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Abstract

Mots clés Intrusion marine; Caacerisaton hydrogéologiqe; Modélisaion numérique; Trois
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This PhD endeaouwrs numerical groundwvater nodeling considering
heterogeneousanduncertain hydraulic parameters. Itis made of threeparts.

First, we investigated the effects ofdimensionality and heterogeneity of the
hydradic conductivity on dispersive seavater intrusion (SWI) processes. Mitiple
2D and 3D unconditional simulations of hydraulic conductivity fields sharing the
sane statigics weregenerated tlen used to sdve density-depencent flow and sdute
trarsport equations with a finite element code. Monte Carlo simulations were
analysed n terms of dimensionless citeria including the penataton length and
width of the sdtwater welge Results shaved that the 2D heterogeneity is affecting
more stromgly the SVI processes thanhe 3D heerogendty. The salwater walge
length in the 2D models is smaller tanin the 3D oneswhile there is nore mixngin
2D modebk. Most important, resuts showed that there is a critical ratidoetween
advecton ard dispersbn processes tich is contolling the behaiour of SWI in
heterogeneousporousmedium.

The secondpart of the thesis ealt with deterministic and probabilistic
modelling andlong termforecasts of SWI ithe Korba aqufer (Tunisia). The stug
started by the devebpment of a D density-dependent flow ard solte transprt
model of the regional Korba aguifer. Then two geostatistical models of the
exploitation ratesandof the hydadic corductivities within the aqiifer were buit by
combining incomplete drect data ard secmdary information including aqufer



physical parmeters. The effects of the untznty on the sptial dstribution of the
purnmping rates and e uncertainty on the hydraulic conducivity field on he D
density-dependen model were amlysed separately drthenjointly. To circumvent
the large canputing time reauired to run hurdreds of 44years trasiert models, tre
simulations were nace in a parallel fasion on the EGEEGrid infrastructure aswell
as ona local Linux cluster. The determnistic numerical nodel allowed to estinate
the curren over-exloitation of the Korta aqufer to 135%. It also allowed to
estmate the time lase reededto turn back the intial head and slat distrilutions
(before expoitation start) to abou 150 years. Tl resuts of the stahastic
simulations $iowed that both uncertainties led to a zone represating 12 % of the
aqufer area wheae the groundwater hela andsalt concetratiors are nd known
with acaracy Most important, results showed that reducing the pumping raes
progressrely by 50% until 2048 will not result in arecession of the saltwater
wedge; instead an additional 9.5 % of shieface of the aquifewill be contaminated
in 2048.

In the tird part of the thess, the performances of kriging, sbchastc
simulations amd seqeertial self-calibration inversion are assessedvhen
characterizig a non-multi-Gaussiansyrthetic 2D braided chanrel aquifer. In afirst
step, he peformance of he three nethods was coparedin terms of repoducing
the aiginal referere trasmissivity or heal fields. h a $cond step, the ehods
were conparel in ternms of acuracyof flow and transport (captire zoné forecasts.
Reslts shaved that the erras remain large ewen for a dense dta network. In
addition, same urexpected lehaviours are observed when large trarsmissivity
datasets are usetVe also obsrved a increaseof the bias with the nuimer of
trarsmissivity data ard anincreasinguncertairty with the rumber of head data. This
was nterpreted as a onseueice of the use of an inadegae multi-Gaussan
stachastic nodel.
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Chapter 1

Introduction

1. Motivations

Scientists and goundwater esouces maagers are invoved in numerical
modeling stidies of @vironmentl prablems, such as coatrinant migraion
prediction, aquifer remediation, seavater intrusion, et. From a methodological
point of view, nunerical modelling of such phenomena faces lgallenges sut as
charactrizing and acounting for complex geobgical setings. Obher dallenges are
specific to theapplications henselves,such as accoumig for conplex flow and
sdute trarsport processes like ehsity effects @ reactive sdute trarspat. Those
issues affect the accuraayf the forecats made by nunerical models ad
corsequantly may affectdedsions d&outgroundvater managenent policies.

This PhD endawvours nodelling flow and solte transpd considering uncertain
hydraulic paraneters. It deab with tools that groundvater managersmay use ©
design sstaindle groundwadr re®urcesmanagenent. Thosegeneal objecives are
addessé through paticular appicatonsincluding seawagr intrusion.

Socbemnomical and @vironmen@ impacts causk by seawater intrusion
(SWI) have claimed the attetion of the scentific community worldwide during the
last decades. Differg approaheshavebeen devebpeal to assess thproblem (Bear
et al. 1999;Cheng ad Ouazar 2003).The validity and theinterest of using
numerical modek for simulating the dynamics of SNl ard as ool for optimal
managenent of coasél aquifers have beenextensively illustated n numerous cas
studies.In the Mediterraneanregion, many studies tave usel groundvater nunerical
modek to assess WI problems (Galeat etal. 192; Iribar et al 1997; Yakirevich et
al. 1998 Panconi et al.2001; Sasg andKarahanogu 2001 Ahamouch et al. 202
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Arfib etal. 2002; Milnes ad Renard 2004) ard to design schenes for the gotimal
maregement of groundwvater resouces(Marntoglou et al. 204; Abarca etal. 2006).

Even if saltwater is a cagsenative sdute, and SWI represets a stale
configuration d density-driven flow and sdute trarsport, nodelling sich
phenomenon remains a challengelue todifficulties sud as: handling largecale
models with suficiently detailed resdution, accouting for heteragereity of
hydradic parameters, estiating effective hydraulic paameters, slving the inverse
problemwhile accounting for all available fiormation, et. Most often simplifying
assumtions (eg., use ofa sharpinterfacemodel, useof a broal zonation,reducirg
the dimension of the problem, fixing pamameter values basel on numerical mesh
resdution, etc.) facilitate tB development of a sdution. This allevates jrtly the
intersive calculatio demanded for sdving the highly nonlinear eqations dfining
SWI processs. At the sam time, due tothese practical considgions many
guestions on the reliaklity of those simplified models arise asdiscussed ly Diersch
and Kolditz (2002).

Moreover, realtword aquifersare bur-dimensonal and naurally heerogeneous.
The heg¢rogereity paterns nclude a vhole range of scales and feaes (hat include
discontinuities). As for uniform density flow ard sdute trarsport, it has been slown
that heterogeneity cantrols dersity-depencent flow and solue trarspat (Dagan ard
Zeitoun 1998; Schwarz 1999 Simmons et al. 2@1; Darvini et al. D02 Al-Bitar and
Ababai 200; Held etal. 2005, Abarca2006). It has alsobeen slown thatmodelling
uniform densty flow ard olute trangort (controlled by 3D properties) in 1D or 2D
might lead b corsiderale differencesin the nodel outputs (Gelhar and Axness
1983. In the coniext of SWI, the study of the efects d 3D hetrogendty has not
beenyet carriedout. An oljective d this Thesis is therefore tmvestigatethe effects
of dimersiondity (2D and 3D) and the degree of heterogneity o hydradic
conductivity on SWI (@aper 2). Thisis importantnot only becausetiallows a
betterunderstading ofthe phenoranon of $VI, but alsobecause it allows pating
out limitationsof those nodeling smplifications

Moreover, in most o groundvater nodelling appications, the lackof sufficient
data to estirme model inputparanetersaswell as their distributions in space and
time will lead to uncertan madel predctions. Inthe cortext of SWI, afew studes
coupled deterministic ard probahlistic modelling aporoaches to evaluate the
uncertairties onreal-worldmodel parameters and heir effects on nedel predictions
(eg. Pohlmann etal. 2002). At the sane time, uncertaines asscated withmodel
predctions justify the reed for siochastic nodels as a tobto help decision-makers
in the desgn of robust management policies (Watkins and McKinney 1997). A main
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objective of this Thesis is tlerefae © couple deterministic (Chepter 3) and
stochastic mdelling tetiniques (Chapte 4 and 5) b analyse andorecast the
behaviour of an important regional coastl aqufer in Tunisia bwards asustinable

maregement of the gioundwaterresouces.

Furthernore, a large nunber oftechniques has been deloped duing the last
decads with the aimof characterizing thespatial vaiability of aquifer paraneters
and heir uncetainty (Carrem 193; Koltermann anl Gaelick 196; de Marsily et
al. 2005). Most of groundvater stidies alopt a multiGaussan nodel. Haveva, it is
known already tlat multiGaussian models have sewre limitatons with a hgh
impact on flow ard transport predictions (Jaurnel and Deutsch 1993 Wen and
GomezHernandez 1998 Zinn ard Harvey 2M®3). This is wty arother objective of
this Thess (Chaper 6) is to explore what happens i widdy useddirectand nverse
multiGaussian techiques are apleed to characterize non-multiGaussian fields
exhibiting preferenial flow patls.

2. Structure of the Thesis

This disseration cansists of five sef-contained chapters followed by a geneal
syrthesis aml canclusions chaper. Additional materials are presdad in the
Appendixes @A, B, Cand D. The hapters were patialy presated in internatonal
confererces(Kerrou et al. 200@; Kerrou etal. 2007b) andsubmitted for pubication
in intermatioral journals (Kerrau et al.2008).

Chapter 2. Dimensionality effects on seawater ntrusion in heterogeneous
porous nedia, addreses lie aforenenioned problems of modeling SNI in 3D
hetrogeneousporous nedia. It presats a canparison betveen $VI in homogenas
and heerogeneous media, aswell asa @mparison betveen SNI in 2D and in 3D.
The sbchasic framework conskts in generating (multiGausian) hetrogeneaus
hydradic conductivity fields, in 2D and 3D, calcuating their effective parareters,
and then solving density-dependent flow and sdute trarsport for eachrealisatian.
Most importartly, an aralytical stahastic model of effective hydradic
conductivities was ged to trarsform a 2D model enalling it to reproduce 3D model
predictions

Chapter 3: Status of he Korbagroundwagr resources(Tunisia): Observatios
arnd 3D nodelling of seawater itrusion. This is the first out of three clapers
focusing on the Karba ajuifer. Chapter 3 presents a rewvie of the prevbus stidies
on the ste as wel as a defled descption of the regional hydrogeplogical setings



Chapter 1

and he satusof the goundvater resaurces in 2004. A mgjor partof Chaper 3 was
dewted to the devebpnent of a D densty-dependent flow ard lute trangort
model. This part starts wih anestimation of model input paraneters, especially, th
spatial dstribution of the punping ratesdistribution. The latter was estimataasing
a multivariate lirear regession model combining secondry variables, ircluding
aqufer propeaties anddistributed dat from renote sensng anaysis. The gahered
knowledge attis stagewas ten used tdouild and calibrag a3D nunerical nodel,
which is usedfurther to discuss me issueson the managenent of the regional
groundvaterresaurces.

Chapter 4: A Grid-enabled Monte Carlo analysis of the impact of unertain
dischage rates dstibution on sewater intrusion in the Korba auifer (Tunisia).
This Chapter focuses reinly on the urcertinty assaiatedwith the predctions of
the numerical model developedin Chapter 3. In this chapter, only uncertinty on the
spatial dstribution of the pumping rates inthe Korba aqufer is corsidered Firstly, a
geostatisticalmodel of the pumping rates was hili basedon the regressio model of
the pumping rates devebpeal in Chaper 3. Secod, densty-dependent flow ard
solute trarmsport Monte Carlo simulations were prformed to propagate the input
uncertairty andto evaluate its effects orSWI. An important question in Clapter 4
was he use of the Grid techrology to run Monte Carlo similations andthe interest
of that emerging tecmalogy on hydrological appicaions.

Chapter 5: Stachastic forecasts of seawat intrusion in the Korba agiifer
(Tunisia) towads a sustaindle groundwatemanagment. This Chapter deals with
the urcertairty related to SWI nodel predctions, resdting from combined
uncertairties onthe input parameters. The effectsof the uncertairty on tre spatial
distribution of the pumping rates andhe uncertairty on the hydrauic conductivity
field were analysed gearatly and the jointly. In Chaper 5, forecasts of th
impacs of wo different managenent scenaids an seawatr intrusion in 2048 were
performed in a stochasic framework and accaunting for uncertairties in the input
parangeters as well as eventual changesthe bainday corditions of the Korba
aqufer.

Chapter 6 carespnds b the pape Issuesin charactrizing heerogeneity and
connectivity in non-multiGaussian media, published in Advances in Water
Resouces Jaurnal (Kerou et al. 2008). The pgoer dealt with three methods
comnonly used @ characterize heterogeite of subsurface popeties, including
two direct methods (kriging and stochastic simulations) ad one stochagic inverse
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method Sequantial Sef-Calibration Method). The stidy conssted in camparing te
performance of the threemethods wiken chareaterizing a non-raltiGaussia
syntheic 2D braided chainel aqufer. In a first step, he cmparison was base on
the performance of the thee nethods repodwing the orighal referece
transmssvity or heal fields.In a seond step, the methodswere conpared in terms
of acaracyof flow and transport (cgture zone forecastsNote thatfurther reseah
onthe subjectis presented in Appendix C.

The Chapter 7 sumnarizes the ran conclusonsfrom the faregoing chapters.
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Chapter 2

Dimensionality and heterogeneity effects on
advective dispersive seawater intrusion
processes™

Abstract This chapter presents a study of the effects of model dimensionality and
heterogeneity of the hydraulic conductivity on dispersive seawater intrusion (SWI) processes.
Multiple 2D and 3D unconditional simulations of multiGaussian hydraulic conductivity fields
were generated then used to solve density-dependent flow and solute transport equations with
a finite element code. Basing on effective hydraulic parameters, a comparison of SWI in
homogenous and in heterogeneous media in both 2D vertical cross-sections and 3D
configurations was carried out. After, a comparison of SWI in heterogeneous 2D and fully 3D
models sharing the same statistics of the log-permeability distribution was performed for
increasing level of heterogeneity. Monte Carlo simulations were analysed in terms of
dimensionless criteria including the toe penetration length and width of the saltwater wedge.
Results showed that the 2D heterogeneity is affecting more strongly the SWI processes than
the 3D heterogeneity. The saltwater wedge length in the 2D models is smaller than in the 3D
ones while there is more mixing in 2D models. Results also showed that there is a critical
ratio between advection and dispersion processes which is controlling the behaviour of SWI
in heterogeneous porous medium. Most important, a simple method allowing the
transformation of 2D field in order to better approximate 3D SWI was developed.

* This chapter is based on the papers:

Kerrou J., Renard P. and Perrochet P. (2007) Seawater intrusion in 3D heterogeneous formation. (Poster
and paper) Calibration and Reliability in Groundwater Modelling, Credibility of Modelling. ModelCare
2007, Copenhagen, Denmark

Kerrou J. and Renard P. (2008) Dimensionality and heterogeneity effects on advective dispersive
seawater intrusion processes. Submitted to Hydrogeology Journal



Chapter 2

1. Introduction

Excess of freshwater in coastal aquifers generally flows toward the sea.
However, near the shoreline, heavier seawater penetrates inland underneath
freshwater due to density-driven flows and forms a mixing zone or an interface
between the two miscible fluids in the aquifer. Under natural conditions of
equilibrium, it has been demonstrated that the geometry of the salt wedge depends
on several parameters such as aquifer hydraulic and water physical properties (e.g.
Glover, 1959; Henry, 1964; Voss and Souza, 1987; Croucher and O’Sullivan, 1995),
aquifer geometry (e.g. Abarca et al., 2007b), or tidal patterns (e.g. Brovelli et al.,
2007). It is also known that the geometry and extension of the salt wedge depends
on the degree of heterogeneity of the aquifer (e.g. Dagan and Zeitoun, 1998; Held et
al., 2005). But to our knowledge, the studies related to the impact of heterogeneity
on seawater intrusion (SWI) were all conducted in 2D. In this work, the aim is to
investigate how heterogeneity controls the behaviour of SWI in 3D.

To conduct such an analysis, one can either adopt a sharp interface or a density-
dependent dispersive model (Bear, 2005). The sharp interface approach was
introduced by Badon-Ghyben (1888) and Herzberg (1901). The freshwater and
saltwater are considered immiscible. This technique allows developing analytical
solutions of the geometry of the interface based on Darcy’s law, Dupuit
approximation, fluid mass conservation and pressure continuity on the interface.
Depending on the other assumptions, such as stationary interface and simple
boundary conditions, a broad range of analytical solutions were published (Glover,
1959; Dagan and Bear, 1968; Fetter, 1972; Strack, 1976). Other authors developed
numerical models based on the sharp interface concept (Huyakorn et al., 1996).
Reviews of this approach can be found in Reilly and Goodman (1985) and Bear
(1999). Despite the fact that assuming a sharp interface significantly simplifies the
problem of SWI and allows the development of solutions that are useful for the
understanding of the phenomenon and for the direct application in real-world cases,
this approach does not take into account the hydrodynamic dispersion. Indeed, it is
well known that instead of a sharp interface between freshwater and saltwater there
is a transition zone since both fluids are miscible (Henry, 1964). Therefore several
methods have been developed to solve the coupled variable-density flow and
advective-dispersive solute transport. Simmons et al. (2001) and Diersch and
Kolditz (2002) reviewed recent advances in modelling stable or unstable
configurations of variable-density flow and solute transport. One of the major
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challenges that groundwater modellers confront in that domain for both concepts
(sharp interface and dispersive transport) is to account for the spatial heterogeneities.

