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ABSTRACT

The Llobregat River has accumulated multiple deltas through Quaternary eustatic cycles. The rapid rises
and step-wise, relatively slower falls in sea level have produced a bias towards preserving forced regressive
system tracks and eroding the high-stand system tracks with the exception of the Holocene delta. Subsurface
data indicates that the Quaternary deltas were feed by the Llobregat river and «rieras» derived from Garraf
and Collserola, but the sediment was probably redistributed by long-shore currents to form a unique delta
front. The Holocene Llobregat River high-stand delta progrades over older fluvial, flood-plain and shoreline
deposits equivalent to the older deltas now preserved at the continental margin. A number of paleo-flow
channels feeding the older Quaternary deltas illustrate the complexity for the exploitation and protection
of groundwater found in these deposits.
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Introduccion

El delta del rio Llobregat, al sur de la
ciudad de Barcelona, es un ejemplo de
delta mediterraneo iniciado en la época
postglacial, que prograda sobre una pla-
taforma marina estrecha, y que estéa enca-
jado entre relieves montafiosos. El delta
moderno es parte de un complejo de del-
tas sumergidos, de edad pleistocena, que
hoy en dia tienen sus frentes deltaicos si-
tuados a profundidades de mas de 80 my
a una distancia de la linea de costa actual
de, al menos, 12 km. El delta holoceno
prograda sobre las facies mas someras de
los deltas sumergidos.

Una revision de 288 sondeos antiguos
y de otros 74 nuevos, con testigo conti-
nuo, procedentes de la zona emergida del
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tigrafia sismica del delta sumergido. La
correlacién de cortes y la reconstruccion
de mapas paleogeograficos ha permitido
subdividir el registro estratigrafico en se- Fig. 1.- Geologic map of the Llobregat delta region (after Almera, 1891).

Fig. 1.- Mapa geolégico del delta del rio Llobregat y sus alrededores (modificado de
Almera, 1891).
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Fig. 2.- Corte geoldgico del delta emergido y sumergido con datos de MOP (1966) y del Maldonado et al. (1986). Los deltas del Cuaternario
antiguo (Q1-Q3) corresponden en parte al Complejo Detritico Inferior y el delta holoceno representa el Complejo Detritico Superior (Q4).

Fig. 2.- Geologic cross section of the emerged and submerged parts of theLlobregat deltas (base on MOP, 1966; and Maldonado et al. 1986). The
lower Quaternary deltas (Q1-3) correlate with the «Complejo Detritico Inferior» and the Holocene delta (Q4) to the «Complejo Detritico Superior».

cuencias deposicionales que reflejan los
cambios eustaticos, en las direcciones de
aportes sedimentarios, y tectonicos. El
modelo conceptual que se presenta refle-
jaun sistema dindmico con implicaciones
a nivel hidroestratigrafico y de recursos
naturales de la zona.

Geologia Regional

La geologia superficial del delta se
conoce bien desde los trabajos de Almera
(1891), Llopis (1942, 1946), y Solé-
Sabaris (1957, 1963). La geologia del
subsuelo fue establecida por el MOP
(1966), Custodio et al. (1976), Bayd et al.
(1976 y 1977), Marqués (1984), Manza-
no (1986 y 1991), y Alcald (2003). La
geologia de la plataforma marina fue
cartografiada por Maldonado et al.
(1986, 1989).

El delta del rio Llobregat esta limitado
por numerosas fallas (Fig. 1). La falla del
Llobregat condiciond la direccion del rio
para cruzar la Cordillera Litoral Catalana.
El rio, una vez cruzada la falla del
Tibidabo, da lugar al Delta del Llobregat,
con una amplia llanura litoral encajada en
terrazas de edad pleistocena, que estan li-
mitadas en parte hacia el NE por un siste-
ma de fallas que ponen en contacto el
Holoceno y Pleistoceno con el Mioceno
(Montjuic) y Plioceno. Otras fallas sin ex-
presion geomorfoldgica afectan al
Holoceno y Pleistoceno en profundidad asi
como al margen de la plataforma (Fig. 1).

El rio Llobregat, cuya cabecera se si-
tta en el Pirineo, tiene una longitud de
156,5 km y una cuenca de drenaje de
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4948.4 km?. Es de tipo mediterraneo con
poco caudal (las aportaciones anuales en-
tre 1912-1971 oscilan entre 1347,5 hm?®y
270 hm?®), un marcado estiaje, fuertes cre-
cidas y elevada irregularidad (Marqués,
1984). Numerosas rieras provenientes de
Garraf y de Collserola desembocan en la
llanura deltaica y estan reflejadas por zo-
nas inundadas y marismas. El delta del
Llobregat estd altamente modificado por
procesos costeros como la deriva litoral
hacia el SW, con corrientes de unos 30
cm/s (Font et al. 1987; Chiocci et al.,
1997), que redistribuyen estos sedimen-
tos hacia el SW y traen sedimentos proce-
dentes de la costa del norte de Barcelona.
En menor medida el oleaje (de baja ener-
gia) y la marea (de pocos centimetros)
contribuyen a la redistribucion del sedi-
mento. En el prodelta y talud hay nume-
rosas fallas sinsedimentarias y cafiones
que redistribuyen el sedimento
gravitacionalmente (Maldonado et al.,
1986). Probablemente, los mismos proce-
sos fueron activos durante el Pleistoceno.
Sobreimpuestos a los procesos
sedimentarios deltaicos, costeros y del
margen de la plataforma continental se
han de afadir la variacién temporal del
aporte de sedimento y los cambios
eustaticos cuaternarios que afectaron a la
distribucidn vertical y lateral de facies. El
resultado de los cambios eustaticos es una
amalgamacion de deltas, ahora sumergi-
dos, separados por multiples superficies
de erosion. No existe una geocronologia
de los deltas sumergidos y en este trabajo
se presenta una primera correlacién de la
parte del delta emergido y sumergido.

Arquitectura del delta

El Cuaternario del delta del Llobregat
estd encajado en materiales que van del
Plioceno al Paleozoico. Internamente
existen muchas discontinuidades intra-
cuaternarias; por ejemplo, en los marge-
nes del delta el Holoceno esta encajado
en el Pleistoceno y en los perfiles
sismicos se observan mdltiples erosiones
intra-pleistocenas. Por simplificar, el
Cuaternario de la zona emergida se divi-
de en el Complejo Detritico Superior
(CDS) o delta moderno, de edad holocena
y el Complejo Detritico Inferior (CDI) de
edad pleistocena (Marqués, 1984). El
CDI esta bien definido cuando, sobre él,
existen las facies del prodelta holoceno;
pero esta poco definido en los margenes
del delta, cuando las facies de prodelta
holoceno han sido remplazadas por facies
costeras holocenas. EI CDI corresponde a
sedimentos fluviales, de pie de monte, de
marisma y lagunares, caracterizados por
litologias muy variadas de conglomera-
dos (con o sin matriz arcillosa) a arenas y
limos, asi como antiguos suelos (Mar-
qués, 1984). Hacia mar (Fig. 2), en la
zona sumergida, el CDI se correlaciona
con complejos deltaicos pleistocenos su-
mergidos que, asimismo, pueden contener
subunidades separadas por truncaciones
(Maldonado et al., 1986).

En la plataforma marina se han iden-
tificado cuatro deltas pleistocenos
(Maldonado et al., 1986, 1989) pero una
revision preliminar de la sismica del mar
sugiere un sistema mas complejo y posi-
blemente con un nimero mayor de deltas
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Fig. 3.- Modelo conceptual de los sistemas encajados del Complejo Detritico Inferior en el
delta emergido y distribucion de facies del Complejo Detritico Superior e Inferior. Los cortes
(1-V1) son paralelos a la linea de costa (ver diagrama arriba a la izquierda). Las letras A-D se

refieren a los paleocauces citados en el texto.

Fig. 3.- Conceptual model and facies distribution for the emerged part of the Llobregat delta. The
cross sections (I1-VI) are parallel to the shoreline (insert map). A-D corresponds to paleochannels.

sumergidos. De forma resumida se puede
concluir que, durante el Pleistoceno, el
rio Llobregat construy6 un sistema de
deltas que progradaron y retrogradaron
sobre una plataforma marina estrecha y
un talud controlado por fallas normales y
con cafiones encajados. La figura 2 mues-
tra la correlacion entre el delta emergido
y sumergido. Como se puede apreciar, el
CDI corresponde a la parte proximal de
los deltas sumergidos y refleja la comple-
jidad interna de los sistemas encadenados
de deltas formados cuando el nivel de mar
bajaba.

La revision de lo datos del delta
emergido ha permitido identificar en el
CDI tres unidades litoestratigraficas
granodecrecientes con bases erosivas re-
llenas de conglomerados y gravas, que pa-
san hacia techo a arcillas (algunas con fau-
na salobre y marina) con niveles de arenas
y algln canto. Las figuras 3 y 4 muestran,
en corte y planta, que el CDI esta formado
por una serie de conductos de sedimentos
o0 paleovalles de granulometria gruesa in-
terpretados como paleocanales en los que
se amalgaman sucesivamente sistemas flu-
viales encajados durante los estadios de
nivel del mar bajo del Pleistoceno. Estos
materiales evolucionan verticalmente a se-
dimentos mas finos, depositados cuando el
nivel del mar subia, pero estan mal preser-
vados al ser erosionados durante las baja-
das del nivel del mar.

En las figuras 3 y 4 se puede apreciar la
importancia de las rieras procedentes de Ga-
rraf y de Collserola (Fig. 1). Los paleocana-
les de gravas A, B y D parecen estar asocia-
dos a descargas fluviales con granulometria
gruesa que contribuyen a la arquitectura de
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facies del CDI pero no es clara su contribu-
cion con sedimentos finos a los deltas pleis-
tocenos. La extension lateral, especialmente
hacia los margenes del delta, de los depdsitos
del CDI es compleja debido a la presencia de
fallas que rompen su continuidad y, posible-
mente, condicionaron la posicion de los pa-
leocanales. Por ejemplo, el paleocanal C pa-
rece seguir la trayectoria de la falla del Llo-
bregat (Figs. 1y 4) vy, en el margen de
Montjuic, se observa como el bloque mioce-
no, limitado por fallas, condiciona la distri-
bucion y potencia del CDI (Fig. 3).

El delta holoceno corresponde a un con-
junto de arcilla rojas, arenas y gravas
progradantes sobre limos y arcillas gris-os-
curas. En su conjunto, estas unidades estan
genéticamente relacionadas (llanura
deltaica, frente deltaico y prodelta) y fueron
depositadas cuando el nivel del mar empez6
a estabilizarse y los sedimentos transporta-
dos por el Llobregat empezaron a acumular-
se en su desembocadura y migrar hacia mar
sobre los depdsitos del CDI (ver trabajo de
Gamez et al., este volumen). Hacia los mar-
genes, el delta holoceno esta encajado en
glacis de gravas de edad pleistocena y oca-
sionalmente descansa directamente en el
Plioceno, Mioceno, 0 Mesozoico. La facies
de prodelta cambia lateralmente, hacia el
NE, a arenas gruesas de playa, que se inter-
pretan como una flecha de arenas producida
por la deriva litoral (Fig. 1). Facies de pie de
monte se han observado en los laterales del
delta holoceno, cerca del Macizo de Garraf.
En algunos cortes de detalle se ha observado

Potencia del CDI

| ]o10m
|:]>30m
>50m

™\ Paleocauces
.. Base CDS

70

Fig. 4.- Mapa de la distribucién y potencia de los sistemas encajados del Complejo Detritico
Inferior. Se observan cuatro paleocanales (A-D) donde se han acumulado gravas y arenas
durante varios cambios eustaticos (Figura 3). La potencia indicada es acumulativa de todos
los canales identificados en el CDI. Por referencia se da la profundidad, por debajo del nivel
del mar, de la base del Complejo Detritico Superior.

Fig. 4.- Facies distribution and thicknesses of the «Complejo Detritico Inferior». For reference
is given the base of the «Complejo Detritico Superior» and the thickness is cumulative of all
the coarse grained deposits.
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Fig.- 5 Corte geoldgico del delta holoceno en la zona de la depuradora mostrando la compleji-
dad estratigréafica de las unidades progradantes.

Fig.- 5 Geologic cross section of the Holocene Delta showing sandstone wedges separated by
prodelta deposits suggesting progradation pulses.

que la progradacion ha sido en pulsos con
periodos de rapida progradacion seguida de
retrogradacion (Fig. 5) posiblemente debido
a cambios en la tasa de sedimentacion (ver
Gamez et al., este volumen).

Conclusiones

El rio Llobregat y sus depositos deltai-
cos cuaternarios, han respondido a cambios
eustaticos con subidas rapidas seguidas de
bajadas escalonadas del nivel del mar. El
delta holoceno (Q4, CDS) representa el
mejor ejemplo de un sistema encadenado
del nivel del mar alto con pulsos de sedi-
mentacion representados por cufias de pro-
gradacion. Por el contrario, los deltas pleis-
tocenos (Q3-1) preservan de forma especta-
cular un sistema encadenado de deltas
formados cuando el nivel de mar bajaba; a
medida que el nivel de mar bajaba, el rio
canalizaba el sistema encadenado de alto
nivel del mary construia un delta a una cota
mas baja. El resultado es una preservacion
selectiva de los sistemas encadenados re-
gresivos y la erosion de los sistemas enca-
denados de nivel del mar alto. Se han reco-
nocido un minimo de cuatro secuencias de-
posicionales que, asimismo, se pueden
subdividir en subunidades. Estas responden
a la dinamica de subidas y bajadas escalo-
nadas del nivel del mar y de variaciones del
aporte de sedimentos.

Los deltas sumergidos parecen haber
sido alimentados por el rio Llobregat y tam-
bién por las rieras procedentes del Macizo
de Garraf y de la Sierra de Collserola que
contribuyeron de forma significativa a la
estratigrafia del CDI. No esta clara la con-
tribucion de estas rieras con sedimentos fi-
nos a los deltas sumergidos. Es posible que
la deriva litoral suavizase la presencia de
multiples l6bulos deltaicos. Los
paleocanales de gravas, reconocidos en el
CDI, posiblemente  representan
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paleocauces excavados durante las bajadas
del nivel del mar y rellenados durante las
transgresiones. Numerosas fallas afectan el
CDI pero estan fosilizadas por los sedimen-
tos prodeltaicos holocenos.

La complejidad de las geometrias
deposicionales y la presencia de fallas ha-
cen que la continuidad lateral de los cuer-
pos sedimentarios del CDlI, en todas las di-
recciones, sea discontinua. El uso del CDI
como acuifero se ha de plantear como un
sistema de cuerpos potencialmente con baja
conectividad y con transmisividades varia-
bles.

El delta holoceno contiene una base
transgresiva, discontinua y poco potente,
que representa condensacion de tiempo du-
rante una subida rapida y escalonada del
nivel del mar. El techo regresivo es potente
y responde a la progradacion deltaica con
pulsos de alta y baja sedimentacion debido
a la disminucion relativa en la subida del
nivel del mar (Gamez et al., este volumen).
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X-2 ABARCA ET AL.: QUASI-HORIZONTAL CIRCULATION CELLS IN SEAWATER INTRUSION

Abstract.

The seawater intrusion process is characterized by the difference in fresh
water and sea water density causing freshwater to float on seawater. Many
confined aquifers have a large horizontal extent compared to the thickness,
which itself can be considered uniform. In these cases, while buoyancy acts
in the vertical direction, flow is confined between the upper and bottom bound-
aries and the effect of gravity is controlled by variations of aquifer elevation.
Therefore, the effective gravity is controlled by the slope and shape of the
aquifer boundaries. Variability in the topography of the aquifer boundaries
is one case where three-dimensional analysis is necessary. In this work den-
sity dependent flow processes caused by the three-dimensionality of the aquifer
geometry are studied numerically specifically considering a lateral slope of
the aquifer boundaries. Subhorizontal circulation cells are formed in the salt
water that enters the aquifer. The penetration of the saltwater (50% mix-
ing line) can be quantified by a dimensionless buoyancy number that mea-
sures the lateral slope of the aquifer relative to freshwater flux. This slope
controls seawater wedge’s penetration more than do aquifer thickness and
dispersivity. When the lateral slope is large, it must be taken into account

to properly evaluate seawater penetration.
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1. Introduction

Intrusion of seawater into coastal aquifers is a widespread contamination phenomenon
that increasingly causes groundwater salinization problems worldwide. Seawater intrusion
is especially severe in semiarid regions where high-pumping extraction rates are coupled
with low freshwater recharge. What makes saltwater intrusion different and more complex
than other solute transport problems is that variation of concentration causes water den-
sity to vary in space and time. Density differences cause freshwater to float over seawater.
This effect was first addressed by Ghyben [1889] and Herzberg [1901] who empirically
found that the depth to saltwater correlates with freshwater head. Assuming equilib-
rium between the two fluids and that saltwater remains static, the depth of the freshwa-
ter/saltwater interface, z, is asz = h; where h is the freshwater head, as = (ps — ps)/py
where ps and py are the seawater and freshwater densities, respectively. This is called the
Ghyben-Herzberg approximation for seawater intrusion. Since «ay is approximately equal
to 1/40, a frequent rule-of-thumb is to assume that the depth to seawater below sea level

is 40 times the freshwater head above sea level.

A second effect associated with concentration differences is the mixing between the two
fluids. Mixing is caused by diffusion/dispersion processes and results in some of the salt
to be driven seawards by freshwater. Replenishment of this salt requires an inland flow of
seawater. The result is a vertical convection cell formed by seawater that flows landwards
at depth and disperses into the freshwater flowing zone, where salt is flushed out by the

discharging freshwater flow (Figure 1). The equilibrium assumption of Ghyben-Herzberg
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is not valid because seawater flux causes an energy (head) loss. Therefore, the depth
of the seawater wedge is underestimated. The above discussion indicates that seawater
movement in coastal aquifers is caused by the combination of density driven flow and
hydrodynamic dispersion. This effect was first discussed by Cooper [1964]. When taking
into account density effects, the groundwater flow and solute transport are coupled by the
presence of the density in the gravity (buoyancy) term in the momentum balance equation
of fluid.

