de	

acuíferos	salinos	continentales.	

El	objetivo	principal	de	esta	tesis	es	evaluar	el	 impacto	que	el	uso	prolongado	

de	 esta	 agua	 puede	 tener	 sobre	 la	 zona	 no	 saturada	 del	 terreno	 y	 sus	 propiedades	

hidráulicas.	En	el	marco	de	este	trabajo	se	ha	establecido	una	parcela	experimental	en	

el	campus	de	 la	Universidad	de	Alicante	donde	se	han	cultivado	especies	cespitosas	

regadas	con	agua	desalada	procedente	del	acuífero	salobre	continental	de	San	Vicente	

del	 Raspeig.	 La	 gestión	 de	 la	 parcela	 se	 ha	 realizado	 según	 prácticas	 habituales	

realizadas	en	la	zona.		

Se	ha	llevado	un	control	del	contenido	de	agua	y	succión	del	terreno	durante	un	

periodo	de	20	meses,	bajo	dos	sistemas	de	monitorización	alternativos:	uno	manual	y	

otro	automático.		

La	 experiencia	 ha	 sido	 completada	 con	 un	 ensayo	 de	 trazador	 mediante	 el	

empleo	de	BrLi	controlado	durante	un	periodo	de	160	días.	Asimismo,	se	ha	realizado	

en	 laboratorio	 la	 caracterización	 hidráulica	 de	 muestras	 extraídas	 de	 la	 propia	

parcela	experimental.	
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A	 partir	 de	 los	 datos	 adquiridos,	 de	 manera	 manual	 y	 automática,	 se	 ha	

elaborado	un	modelo	de	flujo	con	el	programa	HYDRUS	1D	para	cada	una	de	los	sets	

de	datos,	el	cual	se	ha	calibrado	y	validado	para	diferentes	periodos.	Por	otro	lado,	el	

ensayo	de	 trazador	 (transporte	conservativo),	 también	simulado	mediante	HYDRUS	

1D,	 además	 de	 validar	 el	 modelo	 de	 flujo,	 ha	 permitido	 derivar	 parámetros	 de	

transporte	 (dispersividad)	 a	 escala	 de	 campo.	 Finalmente,	 se	 ha	 creado	 un	modelo	

predictivo	de	 transporte	de	masa	 reactivo	que	 implementa	procesos	geoquímicos	y	

cambios	asociados	en	los	parámetros	hidráulicos	de	la	zona	no	saturada,	para	largos	

periodos	de	tiempo	(30	años).	Este	último	modelo	se	elaboró	mediante	la	aplicación	

HP1,	que	combina	los	códigos	HYDRUS	1D	y	PHREEQC.	Además	del	modelo	predictivo	

bajo	 las	 condiciones	actuales,	otros	 tres	escenarios,	 según	varios	 criterios,	han	sido	

considerados.	

Los	dos	modelos	de	flujo	resultantes,	a	partir	de	datos	adquiridos	manualmente	

y	automáticamente,	han	descrito	adecuadamente	la	dinámica	del	 flujo	en	la	zona	no	

saturada,	 concluyendo	 que	 ambas	 estrategias	 son	 válidas	 para	 obtener	 tendencias	

generales	 del	 flujo.	 No	 obstante,	 la	 estrategia	 automática	 es	 más	 adecuada	 para	

detectar	 posibles	 cambios	 en	 las	 propiedades	 hidráulicas	 debido	 a	 su	 mayor	

sensibilidad	y	frecuencia	en	la	toma	de	datos.		

Para	la	obtención	de	parámetros	de	transporte,	la	combinación	en	el	ensayo	de	

trazador	 de	 la	 determinación	 de	 Br	 total	 mediante	 rayos	 X,	 junto	 con	 la	

parametrización	por	método	inverso,	ha	resultado	ser	un	método	rápido	y	fiable.		

Los	 modelos	 predictivos	 han	 puesto	 de	 manifiesto	 un	 proceso	 de	 disolución	

continuo	del	yeso	contenido	en	el	suelo,	así	como	procesos	de	disolución	(en	la	zona	

radicular)	 y	 posterior	 precipitación	 (bajo	 ésta)	 de	 la	 calcita	 en	 el	 terreno.	 Los	

resultados	de	la	simulación	indican	cambios	en	la	porosidad	que	supondrán	cambios	

de	 conductividad	 hidráulica	 en	 un	 factor	mayor	 de	 2.	 Finalmente,	 el	 estudio	 de	 los	

diferentes	escenarios	resalta	que:	la	ausencia	de	riego	reduce	los	cambios	esperados	
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en	 el	 terreno;	 la	 ausencia	 de	 yeso	 en	 el	 terreno	 producirá	 una	 reducción	 de	 la	

conductividad	hidráulica	bajo	la	zona	radicular;	y	la	disminución	de	la	presión	parcial	

de	CO2	en	la	zona	radicular	disminuye	drásticamente	las	disoluciones	de	las	especies	

carbonatadas	participantes.	
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Abstract	

The	 use	 of	 desalted	 water	 in	 agriculture	 is	 increasing	 due	 to	 the	 lack	 of	

conventional	water	resources	and	to	improvement	in	desalination	process	efficiency.	

Desalination	 is	not	 limited	only	 to	sea	water,	but	 inland	brackish	aquifer	water	has	

become	more	usual	in	recent	years.	

The	main	objective	of	this	thesis	is	to	evaluate	the	long‐term	impacts	deriving	

from	 the	 use	 of	 the	 aforementioned	 water	 on	 the	 vadose	 zone	 and	 its	 hydraulic	

properties.	An	experimental	plot	was	set	up	at	the	University	of	Alicante	campus,	and	

grass	was	cropped	and	irrigated	with	desalted	water	from	the	nearby	inland	brackish	

aquifer	of	San	Vicente	del	Raspeig.	Crop	management	followed	normal	procedures	in	

the	study	area.		

Monitoring	soil	volumetric	water	content	and	soil	pressure	head	for	20	months	

was	 carried	 out	 by	 adopting	 two	 different	 and	 alternative	 monitoring	 strategies:	

manual	and	automatic.		

The	experiment	was	completed	with	a	tracer	test	from	BrLi	and	was	controlled	

for	160	days.	Finally,	a	complete	soil	hydraulic	laboratory	characterisation	was	done	

with	samples	extracted	from	the	plot.	

Data	acquisition	was	performed	manually	and	automatically,	and	a	flow	model	

was	 done	 with	 the	 HYDRUS	 1D	 software,	 calibrated	 and	 validated	 over	 different	

periods	 for	 the	 two	 measured	 data	 sets	 (automatic	 and	 manual).	 The	 tracer	 test	
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(conservative	 transport),	 also	done	with	HYDRUS	1D,	validated	 the	 flow	model	and	

allowed	 inferring	 transport	 parameters	 (dispersivity)	 on	 the	 field	 scale.	 Finally,	 a	

predictive	 model	 of	 reactive	 transport,	 including	 geochemical	 processes	 and	

associated	 hydraulic	 parameter	 changes,	 was	 proposed	 for	 lengthy	 periods	 (30	

years).	 The	 reactive	 model	 was	 run	 with	 HP1,	 which	 resulted	 from	 coupling	 the	

HYDRUS	1D	 and	PHREEQC	 codes.	 Besides	 the	 predictive	model	 being	 considered	 a	

baseline	under	current	conditions,	three	different	scenarios	were	proposed	according	

to	several	criteria.		

The	two	flow	models	from	the	manual	and	automatic	data	acquisition,	properly	

captured	the	flow	dynamics	in	the	unsaturated	zone,	and	it	was	concluded	that	both	

strategies	are	adequate	to	reproduce	the	general	trend	flow.	However,	the	automatic	

strategy	 proved	more	 suitable	 to	 detect	 soil	 hydraulic	 properties	 changes	 because	

data	acquisition	was	more	accurate	and	frequent.		

To	obtain	 transport	parameters,	 the	combination	of	Br	determination	 from	X‐

ray	in	the	tracer	test	and	the	parameterisation	for	the	inverse	method	proved	a	fast	

and	reliable	methodology.		

The	 predictive	 models	 highlight	 the	 continuous	 dissolution	 process	 for	 soil	

gypsum,	as	well	as	the	dissolution	(in	the	root	zone)	and	precipitation	(below	it)	of	

calcite.	 The	 simulation	 results	 indicate	 changes	 in	 porosity	which	 imply	 changes	 in	

hydraulic	 conductivity	 that	 reached	 a	 factor	higher	 than	2.	 Finally,	 the	 study	of	 the	

different	 proposed	 scenarios	 shows	 that:	 lack	 of	 irrigation	 reduces	 changes	 in	 soil;	

lack	of	 gypsum	 in	 the	 soil	 profile	 implies	 reduced	hydraulic	 conductivity	below	 the	

root‐zone;	 and	 reduction	 in	 CO2	 partial	 pressure	 in	 the	 root‐zone	 dramatically	

decreases	the	dissolution	of	carbonates	species.			
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Chapter	1	

Introduction	

	

	

1.1	Desalted	water	and	associated	impacts	

Water	scarcity	in	semi‐	and	arid	regions	is	leading	to	fierce	competition	among	

all	 sectors	 of	 society;	 e.g.,	 urban,	 industrial	 or	 irrigation	 demanders	 (Jiménez‐

Martínez	 et	 al.,	 2009;	 MedWSD	 Working	 Group,	 2007).	 Efficient	 use	 of	 the	 water	

resources	becomes	a	fundamental	objective	in	those	regions,	especially	agriculture	as	

it	is	the	main	consumer.	According	to	future	climate	change	predictions	(Soto‐García	

et	 al.,	 2013),	 water	 scarcity	 could	 even	 impose	 constraints	 on	 the	 development	 of	

society	 (Lattemann	 and	 Höpner,	 2008).	 In	 order	 to	 increase	 water	 resources	

availability,	 the	 use	 of	 non‐conventional	 water	 (e.g.,	 desalinated	 water)	 has	 been	
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promoted	for	irrigation	and	urban/industry	supplies	in	water‐scarce	areas	in	recent	

years.		

Seawater	has	been	a	 common	source	of	 raw	water	used	 for	desalination,	 and	

desalination	 plants	 have	 been	 located	 in	 coastal	 areas	 in	 attempts	 to	 reduce	 the	

desalination	 bill.	 Desalted	 water	 has	 been	 used	 exclusively	 for	 urban	 supply	 since	

agriculture	and	industry	have	not	been	able	to	meet	high	desalination	costs.	However	

in	 the	 last	 few	 years,	 small‐scale	 desalination	 plants	 are	 appearing	 inland	 for	 the	

purpose	of	taking	advantage	of	salted	water	sources	associated	with	inland	brackish	

aquifers.	 These	 non‐conventional	water	 sources	 have	 not	 been	 usually	 exploited	 in	

the	 past	 due	 to	 their	 hydrochemical	 characteristics.	 Lack	 of	 fresh	water	 sources	 to	

cover	 all	water	 requirements	 (urban,	 agriculture	and/or	 industry)	has	 changed	our	

perspective	to	them,	and	it	is	becoming	more	interesting	while	no	alternatives	exist.	

Additionally,	desalted	water	from	inland	or	costal	desalination	plants	is	being	applied	

in	 agriculture	 since	 desalination	 technique	 improvements	 have	 increased	 the	

efficiency	and	have	reduced	costs.	Note	that	among	the	advantages	to	be	considered,	

brackish	groundwater	sometimes	contains	less	salt	than	marine	water,	which	implies	

lower	 energy	 demand	 and	 is	 economically	 more	 cost‐effective	 given	 reduced	

treatment	 costs	 (Hassid	 and	 Adar,	 2004).	 Nonetheless,	 apart	 from	 reject	 disposal,	

some	environmental	issues	also	need	to	be	addressed.	

Irrigation	with	desalted	water	is	becoming	a	common	practice	in	arid	and	semi‐arid	

regions,	 and	 it	 is	 expected	 to	 increase	because	of	 the	aforementioned	 technical	 and	

economic	reasons.	However,	the	reverse	osmosis	process	produces	unsuitable	water	

for	 irrigation	 because	 of	 its	 low	 pH	 values	 and	 low	 salt	 content,	 which	 makes	 it	

aggressive.	 Spanish	 regulation	 (RD	 140/2003)	 establishes	 the	 Langelier	 index	

(Ghobadi	Nia	et	al.,	2010)	at	between	‐0.5	and	+0.5.	This	problem	is	generally	solved	

by	mixing	raw	water	with	desalted	water	in	an	adequate	proportion.	On	the	one	hand,	

desalination	 processes	 remove	 salts,	 but	 some	 other	 chemical	 compounds	 may	
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persist	 in	an	unaltered	form	(e.g.,	emerging	pollutants).	On	the	other	hand,	desalted	

groundwater	 from	a	brackish	aquifer	 is	normally	characterised	by	calcium‐sulphate	

facies	(instead	of	sodium‐chloride	 facies	of	seawater)	and	 irrigating	with	 this	water	

could	lead	to	calcium	and	sulphate	mineral	precipitation.	

Finally,	 the	possible	associated	 impacts	on	plants,	soil	and	aquifer	media,	as	a	

result	 of	 desalted	 water	 for	 irrigation,	 is	 a	 matter	 of	 increasing	 concern	 (Valdes‐

Abellan	et	al.,	2013).	Potential	drawbacks	(Lahav	et	al.,	2010)	include	changes	in	soil	

hydraulic	 properties	 (e.g.,	 porosity,	 hydraulic	 conductivity)	 and	 in	 soil	 water	 flow	

dynamics	due	to	mineral	precipitation	(Mandal	et	al.,	2008;	Tarchitzky	et	al.,	1999),	

root	growth	blockage	and	plant	uptake	of	pollutants	(Calderón‐Preciado	et	al.,	2011;	

Wu	 et	 al.,	 2011),	 as	 well	 as	 contaminants	 leaching	 to	 groundwater	 (Candela	 et	 al.,	

2007;	Xu	et	al.,	2009).	Moreover,	infiltration	processes	in	semi‐	and	arid	regions	with	

high	 evapotranspiration	 values	 could	 result	 in	 soil	 salinity	 depending	 on	 water	

quality	and	irrigation/rainfall	rates	(Dahan	et	al.,	2008;	Scanlon	et	al.,	2002).	

	

1.2	Objectives	

The	main	objective	of	this	thesis	 is	to	evaluate	the	geochemical	processes	and	

associated	changes	in	soil	hydraulic	properties	due	to	long‐term	irrigation	with	non‐

conventional	 water,	 desalted	 brackish	 groundwater	 in	 this	 case,	 following	 normal	

landscape	agricultural	management.	

The	development	of	the	aforementioned	main	objective	led	to	the	next	specific	

objectives,	 which	 are	 also	 goals	 of	 this	 study:	 (1)	 to	 propose	 the	 most	 suitable	

monitoring	 strategy	 to	 obtain	 reliable	 data	 in	 order	 to	 study	 subtle	 changes	 in	 soil	

hydraulic	 properties;	 (2)	 to	 develop	 a	 methodology	 in	 order	 to	 rapidly	 obtain	

transport	 parameters	 (e.g.,	 dispersivity)	 on	 the	 field	 scale;	 (3)	 to	 develop	 and	
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describe	 a	 conceptual	 and	 numerical	 model	 capable	 of	 accurately	 predicting	 the	

geochemical	processes	 and	associated	 soil	 hydraulic	properties	 changes;	 and	 (4)	 to	

evaluate	the	sensitivity	of	aquifer	recharge	and	average	soil	pressure	head	on	the	root	

zone	in	relation	to	possible	soil	hydraulic	properties	changes.	

	

1.3	Thesis	outline	

In	 this	 thesis,	 a	 complete	monitoring	of	 soil	water	content	and	pressure	head	

was	carried	out	over	20	months.	A	numerical	water	 flow	model	was	calibrated	and	

validated;	 subsequently,	 a	 conservative	 tracer	 test	 and	 the	 associated	 transport	

model	were	developed	to	obtain	dispersivity	values	at	 field	scale.	Finally,	 long‐term	

(30	 years)	 predictions	 of	 soil	 hydraulic	 properties	 changes	 were	 made	 from	 the	

reactive	transport	model.	The	thesis	content	is	organised	into	several	chapters,	from	

the	Introduction	to	the	following:		

 Chapter	2:	a	literature	review	was	carried	out	and	results	of	similar	previous	

studies	 were	 carefully	 considered.	 The	 chapter	 is	 organised	 following	 the	

main	 structure	 of	 this	 study:	monitoring	 strategies;	 water	 flow	 and	 solutes	

transport	through	the	vadose	zone;	modelling	approaches;	and	changes	in	soil	

hydraulic	properties.	

 Chapter	3:	it	is	an	overview	of	the	area	where	the	study	was	done.	It	includes	

a	brief	description	of	the	geological	setting,	the	inland	brackish	aquifer	from	

which	raw	water	for	desalination	was	extracted,	and	irrigation	network	setup	

at	the	experimental	site.	

 Chapter	4:	it	describes	the	methodological	approach	adopted	in	this	study.	It	

is	 structured	 as	 follow:	 monitoring,	 water	 flow	 modelling,	 solute	 transport	
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modelling	 (conservative	 and	 reactive),	 and	 quantification	 of	 soil	 hydraulic	

properties	changes.	

 Chapter	 5:	 it	 describes	 the	 experimental	 plot,	 including	 its	 main	

characteristics	 quantity	 and	 location	 of	 installed	 sensors,	 agricultural	

practices,	 etc.	 It	 also	 contains	 the	 main	 characteristics	 of	 the	 conceptual	

model	assumed	to	numerically	simulate	the	experiment:	boundary	and	initial	

conditions,	spatial	discretisation,	etc.	

 Chapter	 6	 provides	 the	 results	 of	 the	 study:	 a	 comparison	 of	 monitoring	

strategies;	 flow	 modelling	 results	 and	 soil	 hydraulic	 properties	 definition;	

tracer	 test	 and	 numerical	 model	 of	 transport;	 and	 finally,	 the	 predictive	

reactive	transport	model	results	and	alternative	scenarios.	

 Chapter	7:	the	general	conclusions	drawn	from	the	research	work,	as	well	as	

future	research	suggestions.	

An	annex	included	at	the	end	of	the	thesis	contains	two	scientific	articles,	one	

already	 published	 and	 another	 under	 revision.	 Some	 of	 the	 developments	 of	 this	

study	are	based	partially	on	those	articles.		
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Chapter	2	

Literature	review	

	

2.1	Introduction	

This	chapter	provides	a	general	overview	of	previous	works	carried	out	on	this	

topic,	where	 the	main	 objectives	 of	 the	 present	 study	 have	 also	 been	 addressed.	 It	

includes:	

 Monitoring	soil	water	content	and	pressure	head	in	the	vadose	zone.	

 Movement	of	water	and	major	ions	in	unsaturated	porous	media.	

 Modelling	approaches	of	water	flow	and	solute	transport.	
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 Changes	in	soil	hydraulic	properties	due	to	the	use	of	non‐conventional	

water.	

The	vadose	zone	 is	 the	geological	media	 located	between	 the	soil	 surface	and	

the	regional	water	table.	Vadose	or	unsaturated	zone	is	a	porous	medium	domain	in	

which	 solid,	 liquid	 and	 gas	 phases	 co‐exist	 simultaneously.	 Liquid	 and	 gas	 phases	

occupy	the	void	spaces	and	the	ratio	between	them	can	vary	from	zero	to	one	(total	

volume	 of	 voids	 or	 porosity	 of	 the	medium).	 The	 thickness	 of	 the	 vadose	 zone	 can	

range	 from	a	 few	centimetres	 in	humid	 regions	 to	hundreds	of	metres	 in	 arid‐	 and	

semi‐arid	regions.	The	main	factors	that	control	this	thickness	are	rainfall	rates,	 the	

geological	setting	of	the	region	and	the	rate	at	which	groundwater	is	extracted	from	

pumping	wells	or	natural	springs	(Looney	et	al.,	2000).	

Knowledge	of	water	and	salt	dynamics	through	the	vadose	zone	is	essential	for	

efficient	water	resources	management,	especially	 in	arid	and	semi‐arid	areas	where	

endemic	lack	of	water	may	constrain	economic,	social	and	human	development,	and	

can	even	cause	severe	environmental	damage	(Lattemann	et	al.,	2008).	

	

2.2	Monitoring	soil	water	content	and	pressure	head	in	the	

vadose	zone	

Vadose	zone	monitoring	can	be	performed	by	many	techniques;	there	is	a	large	

number	of	different	 alternatives	 and	devices	 that	 can	be	used	and	 this	number	has	

constantly	grown	in	recent	years	as	technology	has	developed.	Monitoring	the	vadose	

zone	includes	controlling	soil	water	content	and	pressure	head.		

2.2.1	Soil	water	content	

Soil	water	content	may	be	determined	by	different	approaches.	
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Direct	methods	 to	determine	water	 content	usually	 involve	 removing	or	 separating	

water	 from	the	soil	matrix	 to	subsequently	quantify	 it.	This	process	can	be	done	by	

heating,	 extracting	 and	 replacing	 solvents,	 or	 by	 the	 quantitative	 measurement	 of	

reaction	 products.	 The	 former,	 eliminating	 water	 by	 heating,	 is	 the	 most	 common	

direct	method	and	that	one	in	this	study.	

Oven‐dry	method.	It	consists	in	weighing	a	soil	sample	before	and	after	being	

introduced	into	a	convection	oven	at	105°C	for	24	h	(Topp	et	al.,	2002b).	Gravimetric	

water	content	 is	 then	expressed	as	the	ratio	of	water	mass	 to	soil	mass.	 In	order	to	

determine	volumetric	water	content,	 the	 initial	volume	of	 the	soil	 sample	has	 to	be	

known.	 During	 the	 drying	 process,	 some	 organic	 matter,	 OM,	 components	 may	

volatilise	 when	 oven	 temperature	 is	 above	 50°C,	 which	 would	 lead	 to	 the	

overestimation	of	water	content,	which	could	be	significant	when	the	OM	fraction	is	

important,	 so	 it	 is	 essential	 to	 determine	 OM	 in	 order	 to	 obtain	 reliable	 results.	

Microwave	 drying	 is	 an	 alternative	 to	 convective	 ovens	 (Topp	 et	 al.,	 2002a).	 Rapid	

drying	may	 be	 achieved	 by	 this	method,	 but	 some	 problems	 can	 appear,	 the	most	

important	of	which	is	an	uneven	temperature	distribution	in	the	soil	sample	(possibly	

very	high).	Therefore,	this	method	is	not	considered	to	be	as	accurate	as	convective	

oven	drying.		

Indirect	 techniques	 measurement	 of	 water	 content.	 Water	 has	 several	

unusual	molecular	 properties	 that	 have	 a	marked	 influence	 on	 the	 transmission	 of	

electromagnetic	 radiations.	 Many	 techniques	 have	 taken	 advantage	 of	 those	

characteristics	 to	 determine	 soil	water	 content.	 An	 alternative	 physical	 property	 is	

measured	 and	 transformed	 into	 water	 content;	 the	 accuracy	 of	 these	 methods	 is	

related	to	the	strength	of	the	relationship	between	the	measured	property	and	water	

content.	There	are	many	 indirect	methods,	but	only	 the	most	extensively	used	ones	

are	described	below:	
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 Time	Domain	Reflectometry	(TDR):	an	electromagnetic	method	where	a	

transmission	line	applies	a	signal	to	soil	through	a	prong	and	receives	a	

reflection	of	 it	 in	 the	same	or	different	prong;	 the	 time	delay	between	

the	beginning	and	 the	 reflection	of	 the	pulse	 is	used	 to	determine	 the	

velocity	 of	 wave	 propagation	 through	 the	 medium.	 It	 was	 first	

developed	for	laboratory	measurements	of	the	dielectric	permittivity	of	

materials	 (Clarkson	 et	 al.,	 1977).	 Later,	 the	 direct	 relationship	 of	 this	

property	was	found	with	volumetric	soil	water	content,	which	has	been	

widely	studied	(Dalton	et	al.,	1986;	Topp	et	al.,	1980).	Several	devices	

use	this	technology	to	specifically	measure	volumetric	water	content	in	

soils	 (Decagon	Devices	 Inc,	 2010;	 Eijkelkamp	Agrisearch	Equip,	 2006;	

IMKO	GmbH,	2006).		

 Thermal	neutron	attenuation:	This	method	 is	based	on	 a	 technology	

which	was	developed	in	the	1950s	(Gardner	et	al.,	1952)	and	has	been	

used	 exclusively	 in	 this	 field.	 It	 uses	 a	 radioactive	 source	 of	 fast	

neutrons,	 usually	 radium‐beryllium	 or	 americium‐beryllium,	 which	

emit	 high‐energy	 neutrons.	 These	 high‐energy	 neutrons	 are	 slowed	

and/or	 absorbed	 by	 collisions	 with	 the	 nuclei	 of	 atoms	 in	 soils.	

Collisions	 of	 high‐energy	 neutrons	with	 the	 commonest	 atoms	 in	 soil	

(Si,	 O	 and	 Al)	 do	 not	 slow	 them	 down	 because	 soil	 atoms	 are	 much	

heavier.	On	 the	 contrary,	 collisions	with	H	 atoms	 substantially	 reduce	

their	 velocity	 due	 to	 the	 similar	 weight	 of	 these	 colliding	 atoms.	 A	

detector	 located	 alongside	 the	 source,	 and	 sensitive	 only	 to	 thermal	

velocities,	counts	the	number	of	those	neutrons	that	are	proportional	to	

the	 number	 of	 H	 atoms	 in	 the	 vicinity,	 predominantly	 in	 the	 form	 of	

liquid	water.	A	 calibration	 curve	 is	 needed	 to	 take	 account	 of	 other	H	

atoms	that	may	be	present	in	soil	(such	as	in	OM	or	kaolinite);	besides	C	

atoms	also	act	 as	effective	neutron	 thermalisers	 (Hignett	 et	 al.,	 2002).	
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The	 source	 and	 receptor	 of	 neutrons	 are	 commonly	 placed	 in	 a	

cylindrical	 probe,	 which	 is	 located	 in	 a	 vertical	 hole	 from	 the	 soil	

surface.	The	measured	volume	is	a	sphere	whose	radius	depends	on	soil	

type,	soil	water	content	and	the	power	of	the	device	(Jury	et	al.,	2004).	

2.2.2	Soil	water	potential		

In	order	to	better	understand	the	water	flux	dynamics	of	soil,	 it	is	also	important	to	

know	how	tightly	this	water	is	held	in	the	solid	phase;	i.e.	the	energy	state	of	water	in	

soil.	This	 important	variable	 is	known	as	soil	water	potential	or	soil	pressure	head.	

Water	 potential	 is	 the	 sum	 of	 different	 components,	 mainly:	 (i)	 gravitational	

potential,	 due	 to	 elevation	 from	 an	 arbitrary	 reference;	 (ii)	matric	 potential,	which	

includes	 both	 the	 adsorption	 and	 capillary	 effects	 of	 the	 solid	 phase;	 (iii)	 osmotic	

potential,	which	regards	to	the	solute	content	of	soil	water.		

Different	 devices	 have	 been	 developed	 to	 determine	 this	 soil	 water	 variable,	

and	as	with	 soil	water	 content,	 they	 can	be	divided	 in	direct	 and	 indirect	methods.	

Tensiometers	 with	 a	 porous	 cup	 that	 come	 into	 contact	 with	 soil	 and	 a	 water	

reservoir;	thermocouple	psychrometry,	which	infers	the	soil	water	potential	from	the	

measurements	 taken	 during	 the	 vapour	 phase	 in	 equilibrium	with	 the	 soil	 sample	

(Andraski	 et	 al.,	 2002);	 filter	paper	methods	 that	determine	 the	water	 content	 of	 a	

filter	paper	that	comes	into	contact	with	soil	to	infer	the	energy	status;	TDR	potential	

sensors,	among	others	(Scanlon	et	al.,	2002).	Only	the	monitoring	devices	used	in	the	

present	work	are	described	below	in	detail.	

Tensiometers	 have	 been	 the	 most	 widely	 used	 devices	 to	 monitor	 soil	

pressure	head	under	both	laboratory	and	field	conditions.	Modern	tensiometers	were	

first	described	by	Livingston	(Livingston,	1908)	and	consist	basically	in	a	porous	cup	

that	 comes	 into	 hydraulic	 contact	 with	 soil,	 a	 water	 reservoir	 and	 a	measurement	

gauge.	 The	 measurement	 gauge	 ranges	 from	 a	 Bourdon	 gauge	 to	 a	 pressure	
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transducer	 (Young	et	 al.,	 2002).	Porous	 cup	election	 requires	defining	 the	air	 entry	

value,	which	 is	 the	 lowest	pressure	difference	needed	 to	pass	a	bubble	gas	 through	

dampened	 porous	 material.	 The	 higher	 the	 air	 entry	 value	 is,	 the	 bigger	 the	

measurement	 range	 and	 the	 lower	 cup	 conductance	 is,	 so	 the	 equilibrium	 time	

needed	 to	 take	 correct	 measurements	 is	 longer.	 Regarding	 all	 the	 previous	

considerations,	a	selection	of	porous	cup	material	must	be	done	so	that	the	air	entry	

value	remains	lower	than	the	lowest	soil	water	potential	to	be	measured	(Cassel	et	al.,	

1986).	 Nevertheless,	 the	 lowest	 limit	 of	 the	 soil	 water	 potential	 measurements	 is	

approximately	70‐80	kPa.	As	the	pressure	head	inside	the	tensiometers	drops	below	

this	threshold	value,	water	is	evaporated	and	readings	are	not	representative.	

Time	 domain	 matric	 potential	 sensors	 consist	 in	 measuring	 the	 water	

content	 of	 a	 porous	material	 that	 comes	 into	 good	 hydraulic	 contact	with	 soil	 and	

whose	 water	 retention	 function	 has	 been	 carefully	 determined	 in	 advanced.	

Therefore,	 this	 type	 of	 sensors	 is	 known	 as	 TDR‐Matric	 sensors	 following	 the	

proposal	of	(Or	et	al.,	1999).	The	sensor	consists	in	a	porous	disk	with	a	broad	range	

and	 a	 well‐known	 pore	 size	 distribution,	 which	 is	 stacked	 in	 a	 coaxial	 cage.	 The	

matric	 potential	 in	 the	 porous	 disk	 equilibrates	 with	 the	 surrounding	 soil	 and	

changes	in	disk	water	content	are	detected	by	a	time	or	frequency	domain	probe.	The	

water	content	data	are	then	converted	into	soil	the	water	potential	using	a	previously	

calibration	 relationship.	 The	 range	 of	measurements	 depends	 on	 the	 finest	 porous	

size	of	the	disk,	but	usual	sensors	range	from	‐10	to	‐500	kPa	(Decagon	Devices	Inc,	

2009),	 or	 even	 ‐1000	 kPa	 (DELTA‐T	 Devices,	 1999).	 Correct	 installation	 requires	

good	hydraulic	contact	between	the	sensor	and	the	surrounding	soil	to	ensure	quick	

water	movement	between	soil	and	the	ceramic	plate,	so	the	same	pressure	head	will	

characterise	soil	and	ceramic	material.	Inadequate	hydraulic	contact	between	soil	and	

the	sensor	could	lead	to	longer	equilibrium	periods	between	soil	and	the	sensor.	Thus	

the	 pressure	 head	 data	 reported	 by	 the	 sensor	would	 not	 be	 representative	 of	 the	

actual	pressure	head	in	the	surrounding	soil.	
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Field	devices	were	initially	managed	manually,	and	more	sophisticated	sensors	

with	 automatic	 data	 acquisition	 were	 later	 applied	 to	 make	 monitoring	 less	 time‐

consuming.	Automatic	and	manual	monitoring	strategies	have	been	commonly	used	

separately	to	study	soil	water	dynamics	and	soil	hydraulic	properties	in	different	soil	

types,	and	to	pursue	various	objectives	(Jiménez‐Martínez	et	al.,	2009,	Wollschläger	

et	 al.,	 2009,	 Wallis	 et	 al.,	 2011).	 However,	 much	 less	 attention	 has	 been	 paid	 to	

experimental	 comparative	 studies	 to	 assess	 water	 dynamics	 and	 changes	 in	 soil	

hydraulic	properties	by	 simultaneously	applying	both	automatic	and	non‐automatic	

types	of	monitoring	devices	in	the	same	experiment.	The	measurement	per	se	has	not	

received	much	attention	in	the	past.	Parameter	estimation,	and	therefore	appropriate	

measurements,	 is	 clearly	 the	 borderline	 for	 further	 progress	 to	 be	made	 in	 today’s	

soil	physics	(Durner,	2005)	

	

2.3	Water	flow	and	mass	transport	

2.3.1	Water	flow	

Water	moves	in	the	vadose	zone,	as	in	the	rest	of	nature,	in	its	search	for	lower	

states	of	energy,	determined	mainly	by	two	components:	gravity,	which	makes	water	

move	downward,	and	matric	potential	forces,	which	can	impose	water	movement	in	

any	direction.	There	are	also	other	 components	 that	 can	generate	water	movement	

such	as	osmotic	pressure,	not	considered	in	this	study	since	differences	in	the	solute	

water	concentration	at	the	soil	profile	are	not	assumed	important	as	compared	with	

the	former	gravity	and	matric	potential.		

The	 milestone	 that	 marked	 water	 movement	 studies	 through	 porous	 media	

began	with	Darcy’s	works	at	Dijon	(Darcy,	1856),	who	stated:	
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where	q	 is	 the	 volume	 of	water	 flowing	 through	 a	 unit	 area	 per	 unit	 of	 time	

[L·T‐1];	KS	 is	 the	saturated	hydraulic	conductivity	of	 the	porous	medium	[L·T‐1];	h	 is	

the	energy	status	of	a	given	point	[L],	and	x	is	the	spatial	variable	in	the	flow	direction	

[L].	A	minus	symbol	 indicates	 that	water	moves	 from	higher	 to	 lower	energy	status	

points.		

Darcy’s	works	focused	on	a	saturated	porous	medium.	So	an	energy	status	at	a	

given	place	 is	defined	by	 the	gravity	and	hydrostatic	pressure	due	 to	 the	column	of	

water	over	 that	place	and	by	 considering	 that	 the	porous	medium	 is	 rigid	 and	 that	

solute	membranes	do	not	exist.	

In	 1907,	 Buckingham	 extended	 Darcy’s	 Law	 to	 describe	 the	 flux	 through	 an	

unsaturated	porous	medium	(Buckingham,	1907)	based	on	two	main	assumptions:	(i)	

the	energy	status	of	a	given	point	is	determined	by	the	sum	of	the	gravity	effect	and	

soil	 matric	 potential	 (instead	 of	 hydrostatic	 water	 pressure);	 (ii)	 the	 hydraulic	

conductivity	of	soil	depends	on	soil	water	content	(or	soil	pressure	head):	







 



 cos)·(
x

h
hKq 	 	 	 	 (2.	2)	

where	q	 is	the	volume	of	water	per	unit	of	time	[L·T‐1]	 flowing	through	a	unit	

area;	K(h)	is	the	unsaturated	hydraulic	conductivity	of	the	porous	medium	[L·T‐2];	h	is	

the	matric	potential	[L],	and	x	is	the	spatial	variable	in	the	flow	direction.	In	this	last	

equation,	the	energy	status	has	been	split	into	matric	and	gravimetric	potential.	

The	 combination	 of	 the	 Buckingham‐Darcy	 equation	 with	 water	 balance	 in	 a	 unit	

volume	of	soil	yields	the	Richard	equation	(Richards,	1931):	
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where	θ	 is	 the	 volumetric	water	 content	 of	 soil	 [L3·L‐3];	 t	 is	 time	 [T];	x	 is	 the	

space	coordinate	[L];	K=K(h)	is	the	unsaturated	hydraulic	conductivity	of	soil	[L·T‐1],	

which	 depends	 on	 soil	 pressure	 head;	 h	 is	 soil	 pressure	 head	 [L];	 α	 is	 the	 angle	

between	 the	vertical	 axis	and	 the	 flow	direction	 (cos	α =	1	 for	vertical	movement);	

and	S	is	a	sink	term	that	represents	water	uptake	by	plants	[L3·L‐3·T‐1].	

The	 strong	 nonlinearity	 of	 this	 equation	 has	 made	 that	 it	 had	 remained	

unsolved	 for	 the	 vast	 majority	 of	 situations	 until	 the	 development	 of	 personal	

computers	and	numerical	methods	in	last	decades.	

	

2.3.2	Mass	transport	

Advection	 and	 dispersion	 are	 two	 different	 mechanisms	 that	 make	 solutes	

move	to	one	point	to	another	through	a	porous	medium.	Advection	is	a	movement	of	

solutes	 due	 to	 the	water	movement	where	 they	 are	 dissolved.	However	 dispersion	

includes	 two	 other	 different	 ways	 of	 solute	 transport:	 diffusion	 and	 mechanical	

dispersion.	 Diffusion	 addresses	 a	 solute’s	 movement	 from	 higher	 concentrations	

points	to	lower	ones;	finally,	mechanical	dispersion	addresses	the	deviation	of	solute	

movement	 from	 the	 theoretical	 movement	 that	 water	 movement	 should	 follow.	

Greater	flow	velocities	in	the	central	part	of	the	porous	space	than	in	the	areas	nearer	

to	the	solid	phases,	different	pore	sizes	where	water	flows	and	the	tortuosity	of	those	

paths	 are	 the	 main	 reasons	 for	 mechanical	 dispersion.	 All	 these	 aspects	 of	 solute	

movement	are	summarised	in	the	advection‐dispersion	equation,	ADE,	which	is	found	

in	many	hydrogeological	texts	(Appelo	et	al.,	2005;	Custodio	et	al.,	2001;	Fetter,	2001;	

Wilson	et	al.,	1995):	
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where	 θ	 is	 the	 volumetric	 water	 content	 [L3·L‐3];	 t	 is	 time	 [T];	 ρ	 is	 the	 bulk	

density	of	the	porous	medium	[M·L‐3];	s	is	the	concentration	of	the	solute	in	the	solid	

phase	 [M·M‐1];	 x	 is	 the	 space	 coordinate	 [L];	C	 is	 the	 aqueous	 concentration	 of	 the	

element	[M·L‐3];	q	is	the	volumetric	flux	density	[L·T‐1];	D	is	the	dispersion	coefficient	

of	the	element	in	the	liquid	phase	[L2·T‐1];	S	 is	a	sink	term,	such	as	water	uptake	by	

plants	[L3·L‐3·T‐1];	Cr	is	the	concentration	of	the	sink	term	[M·L‐3];	and	R	is	a	source	or	

sink	 term	 due	 to	 geochemical	 reactions	 [M·L‐3·T‐1].	 Later,	 the	 advection‐dispersion	

equation	was	completed	to	consider	not	one,	but	several	solutes	present	in	the	liquid	

phase	(equation	2.5).	In	this	case,	the	liquid	phase	is	a	mixture	of	many	ions	that	may	

interact,	 create	 complex	 species,	 precipitate,	 dissolve	 and	 compete	with	 each	 other	

for	sorption	sites	in	the	solid	phase.	Simunek	and	Suarez	presented	a	variation	of	the	

ADE	 equation	 that	 considers	 dissolved,	 sorbed	 and	 precipitated	 forms	 of	 solutes	

(Šimůnek	et	al.,	1994):	
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where	besides	 the	meaning	 of	 the	 above‐mentioned	 terms,	 subscript	 i	means	

solute	 i	 of	 the	 total	ns	 solutes,	 and	pi	 is	 the	 concentration	of	 the	precipitated	phase	

[M·M‐1].	 This	 approach	 considers	 bulk	 density	 to	 be	 a	 constant	 value,	 and	 the	

sink/source	terms	due	to	both	plants	and	geochemical	reactions	were	not	considered.	

Approaches	to	solve	solute	transport	problems	with	several	solutes	have	been	solved	

by	only	numerical	methods	following	the	development	of	personal	computers.	
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2.4	Modelling	water	and	solutes	fluxes.	

Solving	 problems	 involving	 flow,	 transport	 and	 geochemical	 processes	 in	 the	

subsurface	 environment	 requires	 appropriate	 modelling	 tools.	 While	 certain	

problems	may	be	solved	using	relatively	simple	analytical	or	semi‐analytical	models,	

other	problems	may	require	more	sophisticated	uni‐	or	multidimensional	numerical	

models	 which	 simulate	 water	 flow,	 solute	 transport	 and	 a	 range	 of	 geochemical	

reactions	(Šimůnek	et	al.,	2008).		