Yet, the knowledge of the spatial heterogeneity of hydraulic properties
especially hydraulic conductivity, or at least the knowledge of its effect on
groundwater processes is of prime importance when dealing not only with variable
fluid density, but also with other groundwater modelling applications (e.g. Gelhar,
1993; de Marsily et al., 2005). In the case of variable density flow and transport,
Simmons et al. (2001) have shown for unstable situations that heterogeneity can
affect transport over many length scales. In the stable case of SWI, only a few
studies were conducted. Dagan and Zeitoun (1998) studied analytically in a 2D
vertical section the effect of a layered heterogeneity with a sharp interface model.
Al-Bitar and Ababou (2005) use a sharp interface model too but in an horizontal
plane. They developed an analytical expression of the first two moments of the
position of the interface and compare it with the results of a sharp interface
numerical model. An other group of authors (Schwarz, 1999; Darvini et al., 2002;
Held et al., 2005; Abarca, 2006) investigated the effects of heterogeneity of
hydraulic conductivity on 2D vertical sections inspired by the Henry’s problem.
One of the questions raised by these authors is whether it is possible to represent the
mean behaviour of SWI in heterogeneous aquifers by using adequate equivalent
parameters. This is a classical idea often used to represent spatial heterogeneity (de
Marsily et al., 2005). Detailed reviews of various methods and concepts used to
estimate equivalent hydraulic parameters have been published by Renard and de
Marsily (1997) and by Sanchez-Vila et al. (2006). The use of effective or equivalent
parameters in SWI models can be of high interest because it could allow
sidestepping difficulties in numerical modelling but at the same time, it could insure
the respect of average hydrodynamic properties at a relevant scale. In that
perspective, Held et al. (2005) used homogenization theory to derive expressions for
the effective flow and transport parameters for SWI in 2D isotropic and anisotropic
heterogeneous permeability fields. They showed that for an isotropic heterogeneous
medium, the effective permeability corresponds to the geometric mean of the local
permeabilities like under standard uniform flow conditions without fluid density
contrast (Matheron, 1967). For an anisotropic medium, the expression derived by
Held et al. (2005) is identical to that of Gelhar (1993) for the case without density
effects. They also showed that the dispersion coefficients that should be used to
model SWI in an equivalent homogeneous medium correspond to the local
dispersion coefficients, rather than the macroscopic coefficients.
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Although modelling a naturally 3D problem such as groundwater flow and
transport (controlled by 3D properties) in 1D or 2D might lead to considerable
differences in the model outputs (Gelhar and Axness, 1983), reducing problem
dimension is a common practice in hydrogeology. Burnett and Frind (1987) pointed
out the effects of such a practice on transport model predictions (without density
variation) when reducing a 3D system to a 2D one. They showed numerically that
the high-concentration core of a contaminant plume stabilizes later and further in a
2D vertical cross-section than in the equivalent 3D simulation. They also showed
that vertical averaging of a 3D system would not give sufficiently correct predictions
in case of large vertical distribution of contaminants. Shapiro and Cvetkovic (1990)
also compared 2D and 3D stochastic interpretations of solute transport in porous
media without density effects. They showed that the longitudinal and transversal
evolution of solute plume is underestimated in the case of a 2D simulation (vertical
averaging of 3D hydraulic conductivity field). Pohll et al. (2000) investigated the
error associated with a 2D model in the simulation of solute breakthrough. They
found that the removal of the vertical dimension and its hydraulic conductivity
variability introduces 5-10% error in model predictions. All these studies indicate
that the results of density-dependent flow and transport models should be affected
by the dimension of the problem. However, such research has not yet been carried
out.

The present work consists of two parts. The first aims at numerically investigate
the effects of small to medium-scale hydraulic conductivity heterogeneity and
problem dimensionality on modelling SWI under coupled variable-density flow and
advective-dispersive solute transport in steady state conditions. To this end, a
comparison of SWI in homogenous and in heterogeneous media sharing the same
effective parameters in both 2D vertical cross-sections and 3D configurations was
carried out, as well as a comparison between heterogeneous 2D and fully 3D models
sharing the same statistics of the log-permeability distribution and the same
correlation lengths in the common directions. A main question in this part is: what is
the effect of increasing the level of heterogeneity on SWI in both 2D and 3D
configurations. The aim of the second part is to propose a simple method to allow
representing a 3D heterogeneous field by an equivalent 2D heterogeneous field that
approximate the behaviour of SWI in 3D field.

The study starts by introducing the 2D anisotropic dispersive Henry problem
which is the conceptual model adopted in this research (Section 2.1). The model is
extended to 3D (Section 2.2) and to an heterogeneous case (Section 2.3). Then, the
chapter describes how the Monte Carlo analysis was conducted. This includes a
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description of the geostatistical unconditional simulations of 2D and 3D hydraulic
conductivity fields (Section 3.1), the estimation of the effective hydraulic parameters
(Section 3.2), as well as the density-dependent flow and solute transport simulations
(Section 3.3). The numerical results are presented in Section 4. The section begins
with a test of the ergodicity assumption used in the rest of the analysis (Section 4.1)
and by presenting some preliminary observations (Section 4.2). Next, the effects of
2D and 3D heterogeneity (comparison between homogeneous and heterogeneous
models outputs), and the effect of dimensionality (comparison between 2D and 3D
models outputs) are presented in Sections 4.3 and 4.4, respectively. The effects of
increasing the level of 2D and 3D heterogeneities on SWI are detailed in Section
4.5. In Section 5, a simple method allowing to approximate 3D model prediction by
transformation of a 2D one is proposed and tested in Sections 5.1 and 5.2,
respectively. Discussion and conclusions are presented in Section 6.

2. Problem setup

2.1 The 2D anisotropic dispersive Henry problem

Abarca et al. (2007a) modified the Henry problem (1964) to set up an
anisotropic dispersive version of it. The fundamental modification is the assumption
that mixing between freshwater and saltwater results from advection and velocity-
dependent dispersion processes rather than advection and pure diffusion. The second
modification is the use of an anisotropic hydraulic conductivity tensor instead of an
isotropic one. These modifications lead to a more realistic description of seawater
intrusion phenomena especially more realistic salinity profiles. Abarca et al. (2007a)
tested the sensitivity of the mixing zone (length and width) as well as inflowing
seawater to the new model parameters (including dispersion and anisotropy of
hydraulic conductivity) and showed that in this dispersive version of the Henry
problem, the penetration length depends basically on the horizontal hydraulic
conductivity and the geometric mean of the local horizontal and vertical
dispersivities and that the width of the mixing zone is controlled by the geometric
mean of the horizontal and vertical dispersivities. Furthermore, the flux of inflowing
seawater is controlled by the transverse dispersivity and the geometric mean of the
directional hydraulic conductivities.

Note that flow boundary conditions are the same for both versions of the Henry
problem and consist of no flow boundary conditions on top and bottom of the
(assumed) confined aquifer, a constant flux is assumed along the inland boundary
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and a hydrostatic pressure distribution along the seaside boundary. In both versions,
a concentration equal to O is prescribed along the inland boundary. However, the

maximum concentration along the seaside boundary in the original Henry problem
was modified and imposed only for the entering fluxes in the dispersive version.

2.2 Extension to the 3D case

The model setup chosen for the purposes of the research is a direct extension of
the 2D anisotropic dispersive Henry problem (Abarca et al., 2007a). The geometry

of the domain is a rectangular parallelepiped whose longest edges are perpendicular
to the coastline (Fig. 1).

/ y
z
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T Zp . T
15 A . 15
[\ ’ |2
d :_f; 1 : : i
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Fig. 1 Model geometry and boundary conditions. (a) real dimensions, (b)
dimensionless. Boundary conditions for flow are: no flow conditions on top,

bottom and lateral faces of the block, a prescribed flux (gq,) along the inland
boundary and a constant hydrostatic head on the seaside boundary. Boundary

conditions for transport are: C=0 prescribed along inland boundary fluxes and
C=C; for the inflowing seawater along seaside boundary.

As the mathematical dimensionless formulation was already presented in 2D in
Abarca et al. (2007a), we will only present its 3D extension in dimensionless form.

First, the dimensionless coordinates and the longitudinal and lateral shape ratios &,,.
and &,,, are defined (Fig. 1):

z L [
=—,and =— and =— (1)
d é:xoz d gxoy d
where d is the width and thickness of the aquifer, L is the distance between the coast

and the inland boundary and [/ is the lateral extension. The freshwater inland
boundary is located at x5=0 and the sea is at xp=2,,..
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Following previous works, we define the dimensionless head /p, Darcy velocity g,

and salt concentration Cp, as:

hK
qui,hD:_xx,anchzi (2)

q, q,d Cs
where g, represents the prescribed Darcy velocity of the freshwater flux at the inland
boundary, ¢ the Darcy velocity in the domain, / the equivalent freshwater head, K.,
the xx component of the hydraulic conductivity tensor, C the salt concentration, and
C; the salt concentration of the seawater. Note that the hydraulic conductivity is
assumed to be anisotropic but its main axis is aligned with the coordinate axis.
Therefore, K is a diagonal tensor. The anisotropy ratios are defined as

_Kyand, _ K, . With those definitions, the flow equation in 3D homogenous
=

KX KX

Tyx

medium is expressed as:

o*h 0*h 0*h, 1ac £ ,
St ryy 2= q, Ve, (3)
OX »p 0z,” aodz, l+ec,

where g=-9v and e=(p, - p,)/ p, With p, being the fluid density of the
ek

seawater and p, is the fresh water density and V’ means that the operator is written
in the dimensionless coordinates. As for the standard Henry’s problem, the boundary
conditions are no-flow conditions on the top, bottom and lateral faces of the block,
and a prescribed flux (g;) along the inland boundary:

Ohy, ohy| _ 4)

—0, 9 Ohp |
8)’1)

0z,

ox,,

yp=0,1 zp=0,1 xp=0

A hydrostatic pressure distribution is prescribed along the seaside boundary:
1 1
hy(Xp =8,0sVprZp) =—— (_+1_ZDJ (5)
A\ E
The advective-dispersive salt transport equation is then written as:
q,-V'e, -V b,D,+b IN'c, =0 (6)
with D}, the dimensionless dispersion tensor, b,, is the (reverse) Peclet number

corresponding to the molecular diffusion and b; is the dimensionless longitudinal

dispersivity:
a
bszm¢’bL:_L' (7)
q,d d
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The ratio of transverse to longitudinal dispersivities is defined by
_%r, (8)

a

v

a

and the components of the dimensionless dispersivity tensor are:

D) =r,|a,||6" + (1 -r,) 222 9)

s
The transport boundary conditions are the classical ones (Fig. 1). A dimensionless
concentration of 0 is prescribed along the inland side of the domain (x;,=0), a zero
mass flux is prescribed on the top, bottom and lateral boundaries, while the
boundary condition along the seaside is:

' qpC if q >0
o _[bLDD +me]V CD|x :0'¢ ={ D*D . D (10)
? > q, if q,<0

xp=0

L

In comparison with the 2D problem (Abarca et al., 2007a), we needed to
accommodate one additional spatial coordinate (zp). This leads to the addition of a
new hydraulic conductivity anisotropy ratio ryy=K/K,. All the rest remains
unchanged. Therefore, the dynamic of this problem is controlled by six parameters:

a, bma bLa ra ) rYX _ Kyy , and rZX = gzz (11)

xx XX

For the numerical model, we used the parameter values shown in Table 1. Note that
only statistical anisotropy (due to heterogeneity) was considered.

2.3 Extension to the heterogeneous case

The deterministic mathematical models described in the previous section can
also be applied to solve numerically SWI in heterogeneous media or to perform
stochastic modelling. In heterogeneous medium, the tensor of the hydraulic
conductivity can be written as:

K
K(X,yaZ)ZK_gk(xayaZ)I (12)
g

where K, is the geometric mean hydraulic conductivity. In this case, Darcy’s law can
be express in dimensionless form as following:

Ohy, , :_kD% and 4 :_kD%_kDC_D (13)

y
ox, vy 0z, a

qp =k,

Where f - k(x,,2) s the dimensionless hydraulic conductivity.
K

g
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In this framework, the spatial heterogeneity of the hydraulic conductivity has
been modelled using a multiGaussian random function model. A Gaussian
distribution and a spherical variogram model of the natural logarithm of the
hydraulic conductivities Y=In(K) were assumed for both 2D and 3D configurations.
Note that zy (equal to the geometric mean hydraulic conductivity) and oy are the
mean and the standard deviation of Y respectively. Very often, the horizontal
correlation lengths (A, and 4,) are one order of magnitude larger than in the vertical
direction (Gelhar, 1986). In this study, this concept is respected. For the case of
identical correlation lengths in the three directions (A,=4,=4.), the medium is
considered statistically isotropic while it is considered statistically anisotropic if not.

The dimensionless directional correlation lengths are: /,=A/d, [,=A/d and
[,=A./d where d is the thickness of the considered aquifer. It is worth noting that the
level of the heterogeneity of the medium depends on the variance (oy ) of the
random variable.

3. Stochastic framework

The 2D configurations previously studied by Dagan and Zeitoun (1998), Held et
al. (2005), Abarca et al. (2006) or Al-Bitar and Ababou (2005) can be considered as
some particular cases of 3D fields if we consider infinite correlations in the
horizontal and lateral directions as in Dagan and Zeitoun (1998), infinite correlation
along the coastline as in Abarca et al. (2006) and Held et al. (2005), or infinite
correlation lengths in the vertical direction as in Al-Bitar and Ababou (2005). Here,
a more general case is investigated. The complete transition from a 2D vertical
cross-section to a full 3D case is considered.

3.1 Hydraulic conductivity fields

In the following, we define the sets of hydraulic conductivity fields which will
be used to investigate the effects of heterogeneity (comparison between
homogeneous and heterogeneous fields) as well as the effects of dimensionality
(comparison between 2D and 3D fields).

3.1.1 2D and 3D heterogeneity

The 2D models have a shape ratio &, = 2, and the 3D models have in addition a
value of &,,= 1. All 2D and 3D random correlated hydraulic conductivity fields
used in this study were generated using the Turning Band method (Matheron, 1973;
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Tompson et al., 1989). Firstly, an isotropic 3D hydraulic conductivity field with
equal directional correlation lengths (/,=/,=.=0.04), yy =0.01 [m/s] and oy=1 was
generated. Then, the correlation length in the y direction (/,) is increased in 6 steps
until it largely exceeds the size of the domain in that direction while keeping
unchanged the other parameters (Z,, 1y and oy). Figure 2 shows the isotropic 3D field
(Fig. 2a), one 3D field with intermediate /, (Fig. 2b) and the 3D field with infinite /,
equivalent to the 2D isotropic fields used by Abarca et al. (2006) and Held et al.
(2005). Increasing /, led to seven 3D /n(K) fields sharing the same statistics in the
xoz plane, all statistically equivalent to an isotropic 2D field with [,.=1,=0.04, uy
=0.01 [m/s] and oy =1. Then, 100 2D fields were generated with the same statistics,
and will be compared to each of the 3D models. In order to allow the comparison
between the 100 2D fields and a single 3D field, the hypothesis of ergodicity was
assumed and will be tested further (section 4). For the sake of brevity, this set of 2D
and 3D fields will be called isotropic.

Secondly, an anisotropic 3D hydraulic conductivity field with /,=0.12, [,=0.04,
and 1.=0.04, py =0.01 [m/s] and oy =1 was generated. Then /, was increased as for
the isotropic set in 6 steps leading to 7 3D /n(K) fields sharing the same statistics in
the xoz plane. The anisotropic 3D /n(K) fields will be compared to 100 anisotropic
2D In(K) fields (sharing the same statistics).

Increasing I,

Fig. 2 View of the 3D hydraulic conductivity fields. For all cases /,=0.04,
4z =0.01 [m/s] and oy =1 are constant: (a) /,=/,=0.04 (statistically isotropic
case); (b) /,=0.04, /,=0.5; (c) /,=0.04, /,=+oo. Note that (c) is equivalent to
Abarca et al. (2006) and Held et al. (2005) cases.
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To ensure statistically meaningful solutions of the flow and transport equations
which will be solved in next step, the 3D models were discretized into 256x128x128
grid cells (more than 4.27 millions nodes) while the 2D models were discretized into
256 x 128 grid cells. The shortest correlation length for the isotropic case
corresponds to 5.16 times the grid cell size and to 2 % of the size of the domain in
the x direction and 4 % of the size of the domain in the y and z directions.

3.1.2 Increasing the level of heterogeneity

To investigate the effect of increasing the level of heterogeneity on SWI, the
In(K) distributions of the reference cases described above (2D and 3D models) were
transformed as follows:

Y(,uway):(yo_/uy)-&"'/uy (14)

Yo

where Y, is the initial distribution with z#y mean and oy, standard deviation, and
Y(1y, 0v) is the target distribution. For the isotropic case, four levels of oy’: 0.5, 1, 2
and 3 were studied while only three level of oy’ 0.5, 1, and 2 were studied for the
anisotropic case. This led to four sets of 100 2D simulations which will be compared
depending on the /n(K) variance to four sets of seven 3D simulations in the isotropic
case; and three sets of 100 2D simulations which will be compared to three sets of
seven 3D simulations in the anisotropic case. Note that in all cases, the geometric
mean of the hydraulic conductivity (1) is equal to 2= 0.01 [m/s].

Table 1 Dimensions and statistics of the hydraulic conductivity fields

Parameter Value
Domain size &, & &y [-] 2&1
Domain discretization Axp, Ayp & Azp [-] 0.0078125
In(kp [-]) distribution Gaussian
Variogram type Spherical
Geometric mean (kp [-]) 0.01

Cases of In(kp[-]) variance 0.5,1,2,3*
Cases of range along x (/,) [-] 0.04, 0.12
Cases of range along y (/,) [-] 0.04, 0.06,0.1,0.2,0.5,1 & + 0
Range along z () [-] 0.04

Total number of 2D simulations 700

Total number of 3D simulations 49

* Only for the isotropic set.
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3.2 Effective hydraulic parameters

3.2.1 Effective hydraulic conductivity

For each configuration, the effective directional hydraulic conductivities of the
heterogeneous fields were estimated with Ababou (1996) formula:

Kef,ii = H, €Xp O-)% {% _%%} (15)
where 14, is the geometric mean of the hydraulic conductivity [m/s]; o’y is the In(K)
distribution variance; N is the number of dimensions; /; is the correlation length [m]
in the direction i and A, is the harmonic mean of the correlation lengths [m]. This
formula is a generalization of Matheron’s conjecture (Matheron, 1967) applicable
for the 3D anisotropic multiGaussian media. An advantage of this method is that it is
not limited to small variances (Ababou, 1996). It is worth noting that this formula
does not account for density variations.
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Fig. 3 Evolution of the effective directional hydraulic conductivities K, as
a function of increasing /, for different levels of /n(K) variances in the 3D and
2D models.

The resulting effective hydraulic conductivities are shown in figure 3. It is
worth noting that the maximum anisotropy ratio ryy was 4.48 for the case of
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[=1.=0.04 and [,=+o0. (0y2 =3) and rzx=0.36 for the case of /,=3'7=0.12 and /,=+o
(GYZ =2).

Theoretically, in a 2D multiGaussian isotropic medium, the effective horizontal
and vertical hydraulic conductivities are equal to the geometric mean and
independent of /n(K) variance. In statistically anisotropic media, the effective
hydraulic conductivity in the direction parallel to the stratification (longest
correlation length) tends toward the arithmetic mean which is also its upper bound,
while it tends to the harmonic mean in the perpendicular direction. Note that for
comparison and validation reasons, equivalent hydraulic conductivities were also
calculated numerically by solving steady state flow with constant hydraulic
gradients. Note that for comparison and validation reasons, equivalent hydraulic
conductivities were also calculated numerically by solving steady state flow with
constant hydraulic gradients (Appendix A).