Three-dimensionality may be a critical factor that has often been ignored when analyz-
ing seawater intrusion processes. Irregular patterns of salinity be caused by many factors
such as variable thickness formations , heterogeneity and variations in the depth of the
aquifer boundaries, among others. The latter is the object of the present work. In homo-
geneous aquifers where the horizontal extent is large compared to the constant thickness,
aquifer topography may become critical. The impact of gravity is clearly controlled by
the aquifer boundaries and the effective component of the gravity vector is its projection
on the boundary plane. Therefore, the effective gravity is controlled by the boundaries
slope and shape. When the lateral slope is large vertical flow can become of lesser order
compared to the lateral flow.

Some geophysical studies provide evidence that seawater penetrates further inland at the
deepest portion of coastal aquifers . Flores-Mdrquez et al. [1998] and more recently Rangel-
Medina et al. [2003] compared the three-dimensional shape of the basement of the Costa
de Hermosillo aquifer (Mexico) with geochemical and geophysical data. The crystalline
basement presents a structure of alternating horsts and grabens and the integration of

all available data indicates that preferential pathways for seawater intrusion correspond
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to the lineation of basement depressions (grabens). Yet, only two-dimensional density
dependent flow cross sections of the aquifer were modelled. Thus, the three dimensionality
of the flux due to the irregularity of aquifer bottom was not considered. Benkabbour et al.
[2004] determined, by the Direct Current method, the depth of the bottom of the coastal
aquifer of Mamora Plain, Morocco and the lateral and vertical distribution of salinity.
Seawater penetrates further inland in the area of the Sebou River, where the substratum
is deeper. This fact was attributed to the higher thickness and the proportionality of
the seawater penetration with the square of the aquifer thickness inferred from Ghyben-
Herzberg approximation as shown in Figure ??7. However, this assumption assumes that
the total freshwater flow in each vertical section is constant. Buoyancy effects due to
density differences were not taken into account.

The hydrogeological literature contains no qualitative analysis of the effect of aquifer
morphology on seawater intrusion, although its importance has been considered in several
heat transport studies. In those studies, variable density is taken into account and the ef-
fect of aquifer slope in the heat plume movement and velocity is addressed. Bachu [1995];
Bachu and Karsten [2002] studied density driven flow in sloping aquifers, applying results
to two sedimentary basins: Alberta (Canada) and Los Llanos (Colombia). Malkovsky
and Pek [2002] showed the importance of natural convection in a heat-generating liquid
waste plume in a sloping aquifer, which could cause acceleration as well as slowing down
of the plume depending on the system parameters. The role of aquifer’s slope has also
been addressed in brine movement in continental basins. a Lahm et al. [1998] studied the
role of salinity, derived variable, density flow in the displacement of brine from a shallow,

regionally extensive aquifer and argued that density dependent flow causes a decrease in
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groundwater velocities and a reorientation of local flow directions of the aquifer within the
mixing zone, but their model was 2D. Assouline and Shavit [2004] studied the effects of
management policies, including artificial recharge, on salinization in a sloping aquifer in
Israel. Although seawater intrusion processes were not taken into account, the importance

of the thickness variations in the sloping aquifer in the salinization process was addressed.

Three-dimensional modeling of density dependent flow and solute transport is a useful
tool to assess the effect of aquifer morphology in seawater intrusion. Until recently, 3D
models were not practical due to high computer time requirements. As a result, most
seawater modeling studies consisted of 2D cross section models or sharp interface mod-
els. However, three-dimensional density dependent flow models have been developed in
the last decade, resulting in better ways to model advective and dispersive mechanisms
with fluid density and viscosity effects. Nowadays, many codes are available: FEFLOW
[Diersch and Kolditz, 1998], ROCKFLOW [Kolditz et al., 1998], HST3D [Kipp, 1986,
TVDT3D [Ackerer et al., 1999], METROPOL [Sauter et al., 1993], MVAEM [Strack,
1995], MOCDENSE3D [Oude Essink, 1998], SWICHA [Huyakorn et al., 1987], SWIFT
[Ward, 1991], CODESA [Gambolati and Paniconi, 1999], SUTRA [Voss and Provost,
2002], SEAWAT [Guo and Langevin, 2002] and d@® f [Fein and Schneider, 1999]. A recent
‘state-of-the-art’ of density-dependent flow modelling in porous media can be found in
Diersch and Kolditz [2002]. Improvements in computer speed make increasingly feasi-
ble to build sufficiently refined grids to reduce problems of numerical dispersion, which
explains the emergence of 3D benchmark problems [Johannsen et al., 2002; Oswald and

Kinzelbach, 2004] for density dependent codes. Variable density 3D models of real cases
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are also becoming increasingly frequent [Oude FEssink, 2001; Xue et al., 1995; Barrocu
et al., 1994; Gambolati and Paniconi, 1999; Bear et al., 2001; Paniconi et al., 2001; Gin-
gerich and Voss, 2002; Milnes and Renard, 2004]. Complex geometries are included in
these real cases but no reference to the effect of the boundaries shape is made in the analy-

sis of the results, either because it is not remarkable or because it has not been considered.

In summary, emphasis has been never been placed on analyzing the effect of aquifer
topography on seawater intrusion, particularly the effect of lateral variations in aquifer
depth. The objective of this paper is precisely to test the conjecture that aquifer bottom
topography may significantly affect seawater intrusion patterns in coastal aquifers. First,
the governing equations and some dimensionless numbers that can be used to characterize
the effects upon groundwater flow patterns of aquifer bottom topography are presented.
Then, a suite of numerical simulations including a sensitivity analysis is used to show the

potential importance of this phenomenon in real coastal aquifers.

2. Governing equations and dimensionless numbers

Modelling seawater intrusion requires simulating the flow of variable density water and
the transport of salt. These two equations are coupled through water density, which enters
in the flow equation and is a function of concentration. The result is a set of two coupled
non-linear equations. Nonlinearity further causes the density dependent flow to be very
sensitive boundary conditions and variability in the permeability field. Nonlinearity causes
fingering and rotational flow with closed streamlines when the initial configuration of the
system is not stable. This calls for a proper description of the 3D problem. Equations

governing these phenomena are presented in this section.
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2.1. Flow equation
Flow of any fluid is governed by mass and momentum conservation. Mass conservation

can be written as:

9p _
ot

—V (pq) +p"Qn (1)
where p is the fluid density (kg/m3), ¢ is porosity (volume of voids per unit volume of

aquifer), q is fluid flux (m?3/s/m?), and Q}, is the sink/source term (m?/s of fluid per unit

volume of aquifer), p* is the density of the incoming water through the source terms.

Dependence of density on solute mass fraction is frequently described by a linear or an

exponential law [Kolditz et al., 1998]. A linear equation would read:

p(w)=ps+ P (w—wy) (2)

where w is the solute mass fraction (kg of salt/kg of fluid), 3, is the constant relation
between the density and the salt mass fraction variation, wy is the freshwater salt mass

fraction and py is the density of freshwater.

The flow equation can be written in terms of either pressure p (Pa) or equivalent fresh-

water head hy (m). The freshwater equivalent head is defined as:

p
hy=—+z 3
"™ bty )

Momentum conservation in flow through porous media is expressed by Darcy’s law
__kpyg
q= L [Vhi+aVz] (4)

where k is the intrinsic permeability tensor (m?), p is the fluid viscosity (kg/ms), a =
p — ps/ps and Vz, in 3D, represents a unit vector opposite to gravity. This explains
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why the second term in 4 represents bouyancy. In relatively thin aquifers, where flow is
confined to take place within the aquifer plane, Vz can be approximated by the aquifer
slope. It is common to write (4) in terms of the hydraulic conductivity of freshwater
K =kpsg/p.

Finally, expanding (1) and using (4), the mass balance equation for general saturated

problems is:

Oh;

PSsor

0
+ pasﬁwa—f v (K (Vhf + aVz))
—p'Qr=0
where S is the specific storage coefficient.
2.2. Transport equation

The mass balance of solutes is expressed in terms of solute mass fluxes, 5 (advective,

diffusive and dispersive), as:

9 (ppw) , - O
o ~V (Jadw + Jaigs) + 0" Qnw (6)
The advective mass flux is equal to 7,45, = pqw. The dispersive and diffusive fluxes are

treated together as 7, = —pDVw where D is the hydrodynamic dispersion tensor.

2.3. Dimensionless Numbers

The motivation of this analysis comes from Darcy’s law expressed in equivalent freshwa-
ter head (4). The first term is essentially directed towards the sea in unpumped aquifers.
However, in aquifers with irregular bottoms, the second term may not. In fact, if the
aquifer’s slope is large, this term may become prevalent. For example, if a; = 1/40 and
the aquifer slope, 0z/0y = 4% (y being the coordinate parallel to the coast), then the sec-

ond term becomes 0.1%, which is a sizable value in comparison with V. In such a case,
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buoyancy would cause a lateral flux, leading to the development of a lateral convection cell.

In order to analyze the effect of aquifer bottom topography, two dimensionless numbers
are defined. The first one, NV, is defined by comparing the two terms in equation (4). The
first term, the freshwater head driven flow (K'Vhy), is approximated by the boundary
freshwater influx, ¢,. In the second one (buoyancy term), the gradient of altitude is
approximated by the maximum slope of the aquifer bottom, m; this is applicable when the
aquifer thickness is small compared to horizontal extent. Therefore, an ”aquifer bottom

buoyancy” dimensionless number may be defined:

N — a,/KVz/ a,/Km/
" JKVhy/ B

(7)

However, for the purposes of this work it is more appropriate to consider a ”lateral buoy-
ancy” dimensionless number, N, by comparing the seawards driving force to the lateral

component of buoyancy (y coordinate, parallel to coast):

_ aK0z/0y

Ny,
Y Qb

(8)

The dimensionless number defined in (7) resembles the Driving Forces Ratio (DFR) pro-
posed by Bachu [1995] and Bear [1972] to define free and forced convection in vertical
flow.

a

DFR = —— 9
i (9)

The numbers defined here, NV, and Ny, are preferable to DFR, because the fresh water flux
is usually better defined than Vhy. Moreover, these numbers explicitly take into account
the aquifer slope, which induces an important driving force in geometrically confined

aquifers. This has been recognized by Dorgarten and Tsang [1991] who proposed an
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expression for DFR essentially identical to (7), although motivated by heat transport.
Yet, Ny, is preferred because it is the lateral slope (0z/0y) that causes flow to depart

from the vertical plane.

3. Numerical modelling methodology

A numerical methodology is employed to evaluate the extent to which aquifer depth
variation can contribute to irregularities in saltwater intrusion patterns. A 3D model of a
confined aquifer of constant thickness is considered. An aquifer size of 10000 x 5000 x 50
m? is chosen resembling typical dimensions of coastal aquifers. In order to save compu-
tation time, the numerical analysis was carried out modelling only half of the symmetric

aquifer (see Figure 2).

Several aquifer geometries of a horizontally large confined aquifer of constant thickness,
as presented in Figure 3, were studied. They can be grouped into four cases: (1) ”horizon-
tal”, (2) "sloping” (towards the sea), (3) ”V-shaped” (with a central deeper section) and
(4) a "warped” aquifer (curved with a deeper point located in the middle of the seaside
boundary). All geometries are symmetric, in order to take advantage of the numerical
simplification described in Figure 2.

Boundary conditions used are:
1. Constant freshwater (w = 0) inflow from inland (1.18 hm?/year across the whole

boundary) at the vertical BD section in Figure 2.

2. Specified pressure along the seaside boundary (p = psgz) with solute concentra-
tion equal to seawater concentration for inflowing portions and resident concentration for

outflowing boundaries at the vertical plane passing through AC in Figure 2.
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3. The remaining boundaries (vertical planes passing through AB and CD in Figure 2

and top and bottom surfaces) are closed to flow and solute transport.

Both sea level and the horizontal plane (ABCD in Figure 2) are set at z = 0. Flow and
transport parameters used for the simulation are specified in Table 1. The simulated cases
are depicted according to the boundary planes’ shape and slope and the N, parameters
in Table 2. The lateral slopes chosen for the test cases are 1%, 3% and 10%. Therefore,

there are three simulations with N, = 0.2, 0.6 and 2.04, respectively.

Computer simulations were performed with SUTRA [Voss and Provost, 2002]. The nu-
merical technique used is the Galerkin finite element method with hexahedral elements.
Implicit finite differences are used for time integration. The iterative methods chosen
to solve the linear system of equations are the conjugate gradient method for the flow
equation and GMRES for the transport equation. The Picard method is used to solve to
the non-linear system. The mesh consists of 36 x 73 x 11 nodes and 25200 hexahedral ele-
ments. A fine discretization in the vertical direction is required to achive good resolution
of the interface shape as well as to avoid numerical dispersion in the vertical direction.
Horizontal discretization is finer near the seaside boundary as well as in the boundary

representing the symmetry axis (AB in Figure 2) with a resolution of 25 m.

Results are analyzed for natural steady state. The simulations are the result of a tran-

sient run of 1500 years, starting from the initial concentration and pressure conditions

that describe a completely fresh-water aquifer. The steady-state position of the saltwater-
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freshwater interface is reached in all cases. Simulations with geometries without lateral
slope need less than 100 years to reach steady-state. However, the required time increases
when increasing Ny, , needing as much as 1500 years for the simulations with largest N,

values.

The dispersion tensor used in the SUTRA code comes from an anisotropic-media dis-
persion model [Voss and Provost, 2002| that allows dispersion to vary depending on flow
direction. This implementation is important to characterize transport in highly hetero-
geneous media, for instance, layered aquifers. Also large horizontal extent aquifers with
reduced aquifer thickness need this kind of dispersion model to represent vertical trans-
port (as in seawater intrusion process) because of the different scales in the horizontal

and vertical directions.

4. Results

In order to compare similar values in all the simulations, the 50% isoline is selected as a
representative value in the analysis of saline intrusion. A particular but most important
point in this line is the "toe” position, defined as the distance (measured along the x axis
direction) between the seaside boundary and the point in which the 50% isoline intersects
the aquifer bottom. Results are presented as a function of the slope (m, or m,) and they

are compared to the horizontal aquifer results which are taken as a reference.
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4.1. Aquifers without lateral slope

The interface positions for the horizontal (case 1) and seawards sloping (case 2) aquifers
with 1, 3 and 10% slope are shown in Figure 4a. When the slope is directed towards the sea
(Figure 4a), intrusion patterns are very similar to those of horizontal aquifers. In other
words, the interface geometry is not significantly affected by this slope. As the slope
increases, the interface is slightly displaced seawards. The toe is somewhat displaced
seawards both because of the no flow (nor transport) bottom boundary condition and
because although the interface shape is the same, as the slope increases, the intersection

of the interface with the aquifer bottom occurs closer to the seaside boundary.

4.2. Lateral sloping aquifers

The saltwater intrusion pattern discussed above is strongly modified in aquifers with a
nonzero lateral slope (NN, greater than 0). This is illustrated in Figure 4b which displays
interface positions at a central cross section for warped aquifers with 1, 3 and 10% lateral
slopes. It is clear that increasing Ny, value leads to a broader seawater penetration in the
central section of the aquifer. It is interesting to notice that the interface for these aquifers
coincides approximately with that of a horizontal 550 m thick aquifer with the same unit
flux and dispersivity (dashed line in Figure 5b). This thickness (550 m) is the maximum
difference in elevation between the top and the bottom boundaries of the warped aquifer
with highest slope.
Enhanced seawater intrusion in the deepest portion of the warped aquifer can be properly
illustrated by comparing the velocity vectors in a seawards sloping aquifer and a warped
aquifer with equal seawards slope at the central section. Velocity fields and interfaces for

case 2 and 4 (both with m, = 10%) in the central cross section of the aquifer are shown
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in Figure 5. Vectors show the expected local flow directions in the sloping aquifer (Fig.
ba). Freshwater discharges to the sea, and a vertical convective cell is formed by saltwater
entering from the seaside. However, the interface is far from the sea boundary in the
warped aquifer (Fig. 5b). There is no discharge of freshwater at the shown cross-section
and the velocity vectors might suggest that seawater flows inland and disappears, together
with the freshwater along the interface area. This apparent unrealistic result becomes clear
when the problem is analyzed in three dimensions. Figure 6 displays the velocity vector
field, the isoconcentration lines and the equivalent freshwater head isolines on the aquifer
bottom for the V-shaped and warped cases with NV, equal to 2.0. It is clear that the
lateral slope causes the convection cell in the saltwater wedge to develop sideways. This
explains why seawater entering the deepest portion of the aquifer penetrates so far inland.
It also explains why seawater velocities are reduced near the interface in 5. Seawater is
actually deflected sideways and upslope. The same happens to freshwater, which is pushed
by the entering seawater and can only discharge in the shallower portions of the shore.
Both saltwater penetration and interface shape are conditioned by the three dimensional
pattern of the flow field. Therefore, a different penetration between the central and the
seaside cross-sections are observed in all the examples considered with N, different from
0. The relationship between seawater penetration (toe position) in a central cross section
and N, is represented in Figure 7a for all simulated cases. Toe penetration increases
significantly with the lateral slope at the aquifer central section (Figure 7a). This effect
is accompanied by an opposite one in the shallowest end section (in this case the lateral
boundary section, given by a vertical plane trough CD in Figure 2) as shown in Figure

7b. The interface penetration decreases in this section as the N, number increases due to
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the higher amount of freshwater that is diverted to the shallowest portions of the aquifer.

As a consequence of the three-dimensionality of flow the salt mass flux that comes into
the aquifer through the seaside boundary is not equally distributed along the coast for
aquifers with a lateral slope as shown in Figure 8. Vertically integrated flow is virtually
equal to 0 for aquifers without lateral slope as expected because of the symmetry of the
flow field. Two zones can be distinguished along the coast line in warped and V shaped
aquifers: an inflow and an outflow dominated zones. The maximum salt outflow value
depends on the extent of the horizontal convection cell formed and observed in Figure 6,
and therefore, on the N, number. When N, equals 2.0, salt enters the aquifer through the
deepest half of the seaside boundary. Salt discharge takes place upslope, with a maximum
about 3000 meters away from the central and deepest part of the aquifer. These values
become 500 m (salt inflow zone) and 900 m (maximum salt discharge) for Ny, equal to
0.6.