Modelling	 has	 proven	 a	 good	 tool	 for	 estimating	water	movement	 and	 solute	

transport	 in	 the	 vadose	 zone	 on	 the	 field	 scale.	 In	 general,	 those	 agricultural	

modelling	 systems	 require	 plenty	 of	 data	 input	 to	 be	 run,	 which	 may	 be	 a	

disadvantage	as	specific	experiments	must	be	carried	out	to	obtain	the	required	data,	

or	data	from	other	sources	must	be	used.	Furthermore,	many	are	uni‐dimensional,	so	

they	do	not	have	the	capacity	to	spatially	predict	processes	and	result	in	stand‐alone	

models	of	increasing	interest,	especially	to	address	river	basin	management.		

	

2.4.1	SWRC	modelling	

The	 volumetric	 soil	 water	 content‐soil	 pressure	 head	 relationship	 is	 a	

fundamental	 initial	 part	 of	 unsaturated	 water	 flow	 modelling.	 Traditional	

determinations	of	the	soil	water	retention	curve	(SWRC)	involve	establishing	several	

points	 of	 equilibrium	 between	 water	 in	 the	 soil	 sample	 and	 a	 body	 of	 water	 at	 a	

known	 potential.	 Each	 data	 pair,	 θ	 and	 h,	 is	 a	 point	 of	 the	 retention	 curve.	 The	

volumetric	water	content	values	in	these	relations	are	maximum	when	the	complete	

saturation	of	the	porous	medium	takes	place	together	with	a	matric	potential	value	of	

zero.	As	pressure	head	becomes	more	negative,	water	content	decreases	continuously	

to	reach	a	certain	value	called	residual	water	content,	θr;	further	reductions	in	water	
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content	 can	 be	 accomplished	 only	 by	 evaporation.	 Several	 studies	 (Haines,	 1930;	

Topp,	1969)	have	found	that	the	water	retention	relationship	might	be	hysteretic	in	

some	 soils,	 so	 two	 different	 curves	 might	 exist	 if	 a	 drying	 or	 a	 wetting	 process	 is	

carried	 out	 (water	 content	 is	 higher	when	originating	 from	wetter	 states).	 Besides,	

complete	saturation	might	not	be	achieved	in	wetting	cycles	because	some	air	could	

remain	 entrapped	 in	 the	 porous	medium,	 so	 the	maximum	water	 content	 in	 those	

cases	is	about	0.85‐0.9	of	total	porosity.	

	
Figure	2.	1.	Soil	pressure	head‐volumetric	water	content	relationship.		

	

Modelling	 this	 relationship	 has	 deserved	 considerable	 effort	 in	 an	 attempt	 to	

obtain	versatile	functions	that	adapt	to	the	different	shapes	of	the	SWRC	found	with	

various	soils.	The	most	important	approaches	are	the	following:	

 Brooks	and	Corey	(Brooks	et	al.,	1966),	who	stated	a	simple,	robust	function,	

in	 which	 effective	 saturation	 depends	 on	 two	 parameters:	 the	 air	 entry	

pressure	value	and	an	index	depending	on	pore	size	distribution.	

 van	 Genuchten	 (van	 Genuchten,	 1980),	 who	 used	 the	 statistical	 pore	

distribution	of	Mualem	(Mualem,	1976),	obtained	a	predictive	equation	for	the	

unsaturated	 hydraulic	 conductivity	 function	 and	 for	 the	 SWRC.	 The	 van	
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Genuchten	 equation	 also	 describes	 effective	 saturation	 depending	 on	 two	

parameters,	called	shape	parameters,	which	have	no	direct	physical	meaning.		

 Vogel	and	Cislerová	(Vogel	et	al.,	1988)	proposed	a	modified	equation	of	the	

van	Genuchten	model	to	add	flexibility	to	the	curve	near	saturation.	

 Kosugi	(Kosugi,	1996)	proposed	a	lognormal	distribution	function	for	the	soil	

pressure	head‐volumetric	water	content	relationship	and	followed	the	Mualem	

pore‐size	distribution	model.	

 Later,	 other	 authors	 proposed	more	 complex	 functions	 which	 are,	 in	 some	

cases,	 developments	 of	 the	 above‐mentioned	 ones.	 Of	 them,	 one	 of	 the	most	

popular	 functions	 is	 that	of	Durner,	who	proposed	a	 function	which	 in	 is	 fact	

the	sum	of	two	van	Genuchten‐Mualem	type	functions	or	more	(Durner,	1994).	

With	 this	attempt,	Durner	 tried	 to	 consider	 the	different	hydraulic	properties	

that	 some	 soils	 in	different	 regions	 can	present	 (like	water	 flow	 in	 soils	with	

preferential	paths	due	the	root	cracking	effect).	

Among	them,	the	van	Genuchten	equation	has	become	the	most	extended	one	

used	by	scientists	worldwide.	

	

2.4.2	Water	flow	and	mass	transport	models	

The	use	of	calibrated	models	as	a	decision	tool	is	a	growing	practice	applied	to	

different	objectives:	predicting	management	strategies	effects	(Schwen	et	al.,	2011a;	

Wallis	et	al.,	2011),	in	applications	of	different	water	qualities	(Ramos	et	al.,	2011),	in	

reclamation	 of	 soils	 (Šimůnek	 et	 al.,	 1997),	 prediction	 of	 impacts	 of	 leaching	

fertilizers	 to	 groundwater	 (Wallis	 et	 al.,	 2011)	 or	 to	 obtain	 the	 recharge	 rate	 in	

irrigated	areas	(Jiménez‐Martínez	et	al.,	2009).		
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Models	 allow	 the	 testing	 of	 new	 hypotheses	 of	 medium	 functioning,	 make	

future	 predictions	 in	 different	 scenarios	 and	 design	 pollution	 control	 and	

management	 strategies.	 The	 most	 relevant	 numerical	 models	 of	

unsaturated/saturated	porous	media,	commonly	applied	to	water	flow	and	transport	

experiments	in	the	laboratory	and	field,	are	briefly	described	as	follows:	

‐	HBGC123D,	HYDROBIOGEOCHEM,	 is	a	computer	code	for	the	simulation	of	

coupled	 non‐isothermal	 hydrologic	 transport	 and	 biogeochemical	 kinetica	 and/or	

equilibrium	reactions	 in	variably	 saturated	media.	The	 first	version	 is	based	on	 the	

studies	of	Yeh	et	al.	(1998;	1990),	and	later	modifications	are	summarised	by	Gwo	et	

al.	 (Gwo	 et	 al.,	 2001).	 Transport	 equations	 are	 solved	 for	 all	 the	 aqueous	 chemical	

components	and	kinetically	controlled	species.	A	Lagrangian‐Eulerian	finite	element	

method	is	used	to	solve	the	heat	transfer	and	transport	equations.	The	computer	code	

accommodates	hexahedral	(6	faces),	pentahedral	(5	faces),	and	tetrahedral	(4	faces)	

elements	 in	 three‐dimensional	 domains,	 quadrilateral	 (4	 sides)	 and	 triangular	 (3	

sides)	 elements	 in	 two‐dimensional	 domains,	 and	 line	elements	 in	one‐dimensional	

domains.	The	Newton‐Raphson	method	is	used	to	solve	the	biogeochemical	system	of	

equations.	 The	 use	 of	 HBGC	 has	 not	 been	 extensively	 employed	 in	 the	 past.	 One	

example	of	 its	 application	 is	 that	Wang	used	 it	 to	model	 the	movement	 of	U	 in	 the	

presence	of	metallic	Fe	(Wang	et	al.,	2005)	

‐The	HYDRUS‐1D	and	HYDRUS‐2D/3D	 software	packages	are	 finite‐element	

numerical	models	 for	simulating	the	one‐	or	three‐dimensional	movement	of	water,	

heat	 and	 multiple	 solutes	 in	 variably	 saturated	 media	 (Šimůnek	 et	 al.,	 2009b).	 It	

numerically	 solves	 the	 Richard’s	 equation	 for	 variably‐saturated	 water	 flow	 and	

advection‐dispersion	equations	for	heat	and	solute	transport.	A	full	description	of	the	

development	 of	 this	 code	 and	 other	 related	 softwares	 is	 found	 at	 (Šimůnek	 et	 al.,	

2008).	Its	use	has	increased	in	the	few	last	years,	and	different	modules	(Šimůnek	et	

al.,	2009a)	and	coupled	codes	with	other	software	to	cope	with	specific	problems	are	
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appearing.	 HYDRUS	 1‐D	 was	 used	 by	 Jimenez‐Martínez	 (Jiménez‐Martínez	 et	 al.,	

2009)	 to	model	 the	 recharge	 rate	 of	 a	 quaternary	 aquifer	 in	 an	 intensely	 irrigated	

area	under	 semi‐arid	 conditions;	Ramos	et	 al.	 (2011,	 	2012)	used	 it	 to	evaluate	 the	

impact	of	using	of	water	with	different	 salt	 contents;	Kanzari	 et	al.,	 (2012a,	2012b)	

also	employed	HYDRUS	to	study	the	soil	salinization	problem	in	North	Africa.		

UNSATCHEM	 (Šimůnek	et	al.,	1994;	Suarez	et	al.,	1997)	 is	a	HYDRUS	module	

used	 to	 simulate	 the	 transport	 of	 major	 ions	 in	 variably	 saturated	 porous	 media,	

including	major	 ion	 equilibrium	 and	 kinetic	 non‐equilibrium	 chemistry.	 The	major	

variables	 of	 the	 chemical	 system	 in	 UNSATCHEM	 are	 Ca,	 Mg,	 Na,	 K,	 SO4,	 Cl,	 NO3,	

H4SiO4,	 alkalinity,	 and	 CO2.	 Its	 capabilities	 were	 shown	 by	 Suarez	 in	 a	 study	 of	

different	strategies	to	remediate	sodium	saline	soils	(Šimůnek	et	al.,	1997).	

The	HP1,	HYDRUS	and	PHREEQC	couple	(Parkhurst	et	al.,	1999)	is	one	of	the	

most	 interesting	 codes	 to	model	 hydrogeochemical	 problems	 (Jacques	 et	 al.,	 2005;	

Šimůnek	et	al.,	2006).	This	code	contains	modules	that	simulate	transient	water	flow,	

the	 transport	 of	 multiple	 components,	 mixed	 equilibrium/kinetic	 biogeochemical	

reactions,	 and	 heat	 transport	 in	 variably‐saturated	 porous	 media.	 HP1	 uses	 the	

operator‐splitting	 approach	 with	 no	 iterations	 in	 a	 time	 step	 (a	 non‐iterative	

sequential	modelling	approach).	 Jacques	and	Simunek	used	 it	 to	simulate	 long‐term	

uranium	 transport	 (Jacques	 et	 al.,	 2008)	 with	 fertilizer.	 Water	 flow	 and	

multicomponent	 and	 reactive	major	 ions	 have	 also	 been	 predicted	 by	 HP1	 inverse	

modelling	 applications	 to	 determine	 hydraulic	 and	 solute	 transport	 parameters	

(Jacques	et	al.,	2012).	As	far	as	the	author	knows,	no	direct	applications	of	major	ion	

chemistry	 models	 with	 HP1	 have	 been	 done	 in	 past	 studies	 as	 far	 as	

dissolution/precipitation	 processes	 and	 changes	 in	 soil	 hydraulic	 properties	 of	 the	

porous	medium	 are	 concerned.	 Beside	 soil	 applications,	 the	HYDRUS	 code	 has	 also	

been	 applied	 to	model	water	 flow	 and	 geochemical	 reactions	 in	 other	 unsaturated	

porous	media	like	concrete	(Jacques	et	al.,	2010;	Martens	et	al.,	2010).	
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SWAP	(Soil,	Water,	Atmosphere	and	Plant)	is	a	free	access	code	to	simulate	the	

transport	 of	 water,	 solutes	 and	 heat	 in	 unsaturated/saturated	 soils;	 it	 was	 first	

developed	 in	 JC.	 van	Dam’s	PhD	 thesis	 (van	Dam,	2000;	 van	Dam	et	 al.,	 2008).	The	

model	was	designed	to	simulate	flow	and	transport	processes	at	the	field	scale	level	

during	growing	seasons	and	for	long	time	series.	It	offers	a	wide	range	of	possibilities	

to	 address	 both	 research	 and	 practical	 questions	 in	 the	 agriculture,	 water	

management	and	environmental	protection	fields.	Singh	et	al.	broadly	applied	SWAP	

to	 study	 an	 irrigation	 schedule	 in	 India,	 which	 was	 summarised	 in	 three	 papers	

(Singh	 et	 al.,	 2006a;	 Singh	 et	 al.,	 2006b;	 Singh	 et	 al.,	 2006c).	 Finally,	 Smets	 et	 al.,	

(1997)	 applied	 SWAP	 to	 study	 the	 impact	 of	 poor	 water	 quality	 irrigation	 on	 soil	

salinity	and	crop	transpiration	in	Pakistan.	

Some,	 but	 not	 all,	 of	 the	 above‐mentioned	 codes	 include	 numerical	 inverse	

methods	 to	 determine	 the	 flow	 water	 and	 transport	 parameters	 of	 porous	 media	

from	 experimental	 data.	 The	 application	 of	 these	 inverse	 methods	 requires	 a	

considerable	 amount	 of	 collected	 data	 for	 the	 values	 of	 those	 parameters	 to	 be	

reliable.	 Interesting	reviews	of	 those	numerical	methods	are	 found	 in	 the	 literature	

(Hopmans	et	al.,	2002;	Šimůnek	et	al.,	2002;	van	Genuchten	et	al.,	2004).	

	

2.5	Changes	in	soil	hydraulic	properties	

For	 many	 applications,	 such	 as	 agricultural	 water	 management,	 aquifer	

recharge	 assessment	 or	 aquifer	 impacts,	 plus	many	 others,	 complete	 knowledge	 of	

soil	water	dynamics	is	needed	to	obtain	reliable	results.	Modelling	processes	can	be	a	

valuable	 tool	 to	predict	 future	scenarios	and	 to	optimise	 their	management	(Roger‐

Estrade	et	al.,	2009).	However,	 these	approaches	require	an	accurate	description	of	

soil	 hydraulic	 properties;	 i.e.,	 the	 soil	 water	 retention	 curve	 and	 the	 unsaturated	
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hydraulic	 conductivity	 function.	 With	 poorly	 reliable	 hydraulic	 properties,	 we	 will	

obtain	models	whose	results	will	not	be	trustworthy.	

	Usually,	studies	into	soil	water	dynamics	consider	that	hydraulic	properties	do	

not	change	over	time.	However,	there	is	some	evidence	(Assouline	et	al.,	2013;	Hu	et	

al.,	2009;	Lado	et	al.,	2010)	that	soil	hydraulic	properties	might	change,	especially	in	

the	 upper	 part	 of	 soil,	 where	 the	 interaction	 between	 soil	 and	 the	 atmosphere	 is	

wider,	and	where	soil	management	practices	or	 land	uses	are	determinant.	Changes	

in	 soil	 hydraulic	 properties	 can	 be	 due	 to:	 tillage	 methods	 (Alletto	 et	 al.,	 2009;	

Schwen	 et	 al.,	 2011a),	 irrigation	 rates	 and	 methods	 (Mubarak	 et	 al.,	 2009b),	 high	

evaporation	climates	(Sela	et	al.,	2013),	application	of	water	with	different	qualities	

(Morugán‐Coronado	et	al.,	2011)	or	seasonal	changes	(Angulo‐Jaramillo	et	al.,	1997).		

Several	 studies	 have	 attempted	 to	 determine	 changes	 in	 soil	 hydraulic	

properties	from	different	viewpoints.	Mubarak	et	al.	(2009b)	studied	changes	in	soil	

hydraulic	 properties	 for	 a	 seasonal	 crop	 with	 different	 irrigation	 methods:	 full	

irrigation	 treatment	 and	 a	 limited	 one.	 They	 observed	 seasonal	 changes	 of	 soil	

porosity	and	changes	in	some	hydraulic	properties,	especially	in	saturated	hydraulic	

conductivity	and	the	mean	pore	effective	radius.	Their	 first	work	was	completed	by	

later	 publications	 in	 which	 they	 showed	 the	 effect	 of	 these	 changes	 to	 simulate	

scenarios	 under	 high‐frequency	 drip	 irrigation	 (Mubarak	 et	 al.,	 2009a).	 They	

determined	 the	 soil	hydraulic	properties	using	 the	Beerkan	 infiltration	method	and	

the	BEST	algorithm	(Lassabatère	et	al.,	2006).	

In	a	study	carried	out	on	compacted	clay	liners,	F.M.	Francisca	observed	major	

reductions	(by	a	 factor	of	10‐2)	 in	saturated	hydraulic	conductivity	due	to	biological	

clogging,	 but	 negligible	 effects	 owing	 to	 changes	 in	 double‐layer	 clay	 thickness	

and/or	 the	 chemical	 precipitation	 of	 carbonates.	 They	 used	 the	 Kozeny‐Carman	

equation	 and	 computed	 a	 ratio	 between	 the	 original	 and	 modified	 hydraulic	

conductivity,	which	related	well	to	biological	activity	(Francisca	et	al.,	2010).	
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In	the	recent	study	of	Schwen	et	al.,	changes	in	soil	hydraulic	properties	were	

due	to	different	tillage	methods.	They	proposed	three	different	methods:	no,	reduced	

and	 conventional	 tillage.	 Soil	 hydraulic	 properties	 were	 determined	 by	 a	 tension	

infiltrometer	 (Ø	 20cm	 disc).	 These	 authors	 found	 changes	 in	 saturated	 hydraulic	

conductivity	 and	 an	 α	 shape	 parameter	 of	 the	 van	 Genuchten	 constitutive	

relationships	(Schwen	et	al.,	2011a;	Schwen	et	al.,	2011b).	Schwen	et	al.	considered	

that	field	methods	are	preferable	to	laboratory	methods,	which	is	in	wine	with	other	

previous	studies	(Angulo‐Jaramillo	et	al.,	2000;	Hu	et	al.,	2009).	

Nevertheless,	 changes	 in	 the	 soil	 hydraulic	 properties	 due	 to	 mineral	

precipitation/dissolution	 processes	 have	 been	 paid	 less	 attention.	 The	 kinetics	 of	

these	processes	is	very	slow	and	field	data	are	not	readily	available.	Because	of	these	

difficulties,	prediction	models	become	a	useful	tool	to	predict	possible	impacts.	
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Chapter	3	

Study	area		

	

3.1	Location		

	 The	study	area	where	this	research	was	conducted	is	 located	in	Alicante	(SE	

Spain),	as	shown	in	Figure	3.1.	The	province	of	Alicante	is	the	fourth	most	populated	

region	in	Spain,	with	1.9	million	inhabitants	(INE,	2012).	Additionally,	tourism	is	one	

of	the	most	 important	 industries	of	the	region,	which	attracts	more	than	3.4	million	

tourists	and	14.5	million	overnight	stays	per	year	(INE,2011),	mainly	in	summer.	The	

important	 water	 demand	 from	 both	 urban	 supply	 and	 agriculture	 converts	

groundwater	into	the	most	significant	and	strategic	component	of	water	resources	in	

this	 region.	 However	 in	 the	 last	 few	 years,	 desalination	 of	 seawater	 and	 brackish	

aquifers	water	has	become	a	very	important	water	source	to	complement	traditional	

and	scarce	water	resources.	
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Figure	3.1.	Study	area	location,	Alicante	region	(SE,	Spain)	and	Quaternary	aquifer	boundaries.	

	

The	 site	 is	 characterised	 by	 a	 semi‐arid	 Mediterranean	 climate	 with	 18°C	

average	 annual	 temperature	 and	 a	 low	 annual	 precipitation	 rate	 of	 ~330	mm·yr‐1,	

with	dry,	hot	summers	and	mild	winters.	Rainfall	 is	produced	mainly	 in	spring,	and	

especially	 in	 autumn,	when	 very	 intense	 rainfall	 events	 can	 occur.	 The	 presence	 of	

these	 few,	but	 intense,	events	provide	a	 lower	probable	value	 than	average	rainfall.	

Mean	 annual	 reference	 evapotranspiration,	 ET0,	 following	 the	 Penman‐Monteith	

equation,	 accounts	 for	 1278	mm	 (for	 the	 computed	 period:	 June	 2007‐May	 2012)	

(Figure	3.2).	Surface	perennial	streams	rarely	exist	and	watercourses,	called	ramblas,	

only	operate	during	heavy	rainfall	events	to	produce	major	flood	episodes,	especially	

in	autumn.		
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Figure	3.	2.	Climatic	information:	a)	Mean	monthly	temperature;	b)	mean	annual	temperature	
(period	1997‐2007);	c)	mean	monthly	precipitation	and	maximum	daily	rainfall;	d)	annual	

precipitation	(period	1950‐2007).	

	

3.2	Geological	and	hydrogeological	setting	

From	a	geological	point	of	view,	the	study	site	is	situated	in	the	eastern	part	of	

the	 External	 Zone	 of	 the	 Betic	 Cordillera	 (Figure	 3.3),	 specifically	 in	 the	 called	

Prebetic	domain	(Alfaro	et	al.,	2004;	IGME,	1963).	This	domain	is	characterised	by	the	

most	 important	 reliefs	 in	 the	 province	 of	 Alicante	 lying	 primarily	 in	 a	 SW‐NE	

direction.	 The	 main	 lithologies	 are	 limestone	 and	 marls	 dating	 back	 from	 the	

Cretaceous	period.	Overlying	the	Cretaceous	materials,	Quaternary	sediments	extend	

over	 the	 southern	part	 of	 the	 region	where	 the	 experimental	 plot	 is	 located,	which	

makes	up	the	geographic	region	of	Alicante,	where	the	lower	basin	of	the	Seco	River	

is	located.		
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Figure	3.	3.	Geological	sketch	of	Betic	Cordillera.	

	

The	region	of	the	Alicante	plain	is	a	Neogene	and	Quaternary	basin	that	extends	

from	the	most	important	reliefs	to	the	sea.	From	a	litho‐stratigraphical	point	of	view,	

the	following	units	are	present	in	the	study	zone	(from	bottom	to	top):		

 Marlstone	 from	 the	 Lower	 Cretaceous	 period	 is	 present	 in	 a	 series	 of	

calcareous	marlstone,	marlstones	and	sandy	marlstones	in	strata	of	up	

to	 1,000	 m	 in	 thickness.	 It	 outcrops	 from	 the	 westerner	 Fontcalent	

Mountain,	 5	 km	 further	 away	 from	 the	 experimental	 site,	 where	 it	 is	

vertically	arranged.		

 Plio‐Quaternary	deposits.	 They	 are	 composed	of	 red	 silts	 that	 overlap	

the	 Cretaceous	 marlstone,	 with	 the	 substratum	 being	 used	 for	

agricultural	activities	where	it	outcrops.	Granular	materials	(sands	and	

conglomerates)	can	be	found	embedded	in	silts.	Significant	variation	in	

silt	 thickness	 is	 recognised	 (from	 zero	 to	 almost	 30	m)	 as	 a	 result	 of	
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paleo‐channel	structures	in	the	Cretaceous	materials.	Average	thickness	

is	approximately	16	m.		

 Calcareous	 crust	 (calcium	 carbonate	 precipitate),	 named	 caliche,	

associated	with	long	dry	periods	in	the	past,	 is	 irregularly	presented	a	

few	 centimetres	 below	 the	 surface	 embedded	 in	 red	 silts.	 It	 can	 also	

appear	mixed	with	granular	conglomerates.	Its	thickness	ranges	from	a	

few	centimetres	to	1	metre.	

 Finally,	 the	most	recent	deposits	correspond	to	alluvial	and	co‐alluvial	

materials	that	irregularly	overlie	the	calcareous	crust.	

From	a	hydrogeological	point	of	view,	the	study	area	is	located	on	the	western	

boundary	 of	 the	 San	 Vicente	 aquifer	 (called	080.079	Bajo	Vinalopó	 in	 (CHJ,	 2005)).	

The	 unconfined	 detrital	 aquifer	 covers	 81	km2	 (Rodríguez	 Hernández	 et	 al.,	 2010)	

and	 overlies	 the	 impervious	 Cretaceous	 marls	 that	 constitute	 the	 bottom	 of	 the	

aquifer.	 The	 existing	 heterogeneity	 in	 the	 Quaternary	 and	Neogene	 terrains	means	

that	the	more	granular	and	permeable	materials	are	located	below	the	silt	and	sandy‐

silt	layers,	with	poorer	permeability	which	could	act	as	an	aquitard.	

Lateral	boundaries	are	formed	by	Cretaceous	bedrock,	while	the	northern	limit	

is	 formed	 by	Triassic	materials	 (clays	 and	 gypsum).	 Finally,	 the	Mediterranean	 Sea	

constitutes	the	SE	boundary	of	the	aquifer.		

The	 fact	 that	 the	 aquifer	 comes	 into	 contact	 with	 evaporitic	 terrains,	 mainly	

gypsum,	 means	 that	 groundwater	 presents	 high	 natural	 salinity.	 Groundwater	

electrical	 conductivity	 (EC)	 values	 are	~7,500	μS·cm‐1,	 hardness	 above	1,900	mg·L‐1	

of	CaCO3,	with	high	concentrations	of	chloride	(1,500	mg·L‐1),	sulphate	(1,700	mg·L‐1)	

and	 sodium	 (1,300	mg·L‐1).	 Due	 to	 this	 high	 salinity,	 groundwater	 is	 unsuitable	 for	
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being	 used	 as	 drinking	 water	 or	 for	 agricultural	 purposes,	 therefore	 almost	 no	

exploitation	has	taken	place.	Desalination	treatment	is	required	for	further	uses.	

The	 natural	 regional	 groundwater	 flux	 direction	 moves	 from	 northwest	 to	

south	 and	 southeast,	 where	 the	 aquifer	 discharges	 to	 the	 Mediterranean	 Sea.	

Although	some	small	springs	exist,	their	discharge	is	insignificant.	The	main	recharge	

components	are	precipitation	and	agricultural	 irrigation	returns.	Due	to	its	brackish	

water	quality,	the	aquifer	has	been	barely	exploited	in	recent	years.	

	

	3.3	The	experimental	site	

The	 experiment	 was	 carried	 out	 in	 an	 experimental	 plot	 located	 on	 the	

University	of	Alicante	campus.	This	campus	covers	an	area	of	approximately	100	ha	

of	 vegetated	 land	 above	 the	 unconfined	 Quaternary	 aquifer.	 At	 the	 study	 site,	 the	

groundwater	level	ranges	between	11‐13	m	below	the	ground	surface.		

On	 the	 campus,	 a	 significant	 land	 cover	 exists,	 made	 up	 mainly	 of	

Mediterranean	plants	(Pinus	pinea,	Platanus	hispanica,	Juniperus	phoenicea,	etc.).	Due	

to	the	structural	water	scarcity	in	this	region,	irrigation	is	carried	out	with	a	mixture	

of	 different	 fractions	 of	 desalted	 brackish	 groundwater	 and	 raw	 water	 from	 the	

aquifer.	Vegetation	 is	 drip‐	 and	 sprinkler‐irrigated	with	water	 from	a	 storage	pond	

that	 is	 integrated	 into	 the	 campus’	 landscape	 design.	 Water	 from	 the	 aquifer	 is	

pumped	directly	 from	 two	wells	 located	on	 the	 campus	which	 is	33	m	deep,	 and	 is	

screened	 over	 the	 entire	 aquifer	 thickness	 (Figure	 3.1).	 The	 groundwater	 pumped	

from	well	1	is	stored	directly	in	the	pond;	the	water	drawn	from	well	2	is	desalted	in	

the	 reverse	 osmosis	 (RO)	 desalination	 plant	 and	 conveyed	 to	 the	 pond,	where	 it	 is	

blended	with	raw	groundwater	for	irrigation	purposes.	The	mixture	of	groundwater	

and	desalted	water	is	variable	and	ranges	between	5%	(winter)	and	22%	(summer).	
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Rejected	 brines	 are	 conveyed	 through	 a	 pipeline	 to	 an	 ephemeral	 creek	 in	 the	

western	 part	 of	 the	 campus.	 A	 flow	 chart	 of	 the	 supply	 system	 is	 depicted	 in	

Figure	3.4.	

	
Figure	3.	4.	Conceptual	scheme	of	the	use	of	desalted	brackish	groundwater	at	the	campus	

(Valdes‐Abellan	et	al.,	2013).		
	

Water	is	conveyed	to	the	distribution	network	of	the	irrigation	system	by	a	set	

of	hydraulic	pumps	controlled	manually	by	the	company	 in	charge	of	 the	 landscape	

management	 there.	 Indeed,	 irrigation	 may	 be	 cancelled	 depending	 on	 weather	

conditions.		

3.3.1	Water	desalination	

In	 1997,	 an	 RO	 desalination	 plant	 in	 the	 campus	 (Figure	 3.4)	 was	 set	 into	

motion	 to	 treat	brackish	aquifer	water	 for	 landscape	 irrigation	purposes.	The	plant	

was	 initially	 set	 up	 for	 academic	 and	 research	 purposes.	 Its	 treatment	 capacity	 is	

currently	 450	m3·day‐1.	 The	plant’s	 conversion	 capacity,	which	 is	 the	 portion	 of	 the	

volume	of	desalinated	water	in	relation	to	the	volume	of	feed	water,	is	72%	given	the	

high	concentration	of	sulphates	in	the	brackish	groundwater.	
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Treatment	 consists	 in	 a	 single	 line	 of	 25	 membranes	 distributed	 into	 two	

stages:	 15	 in	 the	 first	 stage	and	10	 in	 the	 second.	The	8040‐UHY‐ESPA	membranes	

(Hydranautics®)	 applied	 are	 spiral‐wound,	 aromatic	 polyamides	 arranged	 into	

modules.	 A	 working	 pressure	 of	 1,200	 kPa	 is	 controlled	 by	 a	 variable	 frequency	

device.	 For	 a	 further	 description	 of	 the	 desalination	 plant,	 readers	 are	 referred	 to	

Prats	et	al.	(1997,	2001).	

Pre‐treatment	consists	of	both	sand	and	cartridge	filtrations	with	a	continuous	

application	of	3.8	mg·L‐1	PERMATREAT191	antiscalant	manufactured	by	Houseman,	

UK	 (Butt	 et	 al.,	 1997).	 PERMATREAT191	 is	 a	 sodium	 salt	 of	

aminotrimethylenephosphonique	 acid	 N(CH2PO3HNa)3,	 whose	 active	 compound	

accounts	for	50%	(Ahmed	et	al.,	2004).	No	other	chemical	pre‐	and	post‐treatment	is	

carried	out	due	to	the	quality	of	 the	 feed	water	and	its	 final	use.	After	groundwater	

desalination	and	Ca(OH)2	addition	to	increase	the	pH	level	of	the	water	(~6),	water	is	

finally	stored	prior	to	being	used.	
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Chapter	4	

Methodology	

	

4.1	Introduction	

In	 order	 to	 characterise	 impacts	 on	 soil	 and	 aquifer	 media	 from	 using	 non‐

conventional	water	 for	 irrigation,	 the	 current	work	 has	 been	 divided	 into	 different	

steps.	 An	 experimental	 plot	was	 set	 up	 and	 soil	water	 parameters	were	monitored	

from	 different	 kinds	 of	 sensors,	 grouped	 as	 non‐automatic	 and	 automatic	 data	

acquisition	 systems.	 Next,	 a	 model	 of	 water	 flux	 and	 solute	 transport	 through	 the	

vadose	 zone	 was	 created,	 calibrated	 and	 subsequently	 validated	 with	 field	 and	

laboratory	 data.	 Firstly,	 water	 dynamics	 was	 assessed	 from	 the	 two	 different	 field	

monitoring	 strategies,	 which	 were	 compared.	 Secondly,	 a	 transport	 model	 was	

defined	 from	a	conservative	 tracer	 test	carried	out	at	 the	experimental	site.	Finally,	
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reactive	 transport	 simulations	 were	 conducted	 to	 predict	 possible	 changes	 in	 soil	

hydraulic	properties.	

A	 flow	 chart	 of	 the	main	 activities	 conducted	during	 this	 study	 is	 depicted	 in	

Figure	4.1.	

	
Figure	4.	1.	Flowchart	of	the	activities	carried	out	during	the	research.	
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4.2	Fieldwork	

Fieldwork	consisted	in	groundwater	level	monitoring,	as	well	as	soil	and	water	

sampling	 (both	 groundwater	 and	 irrigation).	 Groundwater	 samples	 were	 obtained	

from	 two	wells	 and	 from	 two	 springs.	Meteorological	 data	were	 collected	 from	 the	

meteorological	station	of	the	University	of	Alicante,	and	applied	irrigation	volumes	of	

water	were	 registered	 from	a	 flowmeter.	As	part	of	 this	 fieldwork,	an	experimental	

plot	 was	 established	 with	 the	 in	 situ	 equipment	 installation	 for	 unsaturated	 flow	

monitoring.	

4.2.1	Soil	sampling		

In	order	 to	 characterise	soil	physico‐chemical	and	hydraulic	properties	 in	 the	

experimental	 plot,	 disturbed	 and	 undisturbed	 samples	 were	 collected.	 All	 the	 soil	

samples	 were	 plastic‐wrapped	 immediately	 after	 their	 extraction,	 and	 were	

conveniently	preserved	for	subsequent	laboratory	determinations.	

Three	 undisturbed	 core	 samples	 were	 taken	 at	 different	 depths	 from	 three	

drilled	boreholes.	Duplicated	soil	samples	were	taken	at	depths	of	30,	45,	60,	90	and	

120	cm,	and	a	single	sample	was	 taken	at	20,	40,	60,	90	and	120	cm.	Soil	 sampling	

was	 carried	 out	 from	 the	 ground	 surface	 by	 hand	 auger	 equipment	 (Eijkelkamp®)	

and	 using	 stainless	 steel	 rings	 (5	cm	 length;	 5	 cm	 inner	 diameter)	 inserted	 by	

percussion	with	a	hand‐held	hammer.		

Disturbed	 soil	 samples	 were	 collected	 from	 three	 drilled	 boreholes	 directly	

from	the	auger	end.	

4.2.2	Water	sampling	

Groundwater	quality	characterisation	was	carried	out	by	determining	the	main	

physico‐chemical	 properties.	 Four	 water	 points	 were	 selected	 for	 groundwater	
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sampling:	 wells	 1	 and	 2	 (sample	 locations	W1	 and	W2)	 located	 on	 the	 University	

Campus,	and	two	springs	(sample	 locations	S1	and	S2)	 located	 in	the	vicinity	of	 the	

campus	 (Figure	 3.1).	 Water	 from	 well	 2	 is	 directly	 pumped	 to	 be	 used	 in	 the	

desalination	plant,	while	water	from	well	1	is	conveyed	to	the	regulation‐mixing	pond	

(sample	 location	 P).	 The	 irrigation	 water	 applied	 in	 the	 experimental	 plot	 was	

collected	 periodically,	 once	 per	 month,	 to	 monitor	 its	 main	 physico‐chemical	

characteristics	and	major	ion	chemistry.	

All	the	water	samples	for	the	major	ion	chemistry	determination	were	collected	

in	2	x	500	ml	PE‐LD	bottles.	They	were	immediately	stored	in	an	insulated	container	

chilled	with	 ice	 and	 sent	 to	 the	 laboratory	 for	 analysis.	The	 transit	 time	 for	 sample	

shipment	was	less	than	24	h.	

4.2.3	Experimental	plot	

4.2.3.1	Installation	of	instruments	

Soil	 volumetric	 water	 content,	 soil	 pressure	 head,	 temperature	 and	 EC	 data	

were	used	to	control	the	water	flux	dynamics.	Instruments	were	installed	to	acquire	

data	manually	(i.e.,	non‐automatic)	and	automatically	(i.e.,	automatic).	

Jet	Fill	tensiometers	and	time	domain	reflectometry	access	tubes	were	used	to	

manually	monitor	soil	pressure	head	and	volumetric	water	content,	respectively.	The	

5TE	and	MPS	sensors	connected	to	a	datalogger	were	used	to	monitor	temperature,	

volumetric	water	content,	electrical	conductivity	and	pressure	head	automatically.	A	

description	of	these	devices	is	supplied	below.	Further	details	on	the	design	and	the	

work	carried	out	on	the	experimental	plots	are	provided	in	Chapter	5.		

Jet	 Fill	 tensiometers	 and	 polycarbonate	 TDR	 access	 tubes	 were	 vertically	

installed	 from	 the	 ground	 surface	 by	 a	 helicoidal	 T‐bar	 hand	 auger	 (Eijkelkamp®),	

Figure	 4.2.	 Their	 installation	 was	 carefully	 performed	 to	 prevent	 preferential	 flow	
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paths	 formation	 associated	 to	 the	 devices,	 and	 good	hydraulic	 contact	 between	 the	

instrument	and	soil	was	achieved	by	 following	 the	method	described	by	Young	and	

Sisson	(2002).		

	
Figure	4.	2.	Different	views	of	the	vertical	installation	with	hand	auger	equipment.	

	

	The	automatic	sensors	installation	entailed	having	to	excavate	a	lateral	trench	

(1.5	m	depth;	0.8	m	width)	on	the	western	side	of	the	plot.	Sensors	were	horizontally	

placed	into	the	soil	at	a	40‐50	cm	horizontal	distance	from	the	trench	wall	in	order	to	

minimise	boundary	effects.	Automatic	sensors	were	 installed	to	 interfere	as	 little	as	

possible	with	the	vertical	downward	water	flux.	The	vertical	flow	was	considered	the	

most	important	direction	to	assess	the	water	flux	dynamics	through	the	vadose	zone.	

Drilled	 holes	 were	 refilled	 with	 local	 soil	 material	 in	 order	 to	 minimise	 soil	

disturbance.	 All	 the	 wires	 were	 protected	 with	 a	 16‐mm	 flexible	 plastic	 tube	 to	

prevent	 instrumentation	 damage	 (Figure	 4.3).	 Finally,	 the	 vertical	 extension	 of	 the	

trench	 wall	 was	 covered	 with	 plastic	 film	 and	 the	 trench	 was	 refilled	 with	 soil	

material.	 The	 objective	 was	 to	 create	 a	 non‐boundary	 condition	 for	 modelling	

purposes.		
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Figure	4.	3.	(a)	5TE	sensor,	(b)	5TE	installed	in	the	trench	wall,	and	(c)	Manual	TDR	apparatus	

and	upper	part	of	the	access	tube.	
	

4.2.3.2	Data	collection		

Volumetric	water	content	(VWC)	

Two	 different	 strategies,	 manual	 and	 automatic,	 were	 considered	 to	 control	

VWC	 [‐]	 in	 the	 vadose	 zone.	 Both	 approaches	 used	 TDR	 technology	 based	 on	 the	

relationship	between	dielectric	permittivity	and	VWC	by	the	Topp	equation	(Topp	et	

al.,	1980).		

For	 manual	 data	 collection,	 two	 polycarbonate	 access	 tubes	 (44	 mm	 inner	

diameter;	1.9	m	in	length)	were	installed.	VWC	measurements	were	taken	by	a	TRIME	

FM	TDR	portable	probe	(IMKO®).	TDR	readings	are	elliptical	 in	shape	(Figure	4.4),	

thus	 two	measurements	with	 different	 orientations	were	 taken	 for	 each	 depth	 and	

access	 tube,	 and	 only	 the	 average	 value	 was	 considered.	 The	 TDR	 probe	 was	

calibrated	 at	 the	 laboratory	 (saturated	 sand	 vs.	 dry	 sand)	 following	 the	

manufacturer’s	 recommendations	 (IMKO	 GmbH,	 2006).	 Furthermore,	 it	 was	

specifically	 calibrated	 for	 the	 studied	 soil,	 according	 to	 previous	works	 (Cardenas‐
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Lailhacar	 and	 Dukes,	 2010;	 Laurent	 et	 al.,	 2001;	 Laurent	 et	 al.,	 2005;	 Varble	 and	

Chávez,	2011).	

	
Figure	4.	4.	Effective	measurement	volume	of	TRIME	FM	TDR	probe	(extracted	from	IMKO	GmbH	

(2006)).	
	

For	 automatic	 data	 acquisition,	 five	 5TE	 sensors	 (Decagon	 Devices®)	

connected	 to	 a	 CR1000	 datalogger	 (Campbell	 Scientific,	 2011)	 were	 installed.	