3.2.2 Effective dispersivities

An important question was whether effective dispersivities should be used or
not; and if they needed to be use, how to estimate them in a simple manner? As a
starting point, it was decided to use the same values for the longitudinal and
transversal dispersivities for both the heterogeneous and homogenous media (2D
and 3D). This was motivated by the fact that at the scale and the level of
heterogeneity that are investigated in our numerical simulations, there was not an
appropriate model to compute effective dispersivities. Indeed, the results obtained
by spectral perturbation techniques to calculate effective dispersivities as in Welty
(1991; 2003) and Dentz (2000) are valid for weakly heterogeneous media. In
addition, the dispersive Henry problem is characterized by high local dispersivity
coefficients as compared to the correlation length of the heterogeneity (¢;=0.1 and
1,=0.04 or 0.12), while the expressions of effective dispersivity usually assume «;
<< [, e.g. Welty (1991, 2003). Finally, Held et al. (2005) used the homogenization
theory to derive expressions for the heterogeneous Henry problem. They found that
the effective longitudinal and transversal dispersivities correspond closely to the
local values. However, in their numerical analysis Held et al. (2005) considered high
molecular diffusion even in the dispersive case they investigated. The latter implies
that dispersion is not velocity-dependent only. In addition, they considered low
In(K) field variance (equal to 1).
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3.3 Density-dependent flow and transport Monte Carlo simulations

The coupled variable-density flow and advective-dispersive solute transport
equations were solved with the finite element code GroundWater (Cornaton, 2007)
for both the 2D and 3D configurations. The Boussinesq approximation and constant
fluid viscosity are used due to the small density contrast between fresh and
saltwater. The model geometry and the boundary conditions (Fig. 1) are described in
section 2.1.2. The hydraulic parameters used in the numerical simulation are
provided in Table 2. The 3D models were discretized into 256 x 128 x 128 elements
while the 2D models were discretized into 256 x 128 elements (the same as for the
hydraulic conductivity fields). For all simulations, the parameters are kept
unchanged. Only the hydraulic conductivity fields are modified. A series of
simulations have shown that the steady state transport regime was reached in less
than 0.75 day which is the fixed time for 2D and 3D simulations.

Table 2 Used model parameters.

Symbol Parameter Value Units
K Geometric mean conductivity 1.00 107 m/s

) Porosity 0.35 [-]
D, Molecular diffusion coefficient 0.00 m*/s
arn Horizontal longitudinal dispersion 0.10 m
ry+ Horizontal transversal dispersion 0.10 m
ary Vertical transversal dispersion 0.01 m

a5 Inland freshwater flux 6.60 107 m/s
P Freshwater density 1.0 10° kg/m’
Ps Seawater density 1.025 10° kg/m’
u Fluid viscosity 1.00 102 kg/ms

* Only in three-dimensional models.

The results of the flow simulations are characterized by three parameters
adapted from Abarca et al. (2007a). Two parameters describe the geometry of the
freshwater/seawater interface (length and width), and the third measures the amount
of saltwater entering the system (Fig. 4). In order to avoid scale-dependent analysis,
all parameters are dimensionless and defined as follows:

0 Dimensionless penetration length of the saltwater wedge Lp=L,,/d: the distance
L,. between the seaside boundary and the point where the relative iso-
concentration Cp=0.5 intersects the bottom of the aquifer normalized by the
aquifer thickness d.

0 Dimensionless width of the mixing zone Wp=w,,./d: the average vertical width
wy,. of the area between the relative iso-concentrations Cp=0.25 and Cp=0.75
and between 0.2 L,,, and 0.8 L,,, normalized by the aquifer thickness d.
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0 Dimensionless saltwater inflowing flux Rp=qy/q,: the saltwater inflowing flux
qs normalised by the inflowing freshwater flux g;.

0 toe O'S*Ltoe

Fig. 4 Evaluation criteria. L,,, represents the toe penetration length, g, the
seawater inflowing flux and w,,, the width of the mixing zone.

For the heterogeneous 2D cases, ensemble averages of the criteria over 100
simulations were calculated as follows:

1 - sim et 1 < sim 2DHet. 1 - sim
=;Z B R = Z Y g and R ’=;ZRD (16)

sim=1 sim=1 sim=1

2DHet.
LD

where » is the number of 2D simulations, and sim refer to one 2D simulation.

In 3D, the CPU time required to run the complete set of 3D simulations needed for
all the configurations investigated in this study would have required about 500 days
(on a linux AMD Opteron 64 bit machine) if we would have run 100 simulations per
configuration. To reduce the computing time, we have used spatial averages on
single 3D simulations instead of ensemble averages on many simulations. In other
words, it is assumed that for one 3D realisation, the spatial averaging of flow and
transport solutions along the y direction (parallel to the shoreline) will give the same
ensemble statistics (average and variance) than multiple 3D realisations (ergodicity

assumption):
3DHet 1 S slice ] & ; d R3DHel~ RSim 1
LD - ZLD , W;DHet. _ L ZWDsllce an b =R, ( 7)
ns slice=1 NS ice=1

where ns is the number of 2D vertical slices in a 3D model, and slice refer to one
slice of a 3D model (128 slices). A similar assumption was used by Al-Bitar and
Ababou (2005). In the following, the ergodicity assumption is tested numerically for
three configurations.
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4. Numerical results

4.1 Ergodicity hypothesis

We compared the ensemble statistics of the 3D salt concentration distribution
along the central slice of the model (yp=0.5) calculated over 100 3D realisations
with the spatial statistics calculated on a single realization with equation (17). The
3D hydraulic conductivity fields have the following correlation length /,=0.12,
[,=0.12, .=0.04. The numerical test has been conducted for three levels of /n(K)
variance: 1, 2 and 3.

2

; , =
0 0.5 1 15 2 05 1 15 2 0.5 1 15 2

Xy Xy Xy
In(a)
35 25 -15 -5

Fig. 5 Ergodicity test: Upper row: 2D vertical cross-section (y=0.5) of the
Ensemble average relative salt concentration [-] isolines (0.1 to 0.9) and the
ensemble variance (background grayscale map) calculated on 100 3D
simulations. Lower row: 2D view of the spatial average relative salt
concentration [-] isolines (0.1 to 0.9) and the spatial variance calculated on a
single 3D simulation. Grayscale maps represent the natural logarithm of the
variance. The results are presented for ,=/,=0.12 /.=0.4 and the 3 cases of
In(k) variance (a-b oy’=1, c-d 6y'=2, e-f 6y°=3).

It was found that the ensemble average concentrations (gray lines on Figs.
Sa,c,e) are well approximated by the spatial mean (gray lines on Figs. 5b,d.f).
Similarly, the ensemble concentration variance (background graymaps in Figs.
Sa,c,e) are well approximated by the spatial concentration variance (Figs. 5b,d,f)
even for a large In(K) variance (oy'=3). Figure 5 shows also that the ensemble
estimates are smoother and more regular than the spatial estimates. In terms of
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estimation of the mean position of the toe, the test shows that the spatial average
performs very well (Table 3), the width of the mixing zone is estimated reasonably
well, but the variances are much less accurate both for the position of the toe and the
width of the mixing zone (Table 3). Therefore, the ergodicity assumption can be
accepted, but results concerning the estimated variances must be interpreted with
care. In addition, for large correlation lengths in the y direction, the ergodicity
assumption is certainly not reasonable any more.

Table 3 Comparison between ensemble and spatial statistics (EA refers to
ensemble average, SA refers to spatial average).

Ed Ed EA E4
o2 L, Oip Wy Owp
Y SA S4 S4 S4
L, Orp W Owp

1 1.01 1.34 0.96 0.56
1.00 1.55 1.02 0.63

3 1.00 0.71 1.02 0.83

4.2 Preliminary results

To start the analysis of the effect of heterogeneity, let us consider a single
realisation in 2D and another one in 3D sharing the same parameters and the same
distribution of hydraulic conductivity. Figure 6 shows the 2D vertical cross-sections
of the relative salt concentration isolines calculated considering a heterogeneous
medium (solid line) and those calculated considering a homogenous medium
(dashed line) whose equivalent hydraulic conductivity was calculated with Ababou
(1996) formula. Note that for the 2D case, only one realisation is shown whereas for
the 3D case the lateral average (in the Y direction) of salt concentrations is shown.
By visual comparison, it is clear that in all cases there is a difference in the
concentration distributions between the homogenous and heterogeneous cases. The
difference increases as oy’ increases (compare 6b and 6d and compare 6¢ and 6e),
and the magnitude of the difference is larger in 2D than in 3D (compare 6b and 6¢
and compare 6d and 6e).

Moreover, the comparison of the iso-concentration contours in figures 6a and 6d
allows to characterise the behaviour of the saltwater wedge as:
= In 2D as well as in 3D, concentration gradients are higher in the low permeable

zones as compared to the gradient in the high permeable zones.
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26

The organization of heterogeneity, especially isolated high permeability zones
along the sea boundary, might lead to the apparition of convection cells
depending on the /n(k) variance.

There is a rotation (seaward and upward shift of the saltwater wedge) of
freshwater/saltwater interface in 2D heterogeneous models as compared to the
ones in 2D homogenous models. The same behaviour is less visible in the 3D
configuration.

(a) 2D 65 =3

Fig. 6 (a) Streamlines and dimensionless concentration contours for a
single 2D isotropic realisation of variance of 3; 2D vertical cross-section
views of concentrations [-] isolines (0.1 to 0.9): (b) for the 2D heterogeneous
isotropic case (solid line) and homogenous case (dashed line); (c) for the 3D
heterogeneous isotropic case (solid line) and homogenous (dashed line). For
both cases oy>=1. (d) and (e) same as (b) and (c) but for oy=3.
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Those effects of 2D heterogeneity are in agreement with previous findings
(Held et al., 2005; Abarca, 2006). Yet, these studies investigated the effects of 2D
heterogeneity with hydraulic conductivity variance up to 2.

4.3 2D and 3D heterogeneity effects

This section is focused only on the description of the effects of hydraulic
conductivity heterogeneity on steady state SWI, and not on dimensionality effects
which will be studied in detail in the next sections. Heterogeneity effects are
investigated by comparing the ratios of the dimensionless characteristic parameters
(i.e. dimensionless toe penetration Lp, dimensionless width of the mixing zone Wy
and dimensionless steady saltwater inflow Rp) obtained for heterogeneous media
and the corresponding parameters obtained for the effective homogenous medium
(both are sharing the same effective directional hydraulic conductivities). This
comparison is carried out separately for both 2D and 3D isotropic and anisotropic
configurations and for increased levels of /n(K) variances. Monte Carlo simulation
results are presented in Table 4.

Table 4 Comparison between heterogeneous (characteristic norms with
Het. subscript) versus homogenous (norms with Hom. subscript) media.

2D Isotropic 2D Anisotropic
oy 0.5 1 2 3 0.5 1 2
L™ /L™ -] 1097 095 092 0.89 094 0.89 082
wptt /w1 (112 124 1.42 1.53 115 125 131
Ry /Rp™™ -] 1335 598  14.03 28.08 346 615  14.14

3D Isotropic 3D Anisotropic
ay’ 0.5 1 2 3 0.5 1 2
Ly /Ly -] 102  1.01  0.99 0.97 099 097 0095
wpitet s wptem 11 11.04  1.07  1.18 1.21 1.05  1.11 1.17
Ry /RY™™ -] 238 3.84  7.72 13.35 265 443 922

The analysis is based on the ensemble average of 100 simulations for the 2D
cases and the spatial average (averaging following the Y direction parallel to the sea)
for the 3D cases.
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The first observation that can be made in Table 4 is that globally all the ratios
deviates more significantly from 1.00 in the 2D case than in the 3D cases. This
shows that the difference between heterogeneous and their equivalent homogeneous
media is higher in 2D than in 3D. One can also note that the difference increases
when increasing the /n(K) variance. Another important observation is that the steady
inflowing saltwater flux is the parameter which is most affected by the hydraulic
conductivity heterogeneity since it can be more than 20 times larger in
heterogeneous models as compared to homogenous models with equal effective
directional hydraulic conductivity (cy’=3). The magnitude of the saltwater flux is
always much lager in the heterogeneous cases than in the homogenous ones, and
increases almost exponentially when increasing oy”. According to Abarca (2007a),
the entering saltwater flux (in 2D) is controlled by the geometric mean hydraulic
conductivity and the transversal dispersion. Our numerical results imply that the
difference between heterogeneous and their equivalent homogeneous media is due to
an inadequacy of the local dispersivities. An increase of the transversal dispersion
due to vertical velocity variation implies a decrease of the density effects (more
mixing), therefore the entering saltwater flux (Rp) increases to compensate it. This
difference between the heterogeneous and homogenous models might also be
explained by the absence of simulation of the local convection cells which appear
when high permeability zones are less connected close to the sea boundary and
become more disconnected by increasing /n(K) variance. The role of the convection
cells should be more determinant in 2D configurations. In 3D, highly permeable
zones are better connected hence reducing the possible mixing of entering saltwater,
which results in reducing the difference between heterogeneous and homogenous
models.

With regard to the others parameters Ly and W)y, one can see that in all cases,
the saltwater wedge tends to recede seaward when considering heterogeneous
models instead of homogenous ones and at the same time the width of the mixing
zone tends to increase. Those two effects are expected and linked. Indeed, the
heterogeneity increases both longitudinal and transversal dispersivities. Transversal
dispersivity normal to the concentration gradients will cause mass spreading (larger
mixing zone) which reduces density effect leading to a seaward horizontal and
upward vertical shifts (rotation) of the interface as shown in figure 6. For both
parameters, the contrast increases when increasing the level of heterogeneity and
more significantly in 2D than in 3D models. In 3D, the connection of preferential
mass path reduces salt spreading and thus the contrast between heterogeneous and
homogenous models.
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When comparing the effects of isotropic and anisotropic heterogeneity in 2D
and 3D configurations, one can see that the trends are similar but slightly more
pronounced for the anisotropic media (compare isotropic versus anisotropic values
in table 4). In fact, it is a consequence of velocity increases in the horizontal
direction as well as horizontal and transversal dispersion increases.

The calculation of the relative salt concentration variance over 100 2D and 100
3D Monte Carlo simulations showed (Fig. 7) that the two extremities of the
saltwater wedge (near the bottom and freshwater outlet zones) are most affected by
the spatial variability of the hydraulic conductivities. Indeed this uncertainty
increases with increasing cy. The uncertainty on the toe is amplified by particular
velocities in this zone (existence of a stagnation point). The freshwater output zone
(outflow face) is conditioned by the organization of the heterogeneity. Yet, in those
zones, average velocities are parallel to concentration gradients, therefore,
longitudinal and transversal dispersivities affect more salt transport as explained in
Held (2005).

o (a) 2D 6521 (b) 3D 0521
Zy F 3
05F -
1'./.| I L B T R
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Xd xd
cC[]
0 0.1 0.2

Fig. 7 Ensemble standard deviation of the relative concentrations
calculated over: (a) 100 2D simulations with /=0.12 and /,=0.04; (b) 100 3D
simulations with /,=/,=0.12 and /.=0.04. For both cases oy>=1.

An important point which arises from this analysis is the effects of
dispersivities. According to Held et al. (2005), in steady state, macrodispersion has a
negligible effect on saltwater wedge. At the same time, in strongly heterogeneous
media with high oy” and anisotropic ratios, local dispersivities are not sufficient and
effective ones are needed to model correctly SWI in the equivalent homogenous
medium even in steady state.
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4.4 Dimensionality effects

This section focuses on dimensionality on steady SWI behaviour, especially on
the geometry of the interface. We compared in a first case, a set of seven 3D models
(for which /, increases in 6 stages until exceeding the size of the domain in that
direction) with a set of 100 2D simulations, all sharing the same mean and variance
of In(K) as well as the same directional correlation lengths /, and /.. Note that in the
first case, the starting 3D model (before increasing /,) as well as the set of 2D
simulations is statistically isotropic with /,=/,=/.=0.04. However, the second case
differs from the first only by the fact that the starting 3D model (before increasing /,)
as well as the set of 2D simulations are statistically anisotropic with /,=/,=37=0.12.
The comparison is made in terms of the characteristic parameters Lp, Wp, and Rp.

One result of this study is illustrated in Figure 8. It shows in a set of 3 single
realizations that the seawater intrusion moves further inland when a full 3D
heterogeneity (Fig. 8a) is considered as compared to a 2D heterogeneous model
(equivalent to Fig. 8c). Figure 8 also shows that the mixing zone is wider and much
more irregular in 2D than in 3D models.

T T T T
0.1 0.3 0.5 0.7 0.9

Fig. 8 3D view of the relative salt concentration [-] isolines (0.1 to 0.9);
(a) for the isotropic case with /= [,=/.=0.04, (b) for the case where /=1.=0.04
and /=0.1, (c¢) for the case with /=1=0.04 and /~=+oc. Note that (c) is
equivalent to a 2D model. For the 3 cases, the /n(k) variance is equal to 1.

Figure 9 shows the first moment of dimensionless norms Lp, Wp, and Rp
obtained for 3D models normalised by those obtained in 2D as a function of
increasing /,. In other words, figure 9 shows the behaviour of the SWI through the
transition from a fully 3D model (small /) to a 2D model (3D model with /,=+o)
with different levels of heterogeneity. The position of the toe is the parameter that is
the most affected by model dimensionality. The salt wedge penetrates further
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landward in 3D as compared to 2D configurations for both isotropic and anisotropic
cases. Even for small /n(K) variances, the landward shift is around 10%. This effect
increases when increasing oy’, and the (relative error) difference between 2D and
3D reaches 38% for oy*=3.

This is not surprising, because the saltwater wedge penetration is highly
dependent on the horizontal hydraulic conductivity (Abarca, 2007), and increasing
the dimension of the problem increases the effective hydraulic conductivity in the
main flow direction (x direction). For example, the effective hydraulic conductivity
of a statistically isotropic heterogeneous 2D field is the geometric mean. However,
for a 3D field with equal geometric mean, variance and correlation lengths, the
effective hydraulic conductivity is exp(oy’ /6) times larger than in 2D. As a
consequence of an increase of the effective hydraulic conductivity, the global
pressure gradient between the freshwater flux landside and the seawater hydrostatic
pressure decreases, inducing thus, a landward movement of the saltwater interface.
That is why saltwater wedge penetrates further landward in 3D than in 2D

configurations.
Isotropic case
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Fig. 9 Dimensionless norms comparison between 2D and 3D for different
level on In(K) variance (solid black line for oy>=0.5, dashed black line for

oy>=1, solid gray line for oy>=2 and dashed gray line for 6y>=3).
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Furthermore, it has already been shown analytically that the ratio of directional

. L 5 5 5 . L . :
velocity variations (O-qV /Oy where o, 18 the variation of vertical velocity and
ngH is the variation of horizontal velocity) is larger in 2D than in 3D. Indeed,

according to Gelhar (1993), for a 2D statistically isotropic medium, the ratio of
transverse to longitudinal velocity variation is 1/3, whereas, it is 8/3 times smaller in
3D. That point implies that there is more vertical mixing in 2D and thus less density
effects which causes a rotation of the saltwater wedge (seaward horizontal and
upward vertical shifts) as explained in the previous section. At the same time, even
if the geometric mean of longitudinal and transversal dispersivities increases when
hydraulic conductivity increases (from 2D to 3D), the dispersion-advection ratio
decreases and becomes an advection dominant transport process leading to a
convergence to a sharp interface (longer penetration and thin mixing zone).The
effective hydraulic conductivity is higher in 3D than in 2D which implies a
reduction of the dimensionless parameter a=gq,/¢K., (with respect to Peclet
condition) which compares viscosity and buoyancy forces, hence more density
effects as discussed by Simpson and Clement (2004).