Three dimensionality of the flow also implies that the generally used estimation of the
saltwater wedge toe position via the Ghyben-Herzberg approximation is not valid when
the aquifer has a lateral slope. The assumption of constant horizontal freshwater flow
perpendicular to the coast is not met. Still, in Appendix A, an approximation is derived
for the case of laterally sloping aquifers based on the Ghyben-Herzberg assumptions (sharp
interface and immobile saltwater). Figure 9 shows the comparison between the model
results (50% mixing line) and the toe position calculated with the tilted Gyben-Herzberg
approximation (Appendix A). Two different interface position have been calculated. The
first assuming that the interface intersects the coast line in the shallowest point, which is

the standard in 2D vertical models and it is known to overestimate seawater penetration.
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The second one is based on supposing that the interface intersects the coast line at the
main salt discharge point (Figure 8). The second approximation fits the model results
accurately, however, the main discharge point is not an easy parameter to know in advance.
Toe penetration is slightly overestimated by the first approximation. Still, it can be
considered as good approximation to the solution of the interface position as it is in

vertical cross sections.

5. Sensitivity analysis

Other parameters may affect the behaviour of saltwater intrusion in aquifers with vari-
able depth. In order to determine whether this effect is well characterized by the N,
number, the sensitivity of toe position to dispersivity coefficients, freshwater incoming

flux (¢y) and aquifer thickness (b) is studied.

5.1. Dispersivity

Results of the sensitivity analysis with respect to dispersivity are shown in Figure 10.
As explained in previous sections, the dispersivity tensor used can deal with three different
values of the longitudinal dispersion coefficient (o). oy values are the same for horizontal
flow directions but ten times larger than « for vertical flow. To simplify, the transverse
dispersivity coefficient (o) is the same for all flow directions. The toe penetration in
a central cross section shows the expected behaviour. As dispersivity coefficients are
increased, the toe penetration decreases. Toe penetration is more sensitive to transversal
than to the longitudinal dispersivity. However, in both cases, sensitivity is low and does

not affect the behaviour discussed above.
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5.2. Freshwater boundary inflow

Freshwater inflow (g;) is one of the parameters that appears in the Ny, expression. Sev-
eral simulations were carried out to assess the effect of this factor in the seawater intrusion
behaviour in lateral sloping aquifers. The toe positions obtained for different values of the
freshwater inflow are shown in Figure 11 for some of the geometries considered. The larger
the freshwater inflow is, the smaller the saltwater penetration is. However the observed
different behaviour for the aquifers with Ny, > 0 is still observed for higher values of the

freshwater boundary inflow.

5.3. Aquifer Thickness

As stated before, saltwater penetration depends on aquifer thickness provided the re-
maining parameters are kept constant. Moreover, the effect of the geometry of the aquifer
boundaries should be smaller for increasing aquifer thickness, because of the less confine-
ment of the buoyancy term. Therefore, aquifer thickness is one of the parameters that can
have the greatest impact on seawater intrusion behaviour. In Figure 12, the results for dif-
ferent simulations with different values of the aquifer thickness are presented. The higher
seawater penetration in the deepest aquifer cross sections for the warped and V-shaped

aquifers is still present for all values of aquifer thickness.

6. Conclusions

Analysis of seawater intrusion problems is often carried out in vertical cross-sections
perpendicular to the sea or areal 2D models using either simplified analytical solutions
(based on Ghyben-Herzberg approximation) or sophisticated numerical codes. However,

the seawater intrusion patterns in horizontally extensive aquifers are heavily dependent
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on the shape of their boundaries. Intrusion patterns in aquifers with laterally varying
bottom elevation are qualitatively different. The main differences stem from a lateral,
essentially horizontal convection cell that develops along the ocean side of the aquifer in
aquifers with valley-shaped bottoms. This is due to the slope in the impermeable aquifer
bottom in the direction parallel to the coast. Lateral convection cells cause the seawater
wedge to penetrate much further inland in the deepest portion of the aquifer.

These effects can be quantified by means of a lateral buoyancy dimensionless number.
Lateral convection cells are completely developed with N, numbers higher than approx-
imately 0.4. Modelling such effects requires a full knowledge of the three-dimensional ge-
ometry of the bottom aquifer and can only be solved using 3D density-dependent ground-
water flow and transport codes. Still, reliable approximations of saltwater penetration

can be obtained using the tilted Ghyben-Herzberg approximation of Appendix A.

Appendix A: Tilted Ghyben-Herzberg Approximation

An approximate position of the saltwater wedge in coastal aquifers is usually calculated
based on the Ghyben-Herzberg approximation in a cross section perpendicular to the
coast. In aquifers with lateral slope this equation cannot be applied. Three-dimensionality
of the flow field implies that freshwater flow is not perpendicular to the coast. However,
a new approximation for thin laterally sloping aquifers can be used to obtain the tilted
interface position. Two cases are considered here: (1) V-shaped aquifers and (2) Warped
aquifers. The general domain is shown in Figure 13. Adopting the Dupuit-Forchheimer

assumption, flow across the A-A’ section, is given by Darcy’s Law:

Q=TW ()5 (A1)
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where @), is the freshwater flowing through the AA’ section; T the aquifer transmissivity;
W(z) = (yr — y) the aquifer width in which freshwater flows; y the interface position
in y direction. Ghyben-Herzberg assumptions of immobile saltwater and sharp interface
(there is no mixing zone),imply:

h(z,y) = —az (A2)

where z(x,y) is the elevation of the interface.
Expressing W in terms of the equation of the aquifer surface, imposing that the interface

must satisfy A2 and integrating in z yields the equation for the interface as shown below.

A1l. V—shaped Aquifers
In aquifers described as V-shaped and shown as Case 3 in Figure 3, the geometry of the

boundary planes have the following expression:

z—zp=m(y —yr) =mW (A3)

where m is the plane’s slope. Solving (A3) for W, substituting z by means of (A2) and

integrating along the flow direction(z) leads to:

T h I
m/ Q. dz’ :T/ AL (A4)
0 ho Q
mQ.x =T {hz — fig + (h — hg)zL] (A5)

where hq is the freshwater head (zp«) at the point where the interface intersects the seaside
boundary. @, is assumed to be constant (i.e. there is no areal recharge). Again using A2

for h and A3 for z yields the areal equation of the interface

z = TQ—%Q [y —yL)* = (o — y)?] (A6)
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where ) is the y value at the interface intersection with the coast line. A priori, one does
no know g, and several approximations need to be made:

1. If the interface intersects the coast line in g, then

o= =) (A7)

2. If the interface intersects the coast line somewhere between y = 0 and y;, A6 must

be applied.

A2. Warped Aquifers
In Warped aquifers shown as Case 4 in Figure 3, the geometry of the boundary surfaces

has the following expression:

2= (o~ y) (e — ) (A8)

where m is the slope in x and y direction and L the model domain length.
Following the same procedure as above, the final expression for the interface equation for

warped aquifers is:

B LQ + Tam(yr, — yo)?
e (1 - \/ LQ + Tam(y, — )2 ) (49)

As above, two different approximations for 1y, can be adopted. First, assume that the

interface intersects the coast line in ¥y, in which case the interface equation simplifies to

|, 10
R (1 \/LQ + Tam(yr, — y)2> (A10)

Second, assume that the interface intersects the coast line somewhere between y = 0 and

yr, in which case A9 must be used.
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Sea
Freshwater flow

Saltwater flow

Figure 1. Classical vertical saltwater circulation cell induced by the combination of

buoyancy forces and hydrodynamic dispersion processes.
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Figure 2. Geometry of the aquifer and model domain (grey area), including boundary

conditions: freshwater inflow inland and specified pressure in the seaside boundary.
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CASE 1: Horizontal aquifer CASE 2: Seawards sloping aquifer

CASE 3: V-shaped aquifer CASE 4: Warped aquifer

Figure 3. Schematic description of the test cases geometries: (1) horizontal, (2)
seawards sloping, (3) V-shaped and (4) warped. Freshwater flows from the background

(inland) towards the foreground (seaside).
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Table 1. Parameters used in the simulations

Parameter Value

[0) 0.2 Porosity

k 1.25e-11 m? !Permeability (isotropic)

ALmaz = QLmed 20 m Max. and med. longitudinal dispersivity
Q Lmin 2 m Min. longitudinal dispersivity

ar 2 m Transverse dispersivity

D,, 1.0e-9 m?/s Molecular diffusion coefficient

o 1.0e-8 (kg/ms®)~! Matrix compressibility

6} 4.4e-10 (kg/ms*)~' Fluid compressibility

I 0.001 g/ms Freshwater viscosity

U This permeability is equivalent to a freshwater hydraulic conductivity of 1.225e-4 m/s

DRAFT December 19, 2005, 12:19pm DRAFT



ABARCA ET AL.: QUASI-HORIZONTAL CIRCULATION CELLS IN SEAWATER INTRUSION X-31

Table 2.  Description of simulations considered in the analysis (m, and m, are the

components of the slope perpendicular and parallel to the sea coast, respectively)

Test case Max m, Max m,, Ny,
1: Horizontal 0 0 0
2: Seawards sloping 0.01 0 0
2: Seawards sloping 0.03 0 0
2: Seawards sloping 0.1 0 0
3: V-shaped 0 0.01 0.2
3: V-shaped 0 0.03 0.6
3: V-shaped 0 0.1 2.04
4: Warped 0.01 0.01 0.2
4: Warped 0.03 0.03 0.6
4: Warped 0.1 0.1 2.0
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Horizontal aquifer

-250

Depth (m)

-5

(a) Cases with Nby =0 (b) Cases with Nby >0
0 500 1000 1500 2000 0 500 1000 1500 2000
X (m)

Figure 4. (a) Interface position in case 1 (horizontal) and 2 (seawards sloping) in the
central cross section (vertical plane through BA in Figure 2); (b) Interface position in
horizontal and warped aquifers. the dashed line represents the interface for a horizontal
550 m thick aquifer with the same inland unit flux. Horizontal axis is distance to the sea

boundary (in meters); the vertical axis shows the depth (meters).
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\ - ” ‘.: _E J‘: .,-/""'FF,B
'_: _: . :‘ : ‘ SLOPING Inland
B
.,-/""—FJ
Inland
boundary

NON-PLANAR

Seaside
boundary AQUIFER
Seaside
boundary
Figure 5. Projection of the velocity vectors on the aquifer central cross section (AB

vertical section in Figure 2): (a) Cross section of a seawards sloping aquifer with a 10%
slope. Notice the typical vertical convection cell, with seawater entering in the lowest part
of the aquifer and exiting in the upper part. (b) Cross section of a warped aquifer with

Ny,=2.0. Notice that in this section, seawater enters through the whole aquifer thickness.

Vector lengths indicate the magnitude of the velocity in each element.
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Figure 6.

|
2000 3000

4000 ?000 0

XY plan view of the velocity vectors, isoconcentration lines and equivalent

freshwater head isolines (dashed lines) at the bottom of the aquifer in a V-shaped (a) and

warped (b) aquifer with N, =2.0. Notice that water entering the aquifer through its lowest

point tends to exit at the much higher right hand corner, thus leading to an essentially

horizontal convention cell. The lines (10% to 90% mixing lines) show the position and

width of the mixing zone at the aquifer bottom. Notice that both fresh and salt waters

are deflected sideways towards the high end of the outflowing boundary
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(a) Deep cross section (b) Shallow cross section
4000 A 240 - .
o O Horizontal
t 200 o ¢ Seawards sloping
£ 3000
= 160 OB & V-shaped
[) . O Warped
-‘5 2000 120
o O
Q 80
8 1000
- A 40 B
Ja
0 0 0
0 1 2 3 0 2 3
be

Figure 7. Toe position for the central cross section (a) and the lateral cross section

(b). Notice the relation between the Nby number and the increase of the salt penetration

in the central section. This effect is also accompanied by a decrease of toe penetration

at the lateral boundary, which is caused by the convergence of freshwater outflow at the

upslope portion of the aquifer.
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Figure 8. Vertically integrated salt flux per unit length of coastline. Positive values
indicate salt inflow and negative values, outflow. The minimum salt flux in each case
indicates the location of the main salt discharge point. Notice that the mass flux is 0 along
the whole boundary in both horizontal and seawards dipping aquifers. However, seawater
enters inland at the deepest portions of the aquifer and exits at swallower portions, though

not at the shallowest, in aquifers with lateral slope
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Figure 9.
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(b) Warped aquifer

0
0

1000 2000 3000 4000 5000

Model results (50% mixing is shown as a continuous line) at the bottom of

the V-shaped (a) and warped (b) aquifers with N, = 2.0. Also shown is the location

(dots) of the interface derived from the Ghyben-Herzberg approximation of Appendix A

for areal two dimensional aquifers with the same elevation. The tilted interface position

calculated assuming that it intersects the coastline at the shallowest point is shown by cir-

cles. Triangles represent the solution assuming that the interface intersects the boundary

at y = 3000m, the main salt discharge point as shown in Figure 8.
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Figure 10. Sensitivity of toe penetration in the aquifer central cross section to the lon-

gitudinal (left) and transversal (right) dispersivity values for different aquifer geometries.
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Sensitivity of toe penetration in the aquifer central cross section to the

freshwater inflow through the inland boundary for different aquifer geometries.
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Figure 12. Sensitivity of toe penetration in the aquifer central cross section to different

aquifer thickness for the different considered aquifer geometries.
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Figure 13. Plan view of the aquifer domain and some of the variables that appear in

the calculations
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ABSTRACT

The European Water Framework Directive (WFD, 2000) establishes the basis for Community action in
the field of water policy. Water authorities in Catalonia (Agéncia Catalana de I’Aigua), together with
users (CUADLL) are designing a management program to improve groundwater status and to assess the
impact of infrastructures and city-planning activities on the aquifers and their associated natural systems.
The objective is to describe the role of groundwater modelling in addressing the issues raised by the
WEFD, and its application to the Llobregat Delta, Barcelona, Spain. In this case modelling was used to
address WFD in the following: (1) Characterization of aquifers and the status of groundwater by
integration of existing knowledge and new hydrogeological information. Inverse modelling allowed us to
reach an accurate description of the paths and mechanisms for the evolution of seawater intrusion; (2)
Quantification of groundwater budget (mass balance). This is especially relevant for those terms that are
difficult to asses, such as recharge from river infiltration during floods, which we have found to be very
important; (3) Evaluation of groundwater related environmental needs in aquatic ecosystems. The model
allows quantifying groundwater input under natural conditions, which can be used as a reference level for
stressed conditions; (4) Evaluation of possible impacts of territory planning (Llobregat river course
modification, new railway tunnels, airport and docks enlargement, etc.); (5) Definition of management
areas; and (6) The assessment of possible future scenarios combined with optimization processes to
quantify sustainable pumping rates and design measures to control seawater intrusion.

The resulting model has been coupled to a user friendly interface to allow water managers to design and
address corrective measures in an agile and effective way.



1.- INTRODUCTION
The Water Framework Directive (WFD, 2000) establishes a framework to regulate the
water and environmental resources of the European Community with the purpose of
conserving, protecting and improving their quality and the sustainable use. Most of the
obligations under the WFD are aimed at reaching good status of water bodies (in this
case applied to groundwater) by 2015, both in a qualitative and in a quantitative sense.
The WFD establishes these objectives, the execution terms and the obligation to apply a
specific control to verify its accomplishment. It basically makes it compulsory to:
e protect, improve and restore water bodies in order to reach a good status by
2015;
e adopt measures to prevent the deterioration of the good status (quality and
quantity) of groundwater;
e adopt measures to prevent and limit the entrance of pollutants in groundwater;
e adopt measures to reverse negative trends (i.e. increase of contaminants in
groundwater);

e ensure the protection of water bodies used for human consumption.

In addition to the above, other obligations are specified:

e Delineation of water bodies.

e Water body characterisation and potential impact assessment.

e Evaluation of quantitative status.

e Evaluation of qualitative status.

e Listing of protected areas (e.g. water bodies used for human consumption).

e Definition of management programme.

e Water body control / Assessment of the benefits of management programme

implementation.

Moreover, Article 17 of the WFD requires adopting specific measures to prevent and
control groundwater pollution by defining common criteria on good chemical status and
quality trends. The proposal for a Groundwater Daughter Directive (COM, 2003) meets
that requirement. Anyway, the proposed Directive is still not very specific, and there is
a lot of ambiguity on how to apply it. For instance, concerning the prevention and

restriction of the entrance of pollutants, there are no simple relationships between



preventive and corrective measures and their effects. Moreover, the relationship
between abstractions and available resources is not clear and is debatable. For example,
this relationship depends on the status of aquifer groundwater levels. The actual
application of the Directive leaves a lot of room on how to apply it to real cases. This is
useful, as it would be ludicrous to specify details of water management principles for all
Europe. In practice, what the directive requires is a good understanding of the aquifer,
of the implications of alternatives management strategies and thorough evaluations. We

argue that these objectives can be achieved through groundwater modelling.

The objective of this paper is to describe the role of groundwater modelling in
addressing the issues raised by the WFD, and its application to the Llobregat Delta,
Barcelona, Spain. The methodology used to define an aquifer management programme
according to the WFD is largely equivalent to groundwater modelling. In fact,
modelling is normally one of the best ways to manage, integrate, validate and quantify
hydrogeological information. An example of this methodology can be found in the Baix
Llobregat aquifers. These aquifers are strategically relevant for the Barcelona urban area
and surroundings, where one of the main issues is to have the basic management tools to
define the best hydraulic policies for the short term. Defining a management programme
makes it possible to evaluate the groundwater dynamics ahead of several planned
territorial actions. This includes impact assessment of aquatic ecosystems (rivers, lakes,

wetlands, etc.) and seawater intrusion into aquifers.

2. MANAGEMENT PROGRAM IMPLEMENTATION
A management program is a procedure for the execution and accomplishment of the
WEFD (Art. 13). One of its main themes is the need to define the set of measures needed
to reach environmental objectives and other WFD requirements to be achieved.
Some basic features of the measures to adopt are:
e To ensure a reasonable equilibrium between groundwater abstractions and
recharge rates.
e Groundwater levels should be compatible with the good status of water bodies
and associated ecosystems.
e Reduce the effects of salt intrusion.
e To protect those groundwater bodies used, or potentially used, for human

consumption.