Automatic	measurements	were	obtained	at	hourly	intervals.	Nevertheless,	in	order	to	

capture	the	infiltration	dynamics	of	the	extreme	rainfall	events	of	November	2011,	40	

mm	 and	 48	mm,	which	 took	 place	 during	 a	 2‐	 and	 a	 24‐hour	 period,	 respectively,	

frequency	 of	 measurements	 was	 established	 at	 5‐minute	 intervals	 during	 those	

periods.	 5TE	 sensors	 were	 calibrated	 specifically	 for	 the	 studied	 soil	 by	 making	 a	

comparison	 of	 the	 VWC	 reported	 for	 the	 studied	 devices	 with	 the	 dry‐oven	 VWC	

determinations	obtained	in	the	laboratory,	similarly	to	the	method	applied	to	TRIME	

FM	TDR	sensor.	

Soil	pressure	head	

Soil	pressure	head,	h	 (cm),	was	also	monitored	with	 two	different	acquisition	

systems:	manual	and	automatic	(Figure	4.5).	

Manual	 data	 acquisition	 (3	 times	 per	 week)	 was	 performed	 from	 the	 Jet	 Fill	

tensiometers	(Soil	Moisture®)	installed	from	the	ground	surface.	 In	order	to	obtain	
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reliable	measurements,	 tensiometer	 body	 and	 its	water	 reservoir	 cup	were	 refilled	

before	each	measure.	Reliable	readings	were	recorded	after	the	equilibrium	between	

the	Jet	Fill	tensiometer	and	soil	was	achieved.	

Automatic	 measurements	 came	 from	 the	 MPS1	 and	 MPS2	 sensors	 (Decagon	

Devices®)	connected	to	a	CR1000	datalogger.	Acquisition	frequency	was	the	same	as	

that	for	the	soil	water	content	measurements.	

	
Figure	4.	5.	(a)	MPS	and	(b)	Jet	Fill	tensiometers	in	the	plot.	

	

Temperature	

Soil	 temperature	 (°C)	 was	 measured	 with	 the	 5TE	 sensors	 and	 by	 an	 ECT	

sensor	(Decagon	Devices®)	installed	on	the	plot	surface	at	a	depth	of	2‐3	cm	in	order	

to	 monitor	 the	 soil	 surface	 temperature.	 Both	 temperature	 sensors	 consisted	 in	 a	

thermistor	and	acquisition	frequency	was	hourly.		

Electric	conductivity	(EC)	

The	5TE	sensors	(Figure	4.6)	used	for	soil	water	content	and	temperature	were	

also	adapted	to	measure	soil	electric	conductivity,	EC	(μS·cm‐1),	which	was	measured	

at	the	same	frequency	as	VWC.		
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Figure	4.	6.	Scheme	of	the	5TE	sensor	and	location	of	the	different	measuring	elements.	

	

EC	 measurement	 technology	 consists	 in	 applying	 an	 alternating	 electrical	

current	to	two	electrodes,	and	measuring	the	resistance	between	them.	Conductivity	

is	then	derived	by	multiplying	the	inverse	of	the	resistance	(conductance)	by	the	cell	

constant:	i.e.,	the	ratio	of	the	distance	between	the	electrodes	to	their	area	(Decagon	

Devices	Inc,	2010).	That	EC	 is	actually	a	bulk	measurement	of	 the	medium	between	

the	 two	 screws.	 Further	 transformation	 was	 necessary	 to	 obtain	 soil	 pore	 EC	

(Hilhorst,	2000).		

4.2.3.3	Comparative	study	of	monitoring	strategies	

As	a	 first	step	to	meet	one	of	 the	aims	of	 this	study,	a	comparative	study	was	

done	 between	 the	 two	 flow	 models	 obtained	 from	 the	 automatic	 and	 from	 non‐

automatic	 monitoring	 strategies.	 The	 objective	 was	 to	 determine	 the	 suitability	 of	

both	 types	 of	 sensors	 to	 detect	 possible	 changes	 in	 soil	 hydraulic	 parameters	 and	

other	possible	impacts.	The	installed	sensors	classification	was	as	follows:	

 Non‐automatic	 or	 first‐generation	 sensors:	 Jet	 Fill	 tensiometers	 and	

TRIME	FM	TDR	portable	probe	

 Automatic	 or	 second‐generation	 sensors:	 5TE	 and	 MPS	 sensors	

connected	and	controlled	by	the	CR1000	datalogger.	
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In	 the	 flow	 numerical	models,	 an	 inverse	modelling	 approach	was	 applied	 to	

both	data	sets	to	obtain	the	best	fit	to	the	experimental	data.	

4.2.3.4	Tracer	test	

In	order	 to	validate	 the	 flow	parameters	 and	 to	determine	 the	dispersivity	of	

the	different	 soil	 layers	 along	 the	 studied	profile,	 a	 tracer	 experiment	with	Br‐	was	

carried	out	in	summer	2012.		

Conservative	 and	 non‐sorbing	 tracer	 tests	 offer	 clear	 advantages	 for	

understanding	 and	 investigating	 hydrological	 processes,	 and	 the	 transport	 of	 any	

substance	 through	 the	 unsaturated	 and	 the	 saturated	 zone.	 They	 have	 been	

extensively	used	and	reported	by	different	research	works	(Jury	et	al.,	1982;	Scanlon,	

2000;	Zimmermann	et	al.,	1966).	Bromide	is	an	almost	ideal	tracer	and	an	alternative	

to	classical	Chloride.	Br‐	is	currently	used	for	water	flow	investigations	in	the	vadose	

zone	 given	 its	 conservative	 properties	 in	 most	 soils	 and	 because	 background	 Br‐	

concentrations	 are	 usually	 very	 low.	 However,	 high	 levels	 have	 been	 reported	 in	

some	specific	environments	(Reimann	and	de	Caritat,	1998).		

Prior	to	the	tracer	application	(20th	March	2012),	disturbed	soil	samples	were	

obtained	from	a	depth	of	0‐60	cm	in	order	to	determine	the	soil	total	Br	background	

concentration	and	to	define	the	concentration	of	the	applied	solution.		

On	 27th	 June	 2012,	 a	 25‐L	 solution	 of	 Br	 with	 a	 concentration	 of	 131.73		

mmol·L‐1,	 prepared	 at	 the	 study	 site	 before	 application,	was	 sprinkled	 over	 10	m2,	

approximately	 one	 quarter	 of	 the	 whole	 experimental	 plot	 surface.	 In	 order	 to	

achieve	as	much	uniformity	as	possible,	the	test	area	was	divided	into	40	squares	of	

0.5	x	0.5	m2	by	straight	strings	(Figure	4.7).	
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Figure	4.	7.	General	view	of	the	tracer	application	area	on	the	experimental	plot.	

	

Soil	samples	were	vertically	collected	from	the	top	surface	with	the	help	of	the	

hand	auger	equipment	(Eijkelkamp®).	Undisturbed	and	disturbed	soil	samples	were	

collected	on	days	7,	23,	37	and	57	after	the	tracer	application,	based	on	a	previously	

calibrated	water	flow	model.	The	deepest	soil	samples	on	the	different	sampling	days	

were	 65,	 90,	 150	 and	 200	 cm	 deep,	 respectively.	 In	 order	 to	 prevent	 cross‐

contamination	 between	 sample	 depths,	 the	 top	 and	 bottom	 of	 each	 sample	 were	

discarded.	

Soil	water	content	was	determined	by	the	oven‐dry	method	and	total	bromide	

concentration	 (Br)	was	determined	by	X‐ray	 fluorescence.	 The	Br‐	 concentration	 in	

the	irrigation	water	was	determined	by	ion	chromatography.		
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4.3	Laboratory	work	

	The	complete	characterisation	of	 the	soil	profile	 is	an	essential	previous	step	

before	 analysing	 in	 detail	 the	 water	 flux	 and	 solute	 transport	 through	 the	 vadose	

zone.	 Soil	 matrix	 characterisation,	 which	 is	 composed	 of	 solid	 particles	 and	 void	

spaces,	 also	 includes	 the	 physical	 and	 chemical	 properties	 of	 the	 soil	 solid	 phase.	

Laboratory	works	were	conducted	to	ascertain	the	physical,	chemical,	mineralogical	

and	hydraulic	properties	of	the	soil	samples	collected	at	the	experimental	site.		

4.3.1	Soil	physical	and	hydraulic	properties	

Determinations	of	soil	physical	properties	were	carried	out	at	the	Laboratory	of	

Soil	Mechanics	in	the	Department	of	Civil	Engineering	(University	of	Alicante)	and	the	

Department	of	Soil	and	Water	Conservation	(CEBAS‐CSIC,	Murcia)	following	different	

soil	techniques	and	standards.	

 Bulk	density	was	determined	from	undisturbed	soil	samples	following	

the	core	method	proposed	by	Grossman	and	Reinsch	(2002).		

 Volumetric	water	content	was	determined	with	the	dry‐oven	method	

(Topp	and	Ferré,	2002)	and	by	considering	the	bulk	density	results.	

 	Grain	 size	 distribution.	 Particle	 size	 bigger	 than	 2	mm	 was	

determined	 by	 sieving	 (ASTM	 D422‐63);	 grain	 size	 distribution	

smaller	than	2	mm	was	determined	by	two	methods:	hydrometer	and	

Coulter,	 described	 by	 (Gee	 and	 Or,	 2002).	 Soil	 textural	 class	 was	

assigned	according	to	the	USDA	classification	system.	

 Soil	 particle	 density	 was	 established	 following	 the	 pycnometer	

method	(Flint	and	Flint,	2002).	
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 Soil	porosity	was	indirectly	determined	from	the	bulk	density	and	soil	

particle	density	data.		

 Saturated	hydraulic	conductivity	was	determined	following	a	constant	

head	soil	core	method	(Reynolds	and	Elrick,	2002).	

 Soil	 water	 retention	 curves	 (SWRC)	 were	 obtained	 by	 the	 pressure	

plate	extractor	method	(Dane	and	Hopmans,	2002).		

 Unsaturated	 soil	 hydraulic	 parameters	 were	 adjusted	 through	 the	

SWRC‐fit	 code	 (Seki,	 2007),	 based	 on	 van	 Genuchten‐Mualem	

constitutive	relationships	(Mualem,	1976;	van	Genuchten,	1980)	and	

on	ROSETTA	(Schaap	et	al.,	2001)	based	on	soil	textural	fractions.	

4.3.2	Soil	chemical	and	mineralogical	properties	

Chemical	properties	were	determined	from	the	disturbed	samples.	A	brief	description	

of	the	analysed	properties	and	employed	methods	is	shown	as	follows:	

 Soil	 chemical	 composition.	 Oxide	 states	 and	 primary	 elements	 were	

obtained	 by	 X‐Ray	 fluorescence,	 XRFS	 (Abderrahim	 et	 al.,	 2011;	

Brindley	 and	 Brown,	 1980)	 at	 the	 Jaume	 Almera	 Institute	 (CSIC,	

Barcelona).		

 Soil	 mineralogy,	 including	 soil	 Br	 concentration	 in	 the	 field	 tracer	

experiment,	 was	 determined	 by	 X‐Ray	 difractometry	 (Jones,	 1991)	 at	

the	Jaume	Almera	Institute.	

 Cation	 exchange	 capacity	 was	 determined	 following	 (Sumner	 and	

Miller,	1996)	at	the	Department	of	Natural	Products,	Plant	Biology	and	

Soil	Science	of	the	University	of	Barcelona.	
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 Organic	carbon	was	determined	at	the	Department	of	Natural	Products,	

Plant	Biology	and	Soil	Science	of	 the	University	of	Barcelona	following	

(Nelson	and	Sommers,	1996).		

4.3.3	Water	chemical	characterisation	

 Major	ions	chemistry.	In	situ	determination	of	the	pH,	temperature	[°C],	

potential	redox	[Eh]	and	electrical	conductivity	[μS·cm‐1]	measurements	

at	 each	 sampling	 point	 was	 done	 with	 an	 Eijkelkamp®	 18.28	 multi‐

parameter	 recording	 device.	 Major	 ions	 and	 physico‐chemical	

parameters	were	determined	at	the	IMDEA‐AGUA	laboratory	following	

standard	procedures.	Chemical	analyses	displayed	acceptable	electrical	

balance	 errors.	 The	 state	 of	 saturation	 (saturation	 index,	 SI)	 of	 the	

water	 samples	 for	 relevant	 minerals	 and	 ionic	 speciation	 were	

calculated	from	the	PHREEQC	code	(Parkhurst	and	Appelo,	1999).	The	

applied	 thermodynamic	 database	 was	 minteq.v4.dat	 (Ball	 and	

Nordstrom,	 1991).	 Quite	 often,	 no	 equilibrium	 is	 reached,	 and	 the	

saturation	index	state	indicates	the	direction	in	which	the	process	may	

go;	 for	 subsaturation	 (SI<0),	 dissolution	 is	 expected,	 while	

supersaturation	(SI>0)	indicates	precipitation.	

 Br‐	concentration,	was	determined	by	ion	chromatography	(Tirumalesh,	

2008)	 at	 the	 Department	 of	 Ecology	 and	 Geology	 of	 the	 University	 of	

Malaga	 (Spain).	 Analyses	 were	 performed	 using	 an	 ionic	

chromatographer	HPLC	(METROHM	model	881	Compact	IC	pro)	with	a	

limit	 of	 detection	 of	 0.1	mg·L‐1.	 This	 Br‐	 concentration	 value	 in	 the	

irrigation	water	was	 considered	 constant	 during	 the	 complete	 period	

modelled.	
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4.4	Numerical	modelling	

The	 HYDRUS‐1D	 code	 was	 used	 to	 model	 the	 unsaturated	 water	 flow	 and	

conservative	solute	transport	through	the	vadose	zone.	The	HP1	code	(HYDRUS	and	

PHREEQC	coupled)	was	used	to	solve	multicomponent	reactive	transport.	

4.4.1	Water	flow	modelling	

The	water	flow	through	the	unsaturated	zone	was	modelled	with	HYDRUS‐1D	

(Šimůnek	et	al.,	2009),	a	numerical	code	capable	of	simulating	water,	heat	and	solute	

transport	 in	 variably‐saturated	 porous	 media.	 The	 assumption	 of	 horizontal	

uniformity	over	the	experimental	plot	was	defined	and	a	one‐dimensional,	1‐D,	model	

was	considered.	Richards	equation	(Richards,	1931),	implemented	in	HYDRUS‐1D,	is	

the	governing	equation	controlling	the	process:	

1
h

K S
t z z

            
	 	 	 	 (4.	1)	

	where	θ	 is	the	volumetric	water	content	[L3·L‐3];	t	 is	time	[T];	x	 is	the	space	

coordinate	 [L];	 K	 is	 the	 unsaturated	 hydraulic	 conductivity	 of	 soil	 [L·T‐1];	 h	 is	 soil	

pressure	 head	 [L];	 and	 S	 is	 a	 sink	 term	 that	 represents	 water	 uptake	 by	

	plants	[L3·L‐3·T‐1].		

The	 soil	 hydraulic	 properties	 were	 modelled	 using	 van	 Genuchten‐Mualem	

constitutive	relationships	(Mualem,	1976;	van	Genuchten,	1980)		

 



















0                           

0   
1)(

/11

h

h
hh

s

nn

rs
r





 	 	 	 	 (4.	2)	



Chapter	4	 Methodology	

 

	60	

  2/11)1/(11)(
nnn

e
l
es SSKhK

 	 	 	 (4.	3)	

where	Se	is	effective	saturation,	[‐]:	

	
rs

r
e

h
S








)(

	 	 	 	 (4.	4)	

and	where	θs	 is	 saturated	water	 content	 [L3·L‐3];	θr	 is	 residual	water	 content	

[L3·L‐3];	Ks	is	saturated	hydraulic	conductivity	[L·T‐1];	α	is	the	air	entry	parameter	[L‐

1];	 n	 is	 the	 pore	 size	 distribution	 parameter	 [‐];	 and	 l	 is	 the	 pore	 connectivity	

parameter	 [‐].	 Parameters	 α,	 n,	 and	 l	 are	 empirical	 coefficients	 that	 determine	 the	

shape	of	the	hydraulic	functions,	so	they	are	called	shape	parameters.	To	reduce	the	

number	of	free	parameters,	we	took	l	=	0.5,	a	common	assumption	based	on	the	work	

of	Mualem	(1976).	

4.4.2	Tracer	transport	modelling	

Tracer	transport	was	modelled	using	the	‘Standard	Solute	Transport’	module	of	

HYDRUS.	 The	 governing	 one‐dimensional	 equation	 used	 to	 solve	 the	 conservative	

solute	transport	is	the	well‐known	advection‐dispersion	equation:	
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where	 θ	 is	 volumetric	 water	 content	 [L3·L‐3];	 t	 is	 time	 [T];	 x	 is	 the	 space	

coordinate	 [L];	Ci	 is	 the	 aqueous	 concentration	of	 element	 i	 [M·L‐3];	q	 is	 volumetric	

flux	density	[L·T‐1];	D	is	the	dispersion	coefficient	in	the	liquid	phase	[L2·T‐1].	No	sink	

or	source	term	is	considered	in	conservative	solute	transport.	

The	dispersion	coefficient	considered	is	given	by	the	equation:		
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wwii DqD  ···· . 	 	 	 	 	 (4.	6)	

where	θ	 is	volumetric	water	content	[L3·L‐3];	Di	 is	the	dispersion	coefficient	of	

element	 i	 in	the	liquid	phase	[L2·T‐1];	λ	 is	the	longitudinal	dispersivity	of	 the	porous	

media	[L];	Di,w	is	the	molecular	diffusion	coefficient	of	element	i	in	free	water	[L2·T‐1];	

and	finally	τw	is	the	tortuosity	factor.	HYDRUS	takes	the	expression	of	Millington	and	

Quirk	(1961)	to	relate	the	tortuosity	factor	with	volumetric	water	content:	
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The	Br‐	diffusion	 coefficient	 in	 free	water	used	 in	 this	 study,	20.1·10‐6	 cm2·s‐1	 ,	was	

obtained	from	a	previously	published	paper	(Yuan‐Hui	and	Gregory,	1974).		

4.4.3	Multicomponent	reactive	transport.	HP1	module	

Reactive	 transport	 was	 modelled	 using	 the	 HP1	 code	 (Jacques	 and	 Šimůnek,	

2005).	 This	 tool	 is	 the	 result	 of	 coupling	 the	 HYDRUS‐1D	 code	 and	 the	 PHREEQC	

geochemical	 code	 (Parkhurst	 and	 Appelo,	 1999).	 The	 HP1	 code	 was	 used	 to	 solve	

transient	water	flow	with	variable	saturated	media,	transport	of	multiple	components	

and	 mixing	 reactions.	 The	 governing	 transport	 one‐dimensional	 equation	 is	 the	

advection‐dispersion	 equation,	 which	 has	 been	 complemented	 with	 an	 additional	

term	to	take	into	account	geochemical	processes:	
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where	θ	is	volumetric	water	content	[L3·L‐3];	t	is	time	[T];	ρ	is	the	bulk	density	

of	 the	 porous	medium	 [M·L‐3];	 s	 is	 the	 concentration	 of	 solute	 i	 in	 the	 solid	 phase	

[M·M‐1];	 x	 is	 the	 space	 coordinate	 [L];	Ci	 is	 the	 aqueous	 concentration	 of	 element	 i	

[M·L‐3];	q	is	volumetric	flux	density	[L·T‐1];	D	is	the	dispersion	coefficient	of	element	i	
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in	the	liquid	phase	[L2·T‐1];	S	is	a	sink	term,	like	water	uptake	by	plants	[L3·L‐3·T‐1];	Cr,i	

is	the	concentration	of	element	i	of	the	sink	term	[M·L‐3];	and	finally	Ri	is	a	source	or	

sink	 term	 of	 element	 i	 due	 to	 geochemical	 reactions	 [M·L‐3·T‐1].	 Equation	 4.8	

considers	 the	 presence	 of	 solutes	 in	 the	 solid	 phase.	 The	 dispersion	 coefficient	

considered	by	HP1	is	given	by	Equation	4.6.		

Gas	diffusion	was	not	considered	in	this	transport	model	due	to	the	non‐volatile	

nature	of	 the	main	elements	 considered	 in	 this	work	 (major	 ions).	Neither	was	 the	

temperature	dependence	of	the	ions	diffusion	coefficients	considered	due	to	the	low	

variability	of	temperature	along	the	studied	soil	profile.	

HP1	solves	the	governing	equations	by	establishing	a	weak	coupling	(Yeh	and	

Cheng,	1999),	 in	which	the	equations	are	solved	sequentially	 in	each	computational	

time	step	using	 the	 following	sequence:	 first	 the	water	 flow	equation	 is	 solved,	and	

then	 the	 solute	 transport	 equation	 is	 solved	 (Jacques	 and	 Šimůnek,	 2005).	 The	

multicomponent	reactive	transport	equation	is	sequentially	solved	at	the	same	time:	

firstly	the	physical	transport	components	(the	first	three	terms	on	the	right‐hand	side	

of	Equation	4.8)	are	solved;	secondly,	the	geochemical	reactions	are	solved	(the	last	

term	 of	 Equation	 4.8).	 Figure	 4.8	 depicts	 a	 general	 flow	 chart	 of	 the	 HP1	 running	

process.	
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Figure	4.	8.	Scheme	of	the	HP1	model	running	(Jacques	et	al.,	2005).	
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	4.4.3.1	Modelling	of	soil	hydraulic	properties	changes	

During	the	reactive	transport	modelling	process,	the	chemical	results	obtained	

in	 each	 computational	 step	 were	 the	 input	 for	 new	 soil	 hydraulic	 parameters	

generation,	which	were	later	used	to	solve	the	flow	equation	in	the	next	step	(Figure	

4.8).	

To	obtain	updated	soil	hydraulic	properties,	the	following	is	needed:	

1. The	 output	 data	 on	 the	 minerals	 precipitated	 and	 dissolved	 (moles)	

after	each	computational	step	are	the	basis	to	compute	changes	in	soil	

phase	volume	according	to	the	molar	volume	of	Table	5.2.		

2. Change	of	solid	volume	leads	to	a	new	porosity	value.	The	new	porosity	

value	is	used	to	obtain	the	scaling	factor,	αk,	based	on	Equation	4.9.	
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where	p	is	the	new	porosity	value	[‐];	and	p0	is	the	first	value	of	porosity	

at	the	beginning	of	the	computational	step	[‐].	At	each	time	step,	the	αk	

value	is	obtained	for	all	the	nodes	of	the	modelled	profile.	

3. Updated	saturated	hydraulic	conductivity	is	obtained	as:	

Kupd KK ·0 	 	 	 	 	 (4.	10)	

where	K0	 is	 the	 previous	 value	 of	 saturated	 hydraulic	 conductivity	 at	

each	 node	 of	 the	modelled	 profile	 [L·T‐1];	αk	 is	 the	 scaling	 factor;	 and	

Kupd,	 is	 the	 updated	 saturated	 hydraulic	 conductivity	 [L·T‐1]	 to	 be	

applied	for	the	next	computational	time	step.	
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Equation	 4.10	 is	 partially	 based	 on	 the	 Kozeny‐Carman	 equation,	 firstly	

introduced	 by	 Kozeny	 (1927)	 and	 latter	 developed	 by	 Carman	 in	 several	 studies	

(Carman,	 1937;	 Carman,	 1956)	 to	 reach	 its	 final	 version.	 The	 Kozeny‐Carman	

equation	was	developed	by	considering	a	porous	material	as	an	assembly	of	capillary	

tubes	 for	which	 fluid	 flows,	 and	where	 the	 Navier‐Stokes	 equation	 can	 be	 applied.	

From	the	Kozeny‐Carman	equation,	the	saturated	hydraulic	conductivity	derived	is:	
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d p
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 	 	 	 	 (4.	11)	

where	Ks	 is	saturated	hydraulic	conductivity	[L·T‐1];	d	 is	the	mean	soil	particle	

size	 [L];	 τ	 is	 tortuosity	 [‐],	 often	 considered	 with	 a	 value	 of	 2.5;	 and	 p	 is	 porous	

medium	porosity	 [‐].	Similar	procedures	 to	 those	used	 in	 this	work	can	be	 found	 in	

other	scientific	studies	(Francisca	and	Glatstein,	2010).		

4.4.4	Parameter	optimisation	

In	this	study,	a	first	indirect	inverse	approach	was	adopted	to	optimise	the	soil	

hydraulic	parameters	in	order	to	improve	the	fit	between	the	observed	and	modelled	

θ	and	h	values.	Inverse	methods	have	the	advantage,	unlike	the	laboratory	and	field	

methods,	of	determining	hydraulic	parameters	under	dynamic	 field	conditions.	Two	

different	approaches	can	be	considered:	

Direct	inverse	approach,	restrictive	initial	and	boundary	conditions	are	imposed	

to	 the	 experiment	 so	 that	 the	 governing	 equations	 can	 be	 simplified,	 and	 thus	 be	

easily	solved	by	analytical	or	semi‐analytical	methods	(Kool	et	al.,	1987).		

Indirect	inverse	approach,	the	calibration	process	is	carried	out	whose	objective	

is	 to	 find	the	soil	hydraulic	parameters	 that	yield	 the	best	 fit	between	the	modelled	

and	 observed	 values.	 This	 last	 approach	 is	 more	 flexible	 as	 far	 as	 the	 initial	 and	
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boundary	 conditions	 are	 concerned.	 ‘Trial‐and‐error’	 procedures	 or	 more	

sophisticated	 numerical	 methods	 are	 commonly	 required	 and	 used	 to	 solve	 the	

problem.	 Previous	 studies	 and	 some	 good	 reviews	 have	 dealt	 with	 this	 technique	

(Kool	et	al.,	1987;	Turkeltaub,	2011).	

HYDRUS	 code	 parameter	 optimisation	 is	 based	 on	 the	 minimisation	 of	 a	

suitable	 objective	 function,	 which	 expresses	 the	 discrepancy	 between	 the	 values	

observed	and	the	predicted	system	response.	Minimisation	of	the	objective	function	

is	accomplished	by	the	Levenberg‐Marquardt	non‐linear	minimisation	method,	which	

is	 a	 weighted	 least‐squares	 approach	 based	 on	 Marquardt’s	 maximum	

neighbourhood	 method	 (Marquardt,	 1963).	 The	 applied	 method	 combines	 the	

Newton	 and	 steepest	 descend	 method,	 and	 generates	 confidence	 intervals	 for	 the	

optimised	parameters.	

This	 parameter	 optimisation	 requires	 the	 definition	 of	 the	 minimum	 and	

maximum	values	of	the	variables	considered	during	the	process.	Those	boundary	and	

initial	 values	 were	 defined	 according	 to	 the	 previous	 laboratory	 determination	

results	instead	of	defining	wide	intervals	with	no	physical	meaning.	

A	 sequential	 inverse	 procedure	 was	 followed	 after	 firstly	 adjusting	 the	

parameter	 for	 the	upper	 layer,	and	 then	subsequently	 for	 the	overlying	 layers.	This	

sequential	 procedure	 continued	by	 increasing	 the	number	of	 layers	 and,	 hence,	 the	

number	 of	 parameters	 that	 were	 simultaneously	 estimated	 following	 the	 same	

approach	reported	in	other	studies	(Yakirevich	et	al.,	2010).	

In	a	second	step,	for	conservative	solute	transport,	the	aforementioned	inverse	

procedure	was	carried	out	to	simultaneously	determine	the	longitudinal	dispersivity	

coefficient	for	all	the	defined	soil	layers.	Soil	hydraulic	properties	were	not	optimised	

at	 this	stage,	and	the	previously	 fitted	hydraulic	parameters	were	used	to	approach	

the	water	flux.	
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4.4.5	Goodness‐of‐fit	assessment	

The	 fit	 of	 the	 simulations	 to	 the	 observed	 data	 was	 assessed	 by	 visual	

inspection	and	also	by	statistical	indicators	based	on	the	coefficient	of	determination	

(R2)	provided	by	the	HYDRUS‐1D	and	HP1	codes,	the	root	mean	square	error	(RMSE),	

and	 the	 Nash‐Sutcliffe	 efficiency	 index	 (EF)	 which	 is	 widely	 used	 to	 assess	 the	

predictive	power	of	hydrological	models	(Nash	and	Sutcliffe,	1970):	
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where	xi,o	is	the	observed	value	at	time	i;	xi,m	is	the	modelled	value	at	time	i;	wi	is	

a	weight	 coefficient	given	 to	all	 the	observed	data;	 and	xmean,o	 is	 the	mean	observed	

value.		

The	R2	value	is	a	measure	of	the	relative	magnitude	of	the	total	sum	of	squares	

with	 the	 fitted	 equation;	 the	 closer	 the	 value	 to	 1,	 the	 better	 the	 fit	 between	 the	

predicted	and	observed	values.	Regarding	RMSE,	the	optimal	value	was	zero,	which	is	

indicative	 of	 a	 perfect	 fit	 between	 the	 estimated	 and	 observed	 values,	 where	

threshold	 values	 of	 0.2‐0.3	were	 acceptable	 (Wallis	 et	 al.,	 2011).	 Finally,	 the	Nash‐

Sutcliffe	Efficiency	Index	can	be:	EF	=	1	for	a	perfect	fit;	EF	=	0,	when	predicted	values	
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are	as	accurate	as	 the	mean	of	 the	observations;	EF	<	0,	which	 indicates	 that	model	

predictions	are	worse	 than	 the	mean	of	 the	observations.	A	 threshold	value	of	0.68	

was	considered,	which	is	in	accordance	with	similar	studies	(Wallis	et	al.,	2011).	
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Chapter	5	

Field	experiment	and	modelling	

	

5.1	Introduction	

In	this	chapter,	the	experimental	setup	located	on	the	Campus	of	the	University	

of	 Alicante	 is	 described.	 The	 main	 objective	 was	 to	 in	 situ	 monitor	 the	 possible	

impacts	on	the	vadose	zone	as	a	result	of	using	non‐conventional	water	for	irrigation.	

The	methodology	has	been	previously	presented	 in	Chapter	4.	Grass	 landscape	was	

used	 to	 cover	 the	 soil	 following	 the	 agricultural	 management	 employed	 on	 the	

University	 campus.	 Common	 agricultural	 practices	were	 carried	 out.	 Soil	 hydraulic	

parameters	were	determined	and	water	dynamics	variables	were	monitored	between	

1st	September	2011	and	30th	April	2013.	
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5.2	Experimental	plot	location	and	instrumentation	

The	 experimental	 plot	 (9	 x	 5	 m2)	 was	 located	 in	 the	 western	 corner	 of	 the	

campus	at	the	University	of	Alicante,	38°23’12.45’’N,	0°31’10.93’’O	(Figures	5.1).	The	

plot	 is	 fence‐protected	and	no	agricultural	practices	were	previously	 carried	out	 as	

far	as	it	is	known.	

Figure	5.	1.	Location	of	the	experimental	plot	inside	the	campus.	
	

Irrigation	water	was	provided	by	 the	 campus	network	 system.	The	 irrigation	

water	 that	 the	 network	 distributes	 comes	 from	 the	 regulation/mixing	 ponds	

described	in	Chapter	3.	

Instruments	 were	 installed	 in	 spring	 and	 summer	 2011.	 Non‐automatic	

tensiometers	 and	 TDR	 access	 tubes,	 and	 all	 the	 automatic	 sensors,	 including	

tensiometers	and	TDRs,	are	described	in	detail	in	Chapter	4.	Here	a	brief	description	

of	the	installed	instruments	and	their	locations	are	shown	in	Table	5.1	and	Figure	5.2.	
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Table	5.	1.	Summary	of	the	installed	sensors.	
Suction	cup	
tensimeters	

Polycarbonate	
access	tubes	

MPS	 5TE	

2	x	0.30	m	
	2	tubes	with	

measurements	at	
0.3,	0.45,	0.60,	0.9	

and	1.20	m	

1	x	0.20	m	
1	x	0.60	m	

1	x	0.30	m	
2	x	0.45	m	 1	x	0.45	m	
2	x	0.60	m	 1	x	0.60	m	
2	x	0.90	m	 1	x	0.90	m	
2	x	1.20	m	 1	x	1.20	m	
Total	=	10	 Total	=	5	 Total	=	2 Total	=	5	

	

Non‐automatic	 Jet	 Fill	 tensiometers	 were	 placed	 in	 a	 straight	 line	 at	 an	

equidistance	of	50	 cm.	The	 two	polycarbonate	 access	 tubes	 for	 the	TRIME	FM	TDR	

portable	 probe	 were	 located	 in	 the	 middle	 of	 the	 plot	 with	 a	 1‐metre	 distance	

between	them	and	with	Jet	Fill	tensiometers.	A	scheme	of	the	spatial	configuration	of	

the	devices	on	the	plot	 is	shown	in	Figure	5.2.	Although	they	were	not	used	for	this	

experiment,	eight	ceramic	suction	cup	lysimeters	were	also	installed	in	a	line	at	a	1‐

metre	distance	from	the	polycarbonate	access	tubes.	

	
Figure	5.	2.	Scheme	of	the	experimental	plot	showing	the	instrumentation.	

	

The	MPS	and	5TE	automatic	sensors,	employed	to	collect	the	soil	pressure	and	

water	 content	 data,	 were	 installed	 from	 a	 lateral	 trench	 and	 were	 set	 up	 in	 two	
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vertical	 lines	 in	order	 to	 reduce	 the	 influence	of	 their	 installation	on	 the	 soil	water	

flux.		

A	CR1000	datalogger	(Campbell	Scientific®)	was	located	in	the	western	part	of	

the	plot.	It	was	placed	inside	a	plastic	box	to	guarantee	its	protection	(Figure	5.3).	A	

rechargeable	battery	(12	V	and	18	Ah)	was	the	power	supply	source.		

	
Figure	5.	3.	CR1000	datalogger	and	plastic	box	for	protection.	

	

Acquisition	data	started	immediately	after	installation.	The	first	8	weeks,	in	the	

case	 of	 the	 manual	 instruments,	 and	 the	 initial	 5	 weeks,	 for	 the	 automatic	

instruments,	of	monitoring	were	considered	an	adaptation	period	and	 the	collected	

data	 were	 not	 considered	 for	 study	 purposes.	 A	 continuous	 monitoring	 period	

extended	 from	 1st	 September	 2011	 to	 30st	 June	 2013.	 However,	 monitoring	 is	 still	

providing	 data	 nowadays.	 The	 data	 recorded	 in	 the	 datalogger	 were	 periodically	

downloaded.	The	experimental	plot,	along	with	all	the	installed	devices,	is	depicted	in	

Figure	5.4.		
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Figure	5.	4.	The	experimental	plot	and	in	situ	instrumentation.	

	

5.3	Land	cover	and	irrigation	schedule	

The	common	agricultural	practices	carried	out	on	the	campus	landscape	were	

applied	to	the	experimental	plot.	On	the	plot	surface,	a	mix	of	 turf	grass	species	(St.	

Agustine	 grass,	 Stenotaphrum	 secundatum,	 and	 ray	 grass,	 Lolium	 perenne)	 was	

cropped.	Crop	height	was	limited	to	6‐8	cm	and	periodic	mowing	was	needed.	

The	 irrigation	 system	 consisted	 of	 micro‐sprinklers	 (Figure	 5.5)	 with	 a	 grid	

distribution	of	1.20	x	1.20	m.	This	system	provides	a	quasi‐uniform	water	input	over	

the	 experimental	 plot	 surface.	 As	 compared	 to	 other	 irrigation	 systems,	 drip	

irrigation	(surface	or	subsurface)	has	the	advantage	of	providing	a	better	uniformity,	

but	is	not	suitable	for	grass	land.	Regular	sized	sprinkler	irrigation,	which	is	the	most	

commonly	used	system	in	grass	land	cover,	produces	irregular	irrigation	rates	on	the	
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surface,	leading	to	problems	during	the	modelling	process.	In	order	to	obtain	uniform	

irrigation	rates	on	the	complete	plot	surface,	both	ends	of	Ø	16‐mm	micro‐sprinkler	

lines	were	connected	to	a	Ø	32‐mm	distribution	pipe.		

	

Figure	5.	5.	Irrigation	network	with	micro‐sprinklers	in	the	experimental	plot.	
	

The	 irrigation	 rate	 applied	 in	 the	 experimental	 plot	 was	 controlled	 by	 a	

flowmeter.	The	irrigation	schedule	followed	that	suggested	for	this	crop,	and	the	daily	

irrigation	period	was	managed	by	an	automatic	control	system	(Galcon®)	(position	

in	Figure	5.5).	

5.3.1	Irrigation	water	quality	

The	 physico‐chemical	 characteristics	 of	 irrigation	 water	 were	 monitored	

monthly.	 As	 stated	 in	 Chapter	 3,	 the	 water	 used	 for	 irrigation	was	 a	 blend	 of	 raw	

brackish	 groundwater	 and	 desalted	 water.	 As	 previously	 mentioned,	 their	 mixture	

rate	implied	water	quality	changes	all	year	round,	and	the	desalted	water	proportion	

was	 higher	 in	 winter	 than	 in	 summer.	 The	 desalination	 plant	 hardly	 meets	 the	

summer	landscape	water	management	requirements	so,	in	summer,	a	greater	volume	

of	 raw	 brackish	 water	 is	 pumped	 directly	 into	 the	 mixing/regulation	 pond.	 The	
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physico‐chemical	 parameters	 and	 some	 significant	 hydrochemical	 indices	 of	

irrigation	water	were	controlled	monthly.	

	

5.4	Meteorological	data	collection	

Meteorological	 data	were	 recorded	 during	 the	 experience	 period.	 These	 data	

were	provided	by	 the	 Laboratory	 of	 Climatology	 (University	 of	Alicante),	 and	were	

obtained	from	a	meteorological	station	(DAVIS®)	located	on	the	campus,	900	m	away	

from	 the	 experimental	 plot	 (Figure	 5.1).	 The	 station	 automatically	 collects	 data	 on	

precipitation,	 air	 temperature,	 relative	 humidity,	 barometric	 pressure,	 wind	 speed	

and	direction,	as	well	as	incoming	and	outgoing	solar	radiation.	All	the	meteorological	

variables	are	measured	every	30	minutes	at	a	height	of	10	metres.	

	

5.5	Numerical	model	

The	purpose	of	the	numerical	modelling	process	with	HYDRUS	1D	was	to	study	

the	water	and	solute	transport	dynamics	through	the	vadose	zone	under	a	grass	land	

cover	 irrigated	 with	 a	 blend	 of	 desalted‐salted	 water	 under	 semi‐arid	 weather	

conditions.	Numerical	modelling	was	done	in	three	consecutive	steps:	firstly,	a	water	

flow	 model;	 secondly,	 a	 conservative	 transport	 model;	 and	 finally,	 a	 reactive	

transport	model.		

5.5.1	Water	flow	modelling	

A	soil	profile	of	140	cm	was	modelled	and	a	longitudinal	space	discretisation	of	

1	cm	was	considered	along	the	complete	profile.	Three	layers	were	contemplated	in	

all	 the	 models	 based	 on	 laboratory	 parameters	 and	 physical	 observations,	 whose	
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main	characteristics	are	shown	in	Figure	5.6.	Layer	1	extends	from	the	plot	surface	to	

a	depth	of	5	cm,	layer	2	from	5‐39	cm	deep,	and	layer	3	from	39	cm	to	the	bottom	of	

the	profile.	

The	considered	 time	step	was	1	day.	After	 taking	 into	account	 that	automatic	

measurements	 were	 collected	 hourly,	 a	 daily	 average	 value	 was	 considered	 for	

modelling	 purposes.	 For	 the	 non‐automatic	 volumetric	 water	 content	 equipment	

(TRIME	 FM	 TDR	 portable	 probe	 and	 the	 two	 polycarbonate	 access	 tubes),	 an	

averaged	VWC	value	was	considered	from	two	TDRs	observations	(TDR1	and	TDR2).	

Two	 measurements	 were	 taken	 with	 different	 directions	 in	 each	 tube.	 Horizontal	

uniformity	over	the	experimental	plot	was	assumed.		

Water	modelling	started	on	1st	September	2011	and	ended	on	30th	April	2013.	

The	water	 flux	modelled	period	was	divided	 into	 a	 calibration	 (September	2011	 to	

November	2012)	and	a	validation	(December	2012	to	April	2013)	period.	