The width of the mixing zone W), is also affected by model dimensionality (Fig.
9). The results are not as clear as for the position of the toe probably because of the
limits of the ergodicity assumption. Yet, some tendencies can be observed. In all
cases, the difference between 2D and 3D does not exceed 10 %. In the isotropic
case, for small correlation length /,, W), in 3D models is smaller than those in 2D,
while the reverse for higher correlations lengths. For the statistically anisotropic
cases, the width of the mixing zone in 3D models is always smaller than those in 2D
even for a oy’. The width of the mixing zone (in homogenous media) depends
mostly on the geometric mean of the longitudinal and transversal dispersivities
(Abarca et al., 2007a). This suggests that (mechanical) dispersion due to
heterogeneity, especially the transversal dispersivity, increases as a function of
velocity variance more significantly in 2D than in 3D models.

With regard to the inflowing saltwater, the flux in 2D models is larger than in
3D models. This confirms that the dispersion due to the heterogeneity is larger in 2D
than in 3D models because Rp is highly controlled by dispersion (Abarca et al.,
2007a).

Another difference between the 2D and 3D models is the estimation of the
uncertainty of the outputs (variances of Lp, Wp and R)p). Table 5 shows that the 2D
models predict a higher uncertainty (up to 5 times) than 3D models. However, the
relative variability of Lp (O'LD3L_)/LD3D or ULDM.’/LDZD) is slightly larger in 2D but does
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not exceed 0.03. The same is true for Wp with a maximal value of 0.05. This is
attributed to less saltwater spreading in 3D models due to less velocity variability.

An analysis of the effects of the anisotropy of 3D hydraulic conductivity fields
on SWI (Appendix B) showed that there are negative correlations between the
horizontal anisotropy ratio (ryy) and the penetration of saltwater wedge and a
negative correlation between the vertical anisotropy ratio (rzy) and the width of the
mixing zone.

Table 5 Comparison between 2D and 3D uncertainty, o represents the
standard deviation.

Isotropic Anisotropic
oy oLy P/l oWy /oWy oLy P/l oWy /oWy
0.5 0.17 0.29 0.20 0.25
0.15 0.19 0.29 0.46
0.14 0.16 0.22 0.45
3 0.19 0.35 - -

4.5 Effects of increasing variability

Another way to analyse the results, is to study how the salt wedge evolves
when the degree of heterogeneity (oy”) increases (Fig. 10). The toe penetration in
the 2D models is smaller than in the 3D models, especially when the variance
increases.

An interesting behaviour can be observed in the isotropic case: in 2D models,
the toe penetration decreases when the variance increases, whereas, in 3D the toe
penetration increases significantly when the variance increases for the fully isotropic
media (Fig. 10a). Intermediate behaviour occurs depending on the magnitude of the
correlation length in the direction parallel to the cost. In addition, for statistically
anisotropic hydraulic conductivity fields, the toe penetration increases when the
variance increases in both 2D and 3D settings (Fig. 10e). This complex behaviour is
the result, as discussed before, of the combined effect of the effective hydraulic
conductivity and dispersion. For the isotropic heterogeneous 2D domain, the
effective hydraulic conductivity is equal to the geometric mean of In(K)
independently of the value of 6y Yet, regardless of dimentionality and isotropic or
anisotropic media, increasing the level of heterogeneity increases dispersion. In this
case, the position of the toe is controlled by the dispersion processes which increase
with increasing oy, It is not the case for the 2D or 3D statistically anisotropic media
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where the effective hydraulic conductivity increases in the flow direction when oy’
increases. Figure 10a shows that there is a certain thresholds of the relation between
advective and dispersive solute transport for which the toe penetration can increase
or decrease, or even remain constant when the /n(K) variance increases.

Isotropic case Anisotropic case
Ly ] olp Ly [ olp
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18 18 A
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Fig. 10 Evolution of the dimensionless criteria as a function of increasing
In(K) variance. Note that 2D results (solid black line) are compared to each
3D model results with increasing /, from 0.04 (dark gray line) to +oo (dashed
black line).

5. From 2D to 3D

The previous sections have shown that the behaviour of 3D SWI models is
generally different from those of 2D models sharing the same statistical parameters
of the hydraulic conductivity fields (except of course the correlation length in the
direction perpendicular to the section). This shows that forecasts based only on 2D
sections may be inaccurate. In the following, we propose a technique to modify the
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statistical parameters of the 2D heterogeneous simulations in such a way that we can
approximate the results of a 3D analysis which would be more CPU demanding. In
addition, the modification of the 2D hydraulic conductivity fields will allows the
comparison between 2D and 3D field sharing the same effective directional
hydraulic conductivities.

5.1 2D hydraulic conductivity fields transformation

The basic idea of the proposed methodology is to generate a 2D field having the
same correlation lengths and effective hydraulic conductivities in the x and z
directions than a 3D field. Assuming a multiGaussian random function and
assuming that its parameters in 3D are known, it is possible to express the geometric
mean ,ugZD and the variance o”y,p of the 2D field from the statistical parameters of
the 3D field.

To derive the relation, we first define the correlation lengths of the two fields:
AP =X =2, 2P =2 =2 ad A0 = 4, (18)
Using Ababou’s (1996) expression (eq. 15) in 2D and 3D, and stating that the 2D
and 3D components of the effective conductivity should be identical, one gets a
system of 2 equations with 2 unknowns ( ,ugZD and o"yap ):

2D ) —1 1 /’LZD_ 3b 2 _1 1 /PD_ 19
H, exp(o-yw _5 - Ef_ = Hg CXP| Oyzp _E - Ef_ (19)
and

2D 2 —1 1 EZD ] 3D 2 —1 1 ﬂﬁD | 20
H, GX{GYZD _E Y f_ =Hg, €XP| Oys3p _5 3 f_ (20)

1" and o”y;p are the known mean and variance of the 3D field. /liD and /ﬁD are

the harmonic means of the correlation lengths in 2D and 3D:
ﬂ2D — 229512 3D — 31}61)/]’2
YA+ AT T A A AL
From (19), an expression of ,ugZD can be obtained and inserted in (20) to get

first the relation between the variance of the 2D field and the one of the 3D field and
then an expression of the geometric mean of the 2D field:

3D
» 2 A
Oyip —5/121) Oysp
h

21

(22)
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2D 3D 1 1 ﬂ«3D
_ 2 h
Hy =Hg eXp{O'mD {E - g?:ﬂ (23)
- . . . 22D 3D .

In the case of statistically isotropic media ﬂ,h = /1,1 and therefore equations (22)
and (23) become:

2 2,
Oyap = 3 Oysp (24)

2D 3D 0'2

In summary, if one has an estimation of the correlation lengths in 3D and of the
first two moments of the permeability distribution, assuming a multi-Gaussian
distribution one can use equations (22) and (23) to compute the values ,ugw and
o°y2p that should be used to model an heterogeneous 2D hydraulic conductivity field
having the same effective conductivity than the 3D field.

5.2 Numerical test

A numerical evaluation of the transformation was carried out. For each of the
cases described earlier in the chapter (isotropic and anisotropic cases described in
section 3.1), 100 2D simulations were generated with the parameters of the 3D
models (ugm and o’y;p ), 100 2D* simulations were generated with transformed
parameters (,ugZD and o”y,p ) according to equations (22) and (23). In total, 49 3D
hydraulic conductivity fields are compared separately with 49 X 100 2D simulations.

The comparison is made in terms of absolute error (ae) of the relative
concentrations over the whole domain, such as:

aeli, j) = |CP G, j) - C2P (i, J) (26)

where i and j are the indices of model cells on the grid, C,BDD is the spatial

ensemble average in the direction perpendicular to the section on one 3D realisation

and CIZDD is the ensemble average over 100 2D simulations at node (i,).

The obtained results are in agreement with those obtained in the previous
sections. The 2D transformed fields (Figs. 11b and 12b) reproduce much better the
mean concentrations computed in 3D than the 2D untransformed fields (Figs. 11a
and 12a) for all the values of variances that have been tested. However, the
uncertainty on the position of the isoline C’’, seems to be systematically slightly
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larger for the transformed 2D fields than for the 3D models (Figs 11c and 12¢); in
any case the 2D estimations of uncertainty on C*’5 are systematically bounding the
3D ones. Similarly the relative errors on Lj are reduced very significantly when
comparing the 2D transformed fields with the 2D original fields (compare Figs. 9
and 13). Before the 2D transformation, the relative error on the saltwater penetration
could reach 38 % for a variance of 3. By transforming the 2D field, the error is
reduced in general to less than 5 %. The width of the mixing is however not better
reproduced when considering the transformed fields. It is worth noting that errors
due to the ergodicity limitation may partly explain the misfit between 2D* and 3D
predictions for larger Iy correlations lengths (/,>0.12).

(a) (b)

0 02 04 06 08 1

Fig. 11 Comparison between 2D, 2D* and 3D isotropic cases
(1=1,=1.=0.04) for different level of /n(K) variances. (a) 3D spatial average
concentration C*’j, (solid black line), 2D ensemble average concentration
C"’, before correction (gray lines) and the absolute error (ae) in background.
(b) Same as (a) but after transformation of the 2D hydraulic conductivity field
(2D*). (c) 95% Confidence interval (mean =+ 2 standard deviation) of the
relative salt concentration C* 5, of 3D (black lines) and 2D* (gray lines).
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It has been shown in the previous sections (4.3 and 4.4) that the differences
between 2D and 3D simulations were mainly due to a larger effective hydraulic
conductivity in the main flow direction in the 3D models as compared to the 2D
ones (both sharing identical statistics of the hydraulic conductivity fields). In
addition, more variability of the velocity field in 2D models yielded more dispersion
and thus reduced the magnitude of the density driven forces. This results in a shorter
toe penetration and larger width of the mixing zone (rotation of the saltwater wedge)
in 2D. The proposed transformation allows reducing the differences between the 2D
and the 3D forecasts because not only it allows increasing the effective hydraulic
conductivity in the main flow direction, but it also reduces the variability of a 2D
field when comparing the 2D untransformed and transformed fields.

()

0 02 04 06 08 1
I

Fig. 12 Comparison between 2D, 2D* and 3D anisotropic cases (/,=0.12,
[,=1=0.04) for different levels of /n(K) variances. (a) 3D ensemble spatial
average concentration ', (solid black line), 2D ensemble average
concentration C0‘5D before correction (gray lines) and the absolute error (ae) in
background. (b) Same as (a) but after transformation of the 2D hydraulic
conductivity filed (2D*). (¢) 95% Confidence interval (mean % 2 standard
deviation) of the relative salt concentration C*;, of 3D (black lines) and 2D*
(gray lines).
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Isotropic case
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Fig. 13 Dimensionless norms comparison between 2D and 3D for
different level on /n(K) variance (solid black line for 6y°=0.5, dashed black
line for oy*=1, solid gray line for oy’=2 and dashed gray line for oy’=3).

To conclude this section, an important advantage of the proposed
transformation is that it may allow to estimate the uncertainty on the position of the
interface for a 3D problem by running 2D Monte Carlo simulations in 2D. This can
save considerable CPU time (Table 6).

Table 6 Comparison between 2D and 3D CPU time requirements

Model Configuration Number of nodes Seconds of Relative CPU
CPU time time

Two-dimensional 337153 (257 x 129) 180 1.00

Three-dimensional 4276°737 (257 x 129 x 129) 135000 750.00

6. Summary and conclusions

The study of the effects of heterogeneity of hydraulic conductivity and the
effects of dimensionality revealed that modelling seawater intrusion in 2D
heterogeneous media may be very different from modelling it in 3D heterogeneous
ones sharing the same statistics of hydraulic conductivity distribution. Depending on
heterogeneity characteristics, especially dimensionality, correlation lengths ratios
and extent, as well as the degree of variance of the hydraulic conductivity
distribution, the behaviour of saltwater wedge is variable and rather complex.
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In 2D, our results are in agreement with previous studies (Abarca, 2006; 2007a)
and showed that the toe penetration is highly controlled by the horizontal hydraulic
conductivity and both horizontal and vertical dispersivities. The width of the mixing
zone is mainly controlled by dispersion. In this study, it has been demonstrated that
the same parameters (i.e. horizontal hydraulic conductivity and both horizontal and
vertical dispersivities) are controlling the behaviour of the saltwater wedge for both
2D and 3D configurations. When the effective horizontal hydraulic conductivity
increases, toe penetration length increases too. However, in the 2D isotropic cases,
an increase of the dispersivities due to an increase of hydraulic conductivity
distribution variance resulted in a backward movement of the saltwater wedge. This
was partly explained by the fact that dispersion acts against density-driven forces.
An interesting result of this study with regard to the particular case of isotropic
media is that there is a critical ratio between advection and dispersion processes for
which the toe moves forward or backward, or even remains constant when the
heterogeneity level increases. For the 2D and 3D anisotropic cases, both the toe
penetration length and the width of the mixing zone increase when oy. increases.

The comparison between SWI in heterogeneous and homogenous models
sharing the same effective hydraulic conductivities showed that the 2D
heterogeneity is affecting more strongly the SWI processes than the 3D
heterogeneity. This was observed when comparing the uncertainties related to the
concentration distributions resulting from 2D and 3D heterogeneous models
predictions, but also when increasing oy. At the same time, the uncertainty is the
largest for the toe and outflow areas where both dispersivities are the most affecting
solute transport. This is in agreement with the Held et al. (2005) study. For weakly
heterogeneous media (oy<1), the effective hydraulic conductivity together with local
values of dispersivities can be adequate to model the SWI phenomenon in an
equivalent homogenous 2D medium (Held et al., 2005). Yet, for strongly
heterogeneous media, we showed that using local values of dispersivities can be
inaccurate. However, we could not propose an adequate model to estimate the
effective dispersivities with respect to the setting adopted in this study.

Another interesting finding is that it is possible to transform a 2D hydraulic
conductivity field in such a way that it can reproduce more accurate 3D SWI
predictions. It has been shown that dispersivities are larger in 2D fields than in 3D
ones because of higher variability in the velocities (especially the vertical one),
while higher effective hydraulic conductivities are in 3D models sharing the same
statistics. Transforming the geometric mean (increasing it) and the variance
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(decreasing it) of the hydraulic conductivity distribution of a 2D field allows to
reduce the differences between 2D and 3D configurations. Yet, reducing the 3™
dimension reduces the number of paths that flow and solute can take which affects
especially dispersion as highly controlling density-dependent processes.

It is worth noting that increasing the effective hydraulic conductivities of a 2D
model so that it behaves like a 3D anisotropic Henry problem will result in a
decrease of the dimensionless parameter @, comparing viscous to buoyancy forces
meaning an increase of density effects and therefore more accurate exemplification
of SWI.

Finally, a comparison between the numerical results obtained in the present
study with the solutions of existing analytical models (Dagan and Zeitoun, 1998;
Naji et al., 1998; Al-Bitar and Ababou, 2005; Abarca et al., 2007a) is of high interest
especially from a practical point of view. Appendix C presents some of those
solutions and tests them numerically.
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Chapter 3

Status of the Korba groundwater resources
(Tunisia): Observations and 3D modelling
of seawater intrusion

Abstract This chapter fguses on a cas gudy of ssawater imuson in the Korba aquér
located in tle east of the CapeoB peninsulaTunisia. Tre main objedive is to quantify the
components of the regnal gromdwater mass balance. Firstiye chapter preses a eview
of the previousstudies on the site as wedls a detaileddescription ofthe regional
hydrogedogical settings and thstatus of thgroundwater resoues in 2004. Secondlya 3D
densitydependent flow and solutdransport model is develep. This part strts with an
estimation of model input paameters based on éhexisting dta and recentiéld experinents,
includingelectrical resisivity tomograply. After, the spatial distbution of the pmping rates
distribution wasestimated usinga multivariate linear regession nadel contining secondar
variales, includng aqufer properties andlistributed dita from remote sensinganalysis. The
gatheed knowledge was then used to bwhtlto calibrate a 3Dtransieth modelof 44 years
time period (196-2004). The nonerical model w&s ugd further to discuss B issues on th
management dhe regiomal groindwater esources. Tle calibation of the 3D mdel has ken
achieved in a time dependeritgrative and sertautorratic fashion. Sinulations results
showed that thicurrent oer-expoitation (ouputs/inputs) of theorba aquiér is about 135%.
In addition themodel allowed to estimate the tinepse needetb turn back the initial head
and slat distbutions (before expitation startsjo about 150/ears

* This chapter is &sed on the paper
Kerrou J, Renad P. and Tarhouni J. (2008) Staus of the Koba groundwaterresources {Tunisia)
Observations and 3Modelling of seawatentrusion. Sulmitted toJournal of Hydrology

a7



Chapter 3

1. Introduction

The Korba oastal plain is located ithe eastof the Cape Bon peninaula in
north-eastermunisia (Fig.1). It enompasses an ared arcund 40km length and
10 km width, bounded by the MediterraneanSea along theasternborder.The stidy
area is charaetised by a saiarid climatewith an aerage amual predpitation of
420 mm (INM 2001). The difference n precpitation, as canpared tothe restof
Tunisia, whee the averagermual preipitation is araund 220 mm (INM 2001) is
significant. Thatis oneof the rea®nswhy the Cape Bon was alvays one of the nost
productive agicultural areasn Tunisia. Ths, together withthe popuation growth in
the courry: from 3.78 Mio. inhabitants in 1956 to 9.91Mio. in 2004 (INS 2004),
and he devebping ecanony, has gredy increasedte demand d freshwater. Since
196Q groundvater hasbecone a mgjor resourceof freshwater in the Cape Bon aea
ard has been sdicited mainly for agicultural purpses. Tle expoitation of the
Korba agiifer has ncreasd lineary from 270 wels pumping 4 Mm® in 1962
(Ennabli 1980) to more than 8 000wells purrping 50 Mm?® in 1985 (DGRE 1985).
This increaseresuted in a regonal depletion of the goundwater table anh the
consequet salinization casal by seawateintrusion in the Korba aqufer (Tarhauni
et al. 196).

Theseproblems arecomnon to alarge number of costalaquifersworldwide
(Bear et al.1999; Qstodio 2002; Cleng and Ouazar 2003 onikow and Kedy
2005. The degdetion of the goundwater table in he Korba ajuifer was first
obsrved in he ealy 70’s. Yet, he salhizaion by seawaer intrusion was not
recogrized as a serios threat fo local goundwater resowwesuntil the mid-80's.
This situationhas notivatednumerous stidies inthe Korba aquifer.