Those specific for water bodies with a longer term for the attainment of a good
status.
Those specific for water bodies with less rigorously defined environmental

objectives.

In order to define a useful management programme, it is necessary to characterise the

groundwater bodies and to define the management program criteria according to the

WEFD. Here, we present a methodology that has been successfully applied to the Baix

Llobregat aquifers. The basic steps are:

Groundwater characterisation

Characterisation of aquifers and the status of groundwater.

Quantification of groundwater budget (mass balance).

Management criteria

Evaluation of groundwater-related environmental needs in aquatic ecosystems.
Evaluation of the possible impacts of territory planning.

Definition of management areas.

Assessment of possible future scenarios.

Design of corrective measures.

3. GROUNDWATER CHARACTERISATION

3.1.-

DEFINITION OF THE AQUIFERS AND THE STATUS OF

GROUNDWATER.

Characterisation and analysis of pressures or impacts first requires the definition of the

water body in order to optimise and simplify the adopted measures. The WFD is

somewhat ambiguous in defining water bodies, leaving room for managers to decide in

each case. The WFD simply recommends using the following criteria:

The ability to achieve a water balance to evaluate its qualitative status

A connection with superficial waters.

The possibility of accurate management.

The size of the water body must allow management beginning with the biggest
size (for example corresponding to a Hydrogeological Unit) and subdividing it if
necessary.

Subdivision of water bodies on the basis of several criteria such as vulnerability,
potential human activity impacts, the risk of not achieving a good status, etc.



e This can modify the meaning of “water body” if necessary.

The meaning of groundwater body does not necessarily coincide with other concepts or
terms such as aquifer, aquifer system or hydrogeological unit. The aquifer is the
“structure” where groundwater is stored. Aquifers can be defined on the basis of how
much water can flow into them and the ability to extract significant quantities from
them. Groundwater bodies constitute the “basic units” where it is possible to asses the

water status.

In order to define groundwater bodies, it is necessary firsts to conduct a geological and
hydrogeological review and data recollection defining the geometry, hydraulic

parameters and other properties of aquifers.

An example of this can be seen in the Baix Llobregat aquifer application summarised
below. In these aquifers, the integration of existing knowledge and new hydrogeological
information, together with inverse modelling has allowed us to achieve a satisfactory
description of the hydrogeological conceptual model (e.g. the paths and mechanisms for
the evolution of seawater intrusion). We argue that calibration is needed in any model.
However, inverse modelling is particularly advisable in regional large scale models for
two reasons. First, significant head variations are usually observed, so that head data are
very informative about the model parameters. Second, severe conceptual uncertainties
are often present, so that automatic inversion allows modellers to concentrate on

conceptual issues by freeing them of tedious manual calibration (Carrera et al, 2005).

GROUNDWATER CHARACTERIZATION

The Llobregat Delta is located at the SW end of the densely populated area of Barcelona
City, in the NE of Spain. This area, formerly devoted to agriculture, now supports
important industrial settlements and city suburbs. The high water demand brings about
an intense and continuous exploitation of surface and groundwater resources. Intensive
groundwater exploitation until the late 1970’s caused a significant advance of the saline
intrusion interface. Saline intrusion still affects large areas of the delta. At present, the
Catalonian Water Agency (Agéncia Catalana de I’Aigua, ACA) together with users
(CUADLL) are trying to correct the current situation and are developing a groundwater
management programme to recover groundwater quality and quantity while trying to

guarantee sustainable pumping rates.



It has been necessary to first carry out a groundwater review of previous works along
with data collection and integration and an exhaustive geology review. The current delta
is a medium-size quaternary formation. Some archaeological findings have shown that,
in Roman times, the shore line was almost 2 km inland and that, in the Middle Ages,
Barcelona harbour was sheltered by the western side of Montjuich Mountain, some 1.5
km inland from the present shore line.

For the Llobregat Delta geology general guidelines were established by Almera (1891),
Llopis (1942, 1946), Solé-Sabaris et al. (1957) and Solé-Sabaris (1963). For
hydrogeological purposes, the cross-sections proposed in the late 1960°s and early
1970’s in the framework of an important management project (MOP, 1966), and some
other reports published at that time (Llamas and Molist, 1967), are still used today.
Since then, civil works have provided additional geological information that has helped
define a more accurate geological model. The motivation for reviewing the model stems
from the need to account for medium-scale heterogeneities that would control the
contamination transport processes that take place in the Llobregat Delta aquifers. This is
especially true as there is a need to account for mass transport studies and even as
remediation measures are to be designed or planned. A thorough sedimentological study
was carried out to define the three-dimensional geological structure in detail. For
example, well logs have been reviewed under a sedimentological point of view and it
has been possible to redefine aquifer units, their geometries, and lateral connections
both between units and the sea. The final geological model is presented in Figure 1a and

1b. All collected data were compiled in a GIS-compatible database.
(Figure 1a and 1b)

The Llobregat Delta is a well known case in classical hydrology and seawater intrusion
studies. Numerous groundwater studies have been carried out in this area since the
1960’s. Among others, the hydrogeological synthesis works by MOP (1966), PHPO
(1985) and, more recently, Iribar and Custodio (1992) are worth noting. In the late
1970’s, when salinisation problems became increasingly worrying, hydrochemistry
works increased our knowledge of the aquifer systems and the mechanisms that cause
seawater intrusion in the Llobregat Delta aquifers (Custodio et al., 1976; Custodio,
1981; Manzano et al., 1992; Bayo et al., 1977; Domenech et al., 1983, etc.).

It is possible to define the Main and the Upper aquifers from geological information.

The Main Aquifer corresponds to alluvial sediments of Llobregat River and has



hydraulic continuity with lower permeable sediments of the Delta. The Upper Aquifer is
present in the upper part of the delta. These two aquifers are separated by an aquitard
constituted by silty clay sediments. In addition the main aquifer is divided in three
management administrations, Cubeta de Sant Andreu in the northern, Vall Baixa in the

centre, and the Delta (Figure 2).

In order to achieve a detailed characterisation, it is necessary to recover all the
information used to define the conceptual model. One of the most difficult variables to
obtain is recharge, which depends on soil use and varies with time, and groundwater
extraction. Groundwater pumping was largest in the 1970’s, when it reached values
above than 130 hm®/y. As a result heads dropped below 25 m.b.s.I. in the central part of
the delta, Figure 3.

(Figure 2)

(Figure 3)
Due to this groundwater level decrease and some anthropic modifications to the medium
(inland dock enlargement), sea water intrusion quickly progressed around the 1980’s
towards the central part of the delta, where some of the main pumping areas were
located. Figure 4 shows the evolution of chloride concentration with time in some

selected measurement points, to illustrate how seawater intrusion evolved in the main

aquifer of the Llobregat Delta.
(Figure 4)

MODELLING

Groundwater modelling is needed to integrate and validate the conceptual model and to
obtain a management tool. A variety of scenarios are simulated to allow managers to
quantify the effects of different future policies on these aquifers. Groundwater flow
models had been already developed for the Main Aquifer, referred to as Lower Aquifer
in previous works (Custodio et al., 1971; Cuena and Custodio, 1971; PHPO, 1985;
Iribar et al., 1997 ) and, more recently, for the main aquifer (UPC, 1997) and also for
the upper aquifer (UPC, 1998).

A two-layer 2D flow and transport model of the system was built. The top layer
represents the upper aquifer and the bottom layer represents the main aquifer. The

numerical model does not take into account variable density effects because vertical



fluxes can be neglected in aquifers with small thickness as it is the case with the
Llobregat delta aquifers. Moreover, lateral fluxes, which can be important when the
lateral slope exceeds 3% (Abarca et al., 2005a) can be neglected here. The only
important effect is boundary heads, which were taken into account by defining seaside

boundary condition in terms of equivalent heads freshwater.

Visual Transin (UPC, 2003) is a graphical user-friendly interface for Transin (Medina
and Carrera, 1996; Medina and Carrera, 2003)) which allows simulation and calibration
of flow and transport parameters. This code has been used for automatically calibrating
the numerical model against both head and chloride data. Spatial discretisation (Figure
5) is refined, near the main pumping areas, and the mesh is adapted to the main
hydrogeological features. The average size per element is about 200 m. Calibration time
steps are set monthly from 1965 to 2001. The model is validated for the extended period
from 2001 to 2004.

(Figure 5)
Model’s parameters were based on data integration and geological review. For example,
it was possible to define 101 transmissivity zones conditioned by aquifer thickness,
lithofacies description and hydraulic test values. The transmisivity zone map is shown
in Figure 6, which also shows aquifer thickness isolines above it.

(Figure 6)
Three main points need to be taken into account when calibrating the model. First, we
must try to ensure consistence between prior information and calibrated parameters;
second, we must ensure a good fit between measured and computed data, in terms of
both piezometric heads and concentrations (Figures 7 and 8) and, third, the water and
chloride mass balances should be consistent with the conceptual model and previous
calculations. One of the most significant contributions of the model is its ability to

simulate the evolution of seawater intrusion and define a path for it.

(Figure 7)
(Figure 8)

3.2.- QUANTIFICATION OF GROUNDWATER BUDGET (MASS BALANCE)
In order to define and manage water bodies and to show understanding of the system, it

is necessary to quantify the groundwater mass balance. This is especially relevant for



those terms that are difficult to assess. Mass balance is a natural output of the model. A
summary of the water mass balance obtained for Baix Llobregat aquifers is show in
Figure 9.

(Figure 9)
Several relevant aspects arise from Figure 9. Recharge from the river during floods is
one of the most important contribution to aquifer recharge at the main aquifer. Pumping

is the main term in aquifer discharge. Water storage variations are mainly conditioned

by these two terms.

There is usually a net flow from the Vall Baixa to the Delta. However, this flow is

sometimes reversed when intensive abstractions in the Vall Baixa area are performed.

Seawater intrudes the main aquifer through the whole simulation period. As expected,

seawater intrusion is higher when groundwater heads are more depleted.

Infiltration from rain and irrigation excess are the main water input for the upper
aquifer. In this aquifer the main output corresponds to the discharge to the sea and the

vertical flow from the upper to the main aquifer through the aquitard (Figure 1).

4.- MANAGEMENT CRITERIA

4.1.- EVALUATION OF GROUNDWATER RELATED ENVIRONMENTAL
NEEDS

Previous aquifer characterisation and modelling must give us guidelines to identify if
aquifer is stressed and how difficult is it to correct this situation. It is necessary to define
the environmental objectives that define whether the aquifer is in a good status or not.
For Baix Llobregat aquifers these environmental objectives are:
Main Aquifer (Cubeta, Vall Baixa and Delta)
e Ensure the sustainability of those aquifers used, first, for human consumption
and, second, for other complementary uses (industries, agriculture).
e Recovering the natural relationship between the river and the aquifer would
make it possible to recover related aquatic ecosystems. However, this would
imply flooding ancient landfills. Therefore, as long as those landfills are not

cleaned up, it is preferred to keep heads below the landfill bottom.

Upper aquifer



e Guarantee environmental uses related to protected areas, specially the wetlands.

e Avoid seawater intrusion or any other contamination problems that may affect
water quality equilibrium of wetlands.

e Avoid significant variation of groundwater heads due to the development of

urban areas and the construction of infrastructures.

Most of the above criteria could be defined in terms of groundwater heads. Heads allow
us to compute water transfer between aquifers and other water bodies, aquifer storage,
contaminant rate transfers, etc. In the case of the Baix Llobregat aquifers, quantitative
indicators must guarantee minimum strategic water storage, good yield for abstraction
wells, water transfers to aquatic ecosystems, prevent sea water intrusion and the capture
of other contaminants, prevent soil consolidation and other geotechnical problems, etc.
On the other hand, groundwater heads need to be low enough to prevent the flushing of
buried landfills or soil salinisation by evaporating subsurface groundwater and prevent

groundwater drainage by underground structures.

Taking all these considerations into account, the range of groundwater heads that allows
a good quantitative status of the aquifer, has been defined. Heads out of this range are
deemed indicators of an unacceptable status. Figure 10 shows the location of the control
points and their correspondent maximum and minimum reference groundwater head

values.
(Figure 10)

Good management could be considered for Baix Llobregat aquifers when reversal
trends will be shown in the evolution of qualitative indicators. The main quality
problem of Baix Llobregat aquifers is seawater intrusion. In this case, chloride
concentration or even, electrical conductivity are the best indicators for groundwater
quality. We defined the ideal best qualitative status for main aquifer could be defined
when groundwater concentrations are below 1000 mg/L CI" next to the coast, that is
near natural conditions. The worse qualitative status corresponds to the current situation
when the maximum contaminated area is allowed. A more realistic situation is one that
represents the minimum contaminated area allowed at the beginning of the period of
maximum abstraction (1965 to 2001). A good status could be defined as when chloride
concentrations begin to be reduced, but a long term good status objective is to reach a
seawater intrusion situation is similar to 1965, Figure 11.

(Figure 11)
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4.2.- EVALUATION OF POSSIBLE IMPACTS OF NEW CONSTRUCTIONS.

To ensure the good status of groundwater and to define the best corrective measures it is
necessary to assess the possible impact of territorial management and to consider all

possible scenarios affecting the hydrogeological cycle.

In the Baix Llobregat aquifers the more important projected infrastructures are the
Llobregat river final course modification, several new railway underground tunnels, the
enlargement of the docks, the enlargement of the airport and associated drainage

systems, changes in land uses, etc.

Most of these actions may affect the upper aquifer. Predictable impacts are related to,
first, groundwater level drawdown due to the potential drainage effect over aquifer by
airport drainage channels, tunnel seepage, and river drainage, and second, a rise in
groundwater level caused by the reduction of the flow aquifer section (barrier effect).
All this groundwater level movements may produce some of the negative impacts

described before, that avoid groundwater good status.

Projected new hydraulic parameter modifications, and computed impacts based on
them, are very uncertain. Additional monitoring network will be necessary to assess the

possible impacts during construction and implementation phases.

4.3.- DEFINITION OF MANAGEMENT AREAS.

The meaning of “water body” in WFD context was described in section 3.1. One
important issue is the possibility of dividing water bodies to facilitate management. The
methodology consists of zoning several variables and then crossing all related variables,
obtaining different management areas with homogeneous properties. The same
quantitative and qualitative indicators must be applied to each one. As a result, it is
possible to apply the same management criteria for the whole area. Keeping a small

number of areas is recommended in order to simplify management.

Criteria considered here for defining management areas include groundwater pumping,
aquifer recharge areas (land cover, soil uses, river interaction, etc), administrative limits
and aquifer qualitative (concentrations) and quantitative (heads) indicators. Seven

polygons or management areas were defined (Figure 12); six in the main aquifer, and
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one corresponding to the upper aquifer. Pumping rates will be reduced in the same

proportion for all pumping well in each management area.

(Figure 12)

4.4.- THE ASSESSMENT OF POSSIBLE FUTURE SCENARIOS.

Once an aquifer is satisfactorily represented by a model, this model is a useful tool to
test different assumptions on how the system may develop in the future. Since the future
is uncertain, some assumptions about the evolution of the main source/sink terms need
to be made resulting in different future scenarios. The complete set of scenarios
provides a wide insight the sustainability at long term of existing pumping rates under
different considerations. Furthermore, they provide information about where and which

additional corrective measures are needed.

In the Baix Llobregat aquifers a set of these simulations were carried out. The
simulation period was defined from 2002 to 2036. One of these scenarios was chosen as

the reference scenario to compare results against. This scenario assumes that:

e The meteorological series for the simulation/optimization period (2002-2036) is
equal to that observed during the period 1965-2001. It includes long dry periods
as well as long wet periods taking into account extreme possible cases. Global
climate change has not been considered.

e The pumping history assumed for future years is the average of the last five
years (1997-2001) for all wells, except for the main pumping area whose
temporal variability for the last five years have been repeated along the
simulation period.

e Current abstraction locations are maintained.

e Projected infrastructures to be built at short term are included into the simulation
model (the Llobregat river course modification, the new railway and subway

tunnels, the airport and the docks enlargement, the urban area expansion, etc.).

Alternative scenarios consider an increase or decrease of current pumping rates or the

inland migration of the pumping areas caused by water salinization.
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All proposed scenarios showed that current abstractions are not sustainable at long term.
Seawater intrusion will progress if the current situation is not corrected in an immediate
future. A strong reduction in pumping is needed to achieve a good quantitative and

qualitative status unless additional corrective measures are implemented.

4.5.- DESIGN OF CORRECTIVE MEASURES

Many corrective measures can be considered to recover groundwater status. Basically,
they can be grouped in: reduction of groundwater pumping; increase of recharge;
relocation of pumping wells; and in the case of coastal aquifers, additional engineering

solutions to restore groundwater quality (e.g. hydraulic barriers).
For Baix Llobregat aquifers potential corrective measures include:
1. To reduce groundwater abstraction.

2. Positive Recharge Seawater Intrusion Barriers with regenerated waters, between

abstraction areas and seawater intrusion paths.
3. Artificial Recharge by:
e Wells
e Surface ponds
e River bank and urban runoff infiltration
e Induced recharge from controlled river floods

Once the alternatives are identified, the decision of the final management policy
depends on the defined goals, the impact of the alternatives, their feasibility (costs,
social agreement, etc.) and preferences of the decision makers. Finally three corrective

measures were considered:
¢ Reducing the pumping rates in each management area.

e A seawater intrusion barrier (SWI). A freshwater injection barrier, divided in
four sections according to the different transmissivity zones defined in the
numerical model, was proposed in the eastern part of the coast. The
optimization problem enables the optimal distribution of the total amount of
water injected into the four segments. This total projected injection rate is

3.65 hm®ly. The barrier is accompanied by two pumping wells, active only
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during the first ten years, to clean the saltwater trapped inland of the

seawater barrier.

e Recharging ponds to artificially increase the recharge. Two recharge ponds
(11 ha) were proposed on the alluvial part of the main aquifer (Figure 13).
Projected infiltration rate was 0.25 m/d resulting in a total projected recharge
of 11 hm?ly.

(Figure 13.)

After selecting some possible measures, optimization is a powerful tool to evaluate the
best alternative to groundwater management in an aquifer subject to some
environmental constraints. In the Baix Llobregat aquifers, two different
simulation/optimization methods were applied. The objective was to asses the feasibility
of the above three different measures and to quantify their effectiveness to recover an
aquifer affected by seawater intrusion (Abarca et al., 2005b). Both optimization

methods were aimed at maximizing total pumping.