The	code	used	in	this	research	takes	into	account	processes	in	the	upper	part	of	

the	soil	(root	zone)	and	the	vadose	or	unsaturated	zone	(lower	soil).	The	water	flow	

through	the	lower	boundary	of	the	profile	is	considered	a	recharge	to	saturated	zone	

(aquifer).	 A	 schematic	 representation	 of	 the	 balance	 components	 is	 represented	 in	

Figure	5.6.	
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Figure	5.	6.	Scheme	of	the	flow	model,	where	E	is	Evaporation,	T	is	transpiration;	ET	is	

evapotranspiration;	P+I	is	precipitation	plus	irrigation;	Sr,	surface	runoff;	RWU,	root	water	
uptake;	θr,	θs,	n,	α,	Ks	are	soil	hydraulic	properties;	FD,	free	drainage	flow	boundary;	ZCG,	zero	

concentration	gradient	mass	transport	boundary.	
	

5.5.1.1	Water	flow	boundary	and	initial	conditions	

The	 initial	 conditions	 of	 the	 soil	 profile	 were	 established	 as	 the	 volumetric	

water	content	(instead	of	soil	pressure	head),	obtained	from	the	recorded	data	for	the	

first	day	in	which	the	model	run	started,	following	previous	procedures	(Turkeltaub,	

2011).	 The	 water	 content	 at	 non‐monitored	 depths	 was	 obtained	 from	 a	 linear	

interpolation	between	the	two	closest	sensor	measurements.	

At	 the	 top	 of	 the	 soil	 profile,	 an	 atmospheric	 boundary	 condition	 was	

considered.	This	means	that	the	potential	fluid	flux	across	this	boundary	is	controlled	

by	external	conditions	(atmospheric	conditions),	and	that	the	actual	flux	depends	on	

the	 potential	 value	 and	 also	 on	 the	 prevailing	 (transient)	 soil	 moisture	 conditions	
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near	 the	 surface	 (Šimůnek	 et	 al.,	 2009).	 This	 type	 of	 boundary	 condition	 requires	

information	on	potential	evapotranspiration,	water	input	and	root	water	uptake.		

Free	 drainage	 was	 assumed	 to	 be	 the	 lower	 boundary	 condition.	 It	 was	

considered	 the	most	 appropriate	 choice	 (Köhne	 et	 al.,	 2009;	 Šimůnek	 et	 al.,	 2009)	

since	 the	 water	 table	 is	 far	 below	 the	 modelled	 profile,	 and	 no	 interactions	 exist	

between	the	water	table	and	the	study	domain.	

5.5.1.2	Potential	evapotranspiration	

The	 potential	 reference	 evapotranspiration,	 ET0,	 was	 estimated	 in	 daily	 time	

steps	following	the	Penman‐Monteith	method	(Allen	et	al.,	1998):	
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where	ET0	[mm·day‐1];	Rn	is	the	net	radiation	at	the	crop	surface	[MJ·m‐2·day‐1];	

G	is	soil	heat	flux	density	[MJ·m‐2·day‐1];	T	is	mean	daily	air	temperature	at	a	height	of	

2	m	[°C];	u2	 is	 the	wind	speed	at	a	height	of	2	m	[m·s‐1];	es	 is	 the	saturation	vapour	

pressure	 [kPa];	 ea	 is	 the	 actual	 vapour	 pressure	 [kPa];	 (es	 –	 ea)	 is	 the	 saturation	

vapour	pressure	deficit	[kPa];	Δ	is	the	slope	vapour	pressure	curve	[kPa·°C‐1];	and	γ	is	

the	psychrometric	constant	[kPa·°C‐1].	 In	our	study,	G	was	assumed	to	be	zero	since	

the	time	step	was	1	day	and	the	soil	heat	 flux	density	was	assumed	to	be	relatively	

low	as	compared	to	Rn.	

ET0	was	computed	in	daily	time	steps	using	the	daily	values	of	air	temperature,	

relative	humidity,	wind	speed	and	solar	radiation.	This	reference	evapotranspiration	

ET0	 was	 later	 adapted	 to	 the	 local	 conditions	 of	 water	 supply	 and	 vegetal	 species	

using	 a	 dual	 crop	 coefficient	 approach.	 In	 this	 approach,	 two	 coefficients	 were	
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considered	 in	 order	 to	 discriminate	 between	 evaporation	 through	 soil	 and	

transpiration	through	plant:	

  PPecb ETETKKET  00 · 		 	 	 (5.	2)	

where	Kcb	is	the	crop	basal	coefficient	[‐];	Ke	is	the	evaporation	coefficient	[‐]	(Kcb	+	Ke	

equals	1);	Tp	is	potential	transpiration	[L·T‐1];	and	Ep	is	potential	evaporation	[L·T‐1].	

The	 Penman‐Monteith	 method	 discriminates	 between	 various	 crop	 growth	

stages	 with	 different	 Kcb	 values.	 Given	 the	 characteristics	 of	 the	 chosen	 species,	 a	

constant	high	 (i.e.,	mid‐season	growth	 stage)	was	 considered	 for	plants	 throughout	

the	 monitoring	 period	 (i.e.,	 growth	 was	 not	 considered).	 The	 percentage	 of	 soil	

covered	 by	 plants	 (80%	 for	 2011,	 85%	 for	 2012	 and	 90%	 for	 2013)	was	 obtained	

from	the	aerial	images	study.	

5.5.1.3	Root	water	uptake	

The	Feddes	root	water	uptake	model	(Feddes	et	al.,	1978)	was	used	to	simulate	

the	water	 removed	by	plants.	This	 term	constitutes	a	 sink	 in	 the	Richards	equation	

(term	S	in	Equation	4.1).	It	defines	the	volume	of	water	removed	by	plants	per	unit	of	

time	and	volume	of	 soil.	 In	 the	Feddes	model,	 the	water	volume	removed	 from	soil	

depended	on	soil	pressure	head	or	suction:	

pShhS )·()(  	 	 	 (5.	3)	

where	Sp	is	the	potential	water	uptake	and	α(h)	is	a	dimensionless	water	stress	

response	 function	 (0≤	α	 ≤1).	α	 is	 assumed	 to	be	zero	when	 close	 to	 saturation;	 i.e.,	

higher	 pressure	 head	 values	 than	 anaerobiosis	 point	 h1.	 It	 is	 assumed	 zero	 if	 the	

pressure	head	values	are	lower	than	wilting	point	h4.	Transpiration	is	optimal	and	the	

α	 value	 is	 1,	 i.e.,	 actual	 transpiration	 is	 equal	 to	 potential	 transpiration,	 when	 the	
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pressure	head	ranges	between	h2	and	h3	(Figure	5.7).	Transpiration	increases	linearly	

between	h1	and	h2,	and	also	decreases	linearly	between	h3	and	h4.		

	
Figure	5.	7.	Feddes	model	of	root	water	uptake.	

	

A	modified	Feddes	model	(Wesseling	and	Brandyk,	1985)	was	implemented	in	

the	 simulation	 using	 two	 different	 h3	 values.	 Based	 on	 this	 assumption,	 potential	

transpiration	rates	are	easier	 to	achieve	when	 low	potential	 transpiration	rates	are	

contemplated.	 It	 considers	 a	 broader	 interval	 where	 actual	 transpiration	 meets	

potential	transpiration	with	those	low	Tp	values.	A	minimum	h3	value	was	considered	

when	the	transpiration	rate	was	lower	than	1	mm·day‐1	(h3.2),	and	the	maximum	one	

was	 applied	 for	 the	 potential	 transpiration	 rate	 above	 5	 mm·day‐1	 (h3.1).	 The	

appropriate	h3	value	for	each	time	step	was	obtained	from	a	linear	interpolation	at	a	

potential	transpiration	rate	of	between	1	and	5	mm·day‐1.	The	values	adopted	for	the	

current	crop	(grass)	were:	h1=	‐10	cm;	h2=	‐25	cm;	h3.1=	‐240	cm;	h3.2=	‐360	cm;	and	

h4=	‐8000	cm.	

After	taking	into	account	the	selected	grass	species	(St.	Agustine	and	ray	grass),	

root	 depth	was	 considered	 constant,	 5	 cm.	 The	water	 sink	 from	 the	 root	 zone	was	

uniformly	distributed	along	it.	
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5.5.2	Mass	transport	modelling		

Transport	modelling	was	carried	out	 in	 two	different	 steps.	Firstly,	 the	 tracer	

test	carried	out	at	 the	experimental	site	(see	4.2.4)	 in	summer	2012	was	simulated.	

Subsequently,	a	reactive	transport	model	was	run	to	predict	long‐term	soil	hydraulic	

properties	changes	due	to	irrigation	with	non‐conventional	water.		

Soil	 hydraulic	 parameters	 for	 both	 the	 conservative	 and	 reactive	 transport	

models	were	obtained	from	the	water	flow	modelling	with	an	automatic	experimental	

data	set.	The	computational	time	step,	as	in	the	water	flux	model,	was	1	day.	

Solute	 uptake	 by	 plants	 is	 considered	 for	 neither	 conservative	 nor	 reactive	

transport	modelling.	

The	same	boundary	conditions	were	established	for	both	transport	models.	The	

concentration	 flux	boundary	condition	 type	was	used	as	an	upper	model	boundary,	

and	the	zero	concentration	gradient	condition	at	the	bottom	of	the	modelled	profile.	

The	former	is	recommended	for	conservative	mass	calculations.	The	latter,	known	as	

an	artificial	boundary	condition	(Bear	and	Cheng,	2010),	assumes	that	the	dispersive	

flux	is	negligible	and	transport	through	the	boundary	is	motivated	by	advection	only	

(Turkeltaub,	2011).	

5.5.2.1	Conservative	transport	modelling	

A	soil	profile	of	200	cm	and	a	space	discretisation	of	1	cm	were	established	to	

model	the	tracer	test	experiment	with	Br.	Increment	in	profile	depth	tried	to	meet	the	

deepest	Br	sample	taken	at	that	depth	(see	Section	4.2.4).	

The	numerical	simulation	of	the	conservative	tracer	test	started	on	20th	March	

2012	(when	the	background	profile	concentration	was	established)	and	ended	on	31st	

August	2012,	7	days	after	the	last	sampling	day,	which	implies	165	modelled	days.	
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The	initial	Br‐	concentration	in	the	soil	solution	was	inferred	from	the	total	Br	

concentration	by	weight	and	volumetric	water	content.	The	linear	interpolation	of	the	

total	 Br	 concentration	 between	 the	 two	 nearest	 sample	 points	 was	 considered	 at	

depths	 where	 no	 experimental	 data	 were	 available.	 The	 Br‐	 concentration	 in	

irrigation	water	was	obtained	from	the	water	sampling	analysis.	

5.5.2.2	Reactive	transport	modelling	

A	soil	profile	of	140	cm	deep	and	1	cm	of	spatial	discretisation	was	considered	

to	 model	 the	 reactive	 transport	 processes	 since	 the	 most	 important	 geochemical	

processes	were	expected	between	the	surface	and	the	aforementioned	depth.	

As	previously	stated,	the	aim	of	the	reactive	transport	model	application	was	to	

simulate	 changes	 in	 the	 soil	 hydraulic	 properties	 caused	 by	 the	 application	 of	

desalted	water.	As	possible	changes	in	soil	hydraulic	properties	are	related	to	mineral	

kinetics,	 and	 as	 the	 velocity	 of	 these	 processes	 take	 too	 long,	 a	 30‐year	 period	 of	

simulation	with	HP1	was	considered.	The	modelled	period	started	on	1st	September	

2011	and	finished	on	31st	August	2041.	

The	 initial	 and	 boundary	 condition	 types	 considered	were	 the	 same	 as	 those	

used	 for	 water	 flow	 modelling.	 The	 upper	 atmospheric	 boundary	 conditions	 were	

based	on	the	2	collection	years,	which	were	extended	to	complete	a	30‐year	period.	

For	irrigation	water	quality,	 the	1‐year	collected	data	from	the	monthly	sampling	at	

the	experimental	plot	were	repeated.		

The	 initial	 soil	 solution	concentration	was	defined	as	pure	water	equilibrated	

with	calcite	and	gypsum,	the	two	most	important	minerals	in	the	soil	profile.	The	total	

concentration	of	major	ions	was	obtained	by	applying	the	PHREECQ	code	(Parkhurst	

and	Appelo,	1999)	to	those	conditions.	
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Geochemical	model	

	Thermodynamic	equilibrium	was	considered	for	the	calcite,	gypsum,	dolomite	

and	 aragonite	 mineral	 phases.	 Precipitation/dissolution	 processes	 were	 defined	 to	

appear	when	saturation	indices,	SI,	reached	a	value	of	zero.	

The	 initial	 moles	 of	 the	 solid	 phase	 minerals	 in	 soil	 were	 derived	 from	 soil	

mineralogy	 determinations;	 the	 molar	 volume	 and	 molar	 mass	 of	 the	 considered	

phases	are	summarised	in	Table	5.2.		

CO2	partial	pressure	was	set	at	10‐1.5	atm	in	the	root	zone	(Appelo	and	Postma,	

2005)	in	layer	1,	and	at	10‐3	atm	below	it	in	layers	2	and	3,	where	biological	activity	

was	 assumed	 to	 decrease.	 The	 change	 from	 the	 established	CO2	 partial	 pressure	 in	

layer	 1	 to	 layer	 2	 was	 gradually	 defined	 with	 two	 intermediate	 steps	 of	 a	 2‐cm	

thickness	 each	 one.	 The	 partial	 pressure	 of	 CO2	 of	 10‐2	atm	 and	 10‐2.5	 atm	 was	

considered	in	these	intermediate	steps,	respectively.	

Table	5.	2.	Molar	volume	and	molar	mass	of	the	solid	mineral	phases	considered	for	the	reactive	
transport	model.	

Mineral	 Molar volume	
(cm3·mol‐1)	

Molar	mass	
(g·mol‐1)	

Calcite	 36.93 100.06
Gypsum	 74.56 172.08
Dolomite	 64.12 184.34
Aragonite 34.17 100.06

	

Defining	scenarios		

Three	different	simulation	scenarios	were	considered	along	with	the	previously	

presented	 baseline.	 They	 represent	 the	 realistic	 and	 more	 than	 probable	

environmental	conditions.	The	scenarios	included	no	irrigation	water	application	and	

the	consequences	of	minor	differences	in	the	initial	conditions.	A	detailed	description	

of	each	scenario	is	found	below:	



Chapter	5	 Field	experiment	and	modelling	

 

	88	

 Rain‐fed	 irrigation.	 This	 scenario	 considers	 that	 desalted	 water	

irrigation	 has	 not	 been	 applied.	 Initial	 and	 boundary	 conditions	were	

the	same	as	in	the	baseline	case.	

 Free	 gypsum	 soil	 profile.	 It	 takes	 into	 account	 the	 important	 role	 that	

gypsum	 plays	 even	 with	 small	 quantities.	 It	 considers	 the	 possibility	

that	free	gypsum	soils	can	exist	in	surroundings	areas.	

 Lower	CO2	partial	pressure	 in	 the	 root	 zone.	 This	 scenario	 attempts	 to	

quantify	the	sensitivity	to	this	parameter,	which	is	difficult	to	measure	

in	situ	and	is	not	well‐defined	in	the	literature.		
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Chapter	6	

Results	

	

6.1	Introduction	

This	chapter	presents	the	main	results	obtained,	as	follows:	firstly,	vadose	zone	

properties;	 secondly,	water	 flow	 dynamics	 through	 the	 vadose	 zone	 and	 numerical	

modelling	with	HYDRUS,	as	well	as	a	comparative	study	between	the	two	monitoring	

strategies	 (automatic	and	non‐automatic	data	acquisition);	 thirdly,	 the	 conservative	

tracer	 test	 results	 and	 its	 numerical	 modelling;	 and	 finally,	 geochemical	

multicomponent	reactive	transport	predictions	using	HP1	and	long‐term	impacts	on	

soil	hydraulic	properties	with	the	baseline	and	study	scenarios.	
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6.2	Vadose	zone	properties	

Three	 layers	were	defined	 in	the	soil	profile	(Figure	5.2)	by	means	of	a	visual	

inspection	 (open	 trench)	 and	 the	 samples	 analysis	 from	 drilled	 boreholes:	 layer	 1,	

from	the	surface	to	a	depth	of	5	cm;	layer	2,	from	a	depth	of	6‐39	cm;	and	layer	3	from	

40	 to	 a	 depth	 of	 140	 cm.	 The	 transition	 between	 layer	 1	 and	 2	 is	 well‐defined;	

however,	 the	 transition	 between	 layer	 2	 and	 3	 was	 not	 as	 sharp.	 The	 textural	

fractions	results	and	other	physical	properties	are	shown	in	Table	6.1.		

Table	6.	1.	Summary	of	soil	physical	properties.		

Layer	
Depth	
(m)	

Sand	
(%)	

Silt	
(%)	

Clay	
(%)	

Texture	
Bulk	
density
(g	cm‐3)	

Porosity	
(%)	

Soil	
particle	
density		
(g	cm‐3)	

1	 0‐0.05	 36.2 29.6	 34.2	 Clay	loam ‐ ‐	 ‐	
2	 0.05‐

0.39	
59.1 34.8	 6.0	 Sandy	loam 1.50 41	 2.56	

3	 0.39‐
1.40	

45.4 47.1	 7.5	 Loam/sandy	
loam	

1.42 44	 2.54	

(‐):	Not	obtained	directly 	
	

The	soil	water	retention	curves	are	shown	in	Figure	6.1.	The	thickness	of	layer	

1	 (5	 cm)	 hindered	 sampling	 and,	 thus,	 retention	 curve	 determination	 in	 the	

laboratory.	 Therefore,	 its	 parameterisation	 had	 to	 be	 obtained	 from	 the	 textural	

fractions	using	ROSETTA	(Schaap	et	al.,	2001).	For	layers	2	and	3,	the	SWRC‐fit	code	

(Seki,	2007)	was	run	to	obtain	the	van	Genuchten‐Mualem	soil	hydraulic	parameters	

α,	 n,	 θs	 and	 θr	 from	 the	 laboratory	 data.	 These	 soil	 parameters,	 and	 saturated	

hydraulic	conductivity	Ks,	are	summarised	in	Table	6.2.		
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Figure	6.	1.	Volumetric	water	content	versus	pressure	head	measured	at	different	depths	and	
fitted	by	SWRC	(Seki,	2007).	Vertical	bars	represent	maximum	and	minimum	measured	water	

content.	
	

Mineral	 composition,	 including	 the	 oxide	 states	 and	 primary	 elements	 of	 the	

solid	 phase,	 are	 provided	 in	 Table	 6.3.	 The	 three	 defined	 layers	 presented	 a	 high	

calcite	and	quartz	content	 (more	 than	85%).	Layer	1	exhibited	slight	differences	as	

compared	with	the	other	layers,	with	a	higher	SiO2	content	and	a	lower	CaO	content.	

Table	6.	2.	Summary	of	laboratory	soil	hydraulic	properties.		
	

Layer	
θs	(cm3·cm‐3)		 θr	(cm3·cm‐3)	 α	(cm‐1)	 n	(‐)	 Ks	(cm·day‐1)	

1*	 0.43 0.08 1.58·10‐2	 1.36 5.2	
2	 0.42 0.18 5.91·10‐3 1.75 51.3	
3	 0.39 0.17 1.18·10‐2 1.64 35.1	

*	from	the	ROSETTA	pedotransfer	function
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Table	6.	3.	Oxide	states	components	of	the	solid	phase	for	the	three	defined	layers.	
Depth 0‐5 cm 5‐39	cm 39‐60	cm	

Calcination	loss	(%	of weight)	 	
40.90 38.33 35.97	

X‐Ray	fluorescence	(%	of	weight)	 	
Na2O	 0.40	 0.20	 0.18	
MgO	 2.53	 2.06	 1.99	
Al2O3	 6.43	 1.73	 2.98	
SiO2	 18.65	 7.71	 10.82	
P2O5	 0.10	 0.00	 0.01	
SO3	 0.17	 2.94	 0.95	
Cl	 0.10	 0.09	 0.05	
K2O	 1.45	 0.31	 0.48	
CaO	 27.15	 46.00	 45.67	
TiO2	 0.26	 0.02	 0.06	
MnO	 0.01	 0.00	 0.00	
Fe2O3	 1.84	 0.48	 0.76	

X‐Ray	fluorescence	(ppm)	 	 	 	
Zn	 37.50	 19.75	 15.33	
Br	 11.50	 16.75	 12.00	
Rb	 51.50	 18.75	 24.33	
Sr	 482.00	 1193.25	 1193.67	
Y	 2.50	 0.75	 1.67	
Zr	 100.50	 39.00	 87.00	
Ba	 0.00	 6.00	 0.00	
Pb	 26.50	 26.00	 20.33	
Cu	 12.00	 17.25	 11.00	
Ni	 0.00	 0.00	 0.00	

	

Calcite	 is	 the	most	 abundant	mineral	 in	 the	 solid	 phase	 for	 the	 three	defined	

layers	(Table	6.4),	with	quartz	in	second	place.	The	sum	of	both	accounts	for	85.3%,	

90.5%	 and	 90.4%	 for	 layer	 1,	 2	 and	 3,	 respectively.	 Clay	 mineral	 content	 was	

practically	negligible,	except	in	the	first	layer,	where	Illite	accounted	for	up	to	9.7%.	

Gypsum	was	not	present	in	the	first	layer,	but	appeared	in	layers	2	and	3.		
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Table	6.	4.	Soil	mineralogy	reported	by	X‐Ray	diffractometry	for	the	three	defined	layers.		
Depth 0‐5	cm 5‐35	cm 35‐60	cm	

X‐Ray	mineralogy	(%	of	the	solid	mineral	phase) 	
Calcite		 67.2	 81.4	 83.1	
Quartz	 18.1	 9.1	 7.3	
Gypsum	 0	 6.9	 2.7	
Illite	 9.7	 2.1	 4.9	

Dolomite	 5	 0.6	 0	
Albite	 0	 0	 0.8	

Orthoclase		 0	 0	 1.0	
	

The	 three	 layers	 showed	 a	 poor	 cation	 exchange	 capacity	 (CEC),	 and	 the	 organic	

matter	(OM)	content	results	are	shown	in	Table	6.5.		

Table	6.	5.	The	organic	matter	content	and	cation	exchange	capacity	values	for	the	three	soil	
layers.	

Layer	 Depth CEC
meq·100g‐1	

OM
(%C	of	dry	soil	weight)	

OM		
	(%	oxidable	OM)	

1	 1‐6	 12.4 0.8 1.38	
2	 6‐40	 4.7 0.21 0.36	
3	 40‐150 5.8 0.12 0.22	

	

6.3	Water	quality	and	hydrochemistry	

Table	 6.6	 summarises	 the	 monthly	 averaged	 controlled	 physico‐chemical	

parameters	for	irrigation	water.	Some	chemical	indices	were	also	computed	and	are	

summarised	in	the	same	table.	

The	water	saturation	indices	(SI)	results	estimated	by	hydrochemical	modelling	

with	 PHREEQC	 show	 that	 irrigation	water	was	 subsaturated	 as	 compared	with	 the	

majority	 of	 all	 possible	mineral	 phases	within	 the	 pH	 range	 in	 the	 study	 area.	At	 a	

neutral	 pH,	 groundwater	 presented	 sodium	 sulphate‐chloride	 facies.	 However	 for	

some	mineral	 phases,	SI	 shows	 that	 irrigation	water	was	 almost	 saturated,	 or	 even	

supersaturated	in	relation	to	the	following	minerals:	aragonite	CaCO3,	calcite	CaCO3,	
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dolomite	CaMg(CO3)2,	anhydrite	CaSO4,	and	gypsum	2H2O·CaSO4.	Water	samples	from	

the	S2	sampling	point	(Figure	3.1)	were	slightly	supersaturated,	i.e.,	SI>0,	in	relation	

to	aragonite,	calcite	and	dolomite.	As	pH	increased	in	the	mixed	samples	with	pH>8,	

the	water	 samples	 remained	 in	 equilibrium	with	 the	 aforementioned	minerals,	 and	

also	 with	 Cu,	 Smithsonite	 ZnCO3,	 and	 ZnO.	 The	 SI	 increase	 observed	 during	 the	

summer	 campaign	 should	 be	 highlighted	 as	 they	 were	 supersaturated,	 i.e.	 SI>0,	 in	

relation	to	Ca	and	Mg	carbonates,	indicating	that	mineral	precipitation	can	occur.	The	

annual	 variation	 in	 the	 SI	 of	 the	 most	 important	 minerals	 is	 shown	 in	 Figure	 6.2,	

where	a	significant	saturation	peak	is	observed	in	some	minerals	in	summer.	

	
Figure	6.	2.	Saturation	index‐based	annual	variation	of	the	most	important	minerals	for	

irrigation	water.	
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Table	6.	6.	Physico‐chemical	characteristics	and	major	ion	contents	for	irrigation	water	along	the	year.	
Jan	 Feb	 Mar	 Apr	 May	 Jun	 Jul	 Aug	 Sept	 Oct	 Nov	 Dec	

Physico‐chemical	parameters	

pH	 7.90	 7.95	 8.10	 7.80	 7.90	 8.11	 8.28	 8.60	 8.30	 7.70	 7.70	 7.10	
T	(°C)	 12.0	 11.3	 16.2	 ‐	 21.7	 24.9	 30.3	 ‐	 ‐	 23.8	 17.9	 10.1	
Eh	(mV)	 219.8	 189.8	 209.7	 158.4	 189.20	 196.0	 349.3	 164.8	 148.5	 161.2	 220.40	 221.10	

EC	(μS·cm‐1)	 2090	 1755	 1677	 2070	 2160	 1822	 1890	 1277	 1707	 1809	 1132	 1134	
Hardness	(mg·L‐1	CaCO3)	 396.5	 327.3	 303.9	 368.6	 434.7	 398.0	 352.20	 347.90	 427.60	 343.90	 314.10	 225.50	
Alk	TAC	(mg·L‐1	HCO3)	 132.3	 110.0	 117.0	 154.9	 133.7	 132.1	 152.26	 133.96	 164.21	 114.44	 158.97	 86.74	

SAR	 5.75	 5.53	 5.30	 5.19	 6.13	 5.26	 4.11	 4.85	 4.79	 5.32	 3.47	 4.18	

Major	ions	(mg·L‐1)	

Na+	 263.00	 229.85	 212.30	 228.80	 293.90	 241.10	 177.30	 207.80	 227.40	 226.70	 141.30	 144.40	
K+	 6.30	 5.05	 4.90	 5.10	 6.50	 5.30	 4.20	 4.60	 5.40	 5.40	 4.10	 3.40	
Ca2+	 83.60	 69.15	 65.80	 81.50	 87	 83.85	 76.90	 71.90	 89.60	 73.10	 67.90	 53.20	
Mg2+	 45.60	 37.55	 33.90	 40.10	 52.80	 45.80	 38.90	 40.90	 49.50	 39.20	 35.10	 22.50	
F‐	 0.00	 0.00	 0.00	 0.00	 1.00	 0.25	 0.40	 0.50	 0.50	 0.40	 0.40	 0.40	
Cl‐	 354.10	 311.80	 281.80	 316.90	 405.60	 349.65	 262.40	 296.50	 342.70	 306.90	 209.70	 185.40	
NO3‐	 44.70	 47.75	 37.30	 27.50	 43.40	 40.25	 27.90	 34.90	 36.90	 41.80	 28.90	 34.60	
SO42‐	 333.50	 271.95	 248.20	 295.40	 364.40	 297.80	 232.60	 260.10	 286.90	 292.10	 166.70	 176.40	
HCO3‐	 132.20	 110.00	 117.10	 154.90	 133.70	 128.40	 145.30	 94.00	 133.90	 114.40	 159.00	 86.80	
CO32‐	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 3.40	 19.70	 14.90	 0.00	 0.00	 0.00	

‐	:	not	available	
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Regarding	irrigation	purposes,	Figure	6.3	illustrates	the	suitability	of	using	this	

water	 in	relation	to	the	Sodium	Adsorption	Rate,	SAR,	and	EC.	There	was	a	medium	

risk	of	 alkalinisation	 for	 the	majority	of	monthly	data,	while	 the	 risk	of	 salinisation	

was	high	in	all	the	samples	analysed,	and	was	even	very	high	in	some	of	them.	

	
Figure	6.	3.	Soil	alkalinisation	and	salinisation	risk	of	irrigation	water.	
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6.4	Water	content	and	pressure	head	measurements	

Figure	6.4	shows	the	atmospheric	boundary	conditions,	ETp,	daily	precipitation	

(P)	 and	 irrigation	 (I)	 recorded	 and	 computed	 throughout	 the	 monitored	 period	

(Figure	6.4).	

	
Figure	6.	4.	Potential	evaporation,	Ep;	potential	transpiration,	Tp,	and	water	input	(irrigation,	I,	

plus	precipitation,	P)	during	the	monitored	period.	
	

Precipitation	 took	 place	 mainly	 in	 spring	 and	 autumn,	 and	 was	 unevenly	

distributed	 in	 a	 few	 intensive	 events,	 while	 irrigation	 was	 applied	 depending	 on	

climatic	 conditions	 with,	 as	 expected,	 the	 most	 intense	 irrigation	 taking	 place	 in	

summer	 months.	 Unlike	 potential	 evaporation	 (Ep),	 which	 showed	 a	 regular	 daily	

value	 throughout	 the	 monitored	 period,	 potential	 transpiration	 (Tp)	 presented	 a	

more	accentuated	annual	cycle	according	to	soil	water	availability	and	plant	life	cycle.	

Volumetric	 water	 content	 θ	 was	 measured	 at	 all	 the	 monitored	 depths	 with	

both	 the	 automatic	 and	non‐automatic	devices	 (Figure	 6.5).	 The	 gaps	 in	 the	 record	

result	from	technical	problems	and	maintenance	works.	The	data	analysis	shows	that	

water	content	tended	to	have	an	almost	constant	value,	or	a	field	capacity	threshold,	

immediately	 after	 water	 input,	 indicating	 high	 soil	 hydraulic	 diffusivity.	 A	 good	
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agreement	 between	 the	 volumetric	water	 content	 (VWC)	measurements	 from	both	

device	 types	 is	 observed.	 The	 VWCs	 of	 the	 automatic	 sensors	 presented	 slight	

differences	 as	 compared	 to	 the	 non‐automatic	measurements	 (TDR1	 and	 TDR2)	 at	

similar	depths.		

The	observed	differences	did	not	follow	a	clear	pattern	at	all	the	studied	depths	

and	 may	 be	 related	 to	 the	 soil	 heterogeneity,	 installation	 process	 and	 sensor	

limitations	 in	 the	measured	domain.	Among	 the	possible	 failures	 in	 the	 installation	

processes,	 lack	of	soil‐polycarbonate	access	 tube	contact	 (non‐automatic,	TDR1	and	

TDR2)	may	lead	to	the	presence	of	a	soil	void	(West	and	Truss,	2006).	Regarding	the	

limitations	of	 the	 sensors,	 the	different	 soil	 volume	analysed	by	devices	 (3,100	cm3	

and	 147	 cm3	 for	 non‐automatic	 and	 automatic,	 respectively)	 can	 also	 include	 the	

presence	 of	 large‐sized	 particles,	 which	 constitutes	 a	 measurement	 uncertainty.	 In	

addition,	changes	in	temperature	and	EC	may	have	altered	the	5TE	sensor	readings,	a	

fact	 which	 Rosenbaum	 et	 al.	 observed	 (2010	 and	 2011)	 for	 the	 sensors	 located	 at	

shallow	soil	depths.	A	clear	change	in	the	volumetric	soil	water	content	pattern	was	

detected	when	irrigation	input	values	rose	by	around	day	300.	This	change	was	more	

marked	in	the	upper	sensors,	and	the	effect	of	that	pulse	on	the	sensors	at	depths	of	

90	cm	and	120	cm	was	less	detected.	
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Figure	6.	5.	Volumetric	water	content	(θ)	measurements	for	the	monitoring	period	from	the	

automatic	and	non‐automatic	devices	at	different	depths.	
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The	measured	pressure	head	displayed	a	similar	behaviour	with	the	automatic	

and	 non‐automatic	 devices	 (Figure	 6.6).	 Changes	 in	 water	 input	 on	 the	 upper	

boundary	were	first	detected	by	the	non‐automatic	devices	as	a	general	trend	some	

days	 after	 starting	 irrigation	 following	 a	 drier	 winter	 period.	 This	 lag	 between	

automatic	and	non‐automatic	readings	can	be	attributed	to	the	vertical	layout	of	the	

non‐automatic	tensiometers,	caused	by	the	presence	of	a	preferential	flow	along	the	

length	of	the	tensiometers	wall.	Those	preferential	paths	would	be	more	acute	after	a	

dry	period	given	the	possibility	of	swelling	and	shrinking	movements.	Moreover,	as	

the	accuracy	of	the	automatic	tensiometers	(MPS‐1)	exhibited	a	non‐linear	behaviour	

as	 compared	 to	 soil	 pressure	 head,	 consequently	 uncertainty	 increased,	 as	 did	 soil	

pressure	head.	Associated	measurement	uncertainty	was	lower	than	‐100	cm	for	the	‐

100	 to	 ‐600	 cm	 ranges,	 but	 could	 even	 go	 far	 beyond	 the	 above‐mentioned	 range	

(Malazian	et	al.,	2011).	

	
Figure	6.	6.	Soil	water	pressure	head	(h)	measurements	for	the	monitoring	period	from	the	

automatic	and	non‐automatic	devices	at	depths	of	20	cm	and	60	cm.	
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6.5	Water	flow	results	from	numerical	modelling	

Volumetric	 water	 content	 and	 pressure	 head	 were	 simulated	 by	 HYDRUS	

following	 the	 established	 conceptual	model	 (Figure	 5.6),	 using	 automatic	 and	 non‐

automatic	data	independently.	The	record	was	divided	into	the	calibration	(Sep09	to	

Nov12,	457	days)	and	validation	(Dec12	to	Apr13,	151	days)	periods.	It	is	important	

to	note	the	significant	difference	between	the	numbers	of	measurements	taken	from	

each	 device	 type.	 Automatic	 data	 acquisition	 provided	 3,820	 daily	 values,	 whereas	

less	 than	1,000	were	collected	 in	 the	non‐automatic	or	classical	monitoring	devices	

for	the	same	period,	although	manual	data	collection	was	more	time‐consuming.		

6.5.1	Soil	hydraulic	parameterisation	

Soil	 parameters	 were	 obtained	 by	 three	 different	 procedures:	 a)	 laboratory	

determinations	and	using	ROSETTA	and	the	SWRC‐fit	code	(Table	6.2);	b)	by	inverse	

modelling	 with	 non‐automatic	 data;	 c)	 by	 inverse	 modelling	 with	 automatic	 data	

(Table	6.7).	Additionally,	Figure	6.7	shows	the	SWRCs	at	a	depth	of	20	cm	(layer	2)	

and	 60	 cm	 (layer	 3)	 obtained	with	 the	 laboratory	 experiments	 (drying	 curve),	 and	

also	with	non‐automatic	and	automatic	data‐based	inverse	modelling.	

Observed	variability	due	to	the	application	between	the	three	parameterisation	

methods	lies	in	the	obtained	θs,	α	and	n	values.	Based	on	the	study	results,	it	may	be	

stated	that	 the	range	of	soil	water	content	and	pressure	head	values	covered	 in	 the	

field	experiments	was	not	wide	enough	to	obtain	reliable	SWRCs,	and	consequently,	

reliable	soil	parameters	(i.e.,	θs	was	overestimated).	Moreover,	the	SWRCs	estimated	

from	the	field,	unlike	those	obtained	from	the	laboratory,	were	generally	determined	

under	 transient	 conditions,	which	confers	uncertainty	 to	 the	 final	 results.	However,	

Wollschläger	et	al.	 (2009)	concluded	that	the	θ	and	h	 in	situ	 time	series,	along	with	

inverse	modelling,	were	suitable	to	determine	soil	hydraulic	characteristics.		



Chapter	6	 Results	

 

	104	

Table	6.	7.	The	soil	hydraulic	properties	data	obtained	from	inverse	modelling	with	automatic	
and	non‐automatic	measurements.	

Layer	 1 2 	 3	
From	inverse	modelling	with	non‐automatic	

devices	
	 	

Ks (cm·day‐1)	 4.2 66.6 	 62.2	
θs (‐) 0.36 0.34 	 0.41	
θr	(‐) 0.04 0.17 	 0.20	

α (cm‐1)	 2.49·10‐2 4.45·10‐2 	 1.43·10‐2	
n (‐) 1.90 1.47 	 1.74	

From	inverse	modelling	with	automatic	devices 	 	
Ks (cm	day‐1)	 5.9 50.0 	 60.9	

θs (‐) 0.48 0.39 	 0.41	
θr	(‐) 0.04 0.15 	 0.15	

α (cm‐1)	 5.11·10‐3 2.47·10‐2 	 1.66·10‐2	
n (‐) 1.90 1.48 	 1.42	

	

For	 Ks,	 with	 a	 range	 of	 several	 orders	 of	 magnitude	 and	 a	 lognormal	

distribution,	 similar	 values	 were	 obtained	 for	 all	 the	 layers	 and	 parameterisation	

approaches.	 The	 parameters	 for	 layer	 1,	 which	 were	 obtained	 using	 ROSETTA,	

showed	 that	 the	 use	 of	 pedotransfer	 functions	 is	 useful	 as	 a	 first	 approach	 when	

laboratory	 determinations	 are	 not	 available.	 However,	 the	 combination	 of	

pedotransfer	functions	with	other	approaches	is	needed	to	reduce	the	uncertainty	of	

soil	hydraulic	parameters.		

The	 soil	 parameterisations	 from	 inverse	 flow	modelling	 and	 both	 data	 types	

gave	similar	results	despite	the	data	length	record	and	variability.	Accordingly,	both	

the	applied	data	acquisition	methodologies	proved	useful	and	were	equally	accurate	

for	assessing	in	situ	water	flux	dynamics.	
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Figure	6.	7.	Pair	of	h‐θ	values	recorded	at	depths	of	20	cm	and	60	cm	with	non‐automatic	devices	
(a),	and	at	30	cm	and	60	cm	for	automatic	devices	(b),	along	with	the	SWRCs	obtained	from	the	

laboratory	determinations	and	the	HYDRUS	inverse	fitting.	

	

6.5.2	Water	flow	dynamics	

Figure	6.8	and	6.9	show	the	observed	and	simulated	volumetric	water	content	

θ	 data	 for	 the	 automatic	 and	 non‐automatic	 equipment.	 A	 good	 agreement	 was	

observed	 between	 the	 experimental	 and	 modelled	 data;	 simulation	 captured	 the	

general	trend,	except	for	the	detected	extraordinary	values,	which	were	expected.	
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Figure	6.	8.	Observed	and	simulated	volumetric	water	content	(θ)	at	different	depths	for	non‐

automatic	data	acquisition.	
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Figure	6.	9.	Observed	and	simulated	volumetric	water	content	(θ)	at	different	depths	for	

automatic	data	acquisition.	
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Figures	 6.10	 and	 6.11	 show	 the	 pressure	 head	 modelled	 results	 and	 field	

measurements	 for	 both	 data	 acquisition	 types.	 The	 general	 trend,	 and	 even	 some	

extraordinary	 events,	 were	 well‐predicted	 by	 the	 model,	 as	 also	 reflected	 in	 the	

statistics	(Sections	4.4.5	and	6.5.3).	

	
Figure	6.	10.	Observed	and	simulated	soil	water	pressure	head	(h)	at	different	depths	for	non‐

automatic	data	acquisition.	
	

For	 plant	 water	 availability,	 similar	 conclusions	 of	 the	 general	 trend	 were	

drawn	from	the	two	models	from	different	experimental	data	sets	(Figures	6.11	and	

6.12);	however,	the	automatic	modelling	results	show	higher	water	availability	than	

the	results	obtained	with	manual	devices.	This	idea	highlights	that	it	is	not	completely	

necessary	to	establish	high	frequency	measurements	under	field	conditions	to	obtain	

reliable	models	for	irrigation	schedule	definitions.		
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Figure	6.	11.	Observed	and	simulated	soil	water	pressure	head	(h)	at	different	dept	for	automatic	

data	acquisition.	
	