Ennabl (1980 presenied adetailed descrption of the regional geology and the
main aquifers as well as the state b the graundwater resaurces in1977. With the
existing data at that time, Enrebli developed a first corceptual model of the aqufer
systetm A 2D numerical model allowed Enrebli (1980) to estimate the areal
rechage n therange of5-8 % of the awerage annal preciptation (21-34 mm/yea),
a transrissivity ranging from510° to 102 m%s and an avege porosty of 0.12.
This value, together with an estmated seaonal heal variaton of 0.88 m (Ennabli
1980), allowed a first esthation of the graundwaterregulatory reseve. Tarhouni et
al. (1996 usd a gechemical approab to deermine the origin of aquifer
salinzation andshowved that seawater tnusion is the main saurce d salt llution.
Khlaifi (1998) described the state bthe resouce n 1996 ard shovwed thatthere is a
piezoretric depressin of 5 m below meansea level aroun®iar El Hojjg in the
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certral part of the aqufer (Fig. 1) andthe salinzation of wells upto 1.5 km inland
(upto 7 g/l). This resulted in the almandnment of hurdreds of wells close © the sea.
Paniconi et al. (2001) elaborated a BOmerical model of the statusf the Korba
aquifer in the late ¥’'s. The auhors shaved the ablity of the CODESA-® cade
(Ganbodlati et al. 199) to hande regonal scale seawatentrusion setting ard the
validity of usng numerical modek to investgate diferentgroundvater managenent
scenams. Howeve, the scaarios investigted by Paniconi et al (2001) did not
match expeotd groundvater mass badnces, espeally with regad to punping
rates.
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In addition to lack of sufficient data describing the hydradic properties d the
Korba aqiifer, a paticular difficulty ercountered n the estmation of the mass
balance b dueto the scardy of dat ard the large uncertainty on he pumping raes
of thousards of private wells inthe regon. In 2000, the local water maagement
auhorities inventoried more than 9 000 wells pumping altogether arourd 50
Mm?®year (DGRE 2000). Mt of thesavells are located in very safl private farns
andaretraditionaly dug ard equpped with oil motor pumps. None of thosewells is
equppa with a flowmeter and no survey has @er been made D exhaustively
estimate the pumping rates. Tomake things worse, e local auhorities tse an
admnistratve delmitation d the regional aqufers which does ot correspond to
their physical exent. Indea, a good knowledge of the withdravn volumes d
groundvater is craial to understandthe dynamics d the aquifer, to futher model
seawaterntruson and to addressptimal managenent scemrios.

A major isue in theKorbaplain is howmuch groundvater canbe exloited in
a sustinable way, thus prevening seawger intrusion. Despte the governmental
efforts to develop alternative souces of freshwater (construction o dans, water by-
passesrbm the rorth of the country, distribution of efficient irrigaion systemns,
rewse of treatedwastewaterard artificial recrarge of the aquifer), farnmers still need
to exdoit the grourdwater resurces.

This chaper descriles aquantitative study of seawaterntrusion in the Korba
coastal agifer. The main objectives d this work are: i) to desche a recet state of
the regonal groundwatesysten by analyig the existing data and dati@m recent
field invesigations;ii) to aply different methods b estmate the fredqwater mass
balance canporents, with special feus on tle alstraction volumes; iii) to use the
gained knowledge b elalborake a tansent 3D density-dependent flow and transport
modelto gaher beter understinding of the aquifer dynanics.

This chaper is aganizedas fdlows. Exsting knowledge of the Korba aquifer is
presated in section 2. The D numerical model developmentis descrbed in secton
3. Section3.1 sumnarizes the estiation of flow ard rangort paanmeters from
existing datn and field experiments, including vertical salnity and eéctical
resistivity tomograghy loggng. Then an analysis of ite atial and terporal
distribuion o areal rechrge by infiltration of precpitation using the daily
Thomthwaite and Mather method is presenied over a tme spanof 44 yeass (Sedton
3.13). To estmate the punping raes over the wiole aqiifer, a rggresson modelis
devebpel from a sack of phusble explamatory exhausive varebles describing the
state of the aqgter, its properties as Weas daa from renote sensing malysis
(Secton 3.14).The onceptual model of the Koa aauifer is preseted in Secton
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3.2. Details of a D density-dependent flow and salt traspot are simmarized in
Secton 3.3. Cdlibration of the alove-menional model is descrbedin Secion 3.4.
Sections 4 ard 5 pesem ard dscussrespedively the resits of the simuations of
groundvater mass batnce andhead ad sat concentatons dstibutions. This
chager end with a set ofconclusions andrecanmendations with regardto the
maregement of the regional grourndwaterresaurces.

2. The Korba aquifer system

The data setsused in this study were provided mainly by the Institut National
Agronomique de Tnisie (INAT) and the local groundvater managenent autority
(CRDA Nabeul). Datawere conpiled in a geographic information sytem (GIS).
Data sets inclugt ranfall, potertial evapdranspiration, soil dstribution map land
cove maps from 19%, geayraphical information (efemeral streans, sal lakes,
etc.), geological logs transmissvity values edmated from pumping fEsts,
piezametric levels, am Total Dissdved Sdids measuements. Inorder o complete
the dat setard for descrbing a recat state of he Korba aqufer, additional field
investigations were carriedout in August 2004 These nclude well leveling, water
table dpth measurenents andsertical salinity logs at selecteavells.

2.1 Geologial setting

The inand lateral exersion o the Korba aaifer follows the oucropping
geobgical boundaies fig. 1). The geology of the Cape Bon peninaula ard its
structural evolution is described by Ennaldi (1980) ard Bensakm (1992; 1995.
Three nain geological unts of marine Quaterrary, Pliocere ard late Miccere ages
constitue the Korba agqifer systen (Fig. 1b). The Tyrrhenian Quaterrary forms a
1.2 km wide strip parallel to the castline all along the study aredFigs. 1b ard 1c).
It is made d arertic limestaes owerlying conglomeraticunits (Oueslati 1994) with
a taal thickness raging between10to 50 m.

The seond unit, which representshie main acuifer, was farmed duing the
Pliocere by marine depasits in the DakHla syrclinal north ofKorba city (Fg 1c).
The DakHa syrtline was fomed during the Atlasic fdding phase. It presens a
north-eastto south-westaxis and s boundad by the DjebelSidi Abdarahmane (69
m) articline to the west andby the deepKorba articline tothe east (Fig. I andic).
The ithology of the Plocene formation is domnanty yellow sand with clay ard
sandtore intercalatims. Laterally, tlke facies bhanges euthward to nore
differentiated clay, sand ad samistone layers. Tl thickness of the Plicene

51



Chapter 3

formation is abou 80 m in the central partof the aea,reaches250 m offshore, ard
decreasig towards the west (Fig 1b). Note however that the thickness of tke
Pliocere sand in the north of Korba city is still unknown. Yet, it is elieved to ke
smell. Since the rgresion of thePliocere sea, duringhe Quaterng and until
today, tre certral partof the area waslled with alluvial material (Fig1b) deposited
by wadi Chiba (wadi. dry stream exceptduring periodsof rainfall) and its effluens
(Ennali 1980).

The hird unit, caled “The ®maa sand’, is of late Miocene agand founconly
to the souh of the stug area (Bemsalem1998). Ths unit is mainly compased by
thick fine sand layers focontinertal orign including condomeratic levels ard clay
lenses.To the south of the area, lhe thickness d the Soméa brmation night exceal
400 m. Data fram offshore oil wells alloved a letter claracterizatia of the aqiifer
systen bellow the Medterrarean Sea. Tése d@ta showedthat the Pliocere ard
Soméa formatons extend 2 to 5 km offshore where they thicken

The geological acuifer units overly (with an anguar discodance) md-Miocene
marls which form the base ofhe system (Figs. 1c). This aquitard may contin
lenticular samistone aml clay-sardsbne lars of vaiable thickness ad dept but
often sepaated by thick layers of impervious marls for a ttal thicknes of 1 200 m
(Abbes ad Polak1981).

2.2 Regionalhydrogeology

The Korba aguifer cen be divided in two hydrogeological units. the Plio-
Quaternary ard the late Miocene uits. Northem and ©uthem aquifer limits were
delineatedrom flow streamlines alwst pergndicular b the sea (Fig2b and2d).
A souh-east tonorth-west giented deep falt (Fig. 1b) helps to delireate tle
contour of the sodhern limit. Marine ard cortinertal deposits are laterally
connected, thdéate Mioceneaqufer feeds the Pliccere unit upsteam Yet, their
hydradic properties are sigicantly different. The PlioQuaterrary unt is the nost
productive ore. It is claracterizedby the hghest hydradic conductivities, rangng
from 10° to 10° m/s wiile hydradic conductivities at the Sanaa famation are
smeller (Enrali 1980). More precisely, the Tyrdmian sardstores arebelieved to
form the most pernmeabk untt, followed by the cental pat of the Pliocae (alluvial
deposits), the PliocendhetSoméa and, finky, the earlyMiocene fornations. hese
differences can be obsed®n the hydralic gradents (Fig 2) whch are rangg
from 0.007 in the nath to 0.014 in the uth (in ummer 2004). Ennabl (1980
proposel an averageporosity of 0.12 for the whole aquifer system
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The PliocQuaternary wit represems a typcal wconfined coastal agqifer
structure espei@lly when t is outcropping (Fig. 1b) but might also be dbcaly sem-
confineddue o less grmeable lersesof large lateral etert. The Samaa urit in the
souhem part of the systemis unconfined in the upstreamareabut confined cbse to
the caastlire where artesian wells ested wtil the mid 90's. Another difference
betveen the northem ard the soubem pats of the aquifer is that the goundvater
tade is skallower inthe Plio-Quternary unit thanin the Saméaamaking tradtional
implartation of wells easier.

In the following, the waterbalance of the Korba aqufer is preseted starting
with the inputs. The reclarge of the agqiifer by infiltration of precigtation is
estmated to be less thn 10 % o the 420 mm/year averge annal ranfall (Ennabi
1980, Panconi et al. D01). The integation of this value over he areaof interest
(400 km?) yields 17 Mn®/year. Additiond rechage fom wadis andtopogaphic
depresgins isalso expect Note howeve that the most importart wads in the
region, Chiba, M’'laali and Lebra (Fig. 2a) were dammed upstreamin 1963 1964
and 1984, respectively. Other wadis sich as Korba (Fig. 2a which drain a
watershedof 85 kv, have an averagewaud runoff of 3.7 Mn¥/year (Hichri 2003).
Nazoumou (20@) estimatedthe infiltration from wads in an arid area m the cenre
of Tunisia © 30% of the anrual rundf. According to that study, aound 1.1
Mm?3year wil percohte from wadi Korba to the aqufer, 0.6 Mm®/year fromwadi
Daroufa, 0.8 Mm®*year from wadi Abids and0.6 Mnt/year fom wadi El Malah
(Fig. 23. Artificial rechargein the rgion of Diar El Hojjej (Fig. 1) by direct
infiltration of surface water frordams or from the Medgrda CapeBon @anal started
in 1999 but never exceeled 1 Mm®year CRDA 2002). Othe sourcesof recharge
are irricetion retun flow (believed to be importart) and the lateralrecharge by
leakage (or through fdts) fromthe unddying Miocenewith sandstoneare not yet
evaluate.

On the other sde, groundvater astradion represets a mapr output. Indeed
the expoitation of the Kaba aaifer began in the 60s nainly for irrigation
purposes and reachd 43 Mm®year in the80s. In 200Q the btal groundvater
exploitation was estinated to about 50 Mm® with more than 90@ active wells
(DGRE 2000). It is worth noting that the number of wells is proportional to the
number d farms. Regional groundvater is heavly expbited despie the effats o
the govenment tomobilize most of the rgional surfacevater and to trasport water
from the nath of the wuntry via the Medjerda Gype-Bon canal. Moreover, in the
begnning of the 90s, the govemment encaragel the farmers b adqt drip
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irrigation systens by contributing to 60% of the ccst of the installatian in order to
reduce wate consunption. The resilt was that irrigated surfaces inesed at the
costof the sane water consumption. The sbkhas(sal lakes)forming a5 kn? strip
all along he coastline, ee sugpected ¢ be a groundwatr distarge eeas.Othe
outpus like sibmarine gioundvater dischage (SGD) are not yet evaliaed.

The abae-mentioned incoming magnitudes allov estmating the taal reclarge
in steadystate and n the atsence ofpunping (before 1960). This is of the oder of
25 Mmd/year, wtich represets nostly the S@. The total altraction naadays
represeits alout twice te anount of recharge Evenwithout a precise etimation of
the oher conponents of the groundvater mess baénce, t is sef-evident that curent
oveexploitation resits in a depétion of the water table ard a redudion o the SDG,
which leads t@an inceaseof seawaterritruson.

2.3 Pieometry and seawater intrusion characterzation

Three piezametric maps ard salinty data are awilade (Emabli 1980, Khlaifi
1998 Panconi et al 20QL). Fgure 2 dsplays the evoltion of the piezonetric level
in the Korba ajuifer from 1962 b 2004 aswell as he hydrographic netvork (Fig.
2a) and écal dans according to theicongruction peiod. The piezonetric maps of
1962 and1977 Figs. 2a ard 2b) show that the hydradic head in the Korba aguifer
were loweredbelow sea led after 1977 (most likely a few years later, ithe 80's
when aquifer exploitation re@hed 43 Mm®). A visual comparison of figure 2a ad
2b shows that damming wadi Chiba in 1963catsed a decreaseof the graundwvater
table downstrean dueto areducion of recharge by its effluents. In addition o the
perturbation of suface vater regime, the grawvth of groundvater abstraction during
the 80's (51.5 Mm?® in 1985) especially rear the cast, leadto the aarition in 19%
of a caoncentic deprasson of 5 m bebw (Fig. 29 sea ével in the regon of Diar El-
Hojjej. Ths mears that the hydradic gradents were reersed mainly toward the
central pa of the aquifer lading to a accelerationof seawater intrusin. Indesd,
hundreds of wells clcse tothe cast were saliized and then abandbned desiite the
acion d the government forbidding new wells in the area and diributing surface
water. Years after,the depressionof Diar El-Hojjg was attenuatk and even
disappearal, however, punping migraied rorthward ard led to the gpaition of a
critical depresion of 12 m below sea ével in 2004 (Fig. 2d). As oppcdl to the
Chiba dam, the Lebra dam (constructed in 1984) had apasitive effect onthe aqufer
rechage (conpare Fgs,  and 2l). Figure 2 ato slows tat the interacion
betveen wadis and he aqiifer has bee perturbed. Usnhg an aveage porosity of
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0.12 (Ennabli 1980 and the depktion of headsfrom 1962 to 2004 it is possible ©
estmate that the taal vadume of grourdwater stored m the centralpat of the Korba
aquier wasreduced by 10 M

W. Tafekhsite
W. El Malap V4

(a) 1962 (b) 1977 (c) 1996 (d) 2004

Fig. 2 Piezometric evation: (a) 1962 from Ennabli (1980)b) 1977
from Ennabli (1980); (c) Decelper 1996 fromPanicom et al (2001) and (d)
August 2004. The 0 sea refeceniso-contours representedybthe thick gray
line. The lydrdogical network is depietl ty dotted lines andhe dams ¥
gray polygons Chiba bulit in 1963; M’Laabi huilt in 1964andLebna buit in
1986).

Obviously, the salinty distribution in the Korba aqufer is carelatedwith the
piezanetric ewolution. The wertical sdinity profiles measted in August 2004
allowed to dlineate a3D distribuion of salt comenrations in the aquifer by
ordinary kriging (Fig. 3a@). This facilitatesa qualitative descrigtion of the state ¢ the
resource. iee data alsermitto descibe the evolutionof the seawateintrusion
by conparing them with date from 19% (Figs. 3b and 3c). The I map of the
electrical conductivity disples a wide nxing zonewhich is clearly affecting the
region of Diar El-Hojjej in the central part of the auifer. The sane figure al®
shows vertical satwater yp-coning nea points 3ard 4 (Fig. 3a). In 2004 the wel
IRH N° 11186 (n° 4 in Fig. 3), at 1.55 km inland preseted Total Dissolved Solid
(TDS) values rarging betveen 7 and 25 g/l, canfirming the inland seavater
encoadment. Basedon data from 196 and 2004 atpoints 4 ard 5 separaed by
araund 1 km, and onsidering a Q5 relative concetraton, a mnimum seawagr
intrusion velocity in the Korba aqifer is aproximatdy 100 m/year.
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Fig. 3 Salinity description: (a)threedimensional kriging of B4 data
(August 2004 vertical logsand surface meases in back guares); (b)
Vertical salnity logs in Decerber 1996; (c) ®tical salnity logs in August
2004.

Another feaure arsing fromthe 3D salnity map is the effect of the b&a dam
which allowed to maintain high heads ad low salinity d groundwater in its
suroundings, due to the large volumes irfiltrated into the agiifer. In the sane
figure, it can alsde seenthat salt recyclig plays arole in the salinzation of the
aquier (Milnes and Renal 2004) far from the sea (see awad Gorshine aml
upstreamin Fig. 3a) Grava (205 showedthat there is a strongeelationbetwea
nitrate (NQ) and dhloride (CI') corcertrations meanng that irrigation return flow is
acceleratinghe salinizatiorof theaquife.

3. The Korba aquifer numerical model development

In view of existing data andprior studes, tere are still may urknowns abait
the behaviour of the Korba acuifer. Moreover, the caomponens of the regiond
groundvater mass blance remain uncettain or unknown. Deweoping a new 3D
numericalmodel will help to integrate all existig knowledge anddata on tle Korba
aqufer, for a letter undersending o its dynamics, and evatual use as aolid bass
for the designof managnert policies. Ths sectim is orgamzed asfollows. First,
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the ingredients for kuilding aconcetual model are peseaited. Next, the concetual
model is cetaled (Section3.2). Details a the rumerical model are pesered in
Section 3.3. Finadly, the model calilration pracedue is summarized section 3.4.

3.1 Model parameers
3.11 Aquifer geanetry

The gemetry of the resevoir is rather well known. Data from different sources
(the work by Emnabl (1980), recent barehole lithostatigraphic logs ad oil well
logs) were combined to delineate tle main aquifer formatons andwere sed D
interpolate by ordinay kriging the bedrock topogaphy (Figs. 1, 8 and 9). In
addition, a dgital elevation model (DEM) was irterpdated ly ordinary kriging high
resdution data povided by the Tunsian Institute d Topagraghy. The DEM was
combined with the pezametric map of 1962 to buld a hymthetical distribution of
hydradic heads in1960. The latter was ged as tk tq layer of the numerical model
and for thecalbration of the steady stateegime. Both the balrock and the steady
state head raps allowed b compute amap of the satirated aquifer thickness, an,
therefore, of the aquifegeometry. Thisis not only importart for the glourdwater
flow (e.g, for the integation d the hydradic canductivities) bu alsofor trarspat
simulations to accurately estate grondwater volumes. The reulting average
satuated thickness isestmated to be abou 40 m.