In the first one, head constraints were imposed to warrant a seawards gradient along the
coast line. This leads to a linear optimization problem. In the second, chloride
concentration is constrained to represent the qualitative good status. The resulting

problem is non-linear.

Both optimization processes were applied to the management areas defined previously
(Figure 12) according to management criteria commented above. Moreover, the equity
principle was applied to the pumping wells located in the same management area, so

that, if necessary, pumping rates can be reduced by the same proportion.

The results in Table 1 compare the present to the optimal abstractions rates computed

with both optimization methods for every management area.

The head constrained optimization method showed that the reduction to be applied in
the main pumping areas (Zones 2 and 4 in Figure 12) is about 50%. This reduction was
decreased to 25% when the recharge ponds and the seawater intrusion barrier are added.
However, head constraints were not strict enough to achieve a good qualitative status
after the optimization period (2002-2036). Linear optimization methods yield additional
information as are the shadow prices of the constraints. In this case the shadow prices

correspond with the hydraulic efficiency of corrective measures. The hydraulic
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efficiency for the ponds is around 0.7 while for the seawater intrusion barrier is about
1.5. That is, 1 m® recharged in an inland pond allows increasing total pumping in 0.7
m>. On the other hand, 1 m* of freshwater injected in the coastal barrier allows
increasing pumping by 1.5 m®. This contradicts the widely extended belief that injected
water is lost to the sea. As it turns out, not only is most water actually used, but also its
protection effect allows increased drawdown (and pumping) inland.

To ensure the recovery of groundwater quality, the second optimization method, with
constrained chloride concentrations, was used. Table 1 shows that current abstraction
can be maintained while reversing the qualitative status only if the recharge/injection
projected in the recharge ponds and de SWI barrier is increased by 50% and 300%
respectively. This method offers a good estimation of the injection rate to design
efficient corrective measures. The resulting chloride distribution at the end of the
optimization period is presented in Figure 14 (right).

(Table 1)
(Figure 14)

5.- CONCLUSIONS

The WFD indeed establishes a frame for the assessment and maintenance of the good

status of water bodies. This objective relates to both qualitative and quantitative status.

We have shown that, at least groundwater bodies, the requirements established by the
WED can be naturally achieved through modelling. Groundwater modelling helps in
integrating and validating the hydrogeological conceptual model. Groundwater
modelling makes it possible to evaluate the groundwater dynamics ahead of alternative
planned territorial actions. It also facilitates evaluating their impact and designing

corrective measures.
This methodology has been applied to the Baix Llobregat aquifers. The application
suggests that groundwater modelling is helpful in the following issues:

1. It helps in meeting the objective of aquifer characterization and groundwater
status assessment by integrating existing knowledge and the new
hydrogeological information. Inverse modelling allowed us to reach an accurate

description of the paths and mechanisms for the evolution of seawater intrusion.
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2. It helps in quantifying the groundwater mass balance. This is especially relevant
for those terms that are difficult to asses, such as recharge from river infiltration

during floods, which we have found to be one of the most important terms.

3. It helps in evaluating groundwater related environmental needs. The model
allows quantifying groundwater input under natural conditions, which can be
used as a reference level for stressed conditions. Modelling leads naturally to
guidelines to identify if aquifer are stressed and if it is difficult to address this

situation.

4. Modelling allows evaluating and quantifying possible impacts of territorial
management. Possible impacts of any territorial planned actions and all possible
changes on hydrogeological cycle must be taken into account in order to ensure
the good status of groundwater and define the best corrective measures. In the
Baix Llobregat aquifers, all of the scenarios proposed showed that current
pumping rates are not sustainable in the long term. Therefore corrective actions
are needed.

5. Finally, modelling is needed for designing corrective measures. In the Baix
Llobregat aquifers corrective measures consist in the reduction in the pumping
rates in each management area, recharge ponds to artificially increase the
recharge, and a seawater intrusion barrier. Optimization processes were applied
to management areas previously defined and to quantify how much water should
be artificially recharged to maintain the total current pumping as well as its

current distribution to guarantee the recovery of groundwater quality.

As an afterthought, we wish to add that the WFD does not require a formal evaluation
of uncertainty. While modeling helps in integrating different kinds of data and available
knowledge in a consistent description, it is not free of subjectivity and errors. Therefore,
model predictions are uncertain. To large extent, this uncertainty can be evaluated and
taken into account in the decision-making process. In general, this is desirable, but was

not addressed in our work.
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Figure la. Geological cross-section of the emerged and submerged delta based on old
MOP data and from a reflexion seismic survey performed by IGME. Vertical scale in
meters. The silt wedge separates the upper and main aquifers. Other Old Quaternary
deltas (Q1-Q3) are part of a hydrologically unknown lower aquifer system. The modern
delta (Q4) was formed 18000 years ago, although its progradation took place during the
last 6000 years.

Figure 1b. Conceptual model of the incised systems of the called Lower Detritic
Complex. Gravels and conglomerates represent the different incised systems. Between
the coarse sediments there are silts and sands. The lower grey area represents the
Pliocene Blue Marls and the dark grey the Miocene and pre-miocene basement. A - D
corresponds to paleochannels.

Figure 2. Aquifers and management administrations.

Figure 3. Piezometric surface corresponding to the Main Aquifer in 1976, year of
maximum depression. Hydrographs in several points of the aquifer show the complex
evolution of hydraulic heads.

Figure 4. Chloride concentration data evolution in the main aquifer of the Llobregat
delta. Two fingers of high salinity can be observed advancing towards the main
pumping fields in the center of Llobregat delta.

Figure 5. Finite element mesh divided into two layers (grey and black) connected by
1D elements. The complete mesh is composed of 4411 nodes and 9848 elements.

Figure 6. Map of transmissivity zones (grey polygons). 101 constant transmissivity
zones are defined based on several criteria: aquifer thickness, lithofacies, hydraulic tests
and sediments grain size. Aquifer thickness isolines (in meters) are plotted over the
map.

Figure 7. Piezometric head calibration errors, defined as the mean difference between
the calculated and measured head data at a given observation point. The dark dots
represent wells whose mean difference is less than a meter over the whole calibration
period. The time evolution of calculated and measured heads in two wells is also shown.
The main aquifer is displayed on the left, while the upper aquifer on the right.

Figure 8. Chloride calibration errors in the main aquifer, defined as the mean difference
between the calculated and measured concentration data at any given observation
location over the whole calibration period. The dark dots represent wells whose mean
difference is less than 500 mg/l of chloride. The time evolution of calculated and
measured concentration in several wells is also shown.
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Figure 9. Water mass balance scheme for the Llobregat delta aquifers expressed in
hm®ly. The mass balance for the main aquifer is on the left side and for the upper
aquifer on the right. The black parallel arrows show the flux from the upper to the main
aquifer.

Figure 10. Location of the control points and their correspondent maximum and
minimum reference groundwater head values.

Figure 11. Main and upper aquifers chloride concentrations in 1965.

Figure 12. Management areas defined in main and upper aquifers.

Figure 13. Location of the pumping wells and their average pumping rate in the period
from 1997 to 2001 and location of the proposed corrective measures those are included
in the optimization process.

Figure 14. Left: simulation of the future evolution of salinity in the main aquifer of the
delta (year 2036) if the pumping wells move inland as a consequence of salinity making
the pumped water undrinkable. Right: Hypothetical situation in year 2037 if the current
situation is remediate with some additional measures such as an injection barrier and
recharge ponds.

LIST OF TABLES

Table 1: Comparison of the pumping rates (values in hm®y) obtained with the linear
(head constrains) and non-linear (concentration constrains) optimization process.
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TABLE 1.

Management Present average  Head constraints Head constraints Concentration
Zones 1997-2001 Q) (Q, ponds, barrier) constraints
Zone 1l 5.29 5.28 5.28 5.29
Zone 2 30.23 21.92 21.92 28.62
Zone 3 1.77 1.83 1.83 1.98
Zone 4 24.59 4.64 18.49 23.38
Zone 5 0.00 1.83 1.83 4.16
Zone 6 2.14 0.00 0.0 -

Recharge ponds -10.96 -16.45
Injection Barrier 1 -3.65 -2.68
Injection Barrier 2 0.00 -2.84
Injection Barrier 3 0.00 -1.27
Injection Barrier 4 0.00 -4.50

Total 64.02 35.48 49.35 63.41
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Abstract.

Numerous studies have been devoted to optimization of groundwater man-
agement strategies in coastal aquifers. However, little has been done to ad-
dress the problem of initially contaminated aquifers, which is the objective
of this paper. To this end, we compare two optimization methods. The first
one is linear and consists of maximizing pumping rates while constraining
heads to prevent seawater inflow. The second one consists of minimizing the
variation from current pumping rates, so as to preserve existing rights, while
constraining concentrations, which leads to a non-linear programming prob-
lem. In both cases, corrective measures include potential reduction of pump-
ing rates, inland artificial recharge and a coastal hydraulic barrier. Not sur-
prisingly, the non-linear problem leads to a more efficient solution, both in
terms of pumping rates and actual clean-up of the aquifer. Still, the linear
formulation yields insights on the optimal allocation of pumping. More im-
portantly, the linear formulation allows one to easily evaluate the hydraulic
efficiency (gain in pumping rate per unit increase in recharge rate) of cor-
rective measures. The fact that it is consistently larger than 1 proves that
the hydraulic barrier acts not only by increasing resources but also by pro-

tecting the existing ones. Therefore, we conclude that both should be used.
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1. Introduction

Seawater intrusion is a widespread contamination phenomenon affecting coastal semi-
arid areas where groundwater becomes a critical factor for economical and demographic
growth. High pumping rates cause groundwater heads to fall below sealevel inducing
the inland flow of the denser saltwater. Many coastal aquifers are nowadays affected by
seawater intrusion. They require corrective actions to restore groundwater quality or, at
least, to reverse current negative trends. These can be grouped in actions over the demand
(i.e. reduce pumping), actions aver the recharge (i.e. artificial recharge and territorial
planning), relocation of pumping wells and additional engineering solutions (i.e. seawater
intrusion barriers). The decision of the selected management policy is subject to a number
of constraints including: strategic nature of the aquifer; existing infrastructures that may
affect the relocation of pumping wells; and historical rights that require maintaining not
only abstraction rates but also water quality as close as possible to the present ones. A
compromise between groundwater needs and groundwater quality is needed. This com-
promise is hard to maintain when the final goal is to reverse the qualitative status of the
already contaminated aquifer. Precautionary corrective measures are not applicable once
a portion of the aquifer is affected by seawater intrusion. The recovery of groundwater
quality is usually a very slow process as seawater intrusion is the result of a long term neg-
ative mass balance in the aquifer. Some actions to enhance the aquifer recovery are needed
while helping to maintain pumping. An artificial increase on recharge or the construction

of specific engineering measures such a seawater intrusion barrier are proposed to restore
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groundwater quality in a coastal aquifer suffering from severe seawater intrusion problems.

Optimization is a classical tool to evaluate groundwater management alternatives. Op-
timization of groundwater resources has been subject of much research. Reviews of the
topic are covered by Gorelick [1983], Wagner [1995] and Ahlfeld and Heidari [1994]. The
latter contains a compilation of application to real cases.

Optimization problems are often aimed at maximizing overall pumping rate subject to
some hydraulic or/and economic constraints, which leads to relatively easy formulations
when heads depend linearly on flow rates. Unfortunately, this approach is not valid in
coastal aquifers well connected to the sea, where the critical factor is the quality of the
water. Application of quality constraints results in non-linear optimization problems since
concentration is non-linearly related to the decision variables (groundwater abstraction).
Still, optimization has been applied in the last decades to coastal aquifers using a broad
range of formulations. Differential equations of groundwater flow and solute transport
are solved using either analytical solutions [Cheng et al., 2000; Mantoglou, 2003] or nu-
merical simulation to represent the aquifer response. Numerical simulations of exclusively
groundwater flow have been used [Hallaji and Yazicigil, 1996; Zhou et al., 2003] using
equivalent freshwater heads as constraints to prevent seawater intrusion. In other cases,
seawater intrusion has been explicitly simulated using a sharp interface model [Emch and
Yeh, 1998; Rao et al., 2003; Mantoglou, 2003; Mantoglou et al., 2004; Park and Aral, 2004]
or chloride transport models [Gordon et al., 2000]. Some of these used density dependent
flow models [Das and Datta, 1999a, b]. However, computational cost restricted its appli-

cation to relatively simple hypothetical cases. In fact, not only simulation cost, but also

DRAFT December 19, 2005, 12:08pm DRAFT



ABARCA ET AL.: OPTIMAL DESIGN OF MEASURES TO CORRECT SEAWATER INTRUSION X-5

optimization complexity increases when density variations are taken into account, which

may lead to highly non-linear and non-convex problems [Finney et al., 1992].

The choice of optimization method is ideally determined by nature of the decision vari-
ables (discrete or continuous), the linearity of the problem (degree of nonlinear dependence
of objective function and constraints on decision variables), the continuity of the objective
function, the availability of information for the derivatives and the potential existence of a
local minima [Cheng et al., 2000]. Therefore, it is not surprising that many different objec-
tive functions and sets of constraints have been applied. Some authors aim at maximizing
the total pumping rate [Shamir et al., 1984; Hallaji and Yazicigil, 1996; Cheng et al.,
2000; Mantoglou, 2003] while others aim at minimizing the salinity of the pumped water
[Das and Datta, 1999a, b| or the volume of saltwater into the aquifer [Finney et al., 1992;
Emch and Yeh, 1998]. Emch and Yeh [1998] and Gordon et al. [2000] also include the
pumping cost into the objective function. It is also possible to consider a multiobjective
optimization problem [Shamir et al., 1984; Emch and Yeh, 1998; Das and Datta, 1999a;
Park and Aral, 2004]. Constraints applied in those studies include maximum and mini-
mum pumping rates [Hallaji and Yazicigil, 1996; Emch and Yeh, 1998; Das and Datta,
1999a; Cheng et al., 2000; Zhou et al., 2003], toe location [Cheng et al., 2000; Mantoglou,
2003; Mantoglou et al., 2004; Rao et al., 2004; Park and Aral, 2004] , groundwater heads
[Hallaji and Yazicigil, 1996; Emch and Yeh, 1998; Zhou et al., 2003], flow potential [Man-
toglou, 2003; Mantoglou et al., 2004] or salt concentration of the pumped water [Gordon

et al., 2000; Das and Datta, 1999a, b].
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The above mentioned papers provide interesting methodological developments and often
yield insights on how best pump coastal aquifers. Yet, actual application to real aquifers
are scarce [Shamir et al., 1984; Willis and Finney, 1988; Finney et al., 1992; Hallaji and
Yazicigil, 1996; Zhou et al., 2003; Mantoglou et al., 2004] This may reflect the complexity
of coupling real aquifer dynamics and optimization methods. In fact, none of these appli-
cations deal with aquifers already affected by seawater intrusion. Instead, they typically
aim at maximizing pumping while preventing seawater intrusion. They can hardly been
applied to aquifers that are already salinized, such as the Llobregat delta’s main aquifer,

which motivates this work.

The objective of this work is to design optimal corrective measures to enhance a quali-
tative trend reversal in this aquifer. Reduction in current pumping rates along with the
implementation of two additional corrective measures are considered (artificial recharge
and a hydraulic barrier). Two classical optimization methodologies have been tested to
asses groundwater management alternatives and design corrective measures in the main

aquifer of the Llobregat delta.

2. Methodology

Two different methods are applied to asses the feasibility and to quantify the effec-
tiveness of the proposed measures. A groundwater flow and chloride transport model is
combined with two different optimization methods. In the first one heads constraints are
used to ensure a gradient reversal along the coast line, which leads to a linear optimiza-
tion problem. The second method consists of maximizing the amount of water pumped

subject to quality constraints resulting in a non-linear optimization problem. The results
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of both methodologies are compared and the drawbacks and advantages of each method
are discussed. The basic steps to follow are:

1. Groundwater flow and transport model construction and calibration

2. Definition of the reference scenario

3. Optimization process
(i) Problem formulation

(i) Solution of the optimization problem
The first two steps follow standard modelling approaches. Here, we focus on the de-

scription of the two optimization procedures:

2.1. Linear optimization problem
Our objective is to maximize the amount of water pumped subject to head constraints.

The objective function is expressed as:

Q=Y Qi i=1..M (1)

where (); the pumping rates in each of the M pumping areas.

Constraints can be applied in a certain number (N) of control points at any time into
the simulation period. Those control points can be divided into two groups: inland and
coastal control points. Constraints applied to inland points control drawdowns produced
by pumping, either to ensure that heads remain above a minimum (i.e., to prevent drying
a wetland) or below a maximum (i.e., to prevent flooding a landfill). Constraints at
coastal points aim at reversing the hydraulic gradient along the coast. Head is required
to stay above the equivalent freshwater head of seawater at that particular location. The

objective of these coastal control points is to try to reverse seawater intrusion only by
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constraining heads (notice this concept is only valid in relatively thin aquifers, where
vertical variations of salinity can be neglected). In our case, head constraints are applied

at the end of the simulation period as

Ry < hig —2Q; Aij < hy (2)

Imin — Imax

where h;, is the groundwater head for the unstressed aquifer at the 4" control point,

h and h;

imin are, Tespectively, the maximum and minimum allowed head at the gt

jmax
control point and A;; is the response matrix, defined as the calculated drawdown at point

j in response to a unit pumping in well ¢ (actually, pumping will be grouped by zones).

Constraints in the maximum allowed pumping rate may also be applied:

Qi < Qmaz; (3)

where Qqz; i the maximum allowed pumping rate at well ¢
The same type of constraints can be applied to any corrective measure implemented
into the optimization process. To asses where freshwater injection is most efficient, the
corrective measure (i.e., a barrier) can be divided into segments and the constraint applied
is the total amount of water that is projected to be injected through the whole corrective

measure by applying:

Qdesigni = Z Qsegi (4)
where (Qgesign; is the projected pumping rate to be injected in a corrective measure ¢

and s, the injection rate in each of the segments in which the corrective measure has

been divided.
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Maximizing Equation 1 subject to constraints 2, 3 and 4 results in a linear problem.