Despite	 the	 good	 agreement	 between	 the	 two	 models,	 the	 flow	 through	 the	

lower	boundary	accounted	for	711	mm	and	774	mm	from	the	automatic	and	the	non‐

automatic	 sensor,	 respectively,	 for	 the	 period	 1st	 September,	 2011	 (day	 1)‐	 31st	

August,	2012	(1	year).	By	assuming	that	this	flow	constituted	bottom	drainage	to	the	

aquifer	 (i.e.,	 deep	 percolation),	 the	 observed	 difference	 of	 8.1%	 could	 prove	

important	when	attempting	to	assess	the	aquifer	recharge	in	arid	or	semi‐arid	areas.	

More	plant	water	availability	reported	by	the	model	based	on	the	automatic	data	may	

be	the	cause	for	major	evapotranspiration	and,	thus,	less	drainage	to	the	aquifer.	
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Figure	6.	12.	Mean	soil	suction	pressure	in	the	root	zone	simulated	with	the	automatic	and	non‐

automatic	data	sets.	

	

6.5.3	Goodness‐of‐fit	assessment	

Several	 statistics	 (Section	 4.4.5)	 were	 calculated	 for	 pressure	 head	 (h)	 and	

volumetric	water	content	(θ)	at	all	the	monitored	depths	for	both	the	automatic	and	

non‐automatic	devices,	and	for	the	calibration	and	validation	periods.	A	summary	of	

the	results	is	provided	in	Table	6.8.	

Table	6.	8.	Goodness‐of‐fit	measures	for	simulations	and	experimental	data.	

Acquisition	 Statistics	
	 Pressure	head,	h Volumetric	water	content,	θ	 	 	
	 20
	cm	

60		
cm	

All	 30	
cm	

45	
cm	

60	
cm	

90	
cm	

120	
cm	

All	 	 All		
(h	and	θ)	

Automatic	

RMSE 	 0.65 0.41	 0.48 0.08 0.07 0.03 0.10 0.10	 0.08	 	 	
EF 	 ‐0.39	 0.49	 0.3 0.54 0.12 0.89 ‐4.54 ‐3.31	 0.32	 	 	
R2 	 	 	 	 	 	 0.81	

RMSE	validation		 0.52 0.21	 0.38 0.05 0.05 0.03 0.13 0.04	 0.06	 	 	
R2	validation 	 	 	 	 	 	 0.94	

Non‐
automatic	

RMSE	
	
0.3	 0.16	 0.24 0.11 0.13 0.10 0.08 0.05	 0.10	 	 	

	 EF 	 0.48 0.8	 0.63 0.00 0.43 0.24 ‐0.02 ‐0.37	 0.12	 	 	
R2 	 	 	 	 	 	 0.98	

RMSE	validation		 0.29 0.18	 0.24 0.07 0.06 0.05 0.04 0.04	 0.05	 	 	
R2	validation 	 	 	 	 	 	 0.98	
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For	volumetric	water	content,	RMSE	and	EF	did	not	clearly	indicate	a	better	fit	

for	 any	 data	 acquisition	 system	 and	 depth.	 The	 non‐automatic	 EF	 results	 gave	

negative	values	for	two	sensors	at	depths	of	90	cm	and	120	cm	(Table	6.8),	indicating	

that	 the	mean	experimental	value	was	a	better	predictor	 than	 the	simulations.	This	

can	 be	 due	 to	 the	 low	 variability	 of	 the	 measured	 parameters	 at	 more	 profound	

depths.	 For	 the	 pressure	 head	 at	 both	 depths,	 the	RMSE	 and	EF	 values	 indicated	 a	

better	fit	for	manually	acquired	data.		

According	 to	 the	 statistics,	 both	 models	 predicted	 soil	 water	 dynamics	

relatively	well,	except	for	outlier	values.	The	R2	 for	the	combined	water	content	and	

pressure	 head	 data	 estimated	 by	 HYDRUS	 gave	 similar	 results	 for	 both	 the	 non‐

automatic	 (calibration:	 0.81;	 validation:	 0.94)	 and	 automatic	 devices	 (calibration:	

0.98;	validation:	0.98),	respectively;	the	different	number	of	experimental	data	used	

in	each	model	(considerably	fewer	with	the	non‐automatic	devices)	could	explain	this	

fact.	

	

6.6	Tracer	test	modelling	results	

Figure	6.13	depicts	the	background	profile	of	the	total	Br	concentration	at	the	

experimental	plot.	This	profile	and	the	measured	VWC	on	the	same	day	were	used	to	

compute	 the	 initial	 soil	 solution	 Br‐	 concentration	 for	modelling	 purposes.	 The	 Br‐	

concentration	 in	 irrigation	 water	 was	 1.38	mg·L‐1	 (1.73	mM·L‐1),	 which	 was	

considered	 constant	 during	 the	 modelled	 period.	 The	 soil	 water	 Br‐	 outputs	 from	

HYDRUS	were	transformed	into	total	Br	concentration,	as	explained	in	Chapter	4.		
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Figure	6.	13.	Initial	total	Br	concentration	in	the	soil	profile.	
	

Figure	6.14	shows	the	total	Br	concentration	profiles	for	the	different	sampling	

surveys.	 A	 typical	 concentration	 distribution	 in	 depth	 for	 a	 tracer	 pulse	 is	 clearly	

observed.	

Figure	6.	14.	Modelled	and	observed	total	Br	concentration	(a);	(b)	23;	(c)	37;	and	(d)	57	days	
after	the	tracer	application	day	(20/6/2012).	

	

The	general	 trend	was	well‐captured	by	 the	simulated	values;	however,	 some	

observed	outlier	values	were	not	captured	correctly.	Drastic	changes	in	the	modelled	

concentration	profile	of	total	Br	were	the	result	of	abrupt	changes	in	the	volumetric	

water	 content	between	 the	different	defined	 layers	 instead	of	major	 changes	 in	 the	

soil	water	Br‐	concentration.	
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Tracer	movement	was,	 as	 expected,	 strongly	 influenced	by	 the	water	balance	

between	 inputs	 (irrigation	and/or	precipitation)	and	outputs	 (evaporation	rates).	A	

high	 irrigation	 pulse	 (due	 to	 a	 technical	 failure	 in	 the	 irrigation	 system),	 between	

days	 53	 and	 55	 after	 applying	 the	 tracer,	 triggered	 a	 quick	 downward	 tracer	

movement,	 although	 it	was	well‐captured	 by	 the	model.	 As	 a	 general	 trend,	 a	 slow	

tracer	movement	was	observed	during	most	of	the	monitoring	period.		

The	 longitudinal	 dispersion	 coefficients	 obtained	 after	 inverse	 modelling	 are	

shown	 in	 Table	 6.9.	 The	 obtained	 values	were	 in	 agreement	with	 previous	 studies	

conducted	 under	 similar	 conditions,	 including	 soil	 texture	 and	 travel	 distance	

(Vanderborght	 and	 Vereecken,	 2007).	 This	 procedure	 was	 revealed	 to	 be	 a	 quick,	

low‐cost	method	to	obtain	reliable	dispersivity	values	on	the	field	scale.	

The	statistics	for	the	total	Br	concentration	report	an	RMSE	of	0.72	and	an	EF	of	

0.45	from	51	experimental	data.	

	Table	6.	9.	Dispersivity	obtained	from	the	inverse	modelling	approach.	
Layer	 1 2 3	

Dispersivity,	λ	(cm) 2.44 14.99 1.83	

	

6.7	Multicomponent	reactive	transport	modelling	results	

Having	 established	 the	 water	 flow	 model,	 and	 after	 obtaining	 soil	

parameterisation	 (including	 the	 dispersivity	 from	 the	 conservative	 tracer	 test),	

reactive	transport	modelling	was	addressed.	

Figure	6.15	shows	the	predicted	mass	changes	(moles)	for	calcite	and	gypsum	

as	 compared	 to	 the	 initial	 values	 in	 the	 soil	 profile.	 As	 expected,	 the	 calcite	

dissolution/precipitation	 dynamics	 was	 strongly	 influenced	 by	 the	 CO2	 partial	

pressure.	Calcite	dissolution	was	expected	to	 take	place	 in	 the	root	zone,	where	the	
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partial	pressure	was	set	at	10‐1.5	atm	due	to	biological	activity.	Thus,	the	input	water,	

saturated	 in	 calcite	 under	 atmospheric	 conditions	 (Table	 6.6	 and	 Figure	 6.2),	 but	

undersaturated	under	 root	 zone	 conditions,	was	 able	 to	 dissolve	more	 calcite	 from	

soil.	After	water	has	moved	 through	 the	root	zone	and	 the	CO2	partial	pressure	has	

decreased,	the	precipitation	process	is	expected,	which	leads	to	a	precipitation	zone	

at	 depths	 of	 between	 approximately	 6	 cm	 and	 20	 cm.	 Dolomite	 and	 aragonite,	

considered	in	this	predictive	model,	were	irrelevant	for	the	geochemical	process.	

The	 calcite	 dissolution/precipitation	 profile	 showed	 an	 irregular	 pattern,	

where	 the	 consecutive	 nodes	 of	 the	 numerical	model	were	 subjected	 to	 alternative	

dissolution	and	precipitation	processes.		

	

	
Figure	6.	15.	Temporal	evolution	of	the	rate	of	change	(moles)	as	compared	to	the	initial	profile	

for	calcite	(a)	and	gypsum	(b).	
	

Changes	 in	 the	 amount	 of	 gypsum	 were	 more	 regular	 than	 calcite	 since	 the	

input	water	was	subsaturated	in	this	mineral	to	produce	a	constant	dissolution	of	all	

the	gypsum	available	in	the	soil	profile.	Neither	dolomite	nor	aragonite	precipitation	

appeared	under	these	field	conditions.	
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The	saturated	hydraulic	conductivity	changes	followed	a	similar	pattern	to	the	

porosity	 changes,	 as	 derived	 from	 Equations	 4.9	 and	 4.10.	 Figure	 6.16	 depicts	 the	

result	of	calcite	dissolution	in	the	first	soil	layer,	which	led	to	an	increase	in	porosity	

and	saturated	hydraulic	conductivity	at	the	top	of	the	soil	profile.	As	x‐ray	mineralogy	

determinations	did	not	show	gypsum	values	on	the	top	layer,	porosity	changes	were	

exclusively	the	result	of	calcite	dissolution.	The	hydraulic	conductivity	scaling	factor	

can	 reach	 a	 value	 3,	 or	 higher,	 for	 the	 aforementioned	 soil	 layer	 at	 the	 end	 of	 the	

simulated	30‐year	period.	

	
Figure	6.	16.	(a)	Porosity	changes	and	(b)	saturated	hydraulic	conductivity	scaling	factor	profiles	

for	different	prediction	years.	
	

Below	 the	 root	 zone	 (at	 a	 depth	 of	 between	 6	 cm	 and	 20	 cm),	 both	 gypsum	

dissolution	and	calcite	precipitation	took	place.	When	considering	the	molar	volume	

of	those	minerals	(Table	5.2),	the	gypsum	dissolution	(the	molar	volume	doubled	that	

of	 calcite)	 effects	 on	 porosity	 were	 greater	 than	 the	 calcite	 precipitation	 effects,	

porosity	increased,	as	did	saturated	hydraulic	conductivity.	
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Finally	below	the	calcite	precipitation	zone	(below	approximately	20	cm),	only	

gypsum	dissolution	 took	place,	 and	was	mainly	 responsible	 for	 changes	 in	porosity	

and,	 consequently,	 for	 the	 changes	 in	 saturated	 hydraulic	 conductivity.	 No	 changes	

were	detected	at	a	depth	of	more	than	40	cm,	even	after	30	years	of	simulations,	but	

gypsum	dissolution	is	expected	to	continue.	

6.7	1	Alternative	scenarios	results	

Rain‐fed	irrigation		

Figure	 6.17	 summarises	 the	 results	 of	 the	 simulations	 after	 considering	 the	

absence	 of	 irrigation	 with	 desalted	 water.	 With	 a	 lower	 input	 volume,	 all	 the	

geochemical	 processes	 (dissolution/precipitation),	 and	 the	 subsequent	 impacts	 on	

porosity	 and	 hydraulic	 conductivity,	 become	 less	 significant.	 This	 result	 highlights	

that	the	application	of	desalted	water	is	a	leading	factor	of	changes	in	soil	hydraulic	

properties.	
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Figure	6.	17.	Temporal	evolution	of	the	rate	of	change	(moles)	as	compared	to	the	initial	profile	
for	calcite	(a)	and	gypsum	(b).	Porosity	changes	(c)	and	saturated	hydraulic	conductivity	(d)	

scaling	factor	profiles	for	different	prediction	years	for	a	rain‐fed	irrigation	scenario.	
	

Gypsum‐free	soil	profile	

After	 a	detailed	analysis	of	 the	baseline	 scenario	 results,	 it	 can	be	 stated	 that	

gypsum	 dissolution	 plays	 an	 important	 role	 in	 increases	 in	 hydraulic	 conductivity,	

even	when	 considering	 low	 initial	 concentrations	 in	 the	 soil	 profile	 (gypsum	 is	 not	

present	 in	 layer	 1,	 it	 has	 a	 concentration	below	7%	 in	 layer	 2	 and	 less	 than	3%	 in	

layer	3).	Thus,	a	gypsum‐free	profile	scenario	was	simulated	 to	quantify	 its	 relative	
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importance.	Figure	6.18	shows	the	model	prediction	results	when	gypsum	was	absent	

in	the	initial	soil	profile.	

The	gypsum	profile	concentration	does	not	change	and	precipitation	does	not	

take	place	due	to	 the	chemical	characteristics	of	 the	water	applied	(subsaturated	 in	

gypsum).	

Calcite	 dissolution	 in	 the	 first	 centimetres	 of	 the	 soil	 profile	 is	 negligible	 if	

compared	with	the	baseline	case.	The	same	above‐mentioned	pattern	of	precipitation	

below	the	root	zone	 is	 also	 reflected	 in	 this	 scenario.	However,	 changes	 in	porosity	

and	saturated	hydraulic	conductivity	actually	differ	from	the	baseline	scenario	due	to	

the	 distinct	 initial	 conditions.	 Since	 gypsum	 is	 not	 available	 for	 dissolution,	

increments	 in	 porosity	 do	not	 take	place,	 and	 the	porosity	 reduction	due	 to	 calcite	

precipitation	is	not	counterweighted.	

A	less	permeable	layer	develops	below	the	root	zone	from	depths	of	6	cm	to	20	

cm	approximately.	These	reactions	could	be	considered	the	initial	step	of	a	calcareous	

crust	 formation	 (“caliche”),	 which	 is	 very	 common	 in	 high	 evaporation	 climates	 in	

general	and	in	the	Mediterranean	region	in	particular.	



Chapter	6	 Results	

 

	119	

	
Figure	6.	18.	Temporal	evolution	of	the	rate	of	change	(moles)	as	compared	to	the	initial	profile	
for	calcite	(a)	and	gypsum	(b).	Porosity	changes	(c)	and	saturated	hydraulic	conductivity	(d)	

scaling	factor	profiles	for	different	prediction	years	for	the	gypsum‐free	scenario.	
	

Lower	CO2	partial	pressure	at	the	root	zone	

Finally,	a	third	scenario	was	considered	in	which	a	CO2	partial	pressure	of	10‐2.5	

atm	was	set	up	in	the	root	zone.	
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The	 CO2	 partial	 pressure	 is	 a	 basic	 parameter	 for	 calcite	 dynamics	 that	 is	

strongly	influenced	by	minor	changes	in	its	value,	and	it	depends	on	several	factors:	

soil	aeration	or	biological	activity	in	soil	(by	plant	roots,	microorganism,	etc.),	which	

is	 also	 influenced	 by	 temperature	 and	water	 availability,	 among	 others.	 Bare	 or	 no	

tillage	soils	are	examples	where	the	CO2	partial	pressure	is	expected	to	be	lower	than	

that	considered	(10‐1.5	atm)	in	the	baseline	scenario.	

Figure	6.19	offers	the	result	of	this	scenario.	A	lower	CO2	partial	pressure	in	the	

root	 zone	 implies	 a	 substantial	 reduction	 in	 calcite	 dissolution	 and	 calcite	

precipitation	 under	 the	 root	 zone.	 Maximum	 calcite	 dissolution	 in	 the	 first	 soil	

centimetres	 and	 calcite	 precipitation	 just	 below	 the	 root	 zone	 are	 approximately	 1	

mol	 (versus	 almost	 8	 moles	 for	 calcite	 dissolution	 in	 layer	 1	 for	 the	 baseline	

scenario).	Gypsum	dynamics	 is	virtually	 independent	of	 the	CO2	partial	pressure,	so	

its	dissolution/precipitation	processes	follow	almost	the	same	pattern	as	that	in	the	

main	 scenario,	 when	 all	 the	 available	 gypsum	 in	 the	 soil	 profile	 was	 dissolved	

gradually	as	irrigation	plus	precipitation	waters	arrived.		

The	porosity	and	hydraulic	conductivity	scaling	factors	are	strongly	determined	

by	gypsum	dissolution.	A	constant	increase	in	both	porosity	and	the	Ks	scaling	factor	

is	 expected.	 The	 final	 value	 of	 these	 changes	 depends	 on	 the	 initial	 gypsum	

concentration	in	the	soil	profile.	
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Figure	6.	19.	Temporal	evolution	of	the	rate	of	change	(moles)	as	compared	to	the	initial	profile	
for	calcite	(a)	and	gypsum	(b).	Porosity	changes	(c)	and	saturated	hydraulic	conductivity	(d)	
scaling	factor	profiles	for	different	prediction	years	for	a	lower	CO2	partial	pressure	scenario.	
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6.8	Sensitivity	analysis	

A	 sensitivity	 analysis	 of	 the	 predicted	 recharge	 to	 the	 saturated	 hydraulic	

conductivity	 for	 layers	 1	 and	 2	was	 carried	 out.	 The	 range	 of	 the	Ks	 scaling	 factor	

values	 considered	 in	 the	 sensitivity	 analysis	 was	 based	 on	 the	 reactive	 transport	

modelling	 result.	 The	 scaling	 factors	 of	Ks	 perturbation	 range	 from	0.1	 to	 2.	 The	Ks	

variations	 of	 layer	 3	 were	 not	 considered	 in	 the	 sensitivity	 analysis	 since	 reactive	

modelling	does	not	predict	changes	in	this	parameter.	

	
Figure	6.	20.	Annual	recharge	variation	(%)	according	to	variation	in	Ks	scaling	factors	for	layer	

1	and	layer	2.	
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Figure	6.20	depicts	a	contour	graph	of	the	percentage	of	recharge	changes	from	

the	 baseline	 recharge	 result;	 the	 lines	 in	 the	 plot	 follow	 combinations	 of	 α1	 and	α2	

with	an	equal	recharge	variation.	A	slight	vertical	distribution	of	the	lines	in	the	plot	

indicates	that	the	saturated	hydraulic	conductivity	of	layer	1	has	almost	no	influence	

on	the	recharge	rates.	Moreover,	the	Ks	of	layer	2	(a	baseline	value	of	50	cm·day‐1)	is	

almost	non‐significant	over	the	annual	recharge	rates	with	values	higher	20	cm·day‐1	

(a	scaling	 factor	of	0.4).	With	 lower	scaling	 factor	values,	 the	recharge	rates	rapidly	

decreases.	
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Chapter	7	

Conclusions	and	future	research	

	

7.1	General	conclusions	

Endemic	scarcity	of	water	in	arid	and	semi‐arid	regions,	as	in	our	study	area,	is	

a	 major	 challenge.	 Therefore,	 new	 alternatives	 for	 water	 resources	 are	 proposed,	

especially	from	universities	and	research	centres.	Among	these	new	alternatives,	use	

of	 desalted	 water	 is	 becoming	 a	 common	 practice	 where	 there	 is	 not	 enough	

conventional	water	resources	to	meet	all	requirements.	

In	 this	 research,	 a	 detailed	 analysis	 of	 the	 application	 of	 desalted	 water	 for	

irrigation	 and	 possible	 soil	 impacts	 was	 carried	 out.	 As	 an	 initial	 step,	 a	 complete	

hydrochemical	 characterisation	 of	 the	 study	 site	 was	 done.	 Later,	 a	 50‐m2	

experimental	plot	irrigated	with	desalted	water	was	monitored	to	capture	the	water	
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flow	dynamics	and	temporal	variability	 in	soil	hydraulic	properties.	 It	was	 followed	

by	 a	 tracer	 test	 on	 the	 experimental	 plot.	 These	 two	 last	 steps	 were	 numerically	

simulated	 to	parameterise	soil	 from	the	 flow	and	 transport	point	of	view.	Finally,	 a	

long‐term	 prediction	was	made	 by	 taking	 into	 account	 reactive	 processes,	 and	 the	

precipitation	 and	 dissolution	 of	 the	 most	 important	 minerals	 present	 in	 soil	 and	

irrigation	water.	The	obtained	results	from	this	study	have	provided	insights	into	soil	

and	vadose	zone	monitoring	strategies	to	assess	water	dynamics	and	changes	in	soil	

hydraulic	properties.	

	

7.2	Soil	water	dynamics	and	monitoring	strategies	

Certainly	 one	 of	 the	 limitations	 of	 soil	 profile	 monitoring	 is	 our	 inability	 to	

measure	properties	 to	describe	 the	 overall	 system.	 Instruments	normally	 explore	 a	

domain	 which	 is	 notoriously	 too	 small	 to	 describe	 the	 average	 property.	 The	

measuring	 domain	 is	 generally	much	 smaller	 than	 the	whole	 system	 involved.	 The	

observed	 values	 from	 the	 vertically	 installed	 instruments	 (called	 non‐automatic	 in	

this	work)	need	to	be	carefully	analysed	given	the	lack	of	contact	between	the	device	

wall	and	the	soil	media,	which	could	produce	preferential	 flow	path	and,	distort	the	

values	observed.	 It	 is	difficult	 to	detect	 those	anomalous	measurements	 if	 only	one	

monitoring	 strategy	 type	 is	 considered.	 It	 is	 not	 clear	 whether	 conclusive	

measurements	can	be	obtained	despite	reasonable	efforts	made,	especially	when	it	is	

necessary	to	quantify	extreme	heterogeneity	phenomena,	such	as	preferential	flow.	

The	first	modelling	approach	using	laboratory	determinations	of	soil	hydraulic	

properties	 directly	 fits	 the	 field	measurements	 (from	 both	 the	 automatic	 and	 non‐

automatic	 sensors)	 better	 than	 the	 soil	 hydraulic	 properties	 obtained	 from	 the	

inverse	parameterisation	 to	 those	obtained	 from	the	 laboratory	results.	Note	 that	 if	

previous	 information	 about	 soil	 properties	 from	 laboratory	 determinations	 is	 not	
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taken	 into	 account,	 unrealistic	 soil	 hydraulic	 parameters	 can	 be	 obtained	 from	

modelling	approaches.	

HYDRUS	 simulation	 was	 able	 to	 mimic	 the	 responses	 of	 a	 field‐scale	

instrumented	plot	with	the	automatic	and	non‐automatic	data	acquisition	strategies.	

The	 statistical	 results	 and	 visual	 inspection	 show	 a	 good	 agreement	 between	 the	

predicted	 and	 observed	 values	 in	 the	 soil	 water	 content	 and	 pressure	 head,	 even	

when	 the	 difference	 in	 the	 number	 of	 observations	 from	 each	 data	 acquisition	

strategy	 is	 substantial.	 Nevertheless,	 volumetric	 water	 content	 and	 pressure	 head	

trends	 were	 better	 captured	 than	 extreme	 episodes,	 as	 also	 observed	 by	 other	

researchers.	The	fit	 to	the	volumetric	water	content	data	was	slightly	better	than	to	

the	pressure	head	data	 for	both	 acquisition	 strategies.	 This	 fact	might	 relate	 to	 the	

equilibrium	 time	with	 the	 soil	 required	by	pressure	head	devices	 to	obtain	 reliable	

measurements.	The	goodness‐of‐fit	measures	showed	slight	differences	between	the	

modelled	parameters	from	the	non‐automatic	and	automatic	experimental	data.	

Choosing	 between	 automatic	 and	 non‐automatic	 devices	 is	 necessarily	 based	

on	 the	 particular	 research	 objective.	 Time‐consuming	 data	 acquisition	 and	 high	

equipment	acquisition	costs	appear	to	be	the	most	important	aspects	when	it	comes	

to	 finally	 deciding	 the	 instrumentation	 type.	 However,	 changes	 in	 soil	 hydraulic	

properties	 (i.e.,	 porosity,	 hydraulic	 conductivity)	 over	 time	 due	 to	 possible	mineral	

precipitation/dissolution,	 along	 with	 the	 hysteresis	 phenomenon,	 may	 be	 better	

assessed	by	automatic	data	acquisition.	In	this	case,	data	variability	and	accuracy	are	

poorer	than	for	non‐automatic	data	acquisition.	Moreover,	differences	in	the	bottom	

drainage	value	obtained	from	both	models	highlight	the	variability	of	this	assessment	

as	compared	to	similar	experimental	data.	
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7.3	Conservative	transport	and	parameters	

A	 tracer	 transport	 study	 under	 field	 conditions	 is	 essential	 to	 gain	 a	 better	

understanding	of	the	hydrological	processes	taking	place	in	soil.		

A	total	Bromine	analysis	by	X‐ray	fluorescence	spectroscopy	has	been	revealed	

to	 be	 a	 good	 alternative	 to	 classic	 Bromide	 determination	 in	 soil	 water	 by	 ion	

chromatography.	Modelling	with	 the	 HYDRUS	 code	 and	 its	 inverse	 approaches	 has	

been	 reported	 as	 offering	 a	 good	 agreement	 between	 the	 observed	 and	 modelled	

solute	 data.	 The	 results	 highlight	 the	 potential	 applicability	 of	 both	 combined	

techniques	 (X‐ray	 fluorescence	 determination	 in	 the	 laboratory	 and	 numerical	

modelling	with	inverse	approaches)	to	infer	readily	solute	transport	parameters	(i.e.,	

dispersivity)	under	field	conditions.		

	

7.4	Reactive	transport	modelling	and	future	scenarios	

The	evaluation	of	possible	 impacts	on	the	soil	medium	due	to	 the	use	of	non‐

conventional	 water	 is	 a	 very	 complex	 problem	 that	 has	 to	 be	 addressed	 by	 with	

numerical	 tools	 that	 are	 able	 to	 model	 all	 the	 chemical	 processes	 taking	 place	

simultaneously.		

A	 long‐term	 (i.e.,	 30	 years)	 application	 of	 desalted	 brackish	 groundwater	 for	

irrigation	has	been	considered.	The	results	of	the	predicted	model	of	 flow	and	mass	

transport	indicate	that	important	gypsum	dissolution	processes	are	expected	to	occur	

in	the	study	site;	for	calcite,	both	dissolution	in	the	root	zone	and	precipitation	below	

it	are	also	expected.	This	 implies	that	porosity	and	saturated	hydraulic	conductivity	

will	 increase	 as	 a	 general	 trend	 along	 the	 profile,	 mainly	 influenced	 by	 gypsum	

dissolution.	
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Besides	 the	 baseline	 case,	 other	 probable	 scenarios	 in	 term	 of	 initial	 (soil	

gypsum	content	and	CO2	partial	pressure)	and	boundary	 (rain‐fed)	 conditions	have	

also	 been	 considered.	 The	most	 interesting	 results	 obtained	 are:	with	 the	 gypsum‐

free	soil	profile,	carbonate	crust	formation	below	the	root	zone	is	expected	to	appear;	

with	 no	 irrigation	 conditions,	 no	 significant	 impacts	 for	 the	 modelled	 period	 are	

observed,	 showing	 that	 irrigation	 water	 triggers	 all	 the	 reactions;	 and	 finally,	 a	

significant	 increase	 in	 permeability	 along	 the	 upper	 20	cm	 of	 soil	 is	 observed	 for	

lower	CO2	partial	pressure	values	scenario.		

	

7.5	Future	research		

Further	future	developments	in	this	field	should	address	the	following	aspects:	

 Impacts	of	non‐conventional	water	application	are	very	slow	processes	

whose	 consequences	 are	 difficult	 to	 observe	 under	 natural	 field	 scale	

conditions	 in	 the	 short	 term.	 Laboratory	 experiments	 simulating	 real	

conditions	 where	 boundary	 conditions	 can	 be	 modified	 to	 accelerate	

geochemical	 processes	 can	 help	 to	 improve	 knowledge	 about	 the	

impact	and	consequences	of	employing	the	aforementioned	water	type.	

 Possible	 impacts	 on	 soil	 hydraulic	 properties	 are	 expected	 to	 differ	

significantly	 for	 distinct	 conditions	 or	 scenarios.	 Apart	 from	 the	 three	

probable	scenarios	of	this	study,	further	studies	should	be	addressed	to	

consider	different	lithologies	and	climatic	conditions	(and	even	possible	

climate	change	scenarios).		
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 Finally,	 further	 research	 on	 the	 impacts	 that	 precipitation/dissolution	

processes	can	produce	on	all	hydraulic	properties	(not	just	on	saturated	

hydraulic	conductivity)	is	necessary.	
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Annex	I	

Notation	

All	symbols	used	along	the	text	are	summarized	as	follows:	

C	 aqueous	concentration	of	the	element	[M·L‐3]

CEC	 cation	exchange	capacity	[eq·M‐1]

Cr	 concentration	of	the	sink	term	[M·L‐3]

Cr,i	 concentration	of	the	element	i	of	the	sink	term	[M·L‐3]

D	 dispersion	coefficient	of	the	element	in	the	liquid	phase	[L2·T‐1]

d	 mean	soil	particle	size	[L],	in	the	Kozeny‐Karman	equation

Di	 dispersion	coefficient	of	the	i element	in	the	liquid	phase	[L2·T‐1]	

Di,w	 molecular	diffusion	coefficient	of	the	element	i in	free	water	[L2·T‐1]	

E	 evaporation	[L·T‐1]	

ea	 actual	vapour	pressure	[kPa]

EC	 electrical	conductivity	[μS·cm‐1]

EF	 Nash‐Sutcliffe	efficiency	index [‐]

Eh	 potential	redox	[mV]
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Ep	 potential	evaporation	[L·T‐1]	

es	 saturation	vapour	pressure	[kPa]

ET	 evapotranspiration	[L·T‐1]	

ET0	 potential	reference	evapotranspiration [L·T‐1]

G	 soil	heat	flux	density	[MJ·L‐2·T‐1]

i	 as	a	subscript,	means	solute	i out	of	the	total	ns solutes

Kcb	 crop	basal	coefficient	[‐]	

Ke	 evaporation	coefficient	[‐]	

K(h)	 unsaturated	hydraulic	conductivity function [L·T‐2]

KS	 saturated	hydraulic	conductivity	[L·T‐2]

K0	 previous	value	of	saturated	hydraulic	conductivity	at	each	node	of	the	modelled	
profile	[L·T‐1]	

Kupd	 updated	saturated	hydraulic	conductivity	[L·T‐1]

l	 pore	connectivity	parameter	[‐]

n	 pore	size	distribution	parameter	[‐]

OM	 Organic	matter	

p	 new	porosity	value	[‐]	

pi	 concentration	of	the	precipitated	phase	[M·M‐1]

p0	 first	value	of	porosity	at	the	beginning	of	the	computational	step	[‐]	

q	 volume	of	water	flowing	through	a	unit	area	per	unit	of	time	[L·T‐1]	

R	 source	or	sink	term	due	to	geochemical	reactions	[M·L‐3·T‐1]

Ri	 source	or	sink	term	of	the	element i due	to	geochemical	reactions	[M·L‐3·T‐1]	

RMSE	 root	mean	square	error	[‐]	

Rn	 net	radiation	at	the	crop	surface	[MJ·L‐2·T‐1]

R2	 coefficient	of	determination	provided	by	HYDRUS‐1D

S	 sink	term	that	represents	water	uptake	by	plants	[L3·L‐3·T‐1]

s	 concentration	of	the	solute	in	the	solid	phase	[M·M‐1]

SI	 saturation	index	[‐]	

Sp	 potential	water	uptake	

t	 time	[T]

T	 transpiration	[L·T‐1]
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T	 mean	daily	air	temperature	at	2	m	height	[°C],	in	the	Penman‐Monteith	equation	

Tp	 potential	transpiration	[L·T‐1]

VWC	 volumetric	water	content	[L3·L‐3]

wi	 weight	coefficient	given	to	each	observed	data

x	 spatial	variable	[L]	

xi,m	 modelled	value	at	time	i	

xi,o	 observed	value	at	time	i	

xmean,o	 mean	observed	value

XRFS	 X‐ray	fluorescence	

α	 angle	between	vertical	axis	and	flow	direction	(cos	α	=	1	for	vertical	movement);	
or	the	air	entry	parameter	[L‐1]	in	the	van	Genuchten	model	

α(h)	 dimensionless	water	stress	response	function	(0≤	α ≤1),	in	the	Feddes	model	

αk	 scaling	factor of	the	saturated	hydraulic	conductivity	[‐]

γ	 psychrometric	constant	[kPa·°C‐1] ,	in	the	Penman‐Monteith	equation	

Δ	 slope	vapour	pressure	curve	[kPa·°C‐1],	in	the	Penman‐Monteith	equation	

θ	 volumetric	water	content	[L3·L‐3]

θr	 residual	volumetric	water	content	[L3·L‐3]

θs	 saturation	volumetric	water	content	[L3·L‐3]

λ	 longitudinal	dispersivity	[L]	

ρ	 soil	bulk	density	[M·L‐3]	

τw	 tortuosity	factor	[‐]	
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Paper	1.		Brackish	groundwater	desalination	by	reverse	

osmosis	in	southeastern	Spain.	Presence	of	emerging	

contaminants	and	potential	impacts	on	soil‐aquifer	media	

This	 is	 an	 electronic	 version	 of	 the	 article	 “Valdes‐Abellan,	 J.,	 Candela,	 L.,	

Jiménez‐Martínez,	 J.,	 Saval‐Pérez,	 J.M.,	 2013. Brackish	 groundwater	 desalination	 by	

reverse	 osmosis	 in	 southeastern	 Spain.	 Presence	 of	 emerging	 contaminants	 and	

potential	 impacts	 on	 soil‐aquifer	media.	 Desalination	 and	Water	 Treatment,	 51(10‐

12):	2431‐2444”.	 .	DESALINATION	AND	WATER	TREATMENT	 is	available	online	at:	
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PKg.	

	

	



Annex	II	 	 Published	or	under‐review	articles	

 

137	

Brackish	groundwater	desalination	by	reverse	osmosis	in	southeastern	Spain.	

Presence	of	emerging	contaminants	and	potential	impacts	on	soil‐aquifer	

media	

Javier	Valdes‐Abellana,	Lucila	Candelab,	Joaquín	Jiménez‐Martínezc,	Jose	Miguel	

Saval‐Péreza	

a	Department	of	Civil	Engineering,	University	of	Alicante,	Spain,	javier.valdes@ua.es;	jm.saval	
b	Department	of	Geotechnical	Engineering	and	Geosciences,	Technical	University	of	Catalonia,	

Barcelona,	Spain.	lucila.candela@upc.edu	
c	Geosciences	Rennes,	UMR	6118	CNRS,	Université	de	Rennes	I.	Rennes,	France.	joaquin.jimenez‐

martinez@univ‐rennes1.fr	

	

0. Abstract 

Desalinated	brackish	groundwater	is	becoming	a	new	source	of	water	supply	to	

comply	 with	 growing	 water	 demands,	 especially	 in	 (semi‐)	 arid	 countries.	 Recent	

publications	show	that	some	chemical	compounds	may	persist	 in	an	unaltered	form	

after	the	desalination	processes	and	that	there	is	an	associated	risk	of	mixing	waters	

with	different	 salinity	 for	 irrigation.	At	 the	University	of	Alicante	 campus	 (Spain),	 a	

mix	 of	 desalinated	 brackish	 groundwater	 and	 water	 from	 the	 existing	 aquifer	 is	

currently	applied	for	landscape	irrigation.	The	presence	of	209	emerging	compounds,	

surfactants,	 priority	 substances	 according	 to	 the	 2008/105/EC	 Directive,	 11	 heavy	

metals	 and	 microbiological	 organisms	 in	 blended	 water	 and	 aquifer	 samples	 was	

investigated.	Thirty	 five	compounds	were	detected	(pesticides,	pharmaceuticals	and	

surfactants),	 among	 them	 two	priority	 substances	α‐endosulfan	 and	Ni	were	 found	

above	 the	 permitted	 maximum	 concentration.	 Blended	 water	 used	 for	 landscape	

irrigation	 during	 the	 summer	 period	 is	 supersaturated	with	 respect	 to	 carbonates,	

which	 may	 ultimately	 lead	 to	 mineral	 precipitation	 in	 the	 soil‐aquifer	 media	 and	

changes	in	hydraulic	parameters.	
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1. Introduction  

The	availability,	quality	and	quantity	of	water	resources	are	going	to	be	of	the	

most	important	problems	to	face	in	the	decades	to	come.	A	shortage	of	water	imposes	

constraints	on	economic,	social	and	human	development,	and	may	even	cause	severe	

damage	 to	 ecosystems	 if	 water	 abstraction	 rates	 exceed	 natural	 renewal	 rates	

(Rosegrant,	 1997).	 To	meet	 the	 growing	water	 demand,	 new	 sources	 of	 water	 are	

required,	 and	 the	 desalination	 of	 both	 seawater	 and	 water	 from	 brackish	 aquifers	

with	chloride	concentrations	between	300‐10,000	mg	L‐1	 (Stuyfzand	et	al.,	2009),	 is	

one	 of	 the	most	 extensively	 used	ways	worldwide	 to	 reach	 this	 goal	 (Hassid	 et	 al.,	

2004;	Stuyfzand	et	al.,	2009).	There	are	examples	of	desalinated	water	supplementing	

water	supply,	e.g.	in		the	Spanish	Islands	(Sadhwani	et	al.,	2005),	Israel	(Einav	et	al.,	

2003)	and	the	Far	East	(Mohamed	et	al.,	2005),	for	irrigation	(Ghermandi	et	al.,	2010)	

or	industrial	processes.	

Reverse	osmosis	desalination	plants	in	coastal	areas	are	common	in	many	parts	

of	 the	 world.	 Desalination	 technologies	 applied	 to	 brackish	 aquifers	 constitutes	 an	

important	strategy	to	increase	water	supply	in	coastal	and	inland	areas,	providing	a	

new	and	previously	disregarded	 resource.	Among	 the	advantages	 to	be	 considered,	

brackish	 water	 contains	 less	 salt	 than	 marine	 water,	 implying	 a	 lower	 energy	

demand,	 being	 economically	 more	 cost‐effective	 due	 to	 a	 reduced	 treatment	 cost	

(Hassid	et	al.,	2004);	however,	apart	from	reject	disposal,	some	environmental	issues	

also	need	to	be	addressed.		
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Reverse	osmosis	desalination	processes	remove	salts,	but	some	other	chemical	

compounds	may	persist	in	an	unaltered	form.	Among	them,	a	group	called	emerging	

pollutants,	 a	 number	 of	 regulated	 and	 non‐regulated	 pollutants	 such	 as	

pharmaceuticals	 (Phs),	 personal	 care	 products	 (PCPs),	 illicit	 and	 licit	 drugs,	 and	

surface	 active	 substances	 (surfactants)	 has	 introduced	 a	 new	 challenge	 to	 water	

quality	 problems	 (Daughton	 et	 al.,	 1999).	 Many	 of	 them	 are	 known	 to	 behave	 as	

endocrine	disruptors	 (EDCs)	 (Bolong	et	al.,	2009;	Daughton	et	al.,	1999;	Heberer	et	

al.,	1997;	Rahman	et	al.,	2009;	USGS,	2011),	an	exogenous	agent	which	interferes	with	

the	synthesis,	secretion,	transport,	binding	action	or	elimination	of	natural	hormones	

in	 the	body	 that	 are	 responsible	 for	 the	maintenance	of	homeostasis,	 reproduction,	

development	 and	 behaviour.	 Over	 the	 last	 few	 years	 an	 increasing	 number	 of	

investigations	 have	 raised	 the	 concern	 of	 the	 presence	 of	 these	 chemicals	 in	 the	

natural	environment	(Bolong	et	al.,	2009;	Daughton	et	al.,	1999;	Heberer	et	al.,	1997;	

Rahman	 et	 al.,	 2009),	 since	 their	 effects	 on	 biota	 and	 human	 beings	may	 be	 either	

dangerous	or	unknown	even	at	low	concentrations	(ng	L‐1	to	μg	L‐1).	