3.12 Flow and trangport parameters

In addtion to the qualitative classificationof the permeabilities described in
secton 2.2, transmissvity data fom 53 (shot term) pumping testswere provided by
the local water management authority. These arise fnm convertional interpretation
(i.e., assming a homogerous nmedium) of drawdown data. Transnissvity dat,
ungyually distributed over the aauifer, were first classfied by formaton aad then
trarsformed in terms d hydradic conductivities wsing the wiole satuatedthickness
of the aauifer for fully peretrating wells andthe lendh of the screerfor the ahers.
This resuted in 16 permeablity data for he Pliocere formaton ard 37 for the
Soméa one.

The geonetric mean hydralic conductivty and he vaiance of thenatural
logarithm of Pliocere permeabilities are 89 10° m/s and0.67, respecively, ard 11
10° m/s and1.6 for the SomAa sads. Thosedat show that the Somaa formation is
more heterogeneous than the Plicere one.At the sane time, averge value of
hydradic conductivities as well as ir variance areprobally biasedbecawsewells
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were nost pobably drilled in the highest tarmsmissivity zones. Yet, the interestirg
point is that permeablities of Pliocere sand are (n awerag) ore order of
magnitude larger tlanthose of Saméa sads. These estirates will be wsed as iitial
guessedor the calbration of the nodel

With regard to trarspat paraneters, tlere areno tracer testdata © allow
estmation of local dspersivities. Havever, high resdution electrical resistiy
tomograply (ERT) wasusedto estinate the porosity of the Pliccere formation. The
relationship between bk resistivty of a fuly satuated porous medum (o
[Ohmm]), its porosity (¢[-]) and the resiswity of the fluid within the paes (o,
[Ohmm]) is expresgd by Archie’s law (Archie 1942) .

=ap 9 " =Fp, (1)
where m ard a aredimensionless raterial-dependat enpirical factors;m is known
as the cemntation indg; and F is Humble formula (Winsater et al.1952)
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Fig. 4 (a) Inverted residvity profile andlocation of the wdl and of the
groundwatetalde (W.T.); (b) Pt 4 (IRH 132(r) borehole data showing the
locd lithologiesand the vetrcal salinity and poosity distribuions calcudted
using equation.l

Eight ERT profiles of 3to 5 m elecrode acing investigating adepth of 30 to
50 m(~1/6 o the otal harizontal length) were carri@ out in the Plioceearea. Nea
eachprofile, there is a wellvheregroundwaer salinity wa measurd to estimate p,.
Figure 4 shows an exanple of an ERT profile with the wrrepondng borehde
lithology and salnity prdfiles useé for porosity estmation. ERT profile of point 4
shows tre geological settig close to the sea withdry arentic limestme of
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resistivities rarging between D* ard 1510° Ohmm on bp d a satirated sandof
100 - 5@ Ohmm. Those offer a goa cortrastwith the low resistivties (1 - 50
Ohmm) of the clayey ledrock saturatedwith salire water. Redts of apgying
equaton (1) asuming Humble formula (Winsaue et al. 1952) for unconsolidated

formations: F = 0.81p *are dsplayed intade 1 andshaw that the porasity of the

Pliocene érmation is rarging betveen 4 and 25 %. It is worthwhile noting that,
except for thepoint 4, onlyvalues at tle level of the groundwatertade were used
for calcdating the porosity. Therefae, only a pation of the neterial is accoured
for in the calculatio.

Table 1 Measired resstivities and porogy vauesedimate ty Archie’s
law, bang a=0.81 and m=2.

Bulk-media Pore water Porosity

ID X Y ZVAL resistivity conductivity  [%] for a=0.81,
[Ohms m] [mS/cm] m=2

1 673727.4 4071595.6 54.21 44.09 2.85 25

2 675403.9 4068851.7 12.72 54.17 2.7 24

3 673500.6 4070869.3 47.49 56.12 2.65 23

4 670454.7 4058971.2 15.00 416.26 13 4

5 6652742 4062304.4 30.67 74.24 2.65 20

6 669843.6 4059709.3 16.73 65.02 5.29 15

7 675400.0 4071945.7 38.79 75.19 2.57 20

8 669694.8 4060084.5 20.00 62.9 5.00 16

3.13 Areal recharge

Evaluation of effective rémrge is chienging in arid and seni-arid regions.
Scanlon et al. (1997pointed out the wile variability of sora published values
unde similar climatic conditons In addition,in such an intensively irrgatedplain
as n Korka, irrigaion return flow might be a important component of the
groundvater mass blance. The stug areais charactegsed by a seivarid climate
with an aerage precpitation deficit (precipitation mnus @n evgoraion) of around
650 mm/year. Geneally, 75% of the 420 mm/year averge annual radfall fall is
concertrated during the wet season(from Sepenber to March). Ennali (1980
estmated the effecive redarge rae to be ranging betveen 5 ard 8 % d the regional
avergie anual rainfall. Paiconi et al. (20Q) estinated the effectiveecharge tobe
less tlan 10% of the average annual rainfall.
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In this study, aquifer recharge was etimated usng two different but
conplementary methods. The first methodis base on the relationship between he
effedive recharge andthe il distribution in the area. he second m@thod consists
of the calbration of the recharge wing a nunerical groundwater odel (Section
34). The bllowing is a descption of the first agoroach. The pgatio-termporal
aralysis d the effective rechar@ by infiltration of precipitation was achevedusing
a gegraphic information sywtem (GIS) daabase (ncluding detiled il and bnd
cova maps as welas ddiy rainfall andpan evaraion data over44 years) ad te
“daily” Thomthwaite and Mather method as desgbed in Steenhuis and Van Der
Molen (1985).

The regional soil distribution map (Mam andAloui 1982) wasdiscretzed nto
328000cels of 100 by 100 m. Three ypesof soil weredefined: Fine (F), Medium
(M) or Coase size ) material. Eat of thesecan have five possiblethickness
values: 40, 60, 80, 100 or 120 cm. This informaton on ®il type dstribution and
thicknesses iof prime importarnce for the estmation of the sal water balarce. To
estimate the later, ore addtionally needs the specific field capacity for eh type of
sal and climatic data. Fo the field capadty of eachsal type, a sesitivity amalysis
waspeiformed assuring three passble vaues fa eat one (%): 5, 6.5 ard 9for the
type G;7, 8.5and11 for the type M, and9, 10.5 ard 13 for the type F. Note that for
urban areas (Utype) hgher values(Fig. 5a) were use (15, 17.5 ard 21 %). Usihg
sal type, its thickness aml the corresponding spedic field cgacity, one can
integate arelative sal class field capacity. This was used together with the daily
rainfall and pan evaporation, to calcdate he sal waterbalance,finaly yielding the
effecive reharge Avergye valies were sed during dat gap peiods. Figure 4
shows ke values of theelative fieldcapady for ead il type. Itis worth noting
that surfaceunoff wasneglected becaseof theflat topography andhe domnance
of cutivated areas.

Figure 5 shows the resilting rechage n terms of annubrainfall percaetage.
Indeed minimal values of field camcity amd sal thickness leadto the maximal
recharge scemrio with up to 25 % of the amual rain In the fdlowing, we only
consider the minima recharge scenario. Tmecharge athe Korba aguifer is rangng
in avaage betwveen8 % and 30 % of the amualrainfall deperding especally on the
frequency andthe intersity of the rairy events diring the year. Howewer, below an
amual rairfall of 200 mm (Fig. 5c), no recharge will occurs orit will be negligible,
as waslhe cag duingthe peiod of 19851988 (Fig. 5b). Sud longdrought peiods
may favour seavaterintrusion.
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Fig. 5 Spatiotemporal anéysis of the echargeat the Korbaaauifer by
infiltr ation of peciptation: (a) pecific field camcity (w) of each soil tpe
(the letter caegponds to soil tge: Fine, Medium and Carse.The subscripts
1-5 correspondo the tticknessof the soil (40 60, 80, 100and 120 cm),
exanple: G: G type with 40 cm thickness; (b) The pertage of the annual
rain that peicolatesto the aguifer (min, max)(c) Correlationplot between
predicted echarge andannual ainfall; (d) spatial distribution othe recharg
data.

An importart reslt of recharge aralysis was th smtal variation of the
rechage rate which may vary by ore oder of magnitude (Fg. 5d). 90 % of the
rechage taks place dumg the wet seasomnd the interdanual variabn of the
rechage might be nore than 2.5 times he average value (Fig. 5b)These estinated
valuesof recharge ae surprisingly high when conpared to those n previous stidies.
This is patly exphined by the method (Thornthwaite ard Mather) and the temporal
discretzaion usal (daly or monthly). This may lead b a systematc unde-
estinmetion of recharge is case ofomthly time step becaesf the doninance of the
evaporatia in such sem-arid contexts.

Irrigation retun flow was aso estimated usirg the aboemertioned data, arml
additionally using data fram land cover aralysis d 1998 and a detailed irrigation
calenda. Theirrigated volumes were dded to the rain and the sane method was
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appled. The anount of irrigaion water which pecolates b the aquier might
increasehe totl rechage by 8 Mm® (in aveage) pe year,which represeits 16 % of
irrigaion waer (asuming 50Mm?®). Note that tie aralysis of retirn flow irrigation
was nade for just 10 years(1993-2003 assiming a onstant land cver distribution.

The abwe estimatechverage amual recharge will be usedas aninitial guess for
the inverse noddling of the steag state fow (Sectio 3.4. Its variation rateswill
be usd for the transiat simulation using a simlified zonation according to
geobgical criteria which also control acuifer recharge

3.14 Sink terms

The sékhas(sal lakes) deineat a 5 km fringe all alorg the castline andare
believed to be groundvater discherge aess. Appling the enpirical formula of
Coundain etd. (1998 ard considering 0.5to 1.5 m deph of the water table givesa
0.8 Mm®lyear dscterge in averacge. Thus, this value isnegligible. Other sinkterns
like subnmarine groundwatedischage arenot evaluated In the fdlowing, we focus
on the estmation of the pumping rates which ae te key to understand the ajuifer
dynamics, to model seawater itrusion, ard to inwestigate @timal groundwater
managenent strategies.

3.1.4.1Data for the estmation of pumping rates

Different types and saces ¢ dabt wereused D estmate a map of extadion
rates. Hist, global estmatesof the taal amual exraction (Qunnua) are rgularly
made by the local admnistraion (CRDA Nabaul). This cakulation is basedon
avergie seasnal hed variagion and estimagd aqufer paosity. As such it is nd
very precise. Eght sud values are avédble saring from1962 According o these
recads, punping strted in the skties and incressed reqularly up to the md-
eighties. Since then the exloitation rates cscillate araind 50 Mm®/year. The
stabiizaion can beexplained, on the one hand, by the chaagefrom flood irrigaion
to drip-irrigation and, on the othe hand, by the canstruction of a nework of suface
water spply for irrigation in sane parts of trke stug area. Tl uncertanty arourd
these estimtedgroundwater lastractionvolumes hacdhever beenevaliaid.

Then a horough survey of pumping rateswas canducted in19% jointly by the
Institut National Agranomique de Tunisie andthe CRDA Naleul. During this
suwey, 432 stes werevisited. Famers were nterviewed ad the instanneais
dischage rates were neasurd. From the delaraton of the farners with regad to
water usage, he type of copsthey grewand themeasuregunping rates, an annual
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value d the pumping rates fo the welli was estirated at selected well§hese are
locatedin the certral part of the aqufer (Fig. 7a). Ths data set costitutes the best
saurceof information for evaluating the sgatial variahility of pumping rates ad their

relation with baclground variables. Thus, they are considered as refiece valies
even wha they (certainly) aso cortain same urcertairy.

The nmain assunption while estmating the punping raes dstributon is that
extractioncarrelates withexhastive secodary information available over the whole
domain. For exanple, it is reasoalde to thnk that the pumping rates dstribution is
relatedto the density d wells ard propationa to the trarsmissivity of the agiifer,
etc. The bcaion of shallow and deg wells in 1996 was provided by the CRDA.
From that data set the density of wells was calulated over a egular grid of 300 x
300 nt resdution (Fig. 7a). The pumping rates estnated by the extaustive suney
in the central part of the aquiferere irtegraed as had dat on he same reguhbr
grid. Other vaiables were diecly avalable and som hadto be conputed a prori.
In paricular, the next secton presens how crop evapotrangiration ard its spatal
distribution wereobtained using erergy balance calclation onsatellite mages.

3.1.42 Mapping crop evaporation by ramnote sensing analysis

Remote sensing aabe extemely efficiert to acqure spatially distributed data
for modeling (Becler 2006 Brunrer et al. 2007, Hendricks Frarssenet al. 20@).
Consdering the poblem of the estmation d the pumping raes, one techngue
corsists of edimating the aop evaporaion from enegy balknce canputatons
(Bastiaansgeet al. 1998a; Bstiaanssen edl. 198b; Roerink etal. 2000, Andason
and Kustas D08 and usethat estmation to derive punping raes from the waer
mass balance.

For this pupose, the Simplified Suface Errgy Balarce Index (S-SEBI)
algorithm (Roerink et al 20M) ard the eqiation of P@aman-Montheith (Allen etal.
1998 were used(Kaser 2004). 23 cloud-free satelliteimages NOAA AVHRR
(Advancel Very High Resolution Radiometer) wae seéded betveen the 14h o
Febuary 2000 ard the 15th of Septerber 20M. Eachimage hes a 1.1 km?
resdution. The dhta set alsoncludes air tempratre ard relative rumidity measuwed
on the ste by 2 meteorological stations. Fist, the 5 band images wee processd to
calculate surfee reflectancéground abedo) and arface emperature which are two
constituive parameters fo the S-SEB algaithm. It assumes it the atmospheric
conditions areconstart over the image ard the area reflects sufficidly wet ard dry
pixels. This was the case in the eastgrart of the Cape Bon iages. Then, the
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instantaneus evaporative frdion was caldlated for each pixel on theasis of the
expresson of ground albedo \versus sufacetemperature a desdbed in Roerink et
al. (2000. Secmd, using air temperatue andrelative humidity maps, the daily net

radation was calclated which in tun was $sed to compute the caily

evaptrangiration as descrbed n Paodi (2002. The daly evamtrangiraton

allowed estimating the crop reflectarce codficient usng the refeence
evamtrangpiration ET,, cakulated by the Pe@aman-Montheith equaion, ard provided

by the Tunisian Institute of Meteaology. The cropreflectare cefficient was hen

averged for each nonth and usel with the referenceevgotranspraton to cakulate

seasonal eymtranpirationET, over thewhole aquife.

To estinatethe punping rate, thebastc assimption is thatthe differencef ET,
betveen not irrigated ard irrigated area represens the water that has bee addedby
irrigation andcan be sbdivided nto asurface water ad punpedgroundwate (Fig.
6b).

The estmated values d evgotrangiraton are 45 rm/mont in July and 57
mm/month in August for the nan irrigated area anl 62 ard 71 mm/month for the
same months resgectively, in the irrigated area. Fjure 6a stows tre cr@
evapomtion of 25 Jwe 20M. The nean difference n ET, is therefore 14.5
mm/month. Assuning that the punping rates are castant all along he year wer the
1685 knt of irrigaked aea ad knowing that the anount of suface water usedfor
irrigaion was 9 Mm® (CRDA 2002), the mmping volume for the year 2000 is
estmated to bearound18 Mm?®,

This value is much snller than the estimate ©50 Mm?®/year povided by the
local autority and herefore seens © be umleresimated (eva if 8 Mm®/year of
irrigaion reurn flow are aded). This might be expained by the low reslution of
the wed satellite mages (1.1km?) which leads to an underestination of the crop
reflectance cefficient. The resalition problem is relate to the fact that farnmers
havevery snall fields. The arface of 72% of thefarms is less then 5 hg@CRDA
2002), anduse mixed multilevel agricdture in the sane plot. This introduces ahigh
variahility wit hin the pixels of the satelliteimages. Arother source of error ctdibe
an inadequete calilration due to a lack of refereme gound data. Bu, ewen if the
albsdute value of the estinated evaporation does not seemstufficiently reliade, it is
reasmable to think that the nethod alows o identify regions with higher
evaptrangiration and, thereore, higher pumping raes.
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Fig. 6 (a) Cropevapotanspiration for tle date 25 June 200@nodified
after Kaser (204). Theirrigated area dlimited with a dashedvhite line is
also shown. (b)Sketch ofthe model forestimatig pumping rates.

3.1.4.3 Multi-lin ear regesson modcel for the pumpng rates

Punping rates are assmed to be parly correlated withsecondary information
available ovethe whole dmain. For examle, groundwadr abstractionsi assured
to be relted to the anount of crop evgotrangiration ard its spata distribution
calcuatedusing renote sesing aralysis. In adition, pumping rates arexpectedto
be carelatedwith paraneters soh as: trasmssivity (high trarsmissivity allows
high discharge) or depth of the water talbe (stallow depth facilitates goundwater
abstacion). The pumping raes might also ke related to other paameters such asl)
the salinty of the groundwater: if tle sdinity increases, # groundwater will no
longer be suted for irrigation; thus, pumping will decrease b evertually, st; 2)
the elevation of the topography: at higleéevation the water talbe is deeper which
makes tradtional well digging more difficult and therefore lesspunping is
expecté; 3) the distance to the sea: far mddhe water is éss salip; 4) the seasoal
piezametric head variation in 1996 indicates tle areas withlarger stress b the
piezonetric depktion since1960indicakes he nost exploted areas the long tem.

Overall, eight parameters were selected apotertial secondar information (Fig.
7b). These are: auifer transmissivity (T), sunmer 20® crop evagotranspiration
(ET,), Decenber 1996 electrical conducttyi (Ce), 19% seasoal head variation
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(Dhgg), average 196 water table deph (WTy), 1960-2004 historical piezonetric
decline Dhy), distance tohe sea D), and digital elevaion model (2). For ead of
these paramters, a dtribution mep wes either already availabler it was
corstructed by ordinary kriging.