We have used IMSL [IMSL MATH/LIBRARY , 1997| routines to solve it.

One of the outputs of linear programming codes is the shadow price of each constraint.
The shadow price is the Lagrange multiplier of the constraint. It represents the sensitivity
of the objective function to the value imposed to the constraint, hence the term price.
It expresses the marginal cost (in terms of objective function units) of a unit increase in
the constraint. Thus, inactive constraints yield zero shadow price because the objective
function is not sensitive to them. For management purposes, shadow prices may be as
useful, if not more, as the actual optimal solution. They allow expressing, in terms of the
objective function, the cost of any active constraints. We will use them to evaluate the
hydraulic efficiency of corrective measures (i.e., the ratio between the increase in pumping
rate per unit increase in recharge rate). As such, they will allow us to answer the question

of weather or not a recharge barrier implies a net gain of resources or not.

2.2. Non-linear optimization problem

In coastal aquifers, groundwater abstraction is linked to groundwater quality, therefore,
it may be necessary to evaluate whether the projected alternatives warrant a minimum
groundwater quality. Considering that one of the goals is to protect existing water rights,
the objective is to determine a pumping rate regime, as close as possible to the current
one and the corrective measures needed to obtain a final good groundwater qualitative
status. To achieve this goal, constraints in concentration can be imposed at some control
points at any time into the simulation time. Since concentration is non linearly related to

groundwater abstraction, the resulting optimization problem is non-linear. The problem
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is somewhat simplified by considered that maximum pumping rates lead to generalized
intrusion (in fact, this is the current situation along the Llobregat shores). Therefore, if
concentration is constrained to be below a certain threshold at a point where intrusion is
known to occur, such constraint will be active. Knowing which are the active constraints
allows us to substitute the constraint by a penalty function in the objective function. We

have used the penalty function of Courant [Fletcher, 1985]:

C; — Ci*Q

— (5)

0;

¢ < ¢ active = ¢; = ¢;" ~ min

where ¢; is the computed concentration at the i-th control point, ¢;* is the desired (max-
imum) concentration at such point and o; is the penalty’s tolerance, which allows one to
impose variable weights on each constraint (penalty). Actually ¢; will tend to be slightly
larger than ¢;*. However, they can be forced to be as close as possible as wished by reduc-
ing 0;. Using Equation 5 together with the desired pumping and recharge rates allows us
to substitute the general optimization problem by the minimization of the multiobjective

function:

* M * L *
Feay el gy —(Qja_sz)z sy W RIE )
i=1 Ci j=1 @j k=1 Ry

where N, M and L are the number of control points, pumping zones and additional
corrective measures, respectively; @7 the desirable pumping rate for the j flow zone; @ ;
the calculated flow for the j flow zone; R the desirable injection rate in the k corrective
measure; ), the calculated injection for the %k corrective measure; oq, and og, are
tolerance parameters (analogous to o) for the j-th flow zone and the k-th corrective

measure; A\., A\g and Ar are the weights of the objective function of concentration, pumping

rates and corrective measures, respectively. The tolerance parameters allows varying
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the importance assigned to each objective. Notice that for the concentration term, .
is equivalent to the o parameter of Fletcher [1985]. The method calls for performing
sequential optimization runs with increasing . while dropping those control points whose
concentrations do not satisfy Equation 5 (i.e., those for which ¢; is strictly smaller than
¢*). However, in practice, we performed some preliminary runs to find appropriate \’s
and obtained satisfactory results.

With this formulation, the resulting problem is similar to that of parameter estimation.

We have used the method of Medina and Carrera [1996] for minimizing Equation 6.

3. CASE STUDY: Application to the Llobregat Delta Main aquifer

3.1. Background and problem statement

The Llobregat’s Delta is located South of Barcelona city (Spain) (Figure 1). It is a
quaternary formation considered a classical example of a Mediterranean Delta controlled
by fluvial and coastal processes (i.e., storms and long-shore drift). Geological studies
[Marqués, 1984; Simdé et al., 2005] consider the Delta as formed by an Upper Complex
(Q4 in Figure 2) and a Lower Complex (Q3, Q2 and Q1 in Figure 2). The Upper Complex
is a typical stratigraphic delta sequence. The Lower Complex is formed by three fluvial
systems associated to three currently submerged paleodeltas.

Hydraulically, the prodelta silts of Q4 act as a confining unit separating the permeable
upper units from a very thin and basal very permeable layer of reworked gravels and
beach’s sands. This thin layer together with the upper gravels of Q3 constitute the Main
aquifer of the Llobregat delta, object of this study. It is a horizontally large aquifer (around
100 km?) of uniform thickness of 15-20 m and with higher transmissivity zones associated

to the paleochannel systems of Q3 (Figure 3). The presence of this higher permeability
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channels are of extreme importance for the optimal management of this aquifer.

The Llobregat delta is well-known since numerous studies have been carried out in this
area since the 60’s, among others, the hydrogeological synthesis works by MOP [1966];
PHPO [1985] and more recently Iribar and Custodio [1992]; Iribar [1992]. At the end of
the 70’s, when salinization problems became increasingly worrying, hydrochemistry works
improved the knowledge of the aquifer systems and the mechanisms that cause seawater
intrusion in the main aquifer of the Llobregat delta [Custodio et al., 1976; Custodio, 1981;
Manzano et al., 1992; Bayo et al., 1977; Doménech et al., 1983], etc. Some groundwater
flow models have been also developed for the Main Aquifer, named Lower Aquifer in pre-
vious works, [Cuena and Custodio, 1971; PHPO, 1985; Custodio et al., 1989; Iribar et al.,
1997; Vazquez-Suné et al., 2005¢]. Chloride distribution (Figure 5) shows how seawater

intrusion affects large areas of the delta.

Our objective is to assess sustainable management alternatives in this aquifer as well
as to correct the current salinization problem. The goal is to reverse the negative trends
and recover the natural quality existing 35 years ago. Abstraction rates should remain as
close as possible to current values. To achieve this goal two sets of corrective measures
are considered: (1) to reduce current pumping rates, and (2) a coastal barrier and upland
artificial recharge ponds. Designing the latter implies assessing where and which are most

efficient as well as a quantification of the needed recharge/injection rates.
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3.2. Groundwater flow and solute transport model construction and

calibration
A two-layer areal model was built to simulate groundwater flow and chloride transport

in the Llobregat delta aquifers. The fact that concentration are well mixed in the vertical
direction and that the aquifer thickness is small compared to the horizontal extent, sup-
ports the use of a two-dimensional horizontal model. Two dimensional models can take
into account the density differences by working with freshwater equivalent heads in points

with high salinity as in the seaside boundary [Iribar et al., 1997].

The flow and transport problem uses a finite element grid of 4354 nodes and 9698 ele-
ments, divided in two layers. The temporal variability of the main terms of the ground-
water mass balance makes necessary to evaluate the management alternatives with a
transient simulation model that takes into account the temporal variability in all sinks
and source terms. The simulation time for the calibrated model corresponds to the period
from 1965 to 2001. Model parameters are divided into zones representing the aquifer
heterogeneity. The value of the parameters are considered constant in each zone. The
main aquifer inputs are the recharge from rain infiltration along with the recharge from
the river during flood events [Vdzquez-Suné et al., 2005a, b] while the main output is
groundwater abstraction. Inputs from surrounding aquifers is also considered as well as

interaction with surface flow (rivers, drainage systems, lakes, etc.)

Parameter values were updated during the calibration process. Automatic adjustments
were carried out with the code TRANSIN-IV [Medina and Carrera, 2003], starting from

the prior information available of every parameter. The code minimizes an objective func-
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tion that considers the differences between measured and calculated head and/or concen-
trations, as well as the likelihood of calculated parameters [Medina and Carrera, 1996].
Therefore, the code needs measured heads and concentrations at the defined observation
points. The observation points provide a good coverage of the model domain. Head data
at many observation points extends ever almost the whole calibration period (1965-2001).
However, the concentration data are more disperse in time. Parameter values obtained
from calibration are consistent with prior information. The obtained fit both in terms of
heads (Figure 4) and chloride concentrations (Figure 5) are considered satisfactory. The
calibrated model was validated with additional data (2002-2004) showing a reasonable fit

between measured and calculated data (Figures 4 and 5)

3.3. Definition of a reference scenario

The model needs to be updated to be used as a management tool. As it will be applied to
optimized future management strategies, some assumptions about the future behaviour of
the main terms of the water balance are needed. These assumptions are subject of uncer-
tainty. To evaluate this uncertainty some scenarios related to pumping rates, city growth
and infrastructures have been considered. All of them showed that current abstractions
are not sustainable in the sense that seawater intrusion progressed further inland in all

the considered cases.

One of these scenarios was chosen as the reference to compare optimization results
against. It considerers the following assumptions:
e For the simulation/optimization period (2002-2036) meteorology was taken equal to

that of 1965-2001. It includes both long dry periods and long wet periods.
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e Pumping history assumed for future years is the average of the last five years (1997-
2001) for all wells except for the main pumping area (AGBAR) whose temporal variability
of the last five years have been repeated along the simulation period.

e Location of the current pumping wells is maintained. The distribution of wells and

the reference pumping rate used in this application are shown in Figure 6.

3.4. Management model

Optimization was applied to groups of existing wells defined as management polygons.
Six polygons or management areas were defined in the main aquifer of the Llobregat Lower
Valley. Five of them were defined according to geological, hydrological and management
criteria. The sixth area, located along the coast, was defined for linear optimization
requirements, as explained later. An equity principle was applied to the pumping wells
located in the same management area, so that, if necessary, pumping rates are reduced
in the same proportion at all pumping wells. Figure 7a shows the six management zones
defined in this aquifer.

Two actions are considered, first to exclusively reduce the pumping rates and second,
to increase the available resource by designing some additional corrective measures that
help to maintain the current pumping rates. The considered additional measures are:

1. Recharge ponds to artificially increase the recharge. Two recharge ponds are pro-
posed on the alluvial part of the main aquifer. The total area proposed is about 11 ha
with a projected infiltration rate of 0.25 m/d., resulting in a total projected recharge of

11 hm?/y. The location of the proposed ponds is indicated in Figure 6
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2. A seawater intrusion barrier (hereinafter, referred as barrier). A freshwater injection
barrier, divided in four sections according to the different transmissivity zones defined in
the numerical model, is proposed in the eastern part of the coast. The four segments are
located on the management Zone 6, however three of them are located in front of the
management Zone 4 and one in the management Zone 5. Segment 1 is located over a
preferential flowpath caused by the paleochannel C structure in Figure 3. The optimiza-
tion problem allows one to optimally distribute the total amount of water injected into

the four segments. This total projected injection rate is 3.65 hm?/y.

3.5. Linear optimization problem

The objective is to maximize the total amount of water pumped so that, at the end
of period of 35 years, heads are between a prescribed minimum and maximum head
constraints. The constraints were applied to 30 control points spread all over the aquifer,
19 of them located along the coast (Figure 7b). Applied head constraints depend on the
point location into the aquifer:

Minimum head constraints were applied to 25 control points. Minimum historic heads
were applied to 6 inland control points located in the confined aquifer. h,,;, was set equal
to the equivalent freshwater head of seawater at the other 19 points located along the
coast, therefore, imposing a seawards hydraulic gradient.

Maximum and minimum head constraints were applied to 5 control points located in
the unconfined portion of the aquifer. Maximum head was also constrained because of
the risk of affecting underground structures in the urban area and of washing out some
dangerous landfills buried along the fluvial valley. Minimum head constraint at that points

was considered as 1/3 of the saturated thickness at that point.
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As a starting point, no restriction were applied to pumping rates in the management
areas. However, the total injection into the recharge ponds and the barrier was set equal
to the projected values. In the case of the barrier, the total injected water is specified and
the model optimizes the distribution of the total injection into the four defined segments.
(11 hm?/y for the ponds and 3.65 hm?/y for the barrier).

Linear optimization results

Application of linear programming may lead to absurd results when the constraints are
inappropriate. Therefore, care must be exercised to identify unrealistic solutions. Specif-
ically, attention should be placed in Dirichlet and Cauchy boundary conditions. While
these boundary conditions may be necessary for modelling, they can act as unrealistic
source terms for management problem (e.g., pumping near a Dirichlet boundary may lead
to huge pumping rates with small computed drawdowns). Eliminating these problems
required careful scrutiny and motivated some of the constraints discussed earlier. In fact,
we started the optimization process with five management zones. Results showed that
the first division was not appropriated to linear programming. Originally, zones 3, 4 and
5 reached the coast. Since those zones contained pumping wells located close to the coast
line and strict minimum head constraints, it was impossible to pump water from any of
the three zones. Therefore, a long and thin additional management zone, the sixth in
Figure 7a, was delineated parallel to the coast. This zone was defined to eventually be
a dead zone in terms of pumping, since the constraints would not allow in any case to

pump water from it.
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Evolution towards more reasonable results was also achieved by adding lateral con-
straints (Equation 3) to the pumping rates allowed per management zone. The motivation
of these additional constraints is to approach to the current pumping rates that should be,
if possible, preserved due to the strong existing rights. The change in the results in terms
of the obtained total abstraction and its distribution per management zones, compared
to the current values (REF. Q), are presented in Figure 8 when no additional corrective
measures are taken into account. If no lateral constraints are added (OPT1 in Figure 8)
the total amount of water that can be pumped is above current values. However, the re-
sult is not acceptable in terms of the pumping distribution. According to this result most
water should be abstracted from the management zone that is farther away from the coast.
This is caused, first, by the higher density of control points and the most strict constraints
applied and, second, by the presence of one Cauchy boundary condition (Figure 6 that act
as an unrealistic source of freshwater. Therefore, this result can not be considered trust-
worthy. Moreover, insufficient water can be pumped from the critical management areas
(Zone 2 and 4, actually, zero from zone 4)), where the main drinking supply companies are
located. This solution is not socially acceptable, therefore additional lateral constraints in
the maximum allowed pumping rate per zone are imposed ad hoc. Additional constraints
cause a reduction in the total objective function (OPT2-OPT6 in Figure 8). Only in the
last two optimization problems (OPT5 and OPT6) can water be pumped from Zone 4,
the later being the most similar to the existing pumping distribution (REF. Q) in Figure
8). A trade-off between Zone 2 and Zone 4 is clearly observed in OPT4-6. Constraining
pumping in Zone 2 causes a pumping increase in Zone 4, together with a slight reduction in

the total abstraction. Both zones are located over a high transmissivity zone (paleochan-
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nel C in Figure 3) and this trade-off shows how those zones compete for the same resource.

The evolution of the total abstraction, the distribution of pumping and the shadow
prices when additional corrective measures are implemented into the optimization pro-
cess are presented in Figure 9. Total abstraction is larger than in 8 because water is
injected in the recharge ponds (10.96 hm?/y) and in the seawater intrusion barrier (3.65
hm?/y). In fact, the first three optimization scenarios yield total pumping above the
reference values. However, here also, the distribution of the pumping present problems
of absurdity. According to optimization results, no water can be pumped from Zone 4
and most water should be pumped from Zone 5, where little water is currently pumped.
This zone was added into the optimization process to be available for future manage-
ment scenarios. However, an underground structure acts as a drainage in this zone. This
drainage is implemented as a Cauchy boundary condition, that, in the extreme case that
the piezometric head goes below the infrastructure base, could acts as a unrealistic source
of water. To avoid this effect the abstraction in this management zone has constrained
to 1.8 hm?/y. Although total abstraction is significantly reduced, pumping from Zones
2 and 4 is, that way, possible. In OPT4-6, the trade-off between Zone 2 and 4 is also
observed. The most appropriate solution seems to be the obtained in OPT5 as it is the
most similar to the existent distribution of the total abstraction being the reduction in the

pumping rates that should be applied to Zones 2 and 4 about the 25% of the current values.

The shadow prices obtained for the two additional corrective measures proposed are also

shown in Figure 9. These shadow prices quantify the hydraulic efficiency of each corrective

DRAFT December 19, 2005, 12:08pm DRAFT



X-20 ABARCA ET AL.: OPTIMAL DESIGN OF MEASURES TO CORRECT SEAWATER INTRUSION

measure for each optimization scenario. The hydraulic efficiency of the recharge ponds is,
in all cases lower than 1. That means that some of the injected resource is lost before it
arrives to the active wells. This resource probably goes to the river in the part that drains
the aquifer and to the drainage underground structures located in management Zone 5.
The latter is evidenced by the higher efficiency calculated when the maximum abstraction
in Zone 5 is not constrained and most water is pumped from this area. The hydraulic effi-
ciency calculated for the last three more realistic optimization cases (OPT4-6) is of 0.69,
i.e., almost the 70% of the water recharged through the ponds can be pumped from the
active wells. However, the calculated efficiency for the seawater intrusion barrier is higher
than 1 in all cases. This is a really relevant result as a efficiency higher than one means
that more water than what is injected can be pumped when applying this corrective mea-
sure. Usually freshwater injection barriers are criticized as corrective measures because
part of the injected water flows seawards and therefore part of the new resource is lost.
Our results point out that although part of the injected water is indeed lost, the protecting
effect of the barrier against incoming seawater is highly efficient, thus preserving a high
amount of freshwater from being contaminated and, therefore, increasing total available
resources. The calculated hydraulic efficiency changes with the lateral constraints. As
happened for the recharge ponds, the efficiency is higher in the cases in which the maxi-
mum pumping rate in Zone 5 is not constrained (OPT1-3). In fact, it is linearly related
to the pumping rate in Zone 5. It has to be remarked that the barrier was divided into 4
segments depending on the different transmissivity zones defined in the numerical model.
The four segments are located on the management Zone 6 (Figure 7), however three of

them are located in front of the management Zone 4 and one in the management zone
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3 over the paleochannel C in Figure 3. The optimization problem allows to optimally
distribute the total amount of water injected into the four segments. In scenarios OPT1-3
water is injected in the three segments located in front of Zone 5. However, when the
maximum pumping rate in zone 5 is constrained, an abrupt decrease of the hydraulic
efficiency is observed together with the reduction of the total abstraction. Furthermore,
it is accompanied by a change in the segments where water is injected into the barrier.
In cases OPT4-6, the optimal injection takes place exclusively in the segment located
in front of the management Zone 4, over a hydraulic preferential path (paleochannel C

in Figure 3 that communicated the barrier with the main pumping areas in Zones 2 and 4.