All	emerging	contaminants	have	the	common	feature	of	not	needing	to	persist	

in	the	environment	to	cause	negative	effects,	since	their	high	transformation	rates	or	

removal	 by	 wastewater	 treatment	 plants	 can	 be	 nullificated	 by	 their	 continuous	

introduction	into	environment.	Their	complete	removal	by	conventional	wastewater	

treatment	plants	is	not	yet	clear	(Bolong	et	al.,	2009;	Daughton	et	al.,	1999;	Heberer	

et	 al.,	 1997),	 and	 their	 presence	 in	 water	 has	 mainly	 been	 detected	 in	 sewage	

treatment	 facilities	 (Daughton,	 2004;	 Daughton	 et	 al.,	 1999;	 Heberer	 et	 al.,	 1997;	

Rahman	et	al.,	2009;	USGS,	2011).	Although	they	are	not	routinely	monitored	due	to	a	

lack	 of	 regulations	 in	 force	 and	 unavailable	 analytical	 methods,	 their	 presence	 in	

water	is	undesirable,	even	if	compounds	have	low	or	acute	toxicity.		

A	second	constraint	to	be	considered	refers	to	the	suitability	for	irrigating	with	

a	 blend	 of	 desalinated	 and	 surface	 or	 groundwater,	 due	 to	 possible	 associated	
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impacts	 on	plants,	 soil	 and	 aquifer	media	 (Birnhack	 et	 al.,	 2009;	Voutchkov,	 2009).	

Mixed	 waters	 with	 different	 salinities	 can	 lead	 to	 the	 formation	 of	 unexpected	

chemical	 precipitates	 	 (Appelo	 et	 al.,	 1990).	 The	 use	 of	 desalted	 groundwater	 for	

irrigation	has	potential	drawbacks	(Lahav	et	al.,	2010),	such	us	changes	of	hydraulic	

properties	 of	 soil‐aquifer	 systems,	 e.g.	 hydraulic	 conductivity	 or	 porosity,	 as	 a	

consequence	 of	mineral	 precipitation	 (Mandal	 et	 al.,	 2008;	Tarchitzky	 et	 al.,	 1999);	

root	growth	blockage	and	plant	uptake	of	pollutants	(Calderón‐Preciado	et	al.,	2011;	

Wu	et	al.,	2011);	as	well	as	leaching	of	contaminants	to	groundwater	(Candela	et	al.,	

2007;	Xu	et	al.,	2009).			

At	 the	 University	 of	 Alicante	 (Alicante,	 Spain),	 a	 blend	 of	 desalted	 and	 raw	

groundwater	 from	 a	 brackish	 aquifer	 is	 currently	 used	 for	 campus	 landscape	

irrigation	 (Prats	 et	 al.,	 1997).	 The	 desalination	 treatment	 consists	 in	 a	 reverse	

osmosis	(RO)	process	carried	out	at	a	small	scale	plant	located	onsite.	

The	 aim	 of	 this	 study	 was:	 i)	 to	 investigate	 the	 occurrence	 of	 209	 emerging	

pollutants,	 priority	 substances	 as	 defined	 in	 the	 2008/105/EC	 Directive	 (Directive	

2008/105/EC)	and	heavy	metals,	in	the	aquifer	and	in	the	mixed	desalted	water	used	

for	irrigation,	ii)	to	assess	the	quality	of	water	being	used	for	landscape	irrigation,	and	

possible	future	impacts	on	soil‐aquifer	media	due	to	its	application.	

	

2. Study area 

	 The	 study	site	 (Figure	AII.1),	 located	 in	 southeastern	Spain,	 is	 characterised	

by	a	semi‐arid	Mediterranean	climate	(18ºC	average	annual	temperature)	with	a	low	

annual	 precipitation	 (300	 mm	 yr‐1)	 distributed	 in	 several	 uneven	 events.	 Surface	

perennial	 streams	 rarely	 exist	 and	watercourses	 only	 operate	during	heavy	 rainfall	

events	 producing	 important	 flood	 episodes.	 The	 region	 counts	 with	 an	 important	
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water	 demand,	 being	 groundwater	 the	 most	 significant	 component	 of	 the	 water	

resources.		

Figure	AII.	1	Study	area	and	aquifer	boundary.	Location	of	the	defined	sampling	points.	
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A	Quaternary	unconfined	aquifer	of	detritic	origin	with	an	average	thickness	of	

16	 m	 and	 a	 total	 extension	 of	 81	 km2	 outcrops	 in	 the	 study	 area	 (Rodríguez	

Hernández	 et	 al.,	 2010).	 This	 aquifer	 is	 directly	 recharged	 by	 precipitation	 and	

irrigation	 returns	 under	 cultivated	 zones.	 Due	 to	 its	 low	 exploitation,	 groundwater	

levels	do	not	show	important	changes,	ranging	between	11	and	19	m	below	ground	

surface.	The	regional	flow	direction	is	from	northwest	to	southeast,	where	the	aquifer	

discharges	 to	 the	Mediterranean	Sea.	A	 few	seasonal	 springs	and	seepage	areas	are	

also	 discharge	 points	 of	 the	 aquifer.	 The	 aquifer	 is	 mainly	 composed	 by	 silts	 and	

sands,	with	a	very	low	presence	of	clays,	overlying	the	impervious	loam	of	Cretaceous	

age.	 Imbedded	 thin	 gypsum	 layers	 are	 frequently	 found	 in	 outcrops	 and	 in	 drilling	

logs.	 As	 a	 consequence	 of	 the	 geological	 background,	 groundwater	 presents	 a	 high	

natural	 salinity,	 making	 it	 unsuitable	 to	 be	 used	 as	 drinking	 water	 or	 any	 other	

purpose,	 and	 therefore	 requires	 desalination	 treatment	 for	 use.	 Groundwater	

electrical	conductivity	(EC)	values	are	~7,500	μS	cm‐1,	hardness	above	1,900	mg	L‐1	as	

CaCO3,	and	high	concentrations	of	chloride,	1,500	mg	L‐1;	sulphate,	1,700	mg	L‐1;	and	

sodium	1,300	mg	L‐1.			

The	study	was	performed	at	the	University	of	Alicante	campus,	which	extends	

over	 an	 area	 of	 approximately	 100	 ha	 of	 vegetated	 land	 above	 the	 aquifer.	 At	 the	

study	site,	the	groundwater	level	ranged	between	11	and	13	m	below	ground	surface	

for	the	studied	period.	There	is	a	significant	land	cover	extension	mainly	made	up	of	

Mediterranean	 plants	 such	 as	 Pinus	 pinea,	 Platanus	 hispanica,	 Juniperus	 phoenicea,	

etc.,	 and	due	 to	 the	 region	structural	water	 scarcity,	 irrigation	 is	 carried	out	with	a	

mixture	 of	 different	 fractions	 of	 desalinated	 brackish	 groundwater	 and	water	 from	

the	aquifer.	Vegetation	is	drip	and	sprinkler	irrigated	with	water	from	a	storage	pond	

integrated	in	the	campus	landscape	design.	Water	from	the	aquifer	is	pumped	directly	

from	2	wells	 located	in	the	campus	that	reach	33	m	depth,	screened	over	the	entire	
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aquifer	 thickness	 (Figure	 AII.1).	 Groundwater	 pumped	 from	 well	 W1	 is	 directly	

stored	in	the	pond;	water	abstracted	from	well	W2	is	desalted	in	the	reverse	osmosis	

desalination	 plant	 and	 conveyed	 to	 the	 pond,	 where	 it	 is	 blended	 with	 raw	

groundwater	for	irrigation	purposes.	The	proportion	of	raw	groundwater	mixed	with	

the	 desalted	water	 is	 variable	 and	 ranges	 between	 5%	 for	winter	 and	 22%	during	

summer.	Rejected	brines	are	conveyed	 through	a	pipeline	 to	an	ephemeral	creek	 in	

the	north‐western	part	of	the	campus.	

2.1. The brackish water desalination plant 

In	1997,	 the	RO	desalination	plant	 located	 in	 the	 campus	 (Figure	AII.2)	 came	

into	functioning	in	order	to	treat	brackish	aquifer	water	for	the	purpose	of	landscape	

irrigation.	The	plant	was	initially	set	up	for	academic	purposes.	Its	treatment	capacity	

is	 currently	 of	 450	 m3	 day‐1.	 The	 conversion	 capacity,	 which	 is	 the	 portion	 of	 the	

volume	of	desalinated	water	respect	the	volume	of	feed	water,	of	the	plant	is	72%	due	

to	the	high	concentration	of	sulphates	present	in	the	brackish	groundwater.	

Figure	AII.	2.	Conceptual	scheme	of	the	desalination	system.	
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Treatment	 consists	 of	 a	 single	 line	 of	 25	 membranes	 distributed	 into	 two	

stages,	 with	 15	 in	 the	 first	 stage	 and	 10	 in	 the	 second	 one.	 The	 8040‐UHY‐ESPA	

membranes,	 Hydranautics®,	 applied	 are	 spiral‐wound,	 aromatic	 polyamides	

arranged	 in	 modules.	 A	 working	 pressure	 of	 1200	 kPa	 is	 controlled	 by	 a	 variable	

frequency	 device.	 For	 a	 further	 description	 of	 the	 desalination	 plant,	 the	 reader	 is	

referred	to	(Prats	et	al.,	1997).	

Pre‐treatment	consists	of	both	sand	and	cartridge	filtration	with	a	continuous	

application	of	3.8	mg	L‐1	PERMATREAT191	antiscalant		manufactured	by	Houseman,	

UK	 (Butt	 et	 al.,	 1997).	 PERMATREAT191	 is	 a	 sodium	 salt	 of	 the	

aminotrimethylenephosphonique	 acid	 N(CH2PO3HNa)3,	 the	 active	 compound	

accounts	 for	 50%	 (Ahmed	 et	 al.,	 2004).	 No	 additional	 chemical	 pre‐	 and	 post‐

treatment	is	carried	out	due	to	the	quality	of	the	feed	water	and	its	final	use.			

After	 groundwater	 desalination	 and	 Ca(OH)2	 addition	 to	 increase	 the	water’s	

pH	level	from	approximately	6	to	8,	water	is	finally	stored	prior	to	being	used.	

	

3. Methodology 

3.1. Water sampling procedure 

In	order	to	characterise	the	chemical	and	microbiological	quality	of	the	water,	

six	sampling	points	were	selected	for	this	investigation	and	new	data	were	generated	

from	two	field	campaigns	carried	out	in	February	and	June,	2011.		

Water	was	sampled	from	two	wells,	W1	and	W2,	two	springs,	S1	and	S2,	and	a	

regulation	 pond,	 P	 (Figure	 AII.1).	 Furthermore,	 rejected	 brine	 samples	 (data	 not	

shown	here)	 from	the	desalination	plant	were	analysed	as	an	extra	control	point	of	

the	process.	During	the	field	campaigns,	groundwater	level	measurements	as	well	as	
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in‐situ	pH,	 EC,	 alkalinity,	 ALK,	 and	 temperature	measurements	were	 carried	 out	 at	

each	sampling	point	with	an	Eijkelkamp®	18.28	multi‐parameter	recording	device.		

A	 set	 of	 five	 water	 samples	 were	 collected	 at	 each	 sampled	 point	 for	 the	

following	 determinations:	 physico‐chemical	 parameters,	 major	 ions,	 emerging	

contaminants‐priority	 substances,	 heavy	 metals	 and	 microbiologic	 analysis.	 Water	

samples	for	physico‐chemical	and	microbiological	determinations	were	stored	in	0.5	

L	 PE‐LD	 bottles.	 For	 emerging	 contaminants	 including	 surfactants,	 water	 samples	

were	stored	in	1	L	amber	glass	bottles	with	Teflon	coated	cap.	The	surfactant	sample	

set	 was	 stabilised	 with	 formaldehyde	 (4%)	 to	 prevent	 biological	 degradation.	 The	

third	set	of	samples	were	acidified	in	situ	with	3%	HNO3,	filtered	through	a	0.45	μm	

membrane	 (Millipore®)	 and	 stored	 in	 PE‐LD	 bottles	 for	 heavy	metals	 analysis.	 All	

samples	were	immediately	stored	in	an	insulated	container	chilled	with	ice	and	sent	

to	the	laboratory	for	analysis.	Transit	time	for	sample	shipment	was	less	than	24	h.	

3.2. Chemical compounds and analytical techniques 

Major	 ions	and	physico‐chemical	parameters	were	determined	at	 the	 IMDEA‐

AGUA	 laboratory	 following	 standard	 procedures.	 Chemical	 analyses	 displayed	

acceptable	ion	balance	errors.		

Microbiological	 analysis	 included	 coliform	 and	 E.	 Coli	 determinations	 by	 the	

Colilert®	 18	 h	 method	 at	 the	 Department	 of	 Genetics	 and	 Microbiology	 of	 the	

Autonomous	University	of	Barcelona.		

A	 total	 of	 209	 emerging	 pollutants	 grouped	 into	 the	 following	 classes	 were	

analysed:	 125	 pharmaceutical	 compounds	 (Phs),	 20	 polyaromatic	 hydrocarbons,	

PAHs	 and	 dioxins,	 46	 pesticides,	 3	 volatile	 priority	 pollutants	 as	 well	 as	 the	 most	

commonly	used	anionic	surfactants	(Table	AII.1	and	AII.2).	
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	The	 selection	 of	 compounds	 from	 the	 different	 classes	 was	 based	 on	 the	

following:	

The	 metabolic	 routes	 of	 pharmaceuticals,	 their	 common	 use	 as	 household	

products,	 their	 inclusion	 as	 a	 priority	 substance	 as	 defined	 by	 the	 2008/105/EC	

Directive	 addressing	 environmental	 quality	 and	 literature	 search.	 Selected	

surfactants,	the	linear	alkylbenzene	sulfonate	(LAS)	included	four	homologues	(C10,	

C11,	 C12,	 C13)	 and	 their	 degradation	 products	 sulfophenylcarboxylate	 acids,	 and	

SPCs.		

The	selection	of	heavy	metals	included	Cu,	Cd,	Pb,	Hg,	Ni,	Zn,	Sn,	Pt,	Pd	and	Tl.		

Emerging	compounds	and	heavy	metal	determinations	were	carried	out	at	the	

Department	 of	 Physical	 and	 Analytical	 Chemistry	 at	 the	 University	 of	 Jaen.	 Heavy	

metal	 concentrations	 were	 determined	 by	 Inductively	 Coupled	 Plasma	 Mass	

Spectrometry‐ICP‐MS.	A	 synthesis	of	other	applied	 techniques	 is	 reported	 in	Tables	

AII.3	and	AII.4.	Analysis	of	surfactants	was	provided	by	the	Department	of	Physical‐

Chemistry	at	the	University	of	Cadiz.	High	performance	liquid	chromatography‐mass	

spectrometry‐HPLC‐MS,	was	used	 to	 identify	and	quantify	 target	compounds,	based	

on	the	analytical	protocol	developed	by	Lara‐Martín	et	al.	(Lara‐Martín	et	al.,	2006).	

	

Table	AII.	1	List	of	pharmaceutical	micro‐contaminants	analysed	
Pharmaceuticals

11‐nor‐9‐carboxy‐THC Ethion N‐nitrosomorpholine	
3‐Methylxanthine Ethoxyquin N‐nitroso‐n‐diphenylamine	

4‐amino‐antipiryne	(4‐AA)	 Ethylamphetamine N‐nitrosopiperidine	
Acetylmorphine Ethylmorphine N‐nitrosopyrrolidine	
Amphetamine Famotidine Ofloxacin	
Antipyrine Fenofibrate Oxacillin	
Atenolol	 Flufenamic	acid Oxolinic	acid	
Atropine Flumenique Oxytetracicline	

Bendroflumethiazide	 Gemfibrozil	
Paracetamol	

(Acetaminophen)	
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Benzafibrate	 Heroin Phenacethin	
Benzalconium	chloride	total	 Hydroflumethiazide Phenylbuthazone	

Benzothiazol Hydroflumethiazide Phenylephrine	
Benzoylecgonine Ibuprofen Pindolol	

Caffeine	 Indomethacine Pipemidic	acid	
Cannabidol Josamycin Pravastatin	
Carbadox Ketamine Propranolol	

Carbamazepine	 Ketoprofen Propyphenazone	
Cefotaxime	 Leucomalachite	green Ranitidine	
Cimetidine Lincomycin Roxithromycin	
Cis‐Diltiazem Lomefloxacin Salbutamol	
Clarithromycin	 Malachite	green Sarafloxacin	
Clembuterol MDA Spiramycin	I	
Cloxacillin MDEA Sulfachloropyridazine	
Cocaine MDMA Sulfadiazine	
Codeine Mebendazole Sulfadimethoxin	

Compactin	(Mevastatin)	 Meclofenamic	acid	 Sulfamerazine	
Cotinine Mefenamic	acid Sulfamethizole	

Danofloxacin Metformin Sulfamethoxazole	(SMZ)	
delta‐9‐THC Methadone Sulfanilamide	

Demeclocycline Methamphetamine Sulfapyridine	
Dicloxacillin Metronidazole Sulfathiazole	
Digoxigenin Miconazole TEP	(Triethyl	phosphate)	
Digoxin Minocycline Theobromine	

Diphenhydramine Morphine Theophylline	
Doxycyclyne Naproxen Thiabendazole	

EDDP	 Nicotine Timolol	
Enalapril Nifurexazide Tributyl	phoshate	
Enoxacin Norfloxacin Tributyltin	chloride	

Enrofloxacin N‐nitrosodiethylamine Trimethoprim	
Ephedrine N‐nitrosodimethylamine Tylosine	

Erythromycin N‐nitrosodi‐n‐dibutylamine Warfarin	
Estrona N‐nitrosomethylethylamine

	

The	 state	 of	 saturation	 (saturation	 index,	 SI)	 of	 groundwater	 samples	 and	

mixed	water	samples	 for	relevant	minerals	and	the	 ionic	speciation	were	calculated	

with	 the	 PHREEQC	 code	 (Parkhurst	 et	 al.,	 1999).	 The	 applied	 thermodynamic	 data	

base	was	minteq.v4.dat	 (Ball	et	al.,	1991).	Often,	no	equilibrium	 is	reached,	and	 the	

saturation	 index	 state	 indicates	 the	 direction	 in	 which	 the	 process	 may	 go;	 for	

subsaturation	dissolution	 is	 expected	whilst	 supersaturation	 suggests	precipitation.	

Speciation	and	equilibrium	calculations	with	respect	to	mineral	phases	were	carried	
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out	 for	 groundwater	 (W1,	 W2,	 S1,	 S2)	 and	 pond	 samples	 (P)	 for	 both	 sampling	

campaigns.	

Table	AII.	2.	List	2	of	micro‐contaminants	analysed	classified	according	to	this	class	group.	
PAHs	and	Dioxins
Acenaphtylene Chrysene Phenanthrene	
Anthracene Dibenzo(a,h)anthracene Prometon	

Benzo(a)anthracene Fenamiphos Prometryn	
Benzo(a)pyrene Fenthion Pyrene	

Benzo(b)fluoranthene	 Fluorene α‐Cypermethrin	
Benzo(ghi)perylene Indene(1,2,3‐cd)pyrene λ‐cyhalothrin	
Benzo(k)fluoranthene	 Oxyfluorfen

Pesticides
4,4′‐DDE	 Chlorotetracycline Imidacloprid	
4,4′‐DDT	 Chlorotoluron Iprodion	
Alachlor Delta‐hexachlorohexane Isodrin	
Aldrin Deltametrin Isoproturon	

Alfa‐hexachlorocyclohexane		 Desethyl	terbuthylazine Metoxychlor	
Alpha‐endosulfan Diazinon Parathion	ethyl	

Ametryn Dieldrin Parathion	methyl	
Atrazin	desethyl Diuron Pentachlorobenzene	

Atrazine Endosulfan	sulphate Procymidone	
Beta‐endosulfan Endrin Propazine	

Beta‐hexachlorocyclohexane	 Ethion Pyrimiphos	methyl	
Buprofezin Lindane Simazine	

Carfentrazone	ethyl Heptachlor Terbutrin	
ChlorfenvinphosA Hexachloro1,3‐butadiene Terbutylazine	
ChlorfenvinphosB Hexachlorobenzene Trifluralin	
Chloropyrifos	ethyl

Volatile	priority	pollutants	
1,2,3‐trichlorobenzene	(TCB)	 1,2,4‐trichlorobenzene	(TCB) 1,3,5‐trichlorobenzene	(TCB)	

Metals
Cd	 Pb Sn	
Cu	 Pd Tl	
Hg	 Pt Zn	
Ni	

Surfactants
LAS‐10 LAS‐12 SPC	
LAS‐11 LAS‐13
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Table	AII.	3.	Analytical	methods	applied	for	the	chemical	determination	of	the	analysed	
compounds.	Part	I.	 

Compounds	 Sample	
pre‐

treatment	

Extraction	
method	

Analytical	method	

GROUP	I	 		 		 		
Pharmaceuticals: 11‐nor‐9‐carboxy‐THC	,3‐
Methylxanthine,	4‐amino‐antipiryne	(4‐AA),	

Acetylmorphine,	Amphetamine,	Antipyrine,	Atenolol	,	
Atropine,	Bendroflumethiazide,	Benzafibrate	,	
Benzalconium	,	Chloride	total,	Benzothiazol,	

Benzoylecgonine,	Caffeine	,	Cannabidol,	Carbadox,	
Carbamazepine	,	Cefotaxime	,	Cimetidine,	Cis‐

Diltiazem,	Clarithromycin	,	Clembuterol,	Cloxacillin,	
Cocaine,	Codeine,	Compactin	(Mevastatin),	Cotinine,	

Danofloxacin,	delta‐9‐THC,	Demeclocycline,	
Dicloxacillin,	Digoxigenin,	Digoxin,	Diphenhydramine,	
Doxycyclyne,	EDDP,	Enalapril,	Enoxacin,	Enrofloxacin,	
Ephedrine,	Erythromycin,	Estrona,	Ethion,	Ethoxyquin,	

Ethylamphetamine,	Ethylmorphine,	Famotidine,	
Fenofibrate,	Flufenamic	acid,	Flumenique,	Gemfibrozil,	
Heroin,	Hydroflumethiazide,	Hydroflumethiazide,	
Ibuprofen,	Indomethacine,	Josamycin,	Ketamine,	
Ketoprofen,	Leucomalachite	green,	Lincomycin,	

Lomefloxacin,	Malachite	green,	MDA,	MDEA,	MDMA,	
Mebendazole,	Meclofenamic	acid	,	Mefenamic	acid,	

Metformin,	Methadone,	Methamphetamine,	
Metronidazole,	Miconazole,	Minocycline,	Morphine,	
Naproxen,	Nicotine,	Nifurexazide,	Norfloxacin,	N‐
nitrosodiethylamine,	N‐nitrosodimethylamine,	N‐

nitrosodi‐n‐dibutylamine,	N‐,	itrosomethylethylamine,	
N‐nitrosomorpholine,	N‐nitroso‐n‐diphenylamine,	N‐
nitrosopiperidine,	N‐nitrosopyrrolidine,	Ofloxacin,	
Oxacillin,	Oxolinic	acid,	Oxytetracicline,	Paracetamol	,	
Acetaminophen),	Phenacethin,	Phenylbuthazone,	

Phenylephrine,	Pindolol,	Pipemidic	acid,	Pravastatin	
,Propranolol,	Propyphenazone,	Ranitidine,	

Roxithromycin,	Salbutamol,	Sarafloxacin,	Spiramycin	I,	
Sulfachloropyridazine,	Sulfadiazine,	Sulfadimethoxin,	
Sulfamerazine,	Sulfamethizole,	Sulfamethoxazole	

(SMZ),	,	Sulfanilamide,	Sulfapyridine,	Sulfathiazole,	TEP	
(Triethyl	phosphate),	Theobromine,	Theophylline,	

Thiabendazole,	Timolol,	Tributyl	phosphate,	
Tributyltin	chloride,	Trimethoprim,	Tylosine,	Warfarin	

Filtration	
(0.7	‐μm)	
Glass‐fiber	
filters)	
	pH	

adjustment	
(pH	8)	

Solid	phase	
extraction	
(Oasis®	HLB,	
200	mg,	6	cm3).	

MeOH	as	
solvent.	

Liquid	
chromatography‐Q‐

TRAP	
‐Mass	Spectrometry			
	‐Column:	C‐18	
(3x250	mm,	5μm	
particle	size)	

‐Interfase	polarity:	
ESI	(+)	y	ESI	(‐)						

	‐Mobile	phase:	ESI	
(+),	water	(formic	
acid	0.1%)/ACN		
ESI	(‐),	water	

(0.05%	ammonium	
formate)/ACN							

	‐Operation	mode:	
MRM	

Pesticides:	Alachlor,	Ametryn,	Atrazine,	
ChlorfenvinphosA,	ChlorfenvinphosB,	Chloropyrifos	
ethyl,	Chlorotoluron,	Deltametrin,	Diazinon,	Diuron,	
Iprodion,	Isoproturon,	Parathion	ethyl,	Parathion	

methyl,	Procymidone,	Propazine,	Simazine,	Terbutrin,	
Buprofezin,	Carfentrazone	ethyl,	Desethyl	,	

erbuthylazine,	Imidacloprid,	Pyrimiphos	methyl	 		
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Table	AII.	4.	Analytical	methods	applied	for	the	chemical	determination	of	the	analysed	
compounds.	Part	II. 

Compounds	
Sample	
pre‐

treatment	

Extraction	
method	

Analytical	method	

GROUP	II	 		 		 		
PAH	and	dioxines:	Acenaphtylene,	Anthracene,	

Benzo(a)anthracene,	Benzo(a)pyrene,	
Benzo(b)fluoranthene,	Benzo(ghi)perylene,	

Benzo(k)fluoranthene,	Chrysene,	
Dibenzo(a,h)anthracene,	Fenamiphos,	Fenthion,	
Fluorene,	Indene(1,2,3‐cd)pyrene,	Oxyfluorfen,	
Phenanthrene,	Prometon,	Prometryn,	Pyrene,	α‐,	

ypermethrin,	λ‐cyhalothrin	

No	
Filtration		

pH	
adjustment	
(pH	3)		
NaCl	

Addition	

Liquid‐liquid	
extraction.		
Hexane	as	
solvent	

Gas	chromatography	
‐Mass	

spectrometry/Mass	
spectrometry		

	‐Column:	HP‐5ms	
(5%	diphenyl	95%	
dimethylsiloxane)			

‐Operation	mode:	MS	
or	MS/MS	Pesticides: 4,4′‐DDE	

(Dichlorodiphenyldichloroethylene),	4,4′‐DDT	
(dichlorodiphenyltrichloroethane),		Aldrin,	Alpha‐
endosulfan,	Ametryn,	Atrazine,	Atrazin	desethyl,	

Beta‐,	endosulfan,	ChlorfenvinphosA,	
ChlorfenvinphosB,	Chloropyrifos	ethyl,	

Chlorotetracycline,	Chlorotoluron,	Deltametrin,	
Diazinon,	Dieldrin,	Diuron,	Endosulfan	sulphate,	
Endrin,	Ethion,	Heptachlor,Imidacloprid,	Iprodion,	
Isodrin,	Isoproturon,	Metoxychlor,	Parathion	ethyl,	
Parathion	methyl,	Procymidone,	Propazine,	Simazine,	

Terbutrin,	Terbutylazine,	Trifluralin	
GROUP	III	 		 		 		

Pesticides:		Alachlor,	Alfa‐hexachlorocyclohexane	,		
Beta‐hexachlorocyclohexane,	Delta‐

hexachlorohexane,	Gamma‐
hexachlorocyclohexane(lindane),		Hexachloro1,3‐
butadiene,	Hexachlorobenzene,	Pentachlorobenzene	

No	
Filtration	

pH	
adjustment	
(pH	3)	
	NaCl	

Addition	

Liquid‐liquid	
extraction.	
	Hexane	as	
solvent.	

Gas	chromatography				
‐Mass	

spectrometry/Mass	
spectrometry			

‐Column:	HP‐5ms	
(5%	diphenyl	95%	
dimethylsiloxane)							

‐Operation	mode:	MS	
or	MS/MS	

Volatile	prioritary	polutants:	1,2,3‐
trichlorobenzene	(TCB),	1,2,4‐trichlorobenzene	

(TCB),	1,3,5‐trichlorobenzene	(TCB)	

GROUP	IV	 		 		 		
Heavy	metals:	Cadmium,	Cupper	Lead,	Nickel,	

Mercury,	Palladium,	Platinum,	Tin,	Thallium	and	Zinc	
Filtration
(0.7‐µm	

Glass–fiber	
filters)	1:2	
dilution	
with	

3%HNO3	

None Inductively	Coupled	
Plasma	Mass	

Spectrometry	(ICP‐
MS)			

‐RF	power:	1500	W				
‐Plasma	gas	flow:	

15L/min		
‐Nebulizer	gas	flow:	

1L/min					
‐Auxiliary	gas	flow:	

0.9	L/min		
‐Sample	uptake	rate:	

0.25	mL/min	
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4. Results and discussion 

4.1. Major ions and physico‐chemical parameters 

A	summary	of	the	physico‐chemical	characteristics	and	major	ions	content	for	

the	different	waters	sampled	(groundwater	from	wells	and	springs,	and	pond	water)	

and	sampling	campaigns	is	presented	in	Table	AII.5.				

Table	AII.	5.	Physico‐chemical	parameters	and	major	ion	content	for	the	February	and	June	
sampling	campaigns.	

Sample	sites	 W1	 W2	 S1	 S2 P W1 W2 S1	 S2	 P

11/February/11	 7/June/11	

Physico‐chemical	characteristics		

pH		 7.0	 7.0	 7.0	 7.8	 8.2	 7.1	 7.0	 7.0	 7.6	 8.6	

T	(ºC)	 19.7	 20.5	 18.9	 14.2	 13.7	 20.8	 21.3	 19.5	 18.2	 21.5	

Eh	(mV)	 87	 89	 89	 42	 21	 89	 93	 87	 59	 3	

EC	(μS	cm‐1)	 8,010	 7,080	 8,500	 7,070	 1,355	 7,860	 6,990	 8,210	 7,030	 1,994	
Hardness	

	(mg	L‐1	CaCO3)			 1,939.4	 1,693.8	 2,603.4	 1,685.3	 248.9	 1,965.3	 1,733.2	 2,657.5	 1,697.2	 403.8	
Alk	TAC		

(mg	L‐1	CaCO3)			 279.6	 270.2	 277.1	 249.6	 74.6	 279.5	 267.3	 276.8	 254.7	 96.7	

SAR	 11.2	 10.6	 9.0	 10.5	 5.5	 10.9	 10.5	 8.9	 10.3	 5.8	

Major	ions	(mg	L‐1)	

Na+	 1,129.8	 999.4	 1,056.8	 986.6	 198.9	 1112.8	 1,002.5	 1,055.9	 975.5	 267.6	

K+	 24.9	 22.1	 23.3	 13.3	 4.5	 24.9	 21.7	 26.7	 14.7	 6.6	

Ca2+	 378.4	 309.1	 540.1	 329.6	 54.5	 383.2	 322.9	 553.7	 332.2	 83.4	

Mg2+		 241.5	 223.9	 304.7	 209.4	 27.4	 244.9	 225.1	 309.6	 210.7	 47.5	

F‐		 1.5	 1.9	 1.0	 1.6	 0.2	 1.9	 2.3	 1.7	 2.2	 2.8	

Cl‐			 1654.9	 1266.5	 1655.9	 1423.4	 263.4	 1635.9	 1290.2	 1659.1	 1430.1	 373.0	

NO3‐		 113.2	 132.9	 102.1	 64.7	 47.4	 117.9	 137.9	 106.1	 65.6	 42.9	

SO42‐			 1689.5	 1679.4	 2173.1	 1526.0	 194.6	 1713.9	 1727.4	 2228.2	 1558.7	 327.6	

HCO3‐		 341.1	 329.7	 338.1	 304.5	 90.9	 340.9	 326.1	 337.6	 310.8	 110.1	

CO32‐			 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 3.9	
Note:	W1,	W2:	Wells	1	and	2;	S1,	S2:	springs;	P:	pond.	
T	=	Temperature;	EC	=	Electrical	Conductivity;	Eh	=	Redox	Potential;	Alk	TAC	=	Total	
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All	 water	 samples	 are	 characterised	 by	 high	 EC	 values	 (between	 1,355	 and	

8,500	μS	cm‐1),	where	SO4=,	Cl‐	and	Na+	are	the	most	dominant	ions	originating	from	

the	 evaporitic	 geologic	 layers.	 Although	 groundwater	 composition	 is	 quite	

homogeneous,	the	S1	sampling	point	which	is	the	seepage	of	the	slow	regional	system	

outflow,	shows	the	highest	concentrations	of	these	ions.	Groundwater	samples	show	

neutral	 pH≈7,	 whereas	 pond	 water	 (P)	 are	 more	 basic	 with	 pH	 >8	 due	 to	 the	

desalination	 process.	 Seasonal	 physico‐chemical	 groundwater	 changes	 were	 not	

observed	in	wells	and	spring	samples.	However,	for	pond	samples	(P),	a	40%	increase	

in	 TDS	 is	 detected	 in	 summer	with	 respect	 to	 winter,	 which	 can	 be	 related	 to	 the	

greater	groundwater	fraction	mixed	in	the	pond,	20%	in	summer,	as	well	as	due	to	an	

enrichment	of	major	ions	in	stored	water	due	to	evaporation.	The	Sodium	Adsorption	

Ratio,	 SAR,	 and	 EC	 values	 for	 pond	 water	 (Table	 AII.5)	 applied	 for	 landscape	

irrigation,	indicate	a	low	to	moderate	soil	sodicity	hazard.		

	Results	 of	 water	 sample	 saturation	 indices	 estimated	 from	 hydrochemical	

modelling	with	the	PHREEQC	code	show	that	water	is	subsaturated	with	respect	the	

majority	of	all	possible	mineral	phases	at	the	pH	range	existing	in	the	study	area.	At	

neutral	 pH,	 groundwater	 presents	 a	 sodium	 sulphate‐chloride	 facies	 and	 is	 in	

equilibrium,	 i.e.	 SI≈0,	 with	 respect	 to	 anhydrite,	 CaSO4,	 aragonite,	 CaCO3,	 calcite	

CaCO3,	 dolomite,	 CaMg(CO3)2,	 gypsum,	 2H2O·CaSO4,	 fluorite,	 CaF2,	 and	 magnesite,	

MgCO3.	Water	from	S2	samples	are	slightly	supersaturated,	 i.e.	SI>0,	with	respect	to	

aragonite,	 calcite	 and	 dolomite.	 As	 pH	 increases	 in	 mixed	 samples	 with	 pH>8,	 the	

water	 samples	 remain	 in	 equilibrium	with	 the	 aforementioned	minerals	 as	well	 as	

with	 Cu,	 Smithsonite	 ZnCO3,	 and	 ZnO.	 The	 increase	 of	 SI	 values	 observed	 in	 the	

summer	 campaign	 should	 be	 highlighted	 as	 they	 are	 supersaturated,	 i.e.	 SI>0	with	

respect	 to	 Zn	 oxy‐hydroxides	 and	 carbonates,	 Ca	 and	 Mg	 carbonates	 and	 Cu,	

indicating	that	mineral	precipitation	can	occur.		
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4.2. Emerging and priority pollutants   

	 Emerging	 compounds	 detected	 in	 water	 samples,	 according	 to	 the	 group	

classes,	CAS	number	and	main	uses	are	presented	in	Table	AII.6.	Many	of	the	selected	

target	compounds	were	below	their	individual	limit	of	detection,	LOD,	see	Table	AII.1	

and	AII.2.	Only	11	out	of	125	pharmaceuticals,	9	out	of	20	PAHs	and	dioxins,	19	out	of	

46	pesticides,	and	4	LAS	homologues	were	found	in	water	samples	at	varying	average	

concentrations.	 Volatile	 priority	 pollutants	 were	 not	 detected	 in	 either	 of	 the	

sampling	campaigns.	Due	to	the	ubiquity	and	level	of	LAS	concentration	(µg	L‐1),	this	

group	will	be	independently	discussed.	

Analytical	 results	 of	 detected	 emerging	 contaminants	 in	 water	 samples	 are	

summarised	 in	 Table	 AII.7.	 Significant	 differences	 in	 concentrations	 are	 observed	

among	 the	 analysed	water	 types,	 ranging	 from	 non‐detected	 compounds,	 or	 below	

LOD,	 to	 2,950	ng·L‐1	 for	 the	 individual	micro‐contaminant	 	 theobromine,	 except	 for	

LAS	with	concentrations	in	the	order	of	µg	L‐1.			

According	 to	 the	 number	 of	 detected	 compounds,	 pesticides	 are	 the	 most	

important	 group,	 followed	 by	 pharmaceuticals,	 in	 both	 the	 February	 and	 June	

campaigns.	 When	 considering	 the	 mass	 of	 compounds,	 significant	 changes	 are	

observed	between	February	and	June.		In	February,	pesticides	account	for	69%	of	the	

total	 mass	 of	 emerging	 contaminants	 detected;	 in	 June,	 pharmaceuticals	 were	 the	

most	important	group,	accounting	for	91%	of	the	total	mass.	This	fact	is	related	to	the	

extreme	 concentration	 of	 theobromine,	 theofiline	 and	 caffeine	 at	 the	 S1	 seepage	

sampling	point.	Finally,	PAHs	and	dioxins	which	only	represent	4%	in	February	and	

2%	in	June	of	the	total	mass,	are	the	group	of	compounds	with	the	lowest	frequency	

of	detection.	This	fact	is	related	to	the	intensive	human	occupation	of	this	area,	both	

for	agricultural	uses	and	urban	settlements.	
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	 As	presented	 in	Table	AII.7,	only	11	out	of	125	pharmaceuticals	compounds	

were	detected.	Almost	all	of	 them	were	present	at	a	concentration	below	0.1	μg	L‐1,	

which	 is	 the	 threshold	 value	 considered	 in	 this	 investigation	due	 to	 the	 absence	 of	

existing	regulations.	Caffeine,	nicotine,	 sulfanilamide,	 theobromine	and	 theophylline	

have	 the	 highest	 concentrations	 in	 groundwater	 samples.	 Theobromine	 also	 was	

detected	with	an	elevated	concentration	 in	P	samples.	 It	 is	worth	noting	that	a	high	

nicotine	 concentration,	 a	 common	 compound	 in	 many	 pesticides,	 was	 found	 in	

sampling	 point	 S1	 which	 is	 located	 in	 an	 agricultural	 area.	 Theobromine	 and	

theophyline,	both	broncho‐and‐vaso	dilators	and	caffeine,	common	active	ingredients	

in	 some	 pharmaceuticals,	 were	 the	 compounds	 detected	 with	 the	 highest	

concentrations	 in	 the	 S1	 sampling	 location.	 Their	 presence	 could	 be	 a	 result	 of	

uncontrolled	spills.	
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Table	AII.	6.	CAS	number	and	type	of	application	for	the	detected	compounds.	
		 CAS	number	 Application

Pharmaceuticals	(~ng	L‐1)
Antipyrine	 60‐80‐0	 Analgesic	and	antipyretic	
Caffeine		 58‐08‐2	 Central	nervous	system	stimulant	

Carbamazepine	 298‐46‐4	 Anticonvulsant
Cotinine	 486‐56‐6	 Nicotine	derivate	
Nicotine	 54‐11‐5	 Tobacco	ingredient,	pesticide	

Phenylephrine 59‐42.7	 Decongestant,	pupil	dilator,	blood	pressure	agent	
Sulfamethoxazole	(SMZ) 723‐46‐6	 Bacteriostatic	antibacterial	

Sulfanilamide 63‐74‐1	 Sulfonamide	antibacterial	
Theobromine 83‐67‐0	 Bronchodilator	and	vasodilator	
Theophylline	 58‐55‐9	 Diuretic,	muscle	relaxant,	bronchial	dilation,		

PAHs	and	Dioxines	(~ng	L‐1)
Acenaphtylene 208‐96‐8	 Dye	synthesis,	insecticides,	fungicides,	plastic	industry	
Anthracene*	 120‐12‐7	 Source	of	dyestuffs

Benzo(a)anthracene* 55‐56‐3	 May	be	expected	to	be	carcinogen	
Benzo(ghi)perylene* 191‐24‐2	 Byproduct	of	fuel	burning	

Chrysene	 218‐01‐9	 Manufacture	of	dyes	
Fluorene	 86‐73‐7	 As	a	luminophore	in	organic	light‐emitting	diodes.	
Oxyfluorfen	 42874‐03‐3	 Herbicide
Phenanthrene 85‐01‐8	 Cigarette	smoke;	Irritant,	photosensitising	skin	to	light	

Pyrene	 129‐00‐0	 Dyes	and	dye	precursors	
Pesticides		(~ng	L‐1) 		

4.4′‐DDE	 72‐55‐9	 Pesticide
4,4′‐DDT*	 50‐29‐3	 Pesticide
Endosulfan*	 115‐29‐7	 Cyclodiene	insecticides.	One	of	two	comp.	of	endosulfan	
Atrazine*	 1912‐24‐9	 Herbicide
Buprofezin	 953030‐84.7	 Insecticide,	chitin	synthesis	inhibitors	

Carfentrazone	ethyl 128639‐02‐1	 Herbicide	(Triazolone	herbicides)	
Chloropyrifos	ethyl* 2921‐88‐2	 Acaricide,	insecticide	and	nematicide	

Desethyl	terbuthylazine 30125‐63‐4	 Pesticide
Diuron*	 330‐54‐1	 Herbicide

Endosulfan	sulphate* 1031‐07‐8	 Acaricide,	insecticide	
Hexachlorobenzene* 118‐74‐1	 Fungicide,	as	a	seed	treatment,	control	fungal	disease	
Pentachlorobenzene* 608‐93‐5	 Fungicide

Procymidone 32809‐16‐8	 Fungicide
Pyrimiphos	methyl 29232‐93‐7	 Acaricide,	insecticide	

Simazine*	 122‐34‐9	 Herbicide	of	the	Triazine	class	
Terbutylazine 5915‐41‐3	 Herbicide	(Chlorotriazine	herbicides)	

Surfactants		(~µg	L‐1) 		
LAS	C10	 1322‐98‐1	 Detergent	
LAS	C11	 68411‐30‐3	 Detergent	
LAS	C12	 69669‐44‐9	 Detergent	
LAS	C13	 68411‐30‐3	 Detergent	

Note: (*): included in 2008/105/EC Directive	
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Among	 the	 group	 of	 PAHs,	 fluorene,	 oxifluorfen,	 phenanthrene	 and	 pyrene	

were	 detected	 in	 all	 sampling	 points	 at	 ng	 L‐1	 concentrations.	 Dioxines	 were	 not	

detected.	