Pumping ratesmeasuemerts at 82 wells (within the dashed pdygon in Fig.
7a) were used as hnd datato estinate the ®efficients of a linear multivariate
regression mdel. In a first step, the pwise correlationsbetwea the selected
paraneters ard measuregumping raes were analyzed (Fig. 7& Sone correlations
are we#d, asfor instancelte crrelationbetveen he punpingrates ard the distance
to the sea o the altitide, bu same others are statistidly significant (with the
transmissivity ard with the average seasnd head vaation). Thee wasalso a clear
trend betveenthe pumping rates ard aop evgotrangiration of 2000 degpite the
time lag. In a secom step a multi-linear model was estnated by standrd linear
least squies. The @rrelation cofficient values oltained by regressin reveal trat
the agreemnt betwer interpolated ad measured pumping ratesis poor (Fig. 7d).
Yet, reslts of the linear regession model are talen simply as intial guesses for th
numerical model (Sectian 3.3 ard 3.4). These will ke updatedby model calibration
in such a way that a good agreenent with availablgheadard salt concemation)
calibration data is acheved.
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Fig. 7 (a) Well densityand area of thexhaustive pumping rate survey
(dashed line dggon) Wells are grouped into 24 clusters on a regular grid
of 300 by300 m cell size. (b) Eight mapgth the secondarinformation. (c)
Correldion matrix. (d) Scater plot of estimated (Q.) versus measured)f)
pumping rates
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3.2 Synthesis and conceptual model

Prior analysis of aforemenional dat allows one © elaborate a @nceptual
modeldeptting the dynarmics of he Korba ayuifer (Fig. 8). This is the foundaton of
ary sulsequent numerical modelling endeavor (Carrera 205). The key points and
assumtions n the concetual modeladgted hereare Isted below:

» Northern and sauthern limits match groundwater flow streamlines. Westein
limit depicts tre catact with the Early Mocere marls. Easternlimit matcles the
seashore

» Five gelogical units are corsiderad (Figs. 8 ad 9): the Tyrhenian
Quatenay (Q1); the narine Pliocene(P1) considerel as he main aquife; alluvial
Pliocere in the certral part of the damain (P2; Late Miacere (the Samaasand) in
the outhem part of the aquifer (M2); and the early Miocere (M1).

» Hydraulic paameters are considerd honopgenous in each of the
aforenentioned units casidering the qualitative description (Section 2.2) and
availabledata (Section8.1.2)

* The main groundwater mssbdance inputs are areal terge estinated to be
about 20 %of the aeragge annual raifall and vary in space ad time. Lateral
rechageand recharge frowadisare als considerd.

Extraction
@ reLf.:irrZ'e A lEffectiIe refhargel
Recharge Irrigation
—~2\_from wadis retugrn flow

Quaternary

Elevation [m.a.s.l.]

Dakhla Syncline Deep Korba Anticline

Fig. 8 Simplified geological cres-section icalization in fig 1) of the
Korba aquiér system sketching the conceptal model basedn up-to-date
geological and hydrodynamic data. The aaiifer surface and bedrock
topograply are fiown as well as Auguf004 watetable andcthe percentage
of seawater electrical condhivity (the maps aconstructed Y kriging). Note
thatdasedline iso-contours ag hypothetical.
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= Groundwater alstractionis assmed to be startedin the 60's andincreased
linearly wntil the 80s. Sincethe 80s, the taal alstractionvolumes are assued to
fluctuate aound50 Mm3/year (as descrbedin Secion 313).

» Figure 8 shows that the mxing zone s very wide n the Korba ayuifer, in the
order of several kilometers (albut 1.5 km betveen he 025 and 0.75 iso-
concertration contours inthe certral part ofthe agiifer) with almost vertical saltiso-
concentrations It is obviousthat, in ths cese, a shg interface onceptial model
will lead to meleading resultsTheefore it is necessaryo account fodispesion-
diffusion processes.

= Given the variabillity of flow ard corcertrations patterrs, a D numerical
model will yield local predctions only. Howewver, a 3D model will be suted to
account for lateral change$the hydrodynmic paraneters of the quifer as well as
the forcing terms.

3.3 The 3DNumerical model

The 3D numerical model (Fig. 9) wasbuilt using Feflow (Diersch1996). Tre
model domain was discretized in 877 249 pismetic finite elanens and467 760
noces (Fig. 9). Tre nmesh is refined within the main aquifer layer (Pli@ere
formation) with element sizs rangingfrom 150 to 200m. Near the shoreline
elemen sizes is raging between50 ard 100m. Vertically, the meshis divided into
19 layers of 5 mthickness m averge. The mesh setip involved a pe-procesang of
GIS dat of different kinds: points (wells and piezometers) polygons and lines
(geological, wadis, etc.) andaster naps (geological layers, surface, top dattom
topography, et). Accading to the local geology data ard sal distribution, the area
is divided into 10 sub-domains (caled zones) in wich the nmodel parameters are
calibratedseprately (Fig 9). This increases th degrees ofreecom of the model but
allows, first, amore realisticrepresetation d the aqufer geometry ard, secad, a
better fitof availabe dosenations.

Modelling is perfamed in two stefs. First, a steag state flav model is usedto
estmate hydradic conductivities ard recharge, and get sutable initial conditions
(heads and mncentatong for the transent model The latter is performed in a
second sfie and allows to eshate stordivity. Stead state lbburdary condtions are
a presctied caostart lateralinflow at most of the lengh of the westen bowndary
and aprescrbed heal on theseafloor (Fg. 9). The seasle boundary extends 3.5 km
(amitrarily fixed) ofshore © awid unrealstic bourdary effecs. Fa the transent
simulation from 196) to 2004 time perod, lateral fluxes were attrilited to model
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rechage fromthe Lelna dam(from 198), and he increasng dischagerates in the

wells. Basedon the eigh estmates d total exploitation wlumes anl under the

assumption that punping sarted in 1960 and ncrease linearly up to 1980, a
sutable time function is adoped at he mgority of wells (e.g well Q240 in Fig.

10b). Since punping was geatly reduced north of Korba in the ealy 90’s (dashed
line polygon in Fig. 1) due tothe hgh salinty, a secad time-dependet function

was buit for the wells Iecatedin thatregon (e.g. well Q3@ in Fig. 10). Nate that
purmps are snulated at 10 m deph in averge. The rechage d the aquier by
infiltration of precipitation (on the toplayerof the nodel) varies n time (yearly) as
shown in figure 5b A total number of 1 498time-dependert functions (1491 for the
well clusters6 for the arealrechage and 1 for the lateral flx) are cosideredfor

the trarsiert simulations.

A

Lebnadam _

N

LEGEND

A Time dependent well BC’s
0o Constant head BC’s

Z[m.a.s.l]

o Constant flux BC’s Q1:Tyrrhenean quaternary
o Time dependent flux BC's 1 P1: Pliocene

related to Lebna dam [ P2: Pliocene
l Time dependent source sink [ M2: Late miocene

for flow I M1: Early miocene

No flow BC’s ¥ Shoreline

Fig. 9 The Korba aquifer 3D nuerical model and three flow material
cross-sectionsW: zoom window). Notahat wells ae attributed atthe third
dice and #tera fluxes are integated on the flasknes of the Fiocere onl.
Thezonation Z1-710) usedor inverse calibratia is also showed
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With regard to transpot boundary conditions a maximum relative seawater
concentration of 1 [-] wasassgneal at the seafloor to hward sewater fluxesonly
(water entes the aquife with seawate concetraton but leaves wth acquifer
concertration).

3.4 Model cdibration

The calibration d the 3 model to fit field observations has benachevedin a
time dependent, iteratie and semi-aomatic fashion using PEST (Doherty 1998
coupled to Feflow. The besic idea of tle PEST algaithm is the mnimization of an
objective function ddined by the squard weighted sum of resduals (catulated
minus obsened heads). Model @rameters o be calibrated were thgeometricmean
of the hydraulc conductivityof each fornation, thespatia distribution of recharge
ard the lateral flx. Corditioning dataset fo the steag-state calibation is that o
1960, presumally represering natural canditions. To run PEST safely, soe
corstraints (atal and mumeric) have © be fixed Based @ a statigraphic
gualitative aralysis, tle Tyrrhenian sandtore was defined as tle nmost permeable
unit, followed ty the Pliccere, the Saonda and theealy Miocene formations.
However, for rechege the estinated aweragevalues plus aaxd minus standel
deviaton, were fixed as oblerance nterval. Note however that for all paraeters tle
calibraon was carred ait using 10 subdvisions d the domain to accountfor the
local geology (Fig. 9).

PEST is tlen used to calibrate the stoage conpressilility using 1753 time-
dependent measurd head ascontol dat (including monthly dat during 20-years
in six wells and6-months data diring 10-years ir21 wells hstay). If the resiting
heads dona match suficiently well the doserved heads in2004, then first, both
permeabilitiesand arearecharge arerecalilrated in steady state by goting their
ranges (mnimum andmaximum admitted values br the inverse cailbration). If this
is still not sufficiert, pumping rates estirated by the linear regessionmodel are
modified localy (especially nea Korba city) ard rescaledto fit the tramsiert
estimations given by the audhorities ard finally PEST is restartechgain urtil
convegence.

With regard to the trarspat calibration, tests were agle by trial ard error toget
adequate horizontal and msversal dispesion coéficients (mnstat in spacé
Values were cbsen suficiently large to awid a conpetition with numerical
dispersion in the largest elements. Then the porosities were calitated al®
marually by trial ard errorwith respect to bcal lithologies toreproduce aswell as
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possible the 2% verical profiles of sahity measured in 2004s well as 8 shallow
local salinty values.

4. Simulations results

The nmodel was calilrated to reproduce tre long-tem depletion of groundvater
levels and seawater esroachment by consicering inter-amual variability of the
recharge (Fig. 5b) andincreasiig pumping rates (Fig 10b) In 19& and 204, the
total estmatedexploitation volumes were 50and47 Mm°®/year respectig, with an
averge pumping rae on a shgle gid cel of 337 10* m*year anl 315 10* m*/year.
The map of calbrated pumping raes (Fig. 10) shows that the punping rates atthe
west of Kaba are tte snalled. This is relatedo the low transmissivities in that area
of the aquifer.
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Fig. 10 (&) Average pumpingates (Q P96) with the area (dlineated
with dashedine) where pumpig are educed inthe 90’s (b)Time-dependent
evolution furctions f [-] for both wells (solidblack line forQ,40 and gray
dashed line foQse,) With 1996extractedvolumes as eference.
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Figure 11 shows tle quality of the fit betweenobsened aml calcuated heads
and concentrationsfor the transient model Root mean guareerors of 6.2 [m] for
heads (-12 Hqs< 120 m) ard 6.69 [g/l] for sat concetrations(0.5 < Gps< 36g/)
were obtainal, indicating @ acceptable cdiration. A beter fit could catainly be
obtained by consiering a heerogeneous hydraulic conductivity field, but the
sersitivity analysis slowed that it is dfficult to get a better calilbation with the
conceptual model used. Tle calitratedparameters are shwn intade 2.
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Fig. 11 Scdter plot showing the fits between the obsered and
calculated: (8 headdm] and (b) slt concentations[g/l]. Note tat for heads
1765 measureddata were sed and 854 data of august 2004 for
concettratons

Figure 12 shows he sirmulated heads ard relative corcertrations of salt. Trey
are in agreemnt with field observationgcompare Fgs.2d ard 12a and Figs.3a and
12b and Fgs.8 ard 12¢) ard reproduce he main hydraulic feaures dé the aauifer
including the highest gradients in the Soméa aquier ard groundvater table
depresson in the cerre of the agifer. In addition, the nmodel allowed to reproduce
the shge of the mixing zane its time evolution ard its extent in 2004 (Figs. 12bc
ard 14). Very dten in miscibde salt tansport mdels,the 0.5relative seawater
concertrationis used to characterize th exension and the geonetry of the satwater
wedge in aalogy to arp nterface noedek. Yet, with such a wide mxing zone as
the one in he Korba aquifer, it is miséeling to use he Q5 concentratons ©
characteze sawater mtruson. At the same time, using very low seawater
concentratons (e.g 1 %) ca ako be nsleadng becas of undaries butalso
numerical effects. In thisstud/, we consider the 025 amd 0.75 relative
concentratons to define te width of the mixing zane and e 0.25 © define is
extent within the aquifer. Obviously, satwater walge movernrent landward started in
1979 almost simultaneousy with the decrease of he watr table bebw sea ével
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(Fig. 14). Most probably, migraion of pumping wels inland as sahity increased
alove a certainthrestold (as hppenedin the 190s), led to further inland
propagationof the saltwater wedge. Theonbinaton d reversed flow direcion
(hydraulic gradients) due b the depesson of the waer table bebw sealevel and
saltwater p-coning determnedthe welocity and he geonetry of saltwatr wedge n
the Karba agiifer. In suwch a case, b horizontal ard vertical dspersivties increase
proportionally to increasing directional velocities. The later pracesses mig exdain
the widening of the saltwatewedge at the sane time as it is adancing (Fig. 14).
From figure 14, tle welocity of the saltwagr wedge mght be esimated to be aobund
100 m'year cansidering the 0.25 concentation ard 1.3 km width of the mxing zone
in 2004 which represen4 times tle width of the mxing zoneprior to seawater
wedge encoachment. Figure 14 aso $ows that the velaity of the 025 iso-
concentration accelerated in response ttee decrease of the water talsleused by
increasingpunping stresses. Howey, atthe sane time as tle velocity of the 0.25
iso-anceantration inaeasesthere is a slightlecrease in the \agity of the higher
iso-concantrations This isnormel, becausesalt sprealing opposesiensity effects.
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Fig. 12 (a) Three dimensional views ofimulaed (a) wate table
elevation [m.a.s.l.] (b) rdative salt concenaition [-] distributin (c) cross-
sections.

With regard to the goundvater mass balace (Fig.13), he mean areal recharge
of the ayuifer was esmated by model caibration to 29.7 Mm®/year (89 mm/year)
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which is in agreerert with the values oltained by the daly Thornthwaite Matler
method (ig. 9). Note howewver that on a ngjor pat of the aqufer (all zones excpt
Z1 and 29), areal recha@e represats 12 % o the anma averag rainfall. Resits
show that infiltraton is higher in the northem ard sauthem pats of the aquier
where the main acuifers areoutcroppng (Z1 ard Z9 in Fig. 9 ard Teble 2) The
Lateral rebarge fromthe adjaent anddeg aqufersaswell as fomthe Lebnadam
was edmated to be 75 Mm®year in 2004 The overexfpitation induced an
additional 7 Mm®/year seawater irdw into the aquife as ompared tousing stedy
state budyet, while it caused a ragtion of the subbmarine gioundvater dischage o
16 Mm®lyear.

Table 2 Hydradic propridies First deerministic propridies are listed.Next, calibrated
model parargters (accadingto figure 9)

Parameter Value
Seawatedensity [kg/ni] 1.02510°
Freshwater ehsity [kg/m’] 1.0010°
Fluid viscosity[kg/ms] 10°
Maximum relative corcertration [-] 1
Average annualkecharg [mm]

Z1 164

72,74 & 710 73

73, 75& 76 43.8

zi 45.6

Z8 54.7

Z9 119
Hydraulic condativity (isotropic) [m/s]

Q1;P1;P2;M1;M2 210*; 110* 510°; 610°% 110’
Storage comressibility [1/m] :

Q1&P1;P2;M1;M2 510°% 310> 610 110*
Paosity [%0] :

Ql&P1;P2&M1;M2 10; 8; 5
Longitudirel dispersivity [m] 400
Transvease dispersivitym] 40
Molecular difusion [nf/s] 108

It is interestig to note that a trarsiert simulation considering an aerage
rechage condant over 44 yeargeslted alnost in the same head ad salt
distributions as tk sirmulation with time-dependent recharge and a4 years draght
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period (eg. 19851989 as slwn in figure 13. This refleds the low diffusivity of
the aquife, especially the Pliocerformation which is aound1.6 10% m?/s.
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Fig. 13 Time Evolution (196-2004) of water budget in ¢hKorba
aquifer Iv: time dependent reange,la: averag annual rechagyLf: Lateral
rechar@ with recharge from Lata dam stating from 1986;. seawater fluxes
enteing the gystem, Q: pumping,Sgd submarie groundwater scharge.

Another way toevaluate the currert situation of seawater itnusion in the Korba
aquifer is the predction of its evdution in respoise b pumping ratesvariations or
even b a mmplete stop.The idea is d use the calibratednumerical model to
evaluate the time lajge reededto turn back to the intial (stea¢ state) heacdndsalt
concetration distributions. To this end, asimulation wa caducted from 2004 to
2200by keepng the sane boundary conditions anl aquifer rechage as n 2004 and
turning off the pumping in the whae aqufer. A set of fictitious obsenation points,
with regdar spacing forming a line of 3 km perpendicudr to the sea,were placel
near the battom of the Pliaceneformation in thecental pat of theacuifer.

Figure 14shows tlat the lardward movemert of the seawater wedgwill persist
anoher 10 yeas afer turning off pumps. Thi is not surprising, becaise hydraulic
gradents will take the sane time tobe reversedbefore goundwater restarts thow
towards he sea. The samfigure also bows that the maximum width of the mxing
zone isreathed when saltwaer startedd recede wih the same trends(velocity) for
higher andlower isecorncertration The 05 seawater iso-caertrations will sgnd
80 years taurn back its initial position, however 0.25 iso-corcertration will sperd
abaut 1.5 century; thatfor the unrealstic hypothesis d turning off pumping over the
whole agiifer in 2004. Of course, tlesepredctions are hidily conditioned by the
assuned boundary and initial conditions as well as typothesis sinplifying the
concetual model. Havever, it has bere denonstated that the shpe of aaifer
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bottom is an afecting pafameter of sat wedye penetraton andgeometry (Abarca et
al. 2007). e bottomof theKorba aquiferis characteris by a landwed slopeof
about 1-3° (Fig. 8). The latter cofiguration is kelieved to favor saltwater itrusion
due to drivenforces, witie it is believed to oppose saltwat walgerecale seaward.
Oveall, the pedictions nade shaev that there is a long ime lag that has 6 be Bken
into accoun to evaluate the effects of arrent regiond groundwater resoues
depkton.

3.0 T
2014 C=0.25 [-]
[ m— C=0.50 [-]
rg ; — C=0.75 [-]
X Pumping Pumping
50 Oon Off 5.0 %
o 2. e .
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Fig. 14 Simulated seawater tiusion velaity from 1960 to 2004
considering actual pumping rates anthe esponse of the aquifer t@a
hypothetical complete stopf pumping from 2004-2048.