Considering critical to maintain a distribution of the total pumping similar to the cur-
rent values, the best solution are obtained for OPT6 when no additional measures are
considered and OPT5 when the recharge pond and the injection barrier are added. In the
first case a reduction of more than the 50% of the pumping rates should be applied to
Zones 2 and 4. In the latter, when corrective measures are added the reduction is limited

to a 25% in the same zones.

Those calculated optimal pumping rates guarantee that head objectives imposed as
constraints are achieved after 35 years. Regarding seawater intrusion, head constraints at
the coastal points ensure a reversal of the hydraulic gradient after 35 years. However, this
reversal may be not be sufficient to clean the aquifer areas that are currently affected by
seawater intrusion. To check this point a transport simulation starting form the present

chloride distribution was carried out with the optimal pumping rates calculated in OPT5
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along with additional corrective measures. The concentration distribution obtained after
35 years is shown in Figure 10b where it is compared with the chloride distribution
calculated after 35 years of pumping according to the reference values (Figure 10a). An
improvement in the quality is observed, but the existing salt is still moving towards the
pumping or drainage areas. Although the pumping rates have been reduced and corrective
measures imposed, the good qualitative status can not be reached by simply optimizing

hydraulic variables.

3.6. Non-linear optimization problem

The above results obtained suggest that maximum salinity should be used as a constraint
to guarantee the recovery of water quality. The resulting non-linear problem is presented
next.

Pumping and injection rates are optimized so that a desired chloride concentration
is reached after 35 years at control points. To ensure good water quality throughout
the domain, control points were located along the coastline at the same 19 locations
used in the linear optimization problem. Desired concentrations at the end of the 35
years management period, ¢*, and tolerance, o.,, (recall equation 5) were set to 1000
mg/1 of chloride. Therefore, final concentrations at the control points should not exceed
significantly 2000 mg/l. In addition to the recharge ponds and injection barrier, two wells
(Figure 6) were specified to pump 2500 m?/day each, during the first ten years, to clean
the saltwater trapped inland of the barrier. Optimization parameters used are presented
in Table 1.

Management areas are those of the linear problem, except for Zone 6, which is no longer

needed and was distributed among Zones 3, 4 and 5, as originally planned.
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Minimizing the objective function as presented in 6, yields the values of @,y for each
pumping area and () for the recharging measures.
Non-linear optimization results

Results are summarized in Figure 11 by comparison to reference pumping rates and pro-
jected recharge values. It should be noticed that pumping can be maintained at current
rates if corrective measures are applied with larger recharge rates than originally planned.
In fact, recharge should increase by 50% at the ponds and by 200% at the seawater in-

trusion barrier.

These results were obtained with the values of A presented in Table 1, being A\g a
hundred times larger than A.. Placing a higher stress in the pumping rate function,
the obtained pumping rates are forced to be close to the desired values while relaxing
concentration objectives. In fact, concentration results in our case, are twice the desirable
values at some of the control points, but being always inside the range of tolerance. A
higher value of \. leads to better concentration results in detriment of the pumping rate
objectives.

A transport simulation with the optimized pumping and recharge rates is shown in
Figure 12b to asses the effectiveness of the methodology. The concentration distribution
after 35 years is presented and compared with the chloride distribution calculated with
the reference scenario, i.e., the current pumping rates (Figure 12a). The areas already
contaminated, located at the left margin of the delta, are almost recovered with the
optimized pumping and recharge rates. Some salty islands are still present, probably due

to a poor election of the location of the two pumping wells to extract salt trapped inland
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of the barrier or may be because the pumping period (ten years) was not long enough. A
more specific work would be necessary to optimal design this pumping location and the
pumping duration.

Other result that differs from the linear problem is the distribution of the injection water
into the barrier segments. In the best linear results (OPT5 in Figure 9) optimal recharge
at the barrier was concentrated into the segment 4 (Figure 6) because it coincides with
a high permeability channel connected with inland pumping. However, in the non-linear
problem the injection is almost equidistributed because to accomplish quality criteria is

necessary to inject along the whole barrier

3.7. Comparison of the results

Considering critical to maintain a distribution of the total pumping similar to the cur-
rent values, the best solutions obtained from both methods are presented in Table 2.

Two solutions are presented for the linear optimization method: with and without
additional measures. When no additional measures are considered a reduction of more
than the 50% of the pumping rates should be applied to Zones 2 and 4. If recharge
ponds and the injection barrier are added the reduction is limited to a 25% in the same
zones. Those values will be applicable for managing an uncontaminated or still unstressed
aquifer. However, as the aquifer already suffers from seawater contamination, these re-
duction into the abstraction is not sufficient to recover a good quality of the aquifer. Still,
this simple methodology gives important information to asses the hydraulic efficiency of
each considered corrective measure. In this case, the hydraulic efficiency for the ponds is

always lower than 1 while for the seawater intrusion barrier is about 1.5, resulting a much
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more efficient corrective measure.

The non-linear problem quantifies how much water should be artificially recharged to
maintain the total current abstraction as well as its current distribution guaranteeing a
groundwater quality recovery. This method offers a good estimation of injection rate to

design efficient corrective measures.

4. Conclusions
Linear and non-linear optimization methodologies can be used to design remediation
measures for aquifers affected by seawater intrusion. Both provide different results and

insights on coastal aquifers management.

Linear programming is easy and can effectively ensure that heads remain above sea
level, thus ensuring that seawater will not penetrate. As such, it is appropriate for eval-
uating sustainable pumping rates and for evaluating the efficiency of hydraulic corrective
measures (reduction of pumping rates, inland recharge through ponds and coastal injec-
tion barriers). However, as posed here, it is not appropriate for designing remediation

measures.

Shadow prices remain an interesting subproduct of linear programming by allowing one
to assess the effect of constraints. Here, we have used them to evaluate the hydraulic
efficiency of recharge corrective measures (i.e. the net increase in total pumping per unit

increase in recharge). We have found that coastal hydraulic barriers are more efficient
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than inland recharge ponds.

This contradicts the widely extended belief that coastal injection is inefficient because it
looses water to the sea. While this is true, the net gain obtained from protection of inland
pumping more than compensates this loss. On the other hand, the hydraulic efficiency
of inland recharge ponds was consistently less than one. This implies that, in a coastal
aquifer, protecting existing freshwater from mixing is more efficient than just increasing

freshwater resources. Optimization allows one to quantify this efficiency.

The non-linear optimization method with chloride concentration constraints is more
complex, but provides a reliable assessment of the required corrective measures. In fact, as
formulated here, where the objective was to keep existing pumping rather than maximiz-
ing it, the non-linear methods yields realistic solutions, while the linear method required
numerous runs to sequentially constraint pumping rates that were too high. Moreover, the
non-linear formulation is specially useful to design remediation measures for aquifers that
are initially suffering seawater intrusion . Since corrective measures are usually analyzed
well after the aquifer has been contaminated, we conclude that their design requires the

nonlinear optimization problem.

The application of these methodologies to a real aquifer affected by seawater intrusion,
and more specifically to a socially and hydraulically complex aquifer was a new challenge.
In this case, the combined use of both methods was successfully applied to designing

management alternatives in the main aquifer of the Llobregat delta.
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Figure 1. Location of the Llobregat delta and lower valley
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Modified from Simdé et al. [2005]. Geological cross section perpendicular

to the coast of the emerged and submerged Llobregat delta. The very thin layer below

the silts off Q4 and the upper gravels of Q3 form the Main aquifer studied in this work.

Notice that they are well separated from the shallow aquifer by the prodelta silts, so that

the main aquifer is effectively confined and relatively thin.
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Figure 3. Modified from Simd et al. [2005]. Paleochannel systems (A, B, C) associated
to the main aquifer of the Llobregat delta. Those paleochannels correspond to high
permeability zones that may act as preferential seawater intrusion pathways and that

make transmissivity distribution highly heterogeneous.
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Figure 4. Piezometric map calculated for December 2001 together with the heads mean
error and the calculated versus measured heads in four observation points. Calculated
heads are plotted in a gray line, measured data used for calibration in black dots and data

used for model validation in crosses.
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Figure 5. Chloride concentration map calculated for December 2001 together with the
concentration mean error and the calculated versus measured heads in six observation

points. Calculated heads are plotted in a gray line, measured data used for calibration in

black dots and data used for model validation in crosses.
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Figure 6. Location of the pumping wells and their average pumping rate in the period

from 1997 to 2001 and location of the proposed corrective measures that are included in

the optimization process
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Figure 7. (a) Management areas defined in the aquifer according to geological, hy-
drological and management criteria and (b) location of the control points used for the

optimization process
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Figure 8. Results of the optimization of pumping rates for every management area
and the total value of the objective function for different flow constraints applied. The

reference values of the pumping rates are shown in the first bar.
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Figure 9. Results of the optimization with additional corrective measures of pumping
rates for every management area and the total value of the objective function for different
flow constraints applied. The reference values of the pumping rates are shown in the first

bar.
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Figure 10. Chloride concentration map in the main aquifer of the Llobregat Lower
Valley obtained (a) form the linearly optimized pumping rates and the implementation of

corrective measures and (b) for the reference scenario

Table 1. Statistical parameters used in the simulations

Parameter Value Units

Ae 1.
Ao 100.
Oe, 1000.  mg/l
OQuu 0.1-Q; m?/day
TQpon 0.25 m/day

O-Qba'rrier 10000 ms/day
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Figure 11. Results of the non-linear optimization problem. Obtained pumping rates per
management zones and measures (gray bars) are compared to current values or projected

values in the case of corrective measures (white bars).
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Figure 12. Chloride concentration map in the main aquifer of the Llobregat Lower Val-
ley obtained (a) form the non-linearly optimized pumping rates and the implementation

of corrective measures and (b) for the reference scenario
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Table 2. Comparison of the results obtained with the linear and non-linear optimization

process for the more realistic optimization scenarios (values in hm3/y)

Management Average Linear opt. Linear opt. Non-linear opt.
Zones 1997-2001 (no additional

measures)
Zone 1 5.29 5.28 5.28 5.29
Zone 2 30.23 21.92 21.92 28.62
Zone 3 1.77 1.83 1.83 1.98
Zone 4 24.59 4.64 18.49 23.38
Zone b 0.00 1.83 1.83 4.16
Zone 6 2.14 0.00 0.0 -
Recharge ponds -10.96 -16.45
Injection Barrier 1 -3.65 -2.68
Injection Barrier 2 0.00 -2.84
Injection Barrier 3 0.00 -1.27
Injection Barrier 4 0.00 -4.50
Total 64.02 35.48 49.35 63.41
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ABSTRACT

Stream-aquifer interaction has been the subject of much research for cases of good hydraulic
connection (continuous saturated zone) between river and aquifer. Under these conditions,
floods do not represent a very large net input to the aquifer because most of the water that
enters the aquifer during the flood returns to the river when its stage recedes. The situation is
different in disconnected stream-aquifer systems, where the stream bed lies above the aquifer
water level, thus preventing return flow. Under these conditions, floods may represent large,
but hard to quantify, water inputs. Here, we present a methodology to estimate recharge from
floods for disconnected stream-aquifer systems. Recharge is estimated as the product of a
floods time function (dependent on the streamflow) times an unknown factor, which is
obtained from calibrating aquifer heads. This methodology is applied to the Baix Llobregat
aquifers. Floods recharge is found to amount around 15 million m*/year on the average, which
represents 40% of total aquifer inputs. Floods recharge helps to explain major head

recoveries.
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1. INTRODUCTION

The Llobregat Delta is a medium-size (approximately 100 kmz) quaternary formation located
at the SW edge of the densely populated area of Barcelona, in the NE of Spain (Figure 1). The
area, formerly devoted only to agricultural practice, now supports also important industrial
settlements and city suburbs. Intense groundwater exploitation up to the late 70’s caused an
important seawater intrusion (Custodio et al., 1976). Pumping has been significantly reduced,
but saline intrusion still affects large areas of the delta aquifers. In order to address this
problem and respond to the requirements of the European Water Framework Directive, the
Catalonian Water Agency (Agencia Catalana de I’Aigua) is developing a groundwater
management program (Abarca et al., 2005). This requires detailed aquifer characterization
and identification of inputs. Recharge from the Llobregat River has been traditionally
considered as one of them (REPO, 1965; FCIHS, 1997; UPC, 2004). As shown in Figure 2,
well hydrographs react immediately to floods and lead to long term aquifer recovery.
However, proper management requires quantifying this input. Unfortunately, no general

method is available, which is the motivation of our work.

Stream-aquifer interaction has been the topic of much research since old (see reviews by
Lemer et al., 1990; Winter, 1995, 1999; Sophocleous, 2002). Different interaction types can
be defined depending on the stream stage, the groundwater table, and the saturation state
between the streambed and the aquifer. According to these criteria two general types can be
identified (Figure 3): first, the stream and the aquifer are hydraulically connected (Figure 3A
y 3B) and, second, the zone between the streambed and the groundwater table is unsaturated
and these are hydraulically disconnected (Figure 3C). In this context, stream aquifer
interaction research has covered a wide range of topics, including bank storage (Cooper and
Rorabaugh, 1963; Pinder and Sauer, 1971; Hunt, 1990; Barlow and Moench, 1998; Moench
and Barlow, 2000), induced recharge (Glover and Balmer, 1954; Hantush, 1965; Jenkins,
1968; Hunt, 1999; others), hyporheic zone (Palmer, 1993; Boulton et al, 1998; Dahm et al,
1998; Cardenas et al., 2004; Salehin et al., 2004), aquifers characterization (Sophocleous et al,
1995, Sophocleous, 2005), etc. Nevertheless, recharge rate during flood events has not

received as much attention.



The scant attention devoted to floods recharge probably reflects that most of the above studies
assume connected stream-aquifer systems. Under these conditions, net recharge is usually low
(Winter et al, 1998). During the flood period, when the flood stage rises (Figure 3B), stream
water infiltrates into the aquifer and flows away from the stream, giving rise to bank storage.
After the flood stage declines the previously infiltrated water flows back towards the stream
(Chen and Chen, 2003) (Figure 3A). Thus, successive recharge and discharge of the aquifer
has a buffering effect on the runoff regimes (Brunke and Gonser, 1997), but leads to small net

recharge.

The physics of the problem is different, and quite complex, when the aquifer is disconnected.
Infiltration water must pass through the hyporheic zone, and the unsaturated zone to finally
arrive to the saturated zone. As a result, the actual recharge depends on a variety of factors
(Sophocleous, 2002), such as the hydraulic gradient, hydraulics properties of the vadose zone,
the available storage volume in the vadose zone, channel geometry and wet perimeter, flow
duration and depth, antecedent soil moisture, clogging layers on the channel bottom, and
water temperature. Unsaturated flow conditions usually occur where there is a relatively low-
permeable clogging layer on the stream bottom (Sophocleous, 2002). This layers develops
naturally through sedimentation of fine material and growth of biofilms during low discharge
periods. Nevertheless, the low permeability layer is fully removed during the flood. Typically,
the thickness of fully mobilised sediments is equal to about half of the stage of the river. As a
result streambed leakage increases dramatically during floods. This together with the increase
in wet perimeter and river head led to a sharp increase in recharge. Afterwards, recharge
reminds high for a period of time but decreases slowly as the stream clogs again.

Understanding and, much less, quantifying these processes is difficult.

Quantification of recharge from disconnected aquifers are usually evaluated with analytical
solutions for ephemeral streams (Abdulrrazak and Morel-Seytoux, 1983; Sorman et al, 1997,
and others). These analytical solutions are highly imprecise because they consider a pseudo
steady state regime with a moderate recharge, while in reality flow varies rapidly. Therefore,

the water-table fluctuation method (e.g. Healy and Cook, 2002) would be the method of



choice. Unfortunately, this method would require continuous and frequent monitoring, which

is rarely the case.

Previous considerations about disconnected stream-aquifer system during floods (stream,
groundwater, saturated and unsaturated zone, floods, bed-load capacity, etc.) make difficult to
couple them in an analytical solution and therefore to be accurately quantified (De Vries and
Simmers, 2002). For these reasons and due to the observations of how the water table rises as
instantaneous response of floods, we propose to estimate the recharge from one or several
flood events. The methodology is based on implementing historical series of floods data,
piezometric heads (Figure 2) and river and groundwater Cl” concentrations, into a numerical
model. Calibration is carried out by means of the inverse problem fitting measured and

computed heads and concentrations (Vazquez-Sufié et al., 2005).
2.- METHODOLOGY

The proposed method can be viewed as a variation of the water-table fluctuation mass balance

method, applicable when groundwater head data are sparse. It consists of the following steps:

1. Definition of the conceptual model. This is achieved using conventional hydrogeological
methods. It requires understanding geology, hydrogeology, meteorology, hydrology, soil uses,
pumping rates, hydrochemistry, etc. Emphasis must be placed on evaluating not only total

inputs and outputs, but also their time evolution.
2. Implementation into a numerical model. Once a conceptual model has been defined a
numerical model is built. This requires specifying of all parameters, the spatial and temporal

discretization and boundary conditions, (lateral inputs, recharge, pumpingrates, etc).

3. Parameterization of flood recharge. Recharge during floods is implemented as a prescribed

inflow along the river as:

QR(x’t):ZIBi gfm(xvt) (D



Where Qr(X,t) is the recharge rate (here expressed per unit length of river), Bi is an unknown
parameters and fri(x,t) are functions representing the time variation of recharge. Ideally, these
functions represent the modes of river recharge. The fact that they are left in terms of the
unknown factor i ought to simplify their definition, which must be prescribed by the
modeller prior to proceeding. As mentioned in the introduction, a detailed account of all
processes involved can be quite difficult. Factors affecting these include:

- Qpeak, peak flow rate, which controls the erosion capacity of the river, its stage and
its wetted perimeter.

— Volume of flood, which can be quantified by the monthly maximum flow rate (Qmaxi)
or monthly averaged flow rate (Qi) and controls the total amount of water available for
recharge.

— Morphological characteristics of the river bed, such as slope, channel width and river
bed deposits.