	 Pesticides	 also	 occurred	 frequently,	 and	 are	 the	 group	 with	 the	 greatest	

number	 of	 different	 detected	 compounds.	 The	 highest	 pesticide	 concentration	 in	

water	samples	was	detected	in	February	when	common	agricultural	practices	of	the	

area	include	agrichemical	applications.	Pyrimiphos	methyl	(acaricide	and	insecticide)	

was	 the	 compound	 with	 the	 highest	 concentration	 (935	 ng	 L‐1);	 followed	 by	

carfentrazone	ethyl	and	desethyl	terbuthylazine.			

LAS	 levels	 were	 unusually	 high	 (~110	 µg	 L‐1),	 and	 the	 LAS	 homologue	

percentage	 distribution	 (C10LAS,	 C11LAS,	 C12LAS	 and	 C13LAS)	 is	 closer	 to	 those	

commonly	 found	 in	 commercial	 mixtures.	 Similar	 concentration	 values	 in	 aquatic	

ecosystems	have	been	reported	in	other	studies	(Corada‐Fernández	et	al.,	2011).	LAS	

presence	 in	 groundwater	 could	 be	 originated	 from	 untreated	 wastewater	 that	 is	

infiltrated	to	the	aquifer.	

								Regarding	target	compounds	included	in	the	2008/105/EC	Directive,	only	

α‐endosulfan	 and	 Ni	 were	 found	 above	 the	 maximum	 allowable	 concentration	

defined	by	this	Directive.	A	concentration	of	α‐endosulfan	of	6.2	ng	L‐1	was	detected	

in	 the	 S2	 sampling	 point	 in	 the	 February	 sampling	 campaign,	where	 the	maximum	

accepted	 level	 for	 both	 α‐	 and	 β‐endosulfan	 is	 4	 ng	 L‐1.	 The	 Ni	 heavy	 metal	 was	

detected	in	all	groundwater	sampling	points	with	an	average	concentration	of	33.54	

μg	L‐1.		

The	 total	concentration	of	detected	compounds	 in	groundwater	samples	 (W1,	

W2,	S1,	S2)	and	its	variability	are	indicative	of	the	aquifer	background.	The	detected	

concentration	 in	 sample	 site	P	 is	 similar	 to	 the	aquifer	background	 levels,	 and	only	

slight	changes	are	observed.	It	appears	to	be	that	the	RO	treatment	removal	efficiency	
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is	low	for	these	types	of	compounds.	This	fact	is	in	agreement	with	previous	studies	

(Bellona	et	al.,	2004).	However,	LAS	values	in	P	point	samples	(mixed	water)	 is	one	

order	of	magnitude	lower	than	the	rest	of	sampled	points,	as	most	of	the	surfactants	

have	been	already	removed	after	desalination.	
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Table	AII.	7.	Analytical	results	for	emerging	contaminants,	priority	compounds	(defined	in	the	2008/105/EC	Directive),	and	heavy	metals.	
Sampled	points	 W1 W2 S1 S2 P W1	 W2 S1 S2 P

11/February/11	 7/June/11	
Pharmaceuticals,	Phs	(ng	L‐1)	

Antipyrine	 ‐	 7.70	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	
Benzalconium	chloride	tot.	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 298.80	 62.10	 33.40	 42.60	

Caffeine		 ‐	 ‐	 132.20	 50.00	 69.60	 ‐	 ‐	 654.00	 ‐	 34.60	
Carbamazepine		 13.90	 45.20	 ‐	 ‐	 ‐	 ‐	 50.50	 ‐	 ‐	 ‐	

Cotinine	 5.00	 7.90	 22.70	 10.30	 22.80	 ‐	 11.40	 109.00	 ‐	 ‐	
Nicotine	 ‐	 ‐	 265.10	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	

Sulfamethoxazole	(SMZ)	 35.10	 39.90	 23.00	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	
Sulfanilamide	 100.40	 136.90	 42.70	 ‐	 ‐	 ‐	 113.30	 38.70	 ‐	 ‐	
Theobromine	 ‐	 ‐	 208.90	 ‐	 599.80	 ‐	 ‐	 2950	 ‐	 ‐	
Theophylline	 ‐	 ‐	 99.30	 ‐	 ‐	 ‐	 ‐	 769.00	 ‐	 ‐	
Total	Phs	 154.4	 237.6	 793.9	 60.3	 692.2	 21.8	 474.0	 4582.8	 33.4	 77.2	
Total	Phs		 27%	 91%	

PAHs	and	Dioxines	(ng	L‐1)	
Acenaphtylene	 ‐	 0.35	 ‐	 0.23	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	
Anthracene*	 85.84	 ‐	 3.61	 ‐	 ‐	 4.83	 ‐	 ‐	 ‐	 ‐	

Benzo(a)anthracene	 1.53	 ‐	 ‐	 ‐	 0.50	 ‐	 ‐	 ‐	 ‐	 ‐	
Benzo(ghi)perylene	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 0.23	 ‐	 ‐	 ‐	

Chrysene	 1.90	 0.96	 ‐	 0.83	 ‐	 0.63	 0.95	 ‐	 0.80	 ‐	
Fluorene	 2.42	 2.32	 1.02	 1.37	 0.88	 1.11	 1.28	 0.71	 1.00	 0.71	
Oxyfluorfen	 2.69	 39.54	 4.72	 1.88	 1.25	 1.11	 2.63	 4.80	 1.83	 1.49	
Phenanthrene	 15.27	 16.80	 6.75	 10.42	 5.10	 9.37	 13.01	 6.20	 9.24	 5.09	

Pyrene	 24.67	 9.99	 5.15	 8.59	 3.72	 9.13	 12.03	 4.53	 8.72	 5.13	
Total	PAHs	and	Dioxines	 134.3	 70.0	 21.2	 23.3	 11.4	 26.2	 30.1	 16.2	 21.6	 12.4	
Total	PAHs	and	Dioxines		 4%	 2%	
Pesticides		(ng	L‐1)	

4.4′‐DDE		 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 0.56	 ‐	
4.4′‐DDT*	 ‐	 0.38	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 0.29	 ‐	

Alpha‐endosulfan*	 ‐	 ‐	 ‐	 6.20	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	
Ametryn	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 37.30	 ‐	 ‐	 ‐	
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Table	AII.7	(continued).	

Sampled	points	 W1 W2 S1 S2 P W1	 W2 S1 S2 P
11/February/11	 7/June/11	

Pesticides		(ng	L‐1)	
Atrazine*	 ‐	 ‐	 ‐	 ‐	 ‐	 9.40	 6.50	 5.30	 ‐	 8.80	

Atrazin	desethyl	 ‐	 ‐	 ‐	 ‐	 ‐	 20.10	 16.70	 ‐	 6.50	 ‐	
Buprofezin	 14.20	 13.90	 ‐	 ‐	 16.30	 ‐	 ‐	 ‐	 ‐	 ‐	

Carfentrazone	ethyl	 114.70	 94.90	 105.90	 76.10	 93.50	 ‐	 ‐	 ‐	 ‐	 ‐	
Chloropyrifos	ethyl	 3.72	 7.80	 1.86	 3.75	 2.38	 9.18	 15.53	 4.61	 6.63	 5.07	

Desethyl	terbuthylazine	 25.00	 19.90	 5.20	 7.30	 ‐	 34.10	 32.10	 ‐	 ‐	 ‐	
Diuron*	 ‐	 ‐	 ‐	 ‐	 ‐	 1.11	 ‐	 ‐	 ‐	 ‐	

Endosulfan	sulphate*	 ‐	 ‐	 3.12	 ‐	 ‐	 ‐	 1.21	 6.31	 ‐	 ‐	
Hexachlorobenzene*	 1.44	 7.08	 1.52	 1.43	 0.39	 1.58	 11.73	 1.58	 1.72	 0.65	

Procymidone	 ‐	 ‐	 ‐	 ‐	 ‐	 1.52	 ‐	 ‐	 ‐	 ‐	
Propazine	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 ‐	 24.90	 24.70	 25.70	

Pyrimiphos	methyl	 935.40	 784.60	 812.30	 899.10	 779.40	 ‐	 ‐	 ‐	 ‐	 ‐	
Simazine*	 11.10	 11.50	 2.50	 2.70	 2.30	 18.40	 21.60	 ‐	 ‐	 ‐	

Terbutylazine	 0.92	 0.58	 0.22	 0.38	 ‐	 4.18	 4.55	 1.80	 2.01	 2.37	
Total	pesticides	 1,106.4	 940.9	 932.6	 997.0	 894.3	 99.6	 147.2	 44.5	 42.4	 42.6	
Total	pesticides		 69%	 7%	

Phs+PAHs+Pesticides	 1,395.2	 1,248.4	 1,747.8	 1,080.6	 1,597.9	 147.6	 651.3	 4,643.5	 97.40	 132.21	
Surfactants	(µg	L‐1)	

LAS	C10	 19.20	 13.30	 4.20	 12.30	 3.70	 16.00	 8.60	 1.70	 0.50	 1.00	
LAS	C11	 86.00	 34.10	 5.70	 47.00	 6.60	 83.40	 60.90	 17.70	 12.40	 14.00	
LAS	C12	 47.60	 23.60	 5.00	 27.20	 3.60	 34.80	 15.70	 3.40	 3.50	 2.80	
LAS	C13	 66.60	 28.20	 3.00	 28.80	 2.40	 16.60	 7.70	 5.50	 1.40	 2.10	
Total	LAS	 219.40	 99.20	 17.90	 115.30	 16.30	 150.80	 92.90	 28.30	 17.70	 19.90	

Metals	(µg	L‐1)	
Cu	 6.95	 6.65	 3.40	 2.80	 4.65	 10.70	 4.30	 4.50	 3.80	 5.10	
Ni*	 30.85	 27.95	 44.35	 31.00	 8.80	 27.30	 22.00	 36.10	 26.10	 9.70	
Pb*	 3.95	 3.70	 3.40	 3.45	 3.65	 5.10	 4.20	 4.30	 4.40	 4.50	
Zn	 270.15	 311.10	 289.15	 280.95	 374.90	 257.60	 261.40	 296.10	 301.40	 359.70	
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4.3. Heavy metals 

	 Among	 the	 heavy	metals,	 only	 Cu,	Ni,	 Pb	 and	Zn	were	detected	 in	 all	water	

samples.	 According	 to	 the	SI	 results,	water	 is	 subsaturated	with	 respect	 to	mineral	

species	 containing	 the	 aforementioned	 metals,	 and	 dissolution	 is	 expected.	 Ni	

concentration	 ranged	 between	 44.4	 μg	 L‐1	 and	 22.0	 μg	 L‐1	 in	 groundwater	 samples	

and	decreases	to	an	average	of	8.8	μg	L‐1	for	mixed	water.	The	observed	decrease	is	

also	 related	 to	 the	 physico‐chemical	 parameters	 for	 P	 water	 (pH>8	 and	 low	 Eh).	

Detected	Zn	concentrations	are	always	greater	than	250	μg	L‐1	 in	all	samples,	and	a	

small	variability	in	the	groundwater	samples	indicates	a	geochemical	source	for	this	

compound.	 Similar	 results	 are	 found	 in	 the	 literature	 (Abdul‐Wahab	 et	 al.,	 2009).	

Changes	 of	 Ni	 and	 Zn	 concentrations	 in	 pond	 samples	may	 be	 the	 consequence	 of	

organic	matter	complexation,	and	physico‐chemical	 characteristics	of	water	such	as	

pH	 and	 Eh,	 water	 mixing;	 however	 confirming	 this	 would	 require	 further	

investigation.	Also,	a	possible	origin	from	industrial	wastes	should	not	be	discarded.	

4.4. Microbiology 

From	a	microbiological	point	of	view,	461	and	410	cfu	per	100	mL	of	E.	Coli	in	

the	 P	 samples	 were	 detected	 in	 water	 samples	 collected	 in	 February	 and	 June	

respectively.	The	concentration	of	total	coliform	bacteria	was	648x104		and	3.65	x104	

cfu	per	100	mL	in	the	February	and	June	campaigns	respectively.	E.	Coli	values	do	not	

meet	 the	 water	 quality	 standards	 indicated	 in	 the	 Royal	 Decree	 R.D.	 1620/2007	

which	 regulates	 reclaimed	water	 used	 for	 urban	 garden	 irrigation.	 The	 pond	 is	 the	

habitat	of	wildlife,	among	 them	there	 is	a	colony	of	ducks,	which	contributes	 to	 the	

presence	 of	 the	 microbiological	 contamination.	 Changes	 in	 concentration	 between	

February	 and	 June	 can	 be	 explained	 by	 the	 different	 biological	 activity	 that	 takes	

place	in	winter	and	summer	seasons.	
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5. Conclusions 

The	 desalination	 of	 groundwater	 is	 generally	 perceived	 as	 a	 safe	 water	

resource,	especially	 in	arid	areas.	However,	groundwater	may	contain	high	 levels	of	

chemicals	which	may	put	ecosystems	at	risk	and	need	to	be	removed	before	use.		

This	study	shows	that	only	a	small	number	of	the	monitored	active	compounds	

were	 detected	 in	 sampled	waters.	 Pharmaceuticals	 showed	 the	 greatest	 variability	

which	 is	most	 likely	 associated	 to	 consumption	 pattern,	whilst	 pesticides	were	 the	

most	frequently	detected	chemicals	at	about	34%	of	the	total	monitored	compounds,	

probably	due	to	the	high	fraction	of	the	agricultural	land	cover	in	the	study	area.	The	

effect	 of	 seasonality	within	 this	 data	may	 be	 the	 result	 of	 agricultural	 practices	 as	

observed	though	the	different	presence	of	pesticides.	

It	is	important	to	note	that	surfactants	(LAS),	PAHs	and	dioxins	were	detected	

in	most	of	 the	water	samples,	 this	 indicates	the	presence	of	wastewater	effluents	of	

urban	origin.	The	ubiquitous	presence	of	LAS	is	related	to	the	low‐sorption	capacity	

and	 its	 wide	 variety	 of	 applications,	 ranging	 from	 cleaning	 products	 to	 pesticide	

formulation	 (among	 others).	 They	 are	 very	 good	 markers	 of	 sewage‐derived	

pollution.	

The	concentration	of	detected	compounds	met	drinking	water	standards	for	the	

specified	parameters,	except	for	the	microbiological	quality	of	the	irrigation	water.	In	

regards	to	the	EC	Directive	on	priority	substances	list,	only	endosulfan	in	one	out	of	

six	 sample	 points,	 and	Ni	 in	 five	 out	 of	 six	 sample	 points,	 reported	 concentrations	

above	the	maximum	allowable	concentration.	

It	 is	 important	 to	note	 the	 state	of	 saturation	of	 blended	water	 samples	 from	

the	pond	which	is	supersaturated	with	respect	to	carbonates.	Pond	water	is	used	for	

landscape	irrigation	during	the	summer	period.	Changes	in	soil	and	aquifer	porosity	
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could	 occur	 due	 to	 the	 precipitation	 or	 dissolution	 of	 calcite.	 The	 results	 obtained	

have	a	significant	implication	for	irrigation	management,	in	terms	that	irrigation	with	

water	that	presents	high	SI	values	could	produce	changes	in	soil	structure.	Also	it	was	

detected	that	SAR	index	were	slightly	high	so	related	problems,	as	clay	swelling	and	

dispersion,	could	appear.	

The	study	also	revealed	that	the	removal	of	target	compounds	by	desalination	

treatment	does	not	show	significant	variations	and	also	that	the	total	concentration	of	

chemicals	in	mixed	water	is	generally	similar	to	the	rest	of	sampled	points.	Based	on	

the	results	obtained,	anticipation	of	 future	impacts	due	to	the	presence	of	emerging	

contaminants	potentially	causing	ecosystem	harm,	as	well	as	 the	effect	of	 in‐fill	 soil	

and	aquifer	material	pore	spaces	by	irrigation	water	is	required.		
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0. Abstract 

Non‐conventional	 water	 is	 becoming	 an	 important	 resource	 for	 irrigation	 in	

arid	 regions.	Possible	 impacts	 such	as	 long‐term	soil	hydraulic	property	changes	or	

soil	water	 flux	dynamics	 can	be	 expected.	To	 evaluate	 it	 at	 field	 scale,	 vadose	 zone	

requires	 the	 control	 of	 volumetric	 water	 content,	 θ,	 and	 pressure	 head,	 h,	 in	 the	

studied	profile.	Two	families	of	monitoring	strategies	were	used	to	control	θ	and	h:	

non	automatic	and	more	time‐consuming;	and	automatic,	connected	to	a	datalogger.	

Both	were	set	up	in	the	same	experimental	plot.	Water	flux	modelling	was	performed	

with	HYDRUS‐1D	based	on	data	from	the	two	data‐collection	strategies.	Both	models	

adequately	predicted	the	general	water	flux	trend.	Significant	differences	were	found	

between	the	soil	hydraulic	properties	obtained	 from	laboratory	determinations	and	

inverse	 modelling.	 Differences	 in	 data	 variability	 were	 observed	 between	 both	

approaches,	and	automatic	data	acquisition	was	the	most	appropriate	method	to	infer	

changes	in	soil	hydraulic	properties.		



Annex	II	 	 Published	or	under‐review	articles	

 

169	

Keywords:	 Desalinated	 water,	 monitoring	 strategy,	 water	 content,	 pressure	

head,	soil	properties.	

	

1. Introduction 

Water	scarcity	in	semi‐	and	arid	regions	is	leading	a	strong	competition	among	

all	sectors	of	the	society	such	as	urban,	industrial	or	irrigation	demanders	(MedWSD	

Working	 Group	 2007,	 Jiménez‐Martínez	 et	 al.	 2009).	 Efficient	 use	 of	 the	 water	

resources	 becomes	 a	 fundamental	 objective	 in	 those	 regions,	 especially	 for	

agriculture	as	 it	 constitutes	 the	main	consumer.	According	 to	 future	climate	change	

predictions	(Soto‐García	et	al.	2013)	water	scarcity	could	even	impose	constraints	to	

the	society	development	(Lattemann	and	Höpner	2008).		

In	order	 to	 increase	water	 resources	 availability,	 the	use	of	 non‐conventional	

water	(desalinated,	treated,	wastewater)	has	been	promoted	for	irrigation	and	urban	

supplies	in	water‐scarce	areas	during	the	last	years.	However,	the	possible	associated	

impacts	on	plants,	soil	and	aquifer	media,	 is	a	matter	of	 increasing	concern	(Valdes‐

Abellan	et	al.	2013).	Potential	drawbacks	(Lahav	et	al.	2010)	include	changes	in	soil	

hydraulic	properties	(e.g.,	porosity,	hydraulic	conductivity)	and	in	the	soil	water	flow	

dynamics	 as	 a	 result	 of	mineral	 precipitation	 (Tarchitzky	 et	al.	 1999,	Mandal	 et	al.	

2008);	root	growth	blockage	and	plant	uptake	of	pollutants	(Calderón‐Preciado	et	al.	

2011,	Wu	et	al.	2011);	as	well	as	leaching	of	contaminants	to	groundwater	(Candela	

et	al.	2007,	Xu	et	al.	2009).	Moreover,	infiltration	processes	in	semi‐	and	arid	regions	

with	high	evapotranspiration	values	could	result	 in	soil	salinity	depending	on	water	

quality	and	irrigation/rainfall	rates	(Scanlon	et	al.	2002,	Dahan	et	al.	2008).		

To	integrate	desalinated	and	treated	waste	water	results	is	essential	to	improve	

the	agricultural	water	management	in	those	regions,	however	the	possible	impacts	on	
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soil	 and	 aquifer	 media	 need	 to	 be	 assessed.	 For	 that	 purpose,	 water	 dynamic	

monitoring	and	its	modelling	through	vadose	zone	are	issues	of	major	importance	to	

gain	 a	 better	 understanding.	 Vadose	 zone	 monitoring	 can	 be	 performed	 using	 a	

number	of	methods	 that	are	commonly	applied	 in	 the	 laboratory,	with	a	 constantly	

growing	number	of	field	devices	that	follow	the	technological	developments	of	recent	

years	 (SSSA	 2002).	 The	most	 commonly	 sensors	 used	 range	 from	 classical	 ceramic	

cup	tensiometers,	with	a	vacuum	gauge	device	based	on	the	mechanical	behaviour	of	

a	bourdon	tube,	to	gravimetric	determinations	of	soil	water	content	from	oven‐dried	

soil	samples	or	TDR	(Time	Domain	Reflectometry)	technology,	among	others.	In	situ	

devices	 were	 initially	 manually	 managed,	 and	 more	 sophisticated	 sensors	 with	

automatic	 data	 acquisition	 were	 later	 applied,	 thus	 making	 monitoring	 less	 time‐

consuming.		

Automatic	 and	 manual	 monitoring	 strategies	 have	 been	 commonly	 used	

separately	to	study	soil	water	dynamics	and	soil	hydraulic	properties	in	different	soil	

types	and	to	pursue	various	objectives	(Jiménez‐Martínez	et	al.	2009,	Wollschläger	et	

al.	 2009,	 Wallis	 et	 al.	 2011).	 However,	 much	 less	 attention	 has	 been	 paid	 to	

experimental	 comparative	 studies	 to	 assess	 water	 dynamics	 and	 changes	 in	 soil	

hydraulic	properties	by	 simultaneously	applying	both	automatic	and	non	automatic	

types	of	monitoring	devices	in	the	same	experiment.	The	measurement	per	se	has	not	

received	much	attention	in	the	past.	Parameter	estimation,	and	therefore	appropriate	

measurements,	 is	 clearly	 the	 border	 for	 further	 progress	 in	 today’s	 soil	 physics	

(Durner	2005)	

The	 current	 work	 presents	 the	 comparison	 of	 two	 different	 data	 acquisition	

strategies	for	water	potential	and	water	content	monitoring	at	different	depths.	The	

suitability	of	each	acquisition	strategy	for	modelling	approaches	has	been	evaluated.	

Soil	 hydraulic	 properties	 have	 been	 fitted	 by	 inverse	 method,	 for	 both	 acquisition	

strategies,	and	compared	with	laboratory	estimates,	in	order	to	assess	the	capability	
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to	 recognize	 long‐term	 changes	 of	 them.	 Finally,	 a	 comparison	 of	 the	 drainage	

estimates	has	been	carried	out	to	assess	their	reliability	for	this	purpose.	

	

2. Material and methods 

2.1.  Field experiment and monitoring strategies 

The	 current	 study	was	 undertaken	 in	 Alicante	 (SE	 Spain),	 a	 semi‐arid	 region	

with	an	average	annual	precipitation	of	300	mm,	a	reference	evapotranspiration,	ETo,	

ranging	 1200‐1400	mm	 and	 a	 mean	 annual	 temperature	 of	 18ºC.	 	 For	 the	 field	

experiment,	a	plot	of	a	9	x	5	m	areal	extension	was	set	up.	The	plot	was	located	over	

an	 unconfined	 saline	 quaternary	 aquifer	 of	 a	 detrital	 origin,	 which	 overlies	 the	

impervious	silty‐clay	materials	from	the	Cretaceous	Period.	

Two	different	 types	of	vadose	zone	monitoring	strategies	were	applied	 to	 the	

experimental	 plot:	 non	 automatic	 instruments,	 vertically	 installed	 from	 the	 surface	

and	 spatially	 distributed;	 and	 automatic	 devices	 (connected	 to	 a	 datalogger),	

horizontally	installed	from	a	lateral	trench.	The	data	obtained	from	each	monitoring	

strategy	 were	 separately	 analyzed	 and	 soil	 parameters	 were	 obtained	 to	 be	

subsequently	 compared.	 The	monitoring	 process	 took	 place	 during	 20	 consecutive	

months.		

The	plot	design	included	vertical	boreholes	at	different	depths	to	install	the	non	

automatic	instrumentation,	as	well	as	a	trench	of	1.5	m	in	depth	and	0.8	m	in	width,	

which	was	dug	on	a	lateral	side	of	the	plot	to	install	the	horizontal	automatic	sensors	

(Figure	AII.3).	After	the	in	situ	installation,	the	lateral	trench	wall	was	covered	with	a	

plastic	 line	along	 its	vertical	extension,	and	 it	was	 finally	 refilled	with	soil	material.	

The	 pursued	 objective	 was	 a	 non	 flow	 boundary	 condition	 establishment	 for	

modelling	purposes.		



Annex	II	 	 Published	or	under‐review	articles	

 

172	

	
Figure	AII.	3.	Scheme	of	the	non	automatic	and	automatic	monitoring	devices	installed	in	the	
experimental	plot.	5TE:	soil	water	content	sensor;	MPS:	soil	water	pressure	head	sensor;	ECT:	

temperature	sensor.	

The	 manual	 instrumentation,	 installed	 in	 duplicate,	 consisted	 of	 Jet	 Fill	

tensiometers	 for	 suction	 measurements	 at	 30,	 45,	 60,	 90	 and	 120	 cm	 (Soil	

Moisture®)	and	a	polycarbonate	access	tube	of	44	mm	i.d.	and	1.9	m	in	length	for	soil	

moisture	measurements	with	a	TRIME	FM	TDR	portable	probe	(IMKO®).	The	probe	

was	calibrated	in	the	laboratory,	following	the	manufacturer’s	recommendations,	and	

also	specifically	for	the	studied	soil	according	to	Laurent	et	al.	(2001	and	2005)	and	

Varble	 and	 Chavez	 (2011).	 Tensiometers	 and	 polycarbonate	 access	 tubes	 were	

vertically	 installed	 from	the	top	surface	by	a	hand	auger	equipment	(Eijkelkamp®).	

Vertical	 installation	was	carefully	performed	to	prevent	preferential	 flow	associated	

with	the	devices.	

Automatic	 data	 acquisition	 comprised	 a	 set	 of	 seven	 real‐time	 monitoring	

devices	 controlled	 by	 a	 datalogger	 (Campbell	 Scientific®).	 The	 instrumentation	

consisted	of	five	5TE	sensors	(Decagon	Devices®)	installed	at	depths	of	20,	40,	60,	90	

and	120	cm	for	 the	measurements	of	soil	water	content,	 temperature	and	electrical	

conductivity,	 and	 two	 MPS	 sensors	 (Decagon	 Devices®)	 for	 soil	 suction	

measurements	at	depths	of	20	and	60	cm.	Sensors	were	horizontally	placed	into	the	
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soil	 media	 at	 a	 40‐50	 cm	 horizontal	 distance	 from	 the	 lateral	 trench	 side	 (Figure	

AII.4)	 in	 order	 to	 minimize	 boundary	 effects.	 Finally,	 the	 device	 installation	 holes	

were	refilled	with	local	soil	material	to	minimize	soil	disturbance	(Rothe	et	al.	1997,	

Ghezzehei	 2008).	 All	 the	 connecting	 wires	 were	 protected	 with	 a	 16	 mm	 flexible	

plastic	tube	to	avoid	any	instrumentation	damage	(Fig.	AII.3	and	AII.4).	

	
Figure	AII.	4.Detailed	view	of	the	θ	sensor	(5TE)	and	the	connection	wires	installatioin	in	the	

trench	(see	also	Figure	AII.3).	
	

On	the	plot	surface,	a	mix	of	turf	grass	species	(St.	Agustine	grass,	Stenotaphrum	

secundatum,	 and	 ray	 grass,	 Lolium	 perenne)	 was	 cropped	 to	 mimic	 the	 current	

agricultural	 management	 of	 the	 landscape.	 To	 obtain	 irrigation	 water	 brackish	

groundwater	 is	 pumped	 from	 the	 abovementioned	 aquifer	 is	 desalted	 in	 a	 reverse	

osmosis	plant.	Subsequently,	it	is	stored	in	a	pond,	where	is	blended	with	raw	salted	

groundwater.	 The	 rate	 of	 raw	 groundwater	 and	 desalted	water	mixture	 is	 variable	

and	 ranges	 between	 5%	 and	 22%	 for	 winter	 and	 summer	 respectively	 (Valdes‐

Abellan	et	al.	2013);	irrigation	is	finally	carried	out	with	this	blended	water.	The	plot	

was	irrigated	by	micro‐sprinklers;	this	system	provides	a	quasi‐uniform	water	input	

over	the	field	experiment	surface	and	is	commonly	used	in	this	type	of	land	cover. 
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2.2. Data acquisition 

For	the	current	research,	data	acquisition	and	recording	started	on	September	

1,	 2011	 (day	 1)	 and	 ended	 on	 April	 30,	 2013	 (day	 608).	 The	 instrumentation	was	

installed	8	(non	automatic)	and	5	(automatic)	weeks	before	beginning	the	monitored	

period	in	order	to	avoid	any	uncertainties	associated	with	the	settlement	process.	For	

the	 non	 automatic	 tensiometers,	 pressure	 head	measurements	were	 taken	 3	 times	

per	week.	Volumetric	water	content	(duplicate	values	per	depth)	was	calculated	from	

the	TDR	probe	readings	twice	a	week.			

The	 automatic	 measurements	 were	 obtained	 at	 an	 hourly	 time	 step.	

Nevertheless,	 to	 capture	 the	 infiltration	dynamics	 of	 extreme	 rainfall	 events	during	

November	2011,	40	mm	and	48	mm,	which	took	place	during	2	and	24‐hour	period	

respectively,	 the	 frequency	 of	measurements	was	 established	 at	 5	minute	 intervals	

during	that	period.	

Time	series	of	precipitation,	air	temperature,	relative	humidity,	wind	speed	and	

direction,	 barometric	 pressure	 and	 solar	 radiation	 were	 obtained	 from	 a	

meteorological	 station	 located	 950	 m	 from	 the	 experimental	 plot.	 All	 the	

meteorological	variables	were	automatically	captured	every	30	minutes	and	the	data	

were	provided	by	the	Laboratory	of	Climatology	(University	of	Alicante).		

 
2.3.  Soil profile characterization  

Five	 undisturbed	 core	 samples	 were	 taken	 at	 different	 depths	 from	 three	

drilled	boreholes	in	order	to	determine	soil	physical	properties.	For	two	of	them,	soil	

samples	were	taken	at	depths	of	30,	45,	60,	90	and	120	cm,	while	depths	in	the	third	

one	were	20,	40,	60,	90	and	120	cm.		
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Determined	 soil	 parameters:	 bulk	 density	 (Grossman	 and	 Reinsch	 2002);	

volumetric	water	content	(Topp	and	Ferré	2002);	grain	size	distribution	(Gee	and	Or	

2002);	 saturated	hydraulic	 conductivity	 (Reynolds	and	Elrick	2002);	and	soil	water	

retention	curves	 (SWRC)	with	a	ceramic	plate	extractor	 (Dane	and	Hopmans	2002)	

were	obtained	 at	 the	 laboratory	 at	 the	Department	of	 Soil	 and	Water	Conservation	

(CEBAS‐CSIC,	 Murcia,	 Spain).	 Unsaturated	 soil	 hydraulic	 parameters	 were	 model‐

fitted	 from	 the	 SWRC‐fit	 code	 (Seki	 2007)	 based	 on	 van	 Genuchten‐Mualen	

constitutive	relationships	(Mualem	1976,	van	Genuchten	1980),	and	 from	ROSETTA	

(Schaap	 et	 al.	 2001)	 based	 on	 soil	 textural	 fractions.	 Finally,	 soil	 mineralogy	 was	

determined	 by	 X‐Ray	 difractometry	 (Brown	 and	 Brindley	 1980,	 Jones	 1991)	 at	 the	

Jaume	Almera	Institute	(CSIC,	Barcelona,	Spain).				

	

3. Numerical model 

3.1.  Water flow 

The	water	 flow	 through	 the	unsaturated	zone	was	modeled	with	HYDRUS‐1D	

(Šimůnek	et	al.	2009),	a	numerical	code	capable	of	simulating	water,	heat	and	solute	

transport	 in	 variably‐saturated	 porous	 media.	 The	 Richards	 equation	 (Richards	

1931)	implemented	in	HYDRUS‐1D	is	the	governing	equation	controlling	the	process:	

1
h

K S
t z z

            
    (1) 

 

where	θ	 is	 the	volumetric	water	content	[L3·L‐3];	t	 is	 time	[T];	z	 is	 the	vertical	

dimension	 [L];	 K	 is	 the	 unsaturated	 hydraulic	 conductivity	 of	 soil	 [L·T‐1];	 h	 is	 soil	

pressure	head	[L];	and	S	is	a	sink	term	that	represents	water	uptake	by	plants	[L3·L‐
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3·T‐1].	 The	 assumption	 of	 horizontal	 uniformity	 over	 the	 experimental	 plot	 was	

defined.	

The	soil	hydraulic	properties	were	modelled	based	on	van	Genuchten‐Mualem	

constitutive	relationships:	
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and	where	 θs	 is	 the	 saturated	water	 content	 [L3·L‐3];	θr	 is	 the	 residual	 water	

content	 [L3·L‐3];	 Ks	 is	 saturated	 hydraulic	 conductivity	 [L·T‐1];	 α	 is	 the	 air	 entry	

parameter	 [L‐1];	 n	 is	 the	 pore	 size	 distribution	 parameter	 [‐];	 and	 l	 is	 the	 pore	

connectivity	 parameter	 [‐].	 Parameters	 α,	 n,	 and	 l	 are	 empirical	 coefficients	 that	

determine	 the	 shape	 of	 the	 hydraulic	 functions.	 To	 avoid	 the	 free	 parameters	

overparameterization,	we	defined	l	=	0.5,	a	common	assumption	based	on	the	work	of	

Mualem	(1976).		

An	 atmospheric	 boundary	 condition	was	 considered	 at	 the	 top,	whereas	 free	

drainage	was	assumed	as	a	lower	boundary	condition	of	the	domain	at	a	depth	of	140	

cm.	For	the	upper	boundary	condition,	the	model	required	information	on	potential	
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evapotranspiration,	water	 input	and	 root	water	uptake.	Root	depth	was	 considered	

constant	 for	 the	 selected	 species	 (St.	 Agustine	 and	 ray	 grass).	 The	 lower	 boundary	

condition	was	defined	by	considering	that	the	water	table	was	far	below	the	domain.		

The	 initial	 conditions	 considered	 in	 the	modelling	 process	were	 those	which	

both	the	automatic	and	non	automatic	devices	registered	at	 the	end	of	 the	previous	

neglected	period.	The	modelling	period	started	7	weeks	after	cropping	grass	and	the	

time	 step	 was	 1	 day.	 A	 daily	 average	 value	 was	 considered	 for	 the	 automatic	

measurements.	Calibration	period	extended	from	September	2011	to	November	2012	

(457	monitored	days)	and	validation	period	from	December	2012	to	April	2013	(151	

monitored	days).	

All	 the	 field	 data	 collected	 during	 the	 monitored	 period	 were	 analyzed	

following	 a	 conceptual	model	 that	 described	 the	water	 flux	 through	 the	 soil‐plant‐

atmosphere	 interface	 and	 the	 vadose	 zone.	 	 A	 similar	 modelling	 procedure	 was	

applied	to	gathered	data	from	the	two	types	of	instruments.	

To	 obtain	 the	 soil	 hydraulic	 properties	 an	 inverse	 method	 approach	 was	

applied.	 This	 method	 yields	 the	 best	 fit	 between	 observed	 and	 simulated	 values.	

HYDRUS	 code	 minimizes	 an	 objective	 function	 using	 the	 Levenberg‐Marquardt	

nonlinear	minimization	method	 (Marquardt	1963),	 and	 it	 requires	 the	definition	of	

the	minimum	and	maximum	values	of	the	variables	that	are	to	be	considered	during	

the	process.	The	extreme	values	were	fixed	according	to	the	information	obtained	in	

the	 previous	 laboratory	 results	 instead	 of	 defining	wide	 intervals	with	 no	 physical	

meaning.		

3.2.  Potential evapotranspiration 

Reference	 evapotranspiration,	 ETo,	 was	 estimated	 following	 the	 Penman‐

Monteith	method	(Allen	et	al.	1998)	using	the	daily	values	of	air	temperature,	relative	
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humidity,	wind	speed	and	solar	radiation.	The	reference	evapotranspiration	was	later	

adapted	 to	 the	 local	 conditions	of	water	supply	and	vegetal	 species	by	using	a	dual	

crop	coefficient	approach.	In	this	approach,	two	coefficients	were	obtained	in	order	to	

discriminate	between	transpiration	through	plant	and	evaporation	through	the	soil:				

  0c cb e p PET K K ET T E        (5) 

 

where	Kcb	is	the	crop	basal	coefficient	[‐];	Ke	is	the	evaporation	coefficient	[‐];	Tp	

is	potential	transpiration	[L·T‐1];	and	Ep	is	potential	evaporation	[L·T‐1].	

		The	 Penman‐Monteith	 method	 discriminates	 between	 various	 crop	 growth	

stages	with	different	Kcb	values.	For	the	selected	crops,	the	mid‐season	growth	stage	

value	was	considered	for	the	whole	modeled	period.	The	percentage	of	soil	covered	

by	plants	(80%)	was	obtained	from	aerial	images	analysis.	

3.3.  Root water uptake 

The	Feddes	root	water	uptake	model	(Feddes	et	al.	1978)	was	used	to	simulate	

water	removed	by	plants.	This	term	constitutes	a	sink	of	 the	Richards	equation	and	

defines	the	volume	of	water	removed	by	plants	per	unit	of	time	and	volume	of	soil.	In	

the	 Feddes	 model,	 the	 water	 volume	 removed	 from	 the	 soil	 is	 a	 function	 of	 soil	

pressure	head	or	suction:	

( ) ( ) pS h h S        (6) 

 

where	Sp	is	the	potential	water	uptake	and	α(h)	is	a	dimensionless	water	stress	

response	function	(0	≤	α	≤1).	α	is	assumed	to	be	zero	when	is		close	to	saturation;	i.e.,	

higher	pressure	head	values	 than	anaerobiosis	point	h1.	 It	was	also	assumed	zero	 if	

the	pressure	head	values	were	lower	than	wilting	point	h3.	Transpiration	was	optimal	
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and	α	value	was	1;	i.e.,	actual	transpiration	equaled	potential	transpiration,	when	the	

pressure	head	was	between	h2	and	h3	(Figure	AII.5).	Transpiration	increased	linearly	

between	h1	and	h2,	but	also	linearly	decreased	between	h3	and	h4.		

	
Figure	AII.	5.Scheme	of	the	plant	water	stress	response	function,	α(h).	

	

In	the	simulation,	a	modified	Feddes	model	(Wesseling	and	Brandyk	1985)	was	

implemented	using	two	different	h3	values.	A	minimum	h3	value	was	considered	when	

the	 transpiration	 rate	 was	 lower	 than	 1	 mm·day‐1	 (h3.1),	 and	 the	 maximum	 was	

applied	 when	 the	 potential	 transpiration	 rate	 rose	 above	 5	 mm·day‐1	 (h3.2).	 The	

appropriate	h3	value	 for	 each	 time	 step	was	obtained	 from	 linear	 interpolation	at	 a	

potential	 transpiration	 rate	between	1	 and	5	mm·day‐1.	 The	 values	 adopted	 for	 the	

current	crop	(grass)	were:	h1=	‐10	cm;	h2=	‐25	cm;	h3.1=	‐240	cm;	h3.2=	‐360	cm;	and	

h4=	‐8000	cm.		

	

3.4.  Goodness‐of‐fit assessment 

The	 simulated	 fit	 to	 the	observed	data	was	assessed	by	visual	 inspection	and	

statistical	 indicators	based	on	the	coefficient	of	determination	(R2),	provided	by	the	

HYDRUS‐1D	 code,	 the	 root	 mean	 square	 error	 (RMSE)	 and	 the	 Nash‐Sutcliffe	

efficiency	 index	(EF).	The	EF	 Index	 is	widely	used	to	assess	 the	predictive	power	of	

hydrological	models	(Nash	and	Sutcliffe	1970).	
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where	xi,o	is	the	observed	value	at	time	i;	xi,m	is	the	modeled	value	at	time	i;	and	

xmean,o	is	the	mean	observed	value.	

For	 RMSE,	 the	 optimal	 value	 is	 zero,	 indicative	 of	 a	 perfect	 fit	 between	 the	

estimated	and	observed	values;	threshold	values	of	0.2‐0.3	were	acceptable	(Wallis	et	

al.	2011).	In	the	Nash‐Sutcliffe	Efficiency	Index,	EF	=	1	for	a	perfect	fit;	EF	=	0,	when	

predicted	values	are	as	accurate	as	the	mean	of	the	observations;	and	EF	<	0	indicates	

that	model	predictions	are	worse	than	the	mean	of	observations.	A	threshold	value	of	

0.68	was	considered,	which	is	in	agreement	with	similar	studies	(Wallis	et	al.	2011).		

	

4. Results and discussion 

4.1.  Laboratory soil characterization 

Three	 soil	 layers	 (Fig.	 AII.3)	were	defined	 from	 the	 lateral	 trench	 and	drilled	

boreholes	 analysis.	 Due	 to	 the	 thickness	 of	 layer	 1	 (6	 cm)	 the	 retention	 curve	

determination	 in	 the	 laboratory	 was	 not	 possible	 and	 soil	 parameters	 had	 to	 be	

obtained	from	textural	fractions	through	ROSETTA.	For	layers	2	and	3	(Fig.	AII.3),	soil	

parameters	 were	 determined	 from	 laboratory	 retention	 curves	 and	 the	 SWRC‐fit	

code.	Table	AII.9	summarizes	the	van	Genuchten‐Mualem	parameters	Ks,	α,	n,	θs	and	

θr,	estimated	for	the	three	defined	layers.	Figure	AII.6	depicts	the	experimental	data	

and	fitted	retention	curves.	
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Table	AII.	8. Summary	of	soil	physical	properties	and	mineralogy.	
Layer 	 1 2 3	

Physical	properties 	 	
Depth	(cm)	 	 0‐6 6‐39 39‐bottom	

Textural	class	(USDA	
classification)	

	 clay	loam sandy	loam loam/sandy	
loam	

Sand/silt/clay	(%)	 	36.2/29.6/34.2 59.1/34.8/6.0 45.4/47.1/7.5	
Bulk	density	(g·cm‐3) 	 1.50 1.42	

Porosity (‐)	 	 0.42 0.44		
X‐Ray	mineralogy	(%) 	 	

Calcite	 	 67.2	 81.4	 83.1	
Quartz	 	 18.1	 9.1	 7.3	
Gypsum	 	 NDa	 6.9	 2.7	
Illite	 	 9.7	 2.1	 4.9	

Dolomite	 	 5	 0.6	 0	
Albite	 	 ND	 ND	 0.8	

Orthoclase	 	 ND	 ND	 1.0	
a	ND:	non	detected	

	

	
Figure	AII.	6.Soil	water	retention	curves	for	the	three	defined	layers	from	laboratory	data	and	

the	van	Genuchten‐Mualem	constitutive	relationship.	
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According	 to	 X‐Ray	 mineralogy,	 the	 three	 layers	 presented	 high	 calcite	 and	

quartz	 contents	 (more	 than	 85%).	 Clay	 mineral	 content	 was	 practically	 negligible,	

except	in	the	first	layer	where	illite	accounted	for	up	to	9.7%	(Table	AII.9).		

4.2.  Water content and pressure head measurements 

The	 atmospheric	 boundary	 conditions,	 ETp,	 daily	 precipitation	 (P)	 and	

irrigation	(I),	recorded	and	computed	throughout	the	monitored	period	are	shown	in	

Figure	AII.6.	

	
Figure	AII.	7.Potential	evaporation,	potential	transpiration	and	water	input	(daily	rainfall	and	

irrigation)	registered	during	the	monitored	period.	

Precipitation	 mainly	 occurred	 in	 spring	 and	 autumn,	 and	 was	 unevenly	

distributed	 in	 a	 few	 intensive	 events,	 while	 irrigation	 dose	 was	 applied	 following	

climatic	conditions.	Potential	transpiration	(Tp)	presented	a	more	accentuated	annual	

cycle	 according	 to	 soil	 water	 availability	 than	 potential	 evaporation	 (Ep),	 which	

showed	a	smoother	daily	value	throughout	the	monitored	period.		

For	volumetric	water	 content,	 θ,	measured	at	 all	monitored	depths	with	both	

the	automatic	and	non	automatic	devices	(Fig.	AII.8),	due	to	technical	problems	some	

gaps	exist	in	the	time	series	record.	The	data	analysis	shows	that	water	content	tends	

to	 an	 almost	 constant	 value,	 or	 a	 field	 capacity	 threshold,	 immediately	 after	water	

input,	indicating	the	high	hydraulic	diffusivity	of	soil.	A	good	agreement	between	the	

volumetric	water	content	measurements	from	both	device	types	is	observed.	For	the	
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non	 automatic	 equipment,	 volumetric	 water	 content	 data	 were	 averaged	 from	 the	

two	TDRs	observations	 (TDR1	and	TDR2),	as	horizontal	homogeneity	was	assumed	

over	 the	 experimental	 plot.	 Furthermore,	 the	 volumetric	 water	 content	

measurements	of	the	automatic	sensors	presented	small	differences	as	compared	to	

the	 non	 automatic	 measurements	 (TDR1	 and	 TDR2)	 at	 similar	 depths.	 The	

differences	 did	 not	 follow	 a	 clear	 pattern	 among	 all	 studied	 depths.	 They	 can	 be	

related	 to	 the	 soil	 heterogeneity,	 installation	 process	 and	 sensor	 limitations	 in	 the	

measured	 domain.	 Regarding	 the	 installation	 processes	 failures,	 lack	 of	 soil	

polycarbonate	access	tube	contact	(non	automatic,	TDR1	and	TDR2)	may	lead	to	the	

presence	 of	 a	 soil	 void	 (West	 and	 Truss	 2006).	 With	 regard	 to	 the	 sensors,	 the	

different	 soil	 volume	analyzed	by	 the	devices	 (3100	and	147	 cm3	 in	non	 automatic	

and	 automatic,	 respectively)	 may	 contain	 large‐sized	 particles,	 which	 constitute	 a	

source	of	measurement	uncertainty.	In	addition,	changes	in	temperature	and	electric	

conductivity	may	have	produced	some	change	in	the	5TE	sensor	readings,	a	fact	that	

has	been	observed	by	Rosenbaum	et	al,	(2010	and	2011)	for	sensors	at	shallow	soil	

depth	locations.		

Measured	pressure	head	displayed	 a	 similar	behaviour	 for	 the	 automatic	 and	

non	automatic	devices	(Fig.	AII.9).	As	a	general	behaviour,	changes	of	water	input	on	

the	upper	boundary	were	first	detected	by	the	non	automatic	devices,	after	starting	

irrigation	 following	 a	 drier	winter	 period.	 The	 lag	 between	 the	 automatic	 and	 non	

automatic	 readings	 could	 be	 attributed	 to	 the	 vertical	 layout	 of	 the	 non	 automatic	

tensiometers	since	the	presence	of	a	preferential	flow	along	the	tensiometers	length	

should	 not	 be	 ruled	 out.	 These	 preferential	 paths	would	 be	more	 acute	 after	 a	 dry	

period	 given	 the	 possibility	 of	 swelling	 and	 shrinking	 movements.	 Moreover,	 as	

automatic	 tensiometers	 (MPS‐1)	 accuracy	 exhibited	 a	 non	 linear	 behaviour	 as	

compared	 to	 the	 soil	 pressure	head,	 consequently	uncertainty	 increased	 as	 the	 soil	

pressure	head	did.	Associated	measurement	uncertainty	in	the	‐100	to	‐600	cm	range	

is	lower	than	‐100	cm,	and	could	even	be	greater	beyond	range	(Malazian	et	al.	2011).	
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Figure	AII.	8.Volumetric	water	content	(θ)	measurements	from	the	automatic	and	non	automatic	

devices	at	different	depths	for	the	monitoring	period.	
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Figure	AII.	9.Soil	water	pressure	head	(h)	measurements	from	the	automatic	and	non	automatic	

devices	at	20	and	60	cm	depth	for	the	monitoring	period.	
	
	

4.3. Numerical modelling with HYDRUS 

Volumetric	 water	 content	 and	 pressure	 head	 were	 simulated	 with	 HYDRUS	

using	the	automatic	and	non	automatic	data	independently,	following	the	established	

conceptual	 model.	 It	 is	 important	 to	 note	 the	 significant	 difference	 between	 the	

number	of	measurements	collected	from	each	device	type.	Automatic	data	acquisition	

provided	 3820	 daily	 values,	 whereas	 less	 than	 1000	 were	 collected	 in	 the	 non	

automatic	 or	 classical	 monitoring	 devices	 for	 the	 same	 period,	 and	 additionally	

implies	more	time‐consuming.	

4.3.1 Soil hydraulic parameterization 

In	 table	 AII.10,	 soil	 parameters	 obtained	 from	 three	 different	 procedures	 are	

presented:	a)	laboratory	determinations	and	using	ROSETTA	and	SWRC‐FIT	code;	b)	
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by	inverse	modelling	with	the	non	automatic	data;	and	c)	by	inverse	modelling	with	

the	automatic	data	(Table	AII.10).	Additionally,	Figure	AII.10	shows	the	SWRCs	at	20	

cm	depth	(layer	2)	and	60	cm	depth	(layer	3)	obtained	from	laboratory	experiments	

(drying	 curve),	 and	 also	with	 the	 non	 automatic	 and	 automatic	 data‐based	 inverse	

modelling.	

Table	AII.	9. Soil	hydraulic	properties	data	obtained	from	the	laboratory	determinations	and	
inverse	modeling	with	automatic	and	non	automatic	data.	
Layer	 1 2 	 3	

From	laboratory	determinations 	 	
Hydraulic	conductivity,	Ks	(cm	day‐1) 5.2a	 51.3 	 35.1	

θs		(‐) 0.43a	 0.42 	 0.39	
θr	(‐) 0.08a	 0.18 	 0.17	

α (cm‐1)	 1.58·10‐2	a 5.91·10‐3	 	 1.18·10‐2	
n (‐) 1.36a	 1.75 	 1.64	

From	inverse	modeling	with	non‐automatic	
devices	

	 	

Hydraulic	conductivity,	Ks	(cm·day‐1) 4.2 66.6 	 62.2	
θs		(‐) 0.36 0.34 	 0.41	
θr	(‐) 0.04 0.17 	 0.20	

α (cm‐1)	 2.49·10‐2 4.45·10‐2 	 1.43·10‐2	
n (‐) 1.90 1.47 	 1.74	

From	inverse	modeling	with	automatic	devices 	 	
Hydraulic	conductivity,	Ks	(cm	day‐1) 5.9 50.0 	 60.9	

θs		(‐) 0.48 0.39 	 0.41	
θr	(‐) 0.04 0.15 	 0.15	

α (cm‐1)	 5.11·10‐3 2.47·10‐2 	 1.66·10‐2	
n (‐) 1.90 1.48 	 1.42	

a	from	ROSETTA	pedotransfer	function		

The	main	differences	among	the	three	soil	parameterization	methods	lie	in	the	

obtained	θs,	α	and	n	values;	although	differences	of	Ks	have	been	generally	observed	

in	other	research	studies	 in	our	case	 this	 fact	was	not	observed.	Based	on	obtained	

results,	 it	 may	 be	 stated	 that	 the	 range	 of	 parameter	 values	 covered	 in	 the	 field	

experiments	was	not	wide	enough	to	obtain	reliable	soil	water	retention	curves,	and	

consequently,	 reliable	 soil	 parameters	 (e.g.,	 θs	 was	 overestimated).	 However,	

Wollschläger	 et	 al.	 (2009)	 concluded	 that	 θ	 and	 h	 in	 situ	 time	 series,	 along	 with	

inverse	 modelling,	 were	 suitable	 to	 determine	 soil	 hydraulic	 characteristics.	
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Moreover,	 the	 SWRCs	 estimated	 from	 field	 data,	 unlike	 those	 obtained	 from	

laboratory,	 were	 generally	 determined	 under	 transient	 conditions,	 adding	

uncertainty	to	the	final	results.		

	

	
Figure	AII.	10.Pair	of	h‐θ	values	recorded	at	20	and	60	cm	depth	with	non	automatic	devices	(a)	
and	automatic	devices	(b),	along	with	the	SWRCs	obtained	from	the	laboratory	determinations	

and	HYDRUS	inverse	fitting.	
	

Regarding	Ks,	presenting	a	range	of	several	orders	of	magnitude,	similar	values	

were	 obtained	 for	 all	 the	 layers	 and	 parameterization	 approaches.	 Parameters	 for	

layer	1,	obtained	with	ROSETTA,	showed	that	pedotransfers	functions	can	be	a	useful	

tool	when	laboratory	determinations	are	not	provided.	However,	 in	order	to	reduce	

uncertainty	 over	 soil	 hydraulic	 parameters,	 pedotransfer	 functions	 should	 be	

combined	with	other	available	techniques	for	parameter	determination.	

Soil	 parameterizations	 through	 inverse	 flow	modelling	 from	 both	 data	 types	

gave	similar	results	despite	the	data	length	record	and	variability.	Accordingly,	both	
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data	acquisition	methodologies	applied	proved	useful	and	were	equally	accurate	for	

assessing	in	situ	water	flux	dynamics.	

4.3.2. Water flow dynamics 

Figure	 AII.11	 shows	 the	 observed	 and	 simulated	 data	 of	 volumetric	 water	

content	 θ	 for	 the	 automatic	 and	 non	 automatic	 equipment.	 A	 good	 agreement	 is	

observed	 between	 the	 experimental	 and	 modelled	 data;	 simulation	 captured	 the	

general	trend,	except	for	the	detected	outlier	values,	as	expected.	

Figure	 AII.12	 shows	 the	 pressure	 head	 modelled	 results	 and	 field	

measurements	 for	 both	 data	 acquisition	 types.	 The	 general	 trend,	 and	 even	 some	

extraordinary	events,	was	well	predicted	by	the	model,	which	were	also	reflected	by	

statistics,	as	presented	above.	
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Figure	AII.	11.Observed	and	simulated	volumetric	water	content	(θ)	at	different	depths.	a)	Non	

automatic	data	acquisition,	b)	Automatic	data	acquisition.	
	

Despite	 the	 good	 agreement	 between	 the	 two	 modelled	 results,	 the	 flow	

through	the	lower	boundary	accounted	for	711	mm	and	774	mm	from	the	automatic	

and	 non	 automatic	 data,	 respectively,	 for	 the	 period	 September	 1,	 2011	 (day	 1)‐

August	 31,	 2012	 (day	 366).	 Considering	 that	 this	 flow	 constitutes	 the	 bottom	

drainage	to	the	aquifer	(i.e.,	deep	percolation),	the	observed	difference	of	8.1%	could	

be	important	when	attempting	to	assess	water	recharge	in	arid	or	semi‐arid	areas.			
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Figure	AII.	12.Observed	and	simulated	soil	water	pressure	head	(h)	at	different	depths.	a)	Non	

automatic	data	acquisition,	b)	Automatic	data	acquisition.	
	

With	 respect	 to	 water	 availability	 for	 plants,	 similar	 trend	 conclusions	 were	

obtained	 from	 the	 two	 models	 coming	 from	 different	 experimental	 data	 sets	 (Fig.	

AII.13);	however,	automatic	modelling	results	overestimated	water	availability	with	

respect	to	modelling	results	from	manual	devices.	This	highlights	the	fact	that	there	is	

no	need	of	 high	 frequency	measurements	 establishment	 in	 the	 field	 in	 order	 to	 get	

reliable	outputs	in	order	to	define	irrigation	schedules.	

	
Figure	AII.	13.	Mean	soil	suction	pressure	in	the	root	zone	simulated	with	the	automatic	and	non‐

automatic	data	sets.	
 
4.3.3 Goodness-of-fit measures 
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Several	 statistics	were	 calculated	 for	pressure	head	 (h)	 and	volumetric	water	

content	(θ)	at	all	the	monitored	depths	for	both	devices,	and	for	the	calibration	and	

validation	period.	A	summary	of	the	results	is	provided	in	Table	AII.11.	

Table	AII.	10.	Goodness‐of‐fit	results.		

Acquisition	 Statistic	
Pressure	head,	h Volumetric	water	content,	θ	 	 	

20	cm 60	cm	 All	 30	cm45	cm60	cm90	cm
120	
cm	 All	 	

All	(h	and	
θ)	

Automatic	

RMSE 0.65	 0.41	 0.48 0.08 0.07 0.03 0.10 0.10	 0.08	 	 	
EF ‐0.39	 0.49	 0.3 0.54 0.12 0.89 ‐4.54 ‐3.31	 0.32	 	 	
R2 	 	 	 	 0.81	

RMSE	
validation	

0.52	 0.21	 0.38 0.05 0.05 0.03 0.13 0.04	 0.06	 	 	

R2	validation 	 	 	 	 0.94	

Non‐
automatic	

RMSE 0.3	 0.16	 0.24 0.11 0.13 0.10 0.08 0.05	 0.10	 	 	
EF 0.48	 0.8	 0.63 0.00 0.43 0.24 ‐0.02 ‐0.37	 0.12	 	 	
R2 	 	 	 	 0.98	

RMSE	
validation	

0.29	 0.18	 0.24 0.07 0.06 0.05 0.04 0.04	 0.05	 	 	

R2	validation 	 	 	 	 0.98	

The	RMSE	and	EF	 for	the	volumetric	water	content	do	not	clearly	 indicate	the	

best	 data	 acquisition	 system	 at	 each	 observed	 depth	 and	 for	 the	 integration	 of	 all	

them.	The	non	automatic	EF	results	gave	negative	values	for	two	sensors	at	depths	of	

90	cm	and	120	cm	(Table	AII.11),	indicating	that	the	mean	experimental	value	was	a	

better	 predictor	 than	 simulation.	 This	 can	 be	 due	 to	 the	 low	 variability	 of	

measurements	for	both	data	acquisition	system	for	these	depths.	

For	 pressure	 head	 at	 both	 depths,	 RMSE	 and	 EF	 values	 indicated	 better	

adjustment	for	manual	acquisition	data.			

According	 to	 the	 statistics,	 both	 models	 predicted	 water	 dynamics	 in	 soil	

relatively	well,	except	for	the	extreme	values.	The	R2	for	the	combined	water	content	

and	pressure	head	data	estimated	by	HYDRUS	gave	similar	results	 for	both	the	non	

automatic	 (calibration:	 0.81;	 validation:	 0.94)	 and	 automatic	 devices	 (calibration:	

0.98;	validation:	0.98),	respectively;	the	different	number	of	experimental	data	used	
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in	 each	 model,	 considerably	 lower	 for	 the	 non	 automatic	 devices,	 could	 explain	

observed	differences.		

	

5. Conclusions 

The	 obtained	 results	 from	 this	 study	 have	 provided	 insights	 into	 soil	 and	

vadose	 zone	 monitoring	 strategies	 to	 assess	 water	 dynamics	 and	 changes	 in	 soil	

hydraulic	properties.	

Field	research	and	hydraulic	parameters	monitoring	present	the	complexity	of	

profiling	 values	 in	 soil	 depths.	 One	 of	 the	 main	 limitations	 in	 the	 present	 work	 is	

certainly	 our	 inability	 to	 measure	 the	 effective	 properties	 to	 describe	 the	 overall	

system;	 the	 instruments	 used	 normally	 explore	 a	 domain	which	 is	 notoriously	 too	

small	to	describe	the	average	property.	

	The	observations	obtained	with	 the	vertical‐installed	 instruments	need	 to	be	

carefully	 analyzed	 since	 the	 installation	process	 can	 lead	 to	 preferential	 flow	paths	

and	to	lack	of	contact	between	the	device	wall	and	soil	media,	distorting	the	observed	

values,	and	are	not	likely	to	be	detected	by	our	sensors	if	only	one	type	of	monitoring	

strategy	 is	 considered.	 It	 is	 not	 clear	 whether	 conclusive	 measurements	 can	 be	

obtained	 despite	 reasonable	 efforts,	 especially	 when	 it	 is	 necessary	 to	 quantify	

extreme	heterogeneity	phenomena,	such	as	preferential	flow.	

The	 laboratory	 determinations	 of	 soil	 hydraulic	 properties	 better	 fit	 the	

experimental	measurements	 (from	both	 the	 automatic	 and	 non	 automatic	 sensors)	

than	 the	 soil	 hydraulic	 properties	 inferred	 from	 inverse	 modelling	 to	 laboratory	

results.	 It	 should	 be	 noted	 that	 if	 previous	 information	 on	 soil	 characteristics	 from	

laboratory	determinations	 is	not	 taken	 into	 consideration,	unrealistic	 soil	hydraulic	

parameters	could	be	obtained	from	modelling	approaches.	
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The	 HYDRUS	 simulation	 was	 able	 to	 mimic	 the	 responses	 of	 a	 field‐scale	

instrumented	plot	with	automatic	and	non	automatic	data.	The	statistical	results	and	

visual	inspection	showed	a	good	agreement	between	the	predicted	and	the	observed	

values	in	soil	water	content	and	pressure	head;	even	with	an	important	difference	in	

the	number	of	observations	with	each	data	collection	strategy.	

Nevertheless,	the	volumetric	water	content	and	pressure	head	trend	was	better	

predicted	 than	 extreme	 episodes	 and	 this	 fact	 has	 been	 also	 observed	 by	 other	

researchers.	 The	 goodness‐of‐fit	 measures	 showed	 slight	 differences	 between	 the	

modelled	parameters	from	the	non	automatic	and	automatic	experimental	data.	Fit	to	

the	volumetric	water	content	data	was	slightly	better	than	pressure	head	data.	This	

fact	 could	 be	 related	 to	 the	 equilibrium	 time	 with	 soil	 required	 by	 pressure	 head	

devices	to	obtain	accurate	measurements.		

From	 the	 obtained	 results,	 it	 can	 be	 stated	 that	 selection	 between	 automatic	

and	non	automatic	devices	has	to	be	based	on	the	particular	research	objective.	Time‐

consuming	 data	 acquisition	 and	 high	 equipment	 acquisition	 costs	 appear	 to	 be	 the	

most	 important	 aspects	 when	 deciding	 the	 final	 selection	 of	 instrumentation.	

However,	changes	 in	soil	hydraulic	properties	(i.e.,	porosity,	hydraulic	conductivity)	

over	 time	 due	 to	 possible	 mineral	 precipitation,	 along	 with	 the	 hysteresis	

phenomenon,	 may	 be	 better	 assessed	 through	 automatic	 acquisition	 as	 data	

variability	and	accuracy	are	lower	than	non	automatic	one.	Moreover,	differences	in	

the	bottom	drainage	value	obtained	from	both	models	highlight	the	variability	of	this	

assessment	to	similar	experimental	data.	

	

	

	



Annex	II	 	 Published	or	under‐review	articles	

 

194	

6. Acknowledgements 

This	 study	 forms	part	 of	 the	CONSOLIDER‐TRAGUA	and	 the	CGL2010‐22168‐

C03‐02/BTE	 projects,	 financed	 by	 the	 Spanish	 Ministry	 of	 Science	 and	 Innovation.	

The	 authors	 are	grateful	 to	Dr.	González	 and	Mr.	 Zamora	 from	 the	CEBAS	Research	

Center,	 and	 to	 Mr.	 Romeu	 and	 Mr.	 Gomez‐Sanchez	 for	 their	 collaboration	 in	 this	

study.	Gratitude	is	also	expressed	to	the	University	of	Alicante.	

	

7. References 

Allen,	R.	G.,	et	al.,	1998.	Crop	evapotranspiration:	guidelines	for	computing	crop	water	
requirements.	 Rome:	 Food	 and	 Agriculture	 Organization	 of	 the	 United	
Nations.	

Brown,	 G.	 and	 Brindley,	 G.	W.,	 1980.	 X‐ray	 diffraction	 procedures	 for	 clay	mineral	
identification.	In:	Brindley,	G.	W.	and	Brown,	G.	eds.	Crystal	Structure	of	Clay	
Minerals	 and	 their	 X‐ray	 Identification.	 London,	UK:	Mineral.	 Soc.	Monog.	 5,	
305‐360.	

Calderón‐Preciado,	 D.,	 Matamoros,	 V.	 and	 Bayona,	 J.	 M.	 2011.	 Occurrence	 and	
potential	crop	uptake	of	emerging	contaminants	and	related	compounds	in	an	
agricultural	 irrigation	 network.	 Science	 of	 the	 Total	 Environment,	 412–
413(0),	14‐19.	

Candela,	L.,	et	al.	2007.	Assessment	of	soil	and	groundwater	impacts	by	treated	urban	
wastewater	reuse.	A	case	study:	Application	 in	a	golf	course	(Girona,	Spain).	
Science	of	the	Total	Environment,	374(1),	26‐35.	

Dahan,	O.,	et	al.	2008.	Dynamics	of	flood	water	infiltration	and	ground	water	recharge	
in	hyperarid	desert.	Ground	Water,	46(3),	450‐461.	

Dane,	J.	H.	and	Hopmans,	J.	W.,	2002.	Pressure	plate	extractor.	In:	Dane,	J.	and	Topp,	C.	
eds.	Methods	of	soil	analysis,	Part	4	Physical	methods.	Madison,	WI,	USA:	Soil	
Science	Society	of	America,	688‐690.	



Annex	II	 	 Published	or	under‐review	articles	

 

195	

Durner,	W.,	2005.	Study	unit	S2‐5.	Solute	Transport	in	the	Unsaturated	Zone.	Institut	
für	Geoökologie:	Technische	Universität	Braunschweig.,	61.	

Feddes,	R.	A.,	Kowalik,	P.	J.	and	Zaradny,	H.,	1978.	Simulation	of	Field	Water	Use	and	
Crop	Yield.	Wiley.	

Gee,	 G.	 W.	 and	 Or,	 D.,	 2002.	 Particle‐Size	 Analysis.	 In:	 Dane,	 J.	 and	 Topp,	 C.	 eds.	
Methods	 of	 soil	 analysis.	 Part	 4.	 Physical	 methods.	 Madison,	 WI,	 USA:	 Soil	
Science	Society	of	America,	255‐293.	

Ghezzehei,	 T.	 A.	 2008.	 Errors	 in	 determination	 of	 soil	 water	 content	 using	 time	
domain	 reflectometry	 caused	by	 soil	 compaction	around	waveguides.	Water	
Resources	Research,	44(8).	

Grossman,	 R.	 B.	 and	 Reinsch,	 T.	 G.,	 2002.	 Bulk	 density	 and	 linear	 extensibility.	 In:	
Dane,	 J.	and	Topp,	C.	eds.	Methods	of	soil	analysis.	Part	4.	Physical	methods.	
Madison,	WI,	USA:	Soil	Science	Society	of	America,	201‐228.	

Jiménez‐Martínez,	 J.,	 et	 al.	 2009.	 A	 root	 zone	 modelling	 approach	 to	 estimating	
groundwater	 recharge	 from	 irrigated	 areas.	 Journal	 of	Hydrology,	 367(1‐2),	
138‐149.	

Jones,	A.,	1991.	X‐Ray	Fluorescence	Analysis.	In:	Smith,	K.	A.	ed.	Soil	Analysis.	Modern	
Instrumental	Techniques.	New	York,	NY,	USA:	Marcel	Dekker,	287‐324.	

Lahav,	 O.,	 Kochva,	M.	 and	 Tarchitzky,	 J.	 2010.	 Potential	 drawbacks	 associated	with	
agricultural	 irrigation	 with	 treated	 wastewaters	 from	 desalinated	 water	
origin	 and	possible	 remedies.	Water	 Science	 and	Technology,	 61(10),	 2451‐
2460.	

Lattemann,	S.	and	Höpner,	T.	2008.	Environmental	impact	and	impact	assessment	of	
seawater	desalination.	Desalination,	220(1‐3),	1‐15.	

Laurent,	 J.‐P.,	 et	 al.,	On	 the	use	of	 the	TDR	TRIME‐TUBE	 system	 for	profiling	water	
content	in	soils.	ed.	TDR'01	2001	Evanstons,	Illinois,	USA,	1‐10.	

Laurent,	 J.‐P.,	 et	 al.	 2005.	Monitoring	 soil	water	 content	profiles	with	 a	 commercial	
TDR	system.	Vadose	Zone	Journal,	4(4),	1030‐1036.	

Malazian,	A.,	et	al.	2011.	Evaluation	of	MPS‐1	soil	water	potential	 sensor.	 Journal	of	
Hydrology,	402(1‐2),	126‐134.	



Annex	II	 	 Published	or	under‐review	articles	

 

196	

Mandal,	U.	K.,	et	al.	2008.	Changes	in	soil	hydraulic	conductivity,	runoff,	and	soil	loss	
due	to	irrigation	with	different	types	of	saline‐sodic	water.	Geoderma,	144(3‐
4),	509‐516.	

Marquardt,	 D.	 1963.	 An	 Algorithm	 for	 Least‐Squares	 Estimation	 of	 Nonlinear	
Parameters.	SIAM	Journal	on	Applied	Mathematics,	11(2),	431‐441.	

MedWSD	Working	Group,	2007.	Mediterranean	Water	Scarcity	and	Drought	Report.	
European	 Commission.	 Euro‐Mediterranean	 Information	 System	 on	 know‐
how	in	the	Water	sector.	

Mualem,	 Y.	 1976.	 A	 new	 model	 for	 predicting	 the	 hydraulic	 conductivity	 of	
unsaturated	porous	media.	Water	Resources	Research,	12(3),	513‐522.	

Reynolds,	W.	 D.	 and	 Elrick,	 D.	 E.,	 2002.	 Constant	 head	 soil	 core	 (tank)	method.	 In:	
Dane,	 J.	and	Topp,	C.	eds.	Methods	of	soil	analysis.	Part	4.	Physical	methods.	
Madison,	WI,	USA,	804‐808.	

Richards,	L.	A.	1931.	Capillary	conduction	of	liquids	through	porous	mediums.	Journal	
of	Applied	Physics,	1(5),	318‐333.	

Rosenbaum,	 U.,	 et	 al.	 2011.	 Correction	 of	 temperature	 and	 electrical	 conductivity	
effects	on	dielectric	permittivity	measurements	with	ECH	2O	sensors.	Vadose	
Zone	Journal,	10(2),	582‐593.	

Rosenbaum,	U.,	 et	 al.	2010.	Sensor‐to‐sensor	variability	of	 the	ECH2o	EC‐5,	TE,	 and	
5TE	sensors	in	dielectric	liquids.	Vadose	Zone	Journal,	9(1),	181‐186.	

Rothe,	 A.,	 et	 al.	 1997.	 Changes	 in	 soil	 structure	 caused	 by	 the	 installation	 of	 time	
domain	reflectometry	probes	and	their	influence	on	the	measurement	of	soil	
moisture.	Water	Resources	Research,	33(7),	1585‐1593.	

Scanlon,	B.	R.,	Healy,	R.	W.	and	Cook,	P.	G.	2002.	Choosing	appropriate	techniques	for	
quantifying	groundwater	recharge.	Hydrogeology	Journal,	10(1),	18‐39.	

Schaap,	M.	G.,	Leij,	F.	J.	and	Van	Genuchten,	M.	T.	2001.	Rosetta:	A	computer	program	
for	 estimating	 soil	 hydraulic	 parameters	 with	 hierarchical	 pedotransfer	
functions.	Journal	of	Hydrology,	251(3‐4),	163‐176.	

Seki,	K.	2007.	SWRC	fit	‐	a	nonlinear	fitting	program	with	a	water	retention	curve	for	
soils	 having	 unimodal	 and	 bimodal	 pore	 structure.	 Hydrology	 and	 Earth	
System	Sciences	Discussions,	4(1),	407‐437.	



Annex	II	 	 Published	or	under‐review	articles	

 

197	

Šimůnek,	 J.,	 et	 al.,	 2009.	 The	 HYDRUS‐1D	 Software	 Package	 for	 Simulating	 the	
Movement	of	Water,	Heat,	and	Multiple	Solutes	in	Variability	Saturated	Media,	
Version	 4.08.	 Riverside,	 CA,	 USA:	 Department	 of	 Environmental	 Sciences.	
University	of	California,.	

Soto‐García,	 M.,	 et	 al.	 2013.	 Effect	 of	 water	 scarcity	 and	 modernisation	 on	 the	
performance	of	irrigation	districts	in	south‐eastern	Spain.	Agricultural	Water	
Management,	124,	11‐19.	

SSSA,	2002.	Methods	of	soil	analysis.	Part	4.	Physical	methods.	Madison,	WI,	USA:	Soil	
Science	Society	of	America.	

Tarchitzky,	 J.,	 et	 al.	 1999.	Wastewater	 effects	 on	montmorillonite	 suspensions	 and	
hydraulic	 properties	 of	 sandy	 soils.	 Soil	 Science	 Society	 of	 America	 Journal,	
63(3),	554‐560.	

Topp,	G.	C.	and	Ferré,	P.	A.,	2002.	Thermogravimetric	using	convective	oven‐drying.	
In:	 Dane,	 J.	 and	 Topp,	 C.	 eds.	 Methods	 of	 soil	 analysis.	 Part	 4.	 Physical	
methods.	Madison,	WI,	USA:	Soil	Science	Society	of	America,	422‐424.	

Valdes‐Abellan,	J.,	et	al.	2013.	Brackish	groundwater	desalination	by	reverse	osmosis	
in	 southeastern	 Spain.	 Presence	 of	 emerging	 contaminants	 and	 potential	
impacts	on	soil‐aquifer	media.	Desalination	and	Water	Treatment,	51(10‐12),	
2431‐2444.	

van	 Genuchten,	 M.	 T.	 1980.	 Closed‐form	 equation	 for	 predicting	 the	 hydraulic	
conductivity	 of	 unsaturated	 soils.	 Soil	 Science	 Society	 of	 America	 Journal,	
44(5),	892‐898.	

Varble,	 J.	 L.	 and	 Chávez,	 J.	 L.	 2011.	 Performance	 evaluation	 and	 calibration	 of	 soil	
water	content	and	potential	sensors	for	agricultural	soils	in	eastern	Colorado.	
Agricultural	Water	Management,	101(1),	93‐106.	

Wallis,	 K.	 J.,	 et	 al.	 2011.	 Simulation	 of	 nitrate	 leaching	 under	 potato	 crops	 in	 a	
Mediterranean	 area.	 Influence	 of	 frost	 prevention	 irrigation	 on	 nitrogen	
transport.	Agricultural	Water	Management,	98(10),	1629‐1640.	

Wesseling,	 J.	 G.	 and	 Brandyk,	 T.,	 1985.	 Introduction	 of	 the	 Occurrence	 of	 High	
Groundwater	 Levels	 and	 Surface	 Water	 Storage	 in	 Computer	 Program	
SWATRE.	ICW.	



Annex	II	 	 Published	or	under‐review	articles	

 

198	

West,	 J.	 and	 Truss,	 S.	 W.	 2006.	 Borehole	 time	 domain	 reflectometry	 in	 layered	
sandstone:	 Impact	 of	 measurement	 technique	 on	 vadose	 zone	 process	
identification.	Journal	of	Hydrology,	319(1‐4),	143‐162.	

Wollschläger,	 U.,	 Pfaff,	 T.	 and	 Roth,	 K.	 2009.	 Field‐scale	 apparent	 hydraulic	
parameterisation	 obtained	 from	 TDR	 time	 series	 and	 inverse	 modelling.	
Hydrology	and	Earth	System	Sciences,	13(10),	1953‐1966.	

Wu,	 C.,	 Spongberg,	 A.	 L.	 and	Witter,	 J.	 D.	 2011.	 The	 uptake	 of	 pharmaceuticals	 and	
personal	care	products	by	agriculturally	relevant	plant	species.	Chimica	Oggi‐
Chemistry	today,	29(2),	54‐56.	

Xu,	J.,	et	al.	2009.	Leachability	of	some	emerging	contaminants	in	reclaimed	municipal	
wastewater‐irrigated	 turf	 grass	 fields.	 Environmental	 Toxicology	 and	
Chemistry,	28(9),	1842‐1850.	

	




	Table of contents
	1 introduction
	1.1 Desalted water and associated impacts
	1.2 Objectives
	1.3 Thesis outline
	1.4 References

	2 Literature review
	2.1. Introduction
	2.2 Monitoring VWC and h
	2.3 Water flow and mass transport
	2.4 Modelling water and solute fluxes
	2.5 Changes in soil hydraulic properties
	2.6 References

	3 Study area
	3.1 Location
	3.2 Geological and hydrological setting
	3.3 The experimental site
	3.4 References

	4. Methodology
	4.1 Introduction
	4.2 Field work
	4.2.1 Soil sampling
	4.2.2 Water sampling
	4.2.3 Experimental plot

	4.3 Laboratory work
	4.3.1 Soil physical and hydraulic properties
	4.3.2 Soil chemical and mineralogical properties
	4.3.3 Water chemical characterisation

	4.4 Numerical modelling
	4.4.1 Water flow modelling
	4.4.2. Tracer transport modelling
	4.4.3 Multicomponent reactive transport. HP1 
	4.4.4 Parameter optimisation
	4.4.5 Goodnes-of-fit assessment

	4.5 References

	5 Field experiment and modelling
	5.1 Introduction
	5.2 Experimental plot location and instrumentation
	5.3 Land cover and irrigation schedule
	5.3.1 Irrigation water quality

	5.4 Meteorological data collection
	5.5 Numerical modelling
	5.5.1 Water flow modelling
	5.5.2 Mass transport modelling
	5.5.2.1 Conservative transport
	5.5.2.2 Reactive transport


	5.6 References

	6 Results 
	6.1 Introduction
	6.2 Vadose zone properties
	6.3 Water quality and hydrochemistry
	6.4 Water content and pressure head measurements
	6.5 Water flow results from numerical modelling
	6.5.1 Soil hydraulic parameterisation
	6.5.2 Water flow dynamics
	6.5.3 Goodness-of-fit assessment

	6.6 Tracer test modelling results
	6.7 Multicomponent reactive transport modelling results
	6.7.1 Alternative scenarios results

	6.8 Sensitiviy analisis
	6.9 References

	7 Conclusions and future research
	7.1 General conclusions
	7.2 Soil water dynamics and monitoring strategies
	7.3 Conservative transport and parameters
	7.4 Reactive transport modelling and future scenarios
	7.5 Future research

	AI
	AII
	Paper 1
	Paper 2