— Sediment and nutrients load, which controls the rate at which the river bed clogs after
a flood event.

These factors are not independent and, in turn, depend on the whole basin morphology and
type of flood. Therefore, we argue for using simplified functions that capture the essence of
the above, yet can be easy to define without the need of complex models. Some possible
functions are defined below:

1. fu (x,t) =1, to represent recharge during low flow periods.
2. fR2(x,t)= 0”(z), where y> 1 is an exponent to be estimated by trial-and-
error. This function reflects the more than linear recharge with flow rate.

3. [ (x,t)=J.Q(z) LY, (¢t —z)dz, where fp is a decay function representing

clogging of the river bed after a flood: for example, f,(¢) =exp(¢/T) with T

being the characteristic clogging time.

4. Calibration
Three main points have to be taken into account while calibrating the model: first, consistency
between a priori information and calibrated parameters must be pursued; second, good fit

between measured and computed data, both in terms of piezometric heads and concentrations;



and third, the water and chloride mass balances must be consistent with the conceptual model
and previous calculations. This can be achieved with inversion codes. Here we use the

Maximum Likelihood Method (Carrera and Neuman, 1986; Medina and Carrera, 1996),

which leads to minimizing an objective function (F).

F=Y AF,+>.AF +>AF, (2

Where Fy, F. and F, are the objective function of heads, concentrations and parameters,

respectively; and Ap, A¢ and Ap are weighting coefficient for flow and transport parameters.

5. Iteration
The two last steps need to be repeated until finding the best fit. Results will be obtained
choosing the run in which flood recharge function adjusts best. The resulting recharge is

obtained from the mass balance of the numerical model of the aquifer.

3.- APPLICATION TO THE BAIX LLOBREGAT AQUIFERS

3.1.- Definition of the conceptual model
Hydrology

The Llobregat River extends from NW to SE along 156.5 km; its basin has an area of 4948 .4
km?. The study area corresponds to the final part of the basin (250.6 kmz) and it is divided in
three parts: Sant Andreu Basin, Lower Valley Basin and the Llobregat Delta (Figure 1). Main
tributaries are the Anoia river and the Rubi river. The climate is typically Mediterranean, with
extreme temperatures in January and August, and a yearly average temperature of 15 °C. The
cold and warm seasons are separated by two unstable climate seasons. The rainfall average is
around 600 mm/year. The river basin is characterized by a fluvial regime with an average

streamflow of 16.8 m*/s in the Martorell gauging station (Figure 1).



The Llobregat River is a good example of a Mediterranean fluvial system, with low
streamflow, marked ebb flood, strong floods and very irregular flow patterns (Marqués,

1984).

One of the most important phenomena to consider is the instantaneous maximum streamflow
or peak, because of its direct implications on the formation of the Llobregat delta.
Instantaneous maximum streamflow has always corresponded to intense rain storms, like
those of the years 1962, 1971 or 1994, to mention some. Very intense and short term rain

storms result in peak flows of short duration and big volumes.
Hydrogeology

Detailed characterization is necessary to define the conceptual model. The most difficult data
to obtain are the recharge history, that depends on soil uses and is time dependent, and the
groundwater extraction history. Maximum groundwater exploitation occurred in the 70’s
reaching values greater than 130 hm3/y. This period corresponds to the maximum
groundwater drawdown ever reached (25 m.b.s.l. in the central part of the delta). In the 70 s
and 80s, due to this drawdown and some anthropic modifications (inland dock’s enlargement)
marine intrusion quickly progressed towards the central part of the delta, where some of the

water supply main pumping areas were located.

The general guidelines of the Lower Valley and Llobregat Delta geology were established by
Almera (1891), Llopis (1942, 1946), Solé-Sabaris et al. (1957) and Solé-Sabaris (1963). The
cross-sections proposed in the late 60’s and early 70’s in the framework of an important
project for hydrogeological resources characterization (MOP, 1966; Llamas y Molist, 1967)
and some other reports published at that time, are still used today for hydrogeological
purposes. Since then, new geological information has arisen because of the continuous
construction related to civil works that are carried out in the delta area. This new information
helped defining a more accurate geological model. A thorough sedimentological study was
carried out to define in detail the three dimensional geological structure. It has been possible
to redefine aquifer units, its geometries, and the lateral connections both between units and

the sea. The synthetic geological model is presented in figures 4a and 4b.



Lower Valley and Llobregat Delta are formed by materials of Quaternary age (Pleistocene to
Holocene) that rest discordantly on top of materials that range from the Paleozoic to the
Pliocene. Sant Andreu and Lower Valley basins are constituted by the accumulation of
alluvial sand and gravels. At the end of lower Valley begins a deltaic area that is built by the
accumulation of four deltaic sedimentary cycles. The youngest cycle present wedge geometry

with silts and clays separating two packages of sands and gravel (Figure 4a).

Different hydrogeological units can be identified from these geometries: 1) Shallow Aquifer:
within the Superior Deltaic Complex (CDS, Figure 4a) an aquifer formed by sands. This
aquifer has a unconfined behaviour. 2) Main aquifer: this is made up of the Deep aquifer
(CDI, Figure 4a), aquifers of the Sant Andreu Basin and Lower Valley. 3) Silt wedge
(Aquitard): the shallow and deep aquifers are separated by an intermediate level of highly
heterogeneous materials (CDS a, Figure 4a) formed mainly by finer sediments that act as a
confining layer. And 4) Inferior Aquifers: towards the base of the Inferior Deltaic Complex
(CDI) two stratigraphic levels of coarse sediments (CDIa and CDlc, Figure 4a) also host

aquifer units.

3.2.- Modelling

The VisualTransin code was used for calibration of the numerical model. This code solves
the flow and transport equations using the finite element method. The model is divided in two
layers corresponding to the shallow aquifer and main aquifers respectively. The domain was
divided in 4411 nodes and 9848 elements, specially refined near the main pumping areas and
the mesh was adapted to the main hydrogeological features. Elements are triangular and

average size is about 200 m. Simulation time steps are set monthly from 1965 to 2002.

Prior hydraulic parameters of the model were based on data integration and geological review.
This led to 101 transmissivity zones conditioned by aquifer thickness, lithofacies description,
hydraulic test values, etc. The same procedure was applied to other parameters like storage
coefficient, recharge, boundary conditions (boundary flows, interaction of the aquifer with

stream, channels and linear works, pumping rates), porosity, diffusion and dispersivity.



Streams, channels and underground linear works can interact with present aquifers. If they are
hydraulically connected inputs or outputs of water to the aquifer are a function of the heads
difference between the mass of superficial water and the aquifer. In order to apply the Cauchy
boundary condition it is necessary to define the external water heads (stream, channel or

linear work reference heads) and a leakage parameter.

If they are disconnected, the input flow could be a function of the stream flow or flood
magnitude. Along Sant Andreu basin and Lower Valley area the Llobregat river and its

tributaries (Rub1 river) are mostly disconnected (Figure 1).

As a result of calibration, the model displayed a good consistency between a priori
information and calibrated parameters; second, a good fit between measured and computed
data, both in terms of piezometric heads and concentrations, and third, the mass water and
chloride balances consistent with the conceptual model and previous calculations have been

obtained.

3.3.- Simulation of flood recharge events

A priori it is possible to define several functions but we don’t know which one is the best. We

have considered several alternatives that are described below.

Available data included daily streamflow rates (Qd) for the period between 1966 to 2001 in
the Martorell and Sant Joan Despi gauging stations located in the Llobregat River. The
average streamflow (Qb) of 15 m¥s is considered the reference streamflow. These data were
integrated monthly because of the time discretization we used in the model. This leads to our
flood recharge function which is aimed at representing monthly averages. We used two types

of functions: linear and power law.

Power law functions



This function represents that floods causes both the stage and the wetted surface to increases
and also erodes the streambed eliminating the natural clogging thus allowing an exponential

increase of recharge:

o’ f Qmi > S0ms

fL(0)=0expy = (3)
0 if Qmaxi < 50 m’/s

where Y is an arbitrary exponent, which will be selected by trial-and-error. Here, we chose
values between 1.0 to 1.6 (Qexpl'o,..... , Qexpl‘(’). Furthermore, the value 50 m’/s was chose as

“minimum flood value”.

Linear functions

This kind of function represents both the floods and the base streamflows. It is considered that
the base streamflow can induce recharge to the aquifer. This function defines two components

of the river recharge to the aquifer: 1) it recharges during the flood events (0 * Qax i), and 2)

itrecharges from a base streamflow ((1-0) - Q;). The resulting function is defined next:

a |@maxi + (1 _a) @i if Qmaxi > 50 m3/s

£ (0) = Qavea = (4)
0 if Qmaxi < 50 m’/s

where O is an arbitrary factor, that will be selected by comparing the performance of several

values. Here, we chose values between 0.5 to 0.9 (Qaveo's,....., Qaveo‘g).
Constant flow rate

This function (Qcte) is defined as a constant streamflow. This constant value is computed as

a proportion of the average streamflow (Qb).

10



fQ =B, (5

where [3 is the proportion factor that will be obtained from calibration process.

This function disregards temporal variability of streamflow, therefore if temporal variability
of river recharge is related to the evolution of piezométric heads, this function can not be

appropriate.
3.4.- Calibration and iterative process

To find the best fitting function it is necessary to calibrate the model for each of the 14 stream
recharge functions obtained. All model parameters (transmisivities, recharges, "p" factor of
the recharge functions from floods, boundary conditions, flow rate, leakage, etc.) have been

calibrated.

The value of the objective function, good fit on measured and computed heads and
concentrations, and the mass balance consistency, allows us to evaluate which is the best

model and find the appropriate stream recharge functions for it.
4.- Results and discussion

Figure 8 contains the results in terms of the calibration objective functions and net recharges
from floods for each recharge function. Power law functions lead to better fits than linear
functions. It is observed that the best total fit (total objective function) was obtained for the
exponent y= 1.4 (Qexp]'4). Nevertheless there is little difference with other functions except
for the constant flow function (Qcte), which led to a very poor fit. However, each component
of the objective function was minimum for a different recharge function. In fact, the best fit
for heads was obtained for the exponent )= 1.6 (Qexpl'é) because it fits better the tips of the
heads that occur after flood events. The best fit of parameters was also obtained for the Qexpl'é,
although it was not so different from the rest of exponential functions. However, the best fit
for concentrations was obtained for Qcte. This is due to the fact that the variability in aquifer

concentration is low. Water recharged from floods is mixed with groundwater, therefore
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floods concentration variability is diluted and the average concentration in groundwater is
almost constant. The point is that the calibration leaves some room for uncertainty in the

choice of recharge function. Therefore, more complex functions were not considered.

Figures 9 and 10 display measured and computed head and concentration fits from power law
function with Qexpm. We consider them satisfactory. Some points of interest in the area of the
model have been selected to show the space and temporary distribution of heads. It is
observed how the model has been able to reproduce the spatial distributions of heads. Time
variability and amplitude in the oscillations is also reproduced. Salinity trends in the aquifer

of the Lower Valley and Llobregat delta are also reproduced satisfactorily (Figure 10).

Average mass balance calculations bring, among others terms, net aquifer recharge from the
river. Most of the runs tend to a recharge rate values above 14 hm*/year. The run that presents
a best fit (Qexp1'4) gave a value of total river recharge of 14.7 hms/year (Figure 11). The
exception is constant function (Qcte) run that gave very low values of recharge rate (0.97

hm3/year), this value probably represents base streamflow recharge.

The most remarkable inputs into the aquifers mass balance are: total infiltration recharge
(21.6 hm3/year from both shallow and main aquifers) and Llobregat river recharge from
floods with 14.7 hm¥year (including the Llobregat river through the Sant Andreu Basin and
the Lower Valley, and a portion of the tributary Rubi river). Moreover sea water inputs in the
main aquifer are quite significant with a value of 6.8 hm’/year. The opposite occurs at the
shallow aquifer which discharges about 0.5 hm*/year to the sea. The main output is pumping
in the main aquifer with 71.8 hm*year. Flow from shallow to main aquifer is determined by

the balance for each aquifer that is 19.6 hm’/year.

Figure 12 contains the annual evolution of the net aquifer recharge from the river. In some
years important recharge values are obtained in wet years (up to 70 hm3/year). But those
contributions are extremely low during dry years. The variation in the aquifer storage is
mainly controlled by the contributions of the Llobregat river at flood events and by

groundwater abstractions.
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Figure 13 shows the relationship between the flood streamflow and the netrecharge from the
river to the aquifer, for several power law functions. A fundamental tool for the management
of the water resources is obtained, since it allows considering the amount of water recharged
to aquifers by a certain flood. The estimation of recharge from floods is quite robust and is not
much sensitive to selected power law function because net quantified recharge is not so
different. Obviously, sensitivity increases for higher river floods. Still, it is apparent that
periodic flows, which are beneficial for may other river processes, also cause a sizeable

amount of recharge.

5.- CONCLUSIONS

A transient (1965-2001) groundwater flow and solute transport model of the aquifers of the S.
Andreu Basin, Lower Valley and Delta of the Llobregat River has been carried out. This
model has been calibrated automatically against heads and concentration data obtaining very
satisfactory fits for both variables. Mass balance and hydraulic parameters were also coherent
with previous calculations. This case study reflects the importance to flood events in the

aquifers mass balance, since they are one of the important inputs in a disconnected aquifer.

Disconnected stream-aquifer systems during floods are difficult to be accurately quantified.
We propose to estimate the recharge from one or several flood events. The proposed method
can be viewed as a variation of the water-table fluctuation mass balance method, applicable
when groundwater head data are sparse. It consists in (1) definition of the conceptual model,;
(2) implementation into a numerical model; (3) parameterization of flood recharge (recharge
during floods is implemented as a prescribed inflow along the river); (4) calibration and (5)
iteration. The two last steps need to be repeated until finding the best fit. Results will be
obtained choosing the run in which the flood recharge function fits best. The resulting

recharge is obtained from the mass balance of the numerical model of the aquifer.

This methodology is applicable to very complex systems taking into account temporal
variability of all water sources. Its application allowed us to quantify the recharge rates in the
Llobregat aquifers due to river flood events. In order to accurately evaluate this recharge,

different temporal functions based on river streamflow data were used to simulate recharge
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from the Llobregat River during floods events. Two types of time varying functions (linear

and power law function) and a constant function were considered.

The best results in terms of total objective function are obtained for power law functions
representing better the river-aquifer interaction during floods events. Amongst them, the 1.4
exponent function produced the best result. The constant function was the worst model used
in terms of heads fitting reflecting the critical importance of time variability to accurately

represent the interaction between the Llobregat River and its aquifers.

For power law functions, the recharge value obtained in this process is about 15 hm’/year,
which becomes the second more significant input into the aquifer system in terms of annual

volume.

A streamflow versus recharge graph results in a new tool for aquifer management.
Groundwater managers are able to estimate the amount of water that can be recharged and
design artificially generated flood events by controlled floodgate opening upstream.
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FIGURE CAPTIONS

Figure 1.- Map of the study area, Lower Llobregat aquifer units, Catalonia, Spain (Adapted
from UPC, 2004).

Figure 2.- Stream flow hydrograph (thin line, right scale) and groundwater hydrographs (bold
lines, left scale) at several piezometers of the Llobregat aquifers. Arrows shows river bed
level near each piezometer. Fast recoveries of water levels are typically associated to floods
while declines often coincide with floodless periods (pumping, not shown here, has also

changed significantly, with maximum values at 70’s.

Figure 3.- Types of stream-aquifer interactions: A) Connected gaining stream; B) Connected
losing stream C) Disconnected stream (Adapted from Winter et al, 1998). Notice that the A
and B types can be transient and occur during flood. As the stream-stage rises, the river
recharges the aquifer. The flow direction may reverse when the stage recedes, leading to the
situation depicted in B, so that net recharge is small. On the other hand, floods in
disconnected streams (C) may cause larger net recharge, both because (1) return flow does not

occur, and (2) the low permeability layer at the stream bed is removed.

Figure 4: Geological cross-section of the emerged and submerged delta based on old MOP
data and from a reflexion seismic survey performed by IGME. The silt wedge separates the
upper and main aquifers. Other Old Quaternary deltas (Q1-Q3) are part of a hidrologically
unknown lower aquifer system. The modern delta (Q4) was formed 18000 years ago,
although its progradation took place during the last 6000 years. Conceptual model of the
incised systems of the called Lower Detritic Complex. Gravels and conglomerates are painted
in orange and represent the different incised systems. Between the coarse sediments there are
silts and sands. The lower grey area represents the Pliocene Blue Marls and the dark grey to

the Miocene and pre-miocene basement.

Figure 5.- Daily stream flow hydrograph. Show are the average stream flow of 15 m*s (Qb)

and minimum flood value of 50 m’s.
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Figure 6.- Power law time functions for flood recharge. Show is the curves with exponents of

1.0, 1.4 and 1.6 for the period from 81 through 84.

Figure 7.- Linear time functions for flood recharge with weighting factors of 0.9 and 0.5 for
the period from 81 through 84.

Figure 8.- Performance of the different types of flood recharge time functions. Vertical bars
represent the objective function achieved with each time function. Notice that best fits are
obtained with power law functions (optimum for 1.4 exponent) and that a constant recharge
leads to a very poor fit. Also show is the average total floods recharge for the 1965-2001
model period. Notice that over all recharge estimate (around 15 million m3/year) are not very

sensitive to the exponent.

Figure 9: Spatial distribution of head calibration errors (average of the absolute value of the
residual for each observation well). In general, largest errors correspond to wells with few
head measurements. Also shown is the time evolution of measured and computed wells at

several of the piezometers with longest measurement records.

Figure 10: Spatial distribution of concentration absolute. Also shown is the time evolution of
measured (dots) and computed (continuous lines) concentrations at some of the wells with
longest measurement records.

Figure 11. Schematic description of water balance for the Baix Llobregat aquifers expressed
in million m*/year. Mass balance for the main aquifer is shown on the left side and for the
shallow aquifer on the right. Two parallel arrows show the flux from shallow to main aquifer.

Figure 12.- Yearly recharge from floods computed with Qexp1.4 time function.

Figure 13.- Fitted relationships between monthly recharge and flood stream flow. Notice that

recharge is very similar for moderate floods.
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