5. Discussionand conclusions

In order to address the camt extent of seawater intsion in the Korba agiifer,
a largescak treedimensional numerical model of density-dependant flow and
miscibde sdute trarsport was eveloped ard reasoaly well calibratedin a time
dependert, iterative ard sem-auomatc way. Howeer, same of the limitations of
the nodel are partly explained by the hypotheses tlat have been made which are
mainly relatedto the available ditaset.Assuming the sane time depemency of the
pumping rates inthe mgjority of wells isone limitation of the nmodel. Yet, resilis
showal that some expectempensation #ects dwe to the large density d wells,
especially close to the sealleviate tlat effect Assuming heerogenéty of the
hydradic conductivity field is believed to resut in a ketter calilration of the nodel.
Also, accainting for salt recyclig is expectedto resit in an improvemen of the
calibration of the transpd paraneters. One Initation of the calibration procedue
adopted is the ron-uniqueness © the inverse problem. To ersue a reiable
calibration (esgcially for trarsiert calibratian), the iteraton betweencalibration in
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steady state and cabration in transent regime was constined by the minimum
amountof recharge

Overall, the 3D nodel allowed accountg for the actual geostry of the aquer
but also the lateral \ariaklity of its physical popertiesas well as pmping ard
rechage for a precise prediion of seawter intrusion in the Korba aquier. It is
obvious that e assmed boundary aa initial conditions hghly condition the
calibrated model parameters andthereforeits outputs. Ne\ertheless, tke regonal
flow feaures ad their time evoltion, the geometry of the mixing oneas wel as
the welocity of saltwaterwedye were estimted by field invesigations but also
reasomly well reproduced by mears of the calilvated 3D numerical groundwater
model. Resluts shaved that the sitwation in the cerral part of the Korba aqifer is
critical. The aguer is exploited at 135 % (pumpingfechage) The calbrated
punping rates in the rorthem (north Lebnadam), cental (between Lebna damand
Korba) ard southem pat of the Korba aqufer in 2004 are 13 Mm®/year, 22
Mm?3year, and 12 Mityear, respctively; while the tdal rectarge (areal ad latera)
is 13 Mm®/year, 10 Mriyear, and 14 Mryear, respctively. It is wath nating that
the ideaof pumping raes equivalent to the rechage ratesis a msleading conces
discussd in Bredéhoeft (2002. Sone decsions hawe to be tken to awid further
satwater ontamination, epecially in the rorthem and southern pat of the aquifer.
A sustainable groundvater managenent schene in the Korba ayuifer could be
estblished based on the 3D groundvater model developed in this study. An
optimization stidy for the pumping raes aswell asfor the dosewvation nework is
also reommended Most importantly, the sane methodology that has ben usel for
the estmation of he pumping raes night aso be aplied to other ewvironment and
other vaiables. It can ato be aplied to estmate oher nodel paameters by
combining other auxXiary data. Natwal reclarge for instarce, may be egimated by
combining seondary information like il and geological maps, hed and rain
measuenerts as well asidtributeddata from remote sesing amalysis ina statistich
framework. Futhermore, more shisticated statistical tols like pincipal
conponents aralysis (PCA) can aso be ued to infer estmation of the vargble of
interestfrom indirectdat.

Finally, it is reasomale to point out the urcertairiies whch are affedng the
spatal distributions ofdirect rechage and pumping rates as well as ¢uncertairty
associatedwith the hydrodynamic pamaeters of he aquifer (eg. hydraulic
conductivity, porosity). How do those uncertairties affect nodel predctions?
Analyzing this uncertainty in a stehastic franewak canbe d great irterest for tle
sustinable managenent of the goundvater resources in the Korbayaifer.
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Chapter 4

Grid-enabled Monte Carlo analysis of the
Impacts of uncertain discl rates
distribution on seawater intrusion in the
Korba aquifer (Tinisia)

Abstract The Korba codal aquifer, located in theas of the CapeBon peninglila, Tunida,
suffers heavilyfrom waterscarcity and salinizdgion due to seawater intrusion. In 2000, the
aquifer was exploited from more than 9000ls€The problem, n@reciseinformationwas
recorded concerning the current extraction ratesir spatial distribution, or their evolution
in time. In this paper, geostatisticamodelof the exploitation ratewas constructed based on
a multi-linear regression wdel conbining inconplete direct data and exhaustive secondary
information including aquifer geometrand physical paraneters The inpacts of the
uncertaintyon the spatial distribution of pupng rates uncertaintpn seawater intrusion
were then evaluated usirgg3D densitydepandent groundwater flow and solute transport
model. To circumvent théarge computing time required to run 100 42hys transient
models, the simlations were rade in a pariel fashion on the Gridnfrastructureprovided

by the Enabling Grid for E-Science in Eye project. Monte Carlo simulations results
showed that the uncertaingh the pumping raseled to a zone representing 8.3 % of the
aquifer area, where the groundwater headd salt concentrations were not known with
accuracy

* This chapteiis based on the pajger

Kerrou J., Lecca G., Murgia F. and Renard P2@07) Grid-enabled sintation of the inpact of
exploitation uncetainty on the seawateintrusion of the Koba aquifer Tunisia. Regional impact of
Information SocietyTechnologies in Afica.IST-Africa 2007 Mozanbique.Best paper Avard

Kerroud., Renard P., Lecca G. andfiauni J. (2008) A Grid+eabled Monte-Carlo anadig of the inpact
of uncertain discharge rates distributionsgawateiintrusion in the Korba aquifer (Tunisia). Suitted
to Jounal of Hydrological Sciences
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1. Introduction

In 2001, over h&lthe world's popuaton was iving within 200 kmfrom the
coastand represead as nany peopk as e enire globeinhabtants in 1950(United
Nations Foundaiton 2008). Such a deographc growh in coastl areas has grdgt
increased freshweat demand espedally for agricultural purposes.Groundwagr
resources in these area® dherefore intensively expted despte their exreme
vulnerablity to seawater ittusion. To provide recanmendations to managrs,it is
important to undersand the dynamics of coatl aqufers and @ be abé to model
them Nowadayg, many codes dbw modeling seawadr intrusion as coupmd
densty-dependentgroundwagr flow and nnscible solte transport (Sorek and
Pinder1999). The vadlity and he interestof usng these nurarical modek has been
extensively denonstated n numerous research and cased#ts (Bear etal. 1999;
Diersch and Kolditz 2002; Cheng aB®diazar 2003; Milnes and Renard 2004).

Nevertherless, these adels are affectedy different sources of unceainty
(Carrera 1993). One oh¢ nostimportant is the effectof the uncerdinty dueto the
heterogeneity of the hydraulic conductiviti@his problemhas been investigated
numericaly and anafticaly under diferent assurptions (Dagan and Zeun 1998;
Naji et al. 1998; Al-Bitaand Ababou 2005; Abarca 2006).dddition, it is frequent
that extraction rates arealso hghly unceréin. Not having detil ed information about
extracion raes is a probém encoungéred h many counties wortwide (Cusibdio
2002; Konikow and Kendy2005). In he Korba aqufer (Tunisia), the local water
managenent auhority idenified more than 9000 adve wels in a regon covemg
around 400 ki Most of the wels locaid in very small farms are taditionaly dug,
shalow, and eqipped wth oil motor punps.None of hese wdk is equppedwith a
flowmeter and no surveyhas ever beemade to estinate exhaustively their
exploitation rae.

In Chapter 3, a multi-lin ear regession model was hiilt to estimate tle pumping
rates in the Korbaaquifer by conbining a sees of exphnabry exhausve varables
descrbing the state of the aquier, its propeties, as well asata fran renote sesing
analysis. The puping rates estiates werethen used to calibrate a3D density-
dependent flow and iscible solute trasportmodel but without accounting for the
uncertainty on the estinated pumping rates esgcially their spatial distribution.
Therefae, the main aim of the prese work is to study how this uncertairty canbe
modekd and o investgate whatis its impact on seawagr intrusion. The approach
that is adoped heres to setip a geostistical model of the punping raes basewn
the regressin nodel (Chaper 3) n orde to generat a large number of equaly
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likely simulations. The rext step consists in propagating this uncertairty into a
realstic 3D dendly-dependentnodel by running Monte Carlo simulations.

However running such conplex and regonal seawagr intrusion nodek on a
single PCfor a sufficientnunmber of sbchasic realzaions s often justnot feasble.
That difficulty can be overcoenby using a cluster of coputers on which each
stochasic realzaion is execuéd indep@denty. Thisistodaya conmon technobgy
but it still rerains rather expensive and ralt laboratorieshave access to such an
infrastucture,especlly hydrogeobgists locaied in counties wih low income. This
is an issue because these countries arefatsng the problenof seawater intrusion
and uncedinty with the nost dramatic consequence®r their econony. Therefore
the secondaim of the papers to investgate wheher Grd conputing coutl be used
to run he Mont Carlo simulations renotely and posdily direcly from the
counties wherette probens occur. G computing (Fosér andKesseman 1998)
isan energing technobgy that allows usersd launch conputatons on a ditributed
netvork of computing resources whouthaving  care abouthe process of aking
a renote login on a machne, ransferrng the data back and foft, launching the
jobs, etc. All these aspects are handlsd a mddleware whichis a software
allowing the user to connect sectely to the gid ard run the jobs. The Grid takes
care of finding a rachine that is availabl#ransfer bhe informaton, run he job, and
send ke resuls back. While that vision is very appeahg and exenely well
adaped for runnng Monte Carlo simulations, here arenowaday only a limited
nunber of Grd infrastuctures hat are runmg at a large scak. Furthernore, the
technology is still in developemt andnot always stable and this is why it is
interestng o sudy wheter te exercse can be done or not

The ams of this chapér are 1) ¢ investgate how to model and propagag the
uncertairty on the sptial dstribution of the extraction rates to seawater intrusion
model outpus, espeally headand sa concentaton dstributons and 2)d test
wheher t is feasble to use Gnl technobgy to run Monte Carlo simulations.These
two quesions are addressed bgaing the exanple of he Korba aquer.

2. Site description

The Korba aqgder is locaed n the Cape Bon pennsub in Tunisia (Fig. 1). It
covers approxnately 400 knf and has been extsively studied (Ennabl 1980;
Tarhouniet al 1996;Khlaifi 1998;Panconi et al 2001;Slama etal. 2008;Kouzana
etal. 2009).
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Fig. 1 Location map of the Korba aquifand geological settings (squares
are 10 byl0 km). Hydraulic heads olesved in august 2004 are also shown.

Three maingedogical formations congtitute the agiifer system The first is of
Tyrrhenian (Quakrnary) age forning approxinately a 1.2 kmwidth band pardél to
the coast all along the domm. It is @nstituted rainly by arenitic linestone
underlned bya congbmeratic layer (Oueslat 1994). Is thickness vags betveen 10
and 50 m. The second foration is of Pliocene age and corresponds marine
sedments depodid in the Dakha syncline in the Norh of the cty of Korba. The
dominart lithologies inthat farmation are yellav sards with alterrating clay ard
sandstone levels. The third foation, cdled “the sands of Soaa”, is of late
Miocene age and is localizexhly in the Souh of the study area. Itis conposed
mainly of thick fine sanddyers of coninentl origin including congbmeratc levels
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and clay lenses. The Pliocene fatmon thickness nght reach 250 noffshore and
decreases toward the edl, while tle Son&a formation thickness exceed®¥)0 m
(Chaper 3). The aqder layers are undenhed by Miocene rarls forming the
bedrockof the system (Ennabi 1980). Ths aquiard congtins lenticular sandsine
bars of vamble thickness and deptoften separad by thick layers of almost
impervious narls.

The aquifer is essetially unconfined The PlicQuaterrary uwits which
constitute the largest part of the aquifeorth of Sonda) are the wst productive
and are characterized by the highest dnassivity. (Chapter 3) estiated the
hydraulic conductivity of the Quatemyaarenitic limestone to be around “f0n/s
and of 5 10 m/s for he Plocene formaion and 6 18 m/s for the Sor@ia one. The
sane auhor estimated the ratual reclarge o the aaiifer by infiltration of
precpitation  around 29 Nh*/y with high variability in space and tem and
ranging betveen 8 % and 30 % olfi¢ neanannualrainfall of 420 mm/y. However,
the abstacion raes which sarted in early 60’s (Ennalil 1980) nainly for
irrigaions purposes were gsated b be rangig around 50 vh® from early &'sto
2004(Ghaptr 3).

Under natiral condtions, groundwatr flows towards he sea. However, due t
the intense groundwatr abstacion, hydrauic gradents arereversedmainly toward
the cental partof the aquier leadng b enhancedeawagr intrusion. In 2004, the
piezonetric map showed a vde depressn in the cental partof the aquier (Fig. 1)
where he hydrauic head wentdown b 12 munder he mean seaevel. Vertical
salinty profiles in the wells at 2km from the shoreline showed Total Dissdved
Solid (TDS) vales rangng betveen 2 and 15 b/confirming the landwardseawagr
encroachrent. In Chapter 3, we estatedthat the seawater tnusion velocity was
on the order of 100 i during the last decade and corresponded to ardiha®/y
of saltwater etering to the aguifer.

3. Methodology

3.1 Geostatistical nodel of the Punping rates

The geosttistical model of the punping raes devebped for he purposes ofhe
presei study is basedon the nulti-lin ear regessian model built in Chapter 3 For a
beter undersanding of the approach adopd herem, the prevous satistical
framework is preserdd briefly. In Chaper 3 we useda set of 432 measured
pumping rates(Fig. 2a) asa referewe toconstruct a multi-lin ear regession model.
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The latter conbines 8 secondarparaneters such as agi@r transmssvity, crop
evapotanspraton, seasonahead va@ton, etc. The regression was then used to
estmate the punping raes over he whok aquier using the 8 exhaustvely mapped
variables (Fig. 2a). Even fi the correftions betveen sora of the secondary
paraneters and bhe punping raes were dtstically significant others showed weak
correlations. The fi-linear regression mwdel fit is not very accurate anahn
important resdual error & clearl visible on he plot of esimated versusmeasured
discharge ras (Fg. 2b).

110°m’sy] 20}
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Fig. 2 (a) Averagepumping rates map aft€hapter 3with the location of
the exhaustive pumping rate surv@asied line polgon); (b) Scatteplot of
edimatedQ, versus measureg,,, pumping rates; (c) histogram of the resideial
and (d) experimental (black circlenpéh model (solid line)ariogramsof the
error.

In this study, the statistics aththe smtial dstribution of the residials e between
the measuwed pumping rates ad those canputed by the multi-lin ear regressim
model were analzed n a geostistical framework. It was found tiat the resduak
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could be approxhated by a Gaussin dstribution (Fig. 2¢) of zero reanand2.110*
m’ly standard dewtion. The expemental variogram (Fig. 2d) showeda spatal
structure, indicating that the errorsriedate over distances reaching up to 700 m
The expermental variogramwasthen modelkd usng an exponerdl model with a
range of 700 n{Fig. 2d). In ordera allow more spaia coninuity of the punping
rates atsmall scaks, t was dealed notto use a nuggetffectin the nodel

Based on the varbgram model and he Gaussin dstribution, uncondional
simulations using the turning band nethod (Matheron 1973Tompson etal. 1989)
were perforred 0 generag 100 resilual maps over he whok domain. The grid
used to simulate tre residials is tle sane as ged in Chaper 3 to estimate the
averagepunping rates map and correspondsotthe wel densty 300 x 300 m
resoltion grid. Eachresdual map was addedotthe average one (estated bythe
multi-linear regressionjo obtain 100 equallikely realizations of raps of punping
rates all shring the sane taal volume.

3.2 The Korba aquifer 3D numerical model

The nunerical groundwaér model used ¢ propagas the uncerdinty on the
punping rates to seawater intrusion foréeagas developed in Chapter 3 and built
with Groundwater simulator (Cornabn 2007).GroundWagr is a hree-dmensional
finite element simulator. It solves a broadangeof coupkd processesincluding
variably satrated flow, dendy-dependentlow, heat andherno-haline transport,
aswell asgroundwagr age.The mesh honomg the 3D georetry of the aquier was
discretzedinto 877'249 prsmatic finite elements and 19 dyers (Fig. 3) with local
refinenment in the nain aquifer and close to the sea.

The steady-state flow boundary conulits are a prescribed head the
seafbor andconsant lateral inflow on te norhern partof the Plocene. The seaie
boundaryextends 3.5 kmoffshore (arldrary fixed) © avod unreailstic boundares
effecs. In tansent regime, addtional lateral fluxes were a@tibuted © accountfor
recharge fronthe Lebna danand an inagasig discharge rates inthe wells. The
recharge of the aquifer by infiltration of preciptation (on the tg layer) was
estmated from1960 b 2004, bythe daiy Thornhwaite-Mather method (Steenhus
and Vanderrolen 1986), usig the regonal soi distributon (100by 100 m grid)
with relative field camcities, aily rainfall and pan evaporation data. It is wath
noting that 1498 tme-dependenfunctions (1491 fortlie wel clusers, 6 for the areal
recharge ard 1 for the lateral rechrge) were inplemertedin the nodel. With regard
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to transport boundary conditions, aximum relative seawater concentration of 1 [-
] was asgined atthe seafbor only to inward seawater fluxes (water entere
aquiferwith seawater concentration butitexwith the agifer’'s cancertration). The
calibraton of the 3D nodel aganstfield observabns has been a@ved n a ime-
dependentiterative and seimaubmatic fashion usng PEST (Doheyt 1998) for
flow and bytrial and error for fanspot. The overall calitration of the nodel is
considered suficient to use the nodel for predcting uncertairty on headand salt
concentation distributons wihin the Korba aquifer.
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Fig. 3 The Korba aquifer 3D numeal nodel, nodified afterChapter 3
Note that wells were attributed at around 10rom model surface anthe
lateral fluxes were integrated ovéne Hiocene thicknes Element sizes
ranging from 150 to 200 m ithe main aquifer and ranging between 50 and
100 m near the shoreline. Verticalthemesh is divided into 1Byers with 5
m thicknes in average.
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3.3 Monte Carlo sinmulations and Grid computing

A standard MonteCarlo method was used. For each realization, the eriral
model was run (in transent regime for 44 years) bychangng only the discharge
rates. The resuing ouputs are pogtrocessedad obtain enserble statistics and
probahlity maps of heads ard concertrations. Eachsingle sinulation required more
than 14 hours of coputing tme (on a inux AMD Opteron 64 bit machne). To
circumvent the large conputing time requred © conplete a suffcient number of
simulations, he nunerical simulations were runconcurrenty on the Grid
infrastucture devebped bythe European EGEIgroject (http://www.eu-egee.ojg
The EGEE platformconsists ofover than 68,000 CPUs in addition to about 20
Petbytes of sbrage. EGEE gd includes nore than 120 pamhersin 48 counties
organzed in 13 geograplualy dispersed cddboraton groups (vitual
organkzaions) focused onheir speciic resarch areas. A particularly interesting
aspectoffered by this emerging technobgy is that non-European parers, e.g.
Tunisian acadero researchers and wateamagers, can run, via a web portal, their
groundwager simulations on the sanme Grid plattorm via the EGEE corpanion
project EUMEDGRID (http://www.eunedgrid.org. Note that Monte Carlo
simulations were cared outusng boh CODESA3D (Ganbolat et al 1999) and
GroundWater (Cornabn 2007) for corparison and vabation.

4. Results

4.1 Discharge rates

Theensenle averageof the 100 puming rak realzaions was ahost similar to
the regressin esimation of Chaper 3. Figure 4showstwo exanple reaizaions.In
1985 and 2004,he btal estmated expbitation volumes are 50 and 47 mfly
respedively. The 100 snulated punping rat maps have dl the sane total
abstacion volumes as lie average miulated resdual is null. The nagnitude of
absolute residuals, which iandonty distributed for eaclsimulation in all wells, is
31.25 and 29.3 kh® in 1985 and 2004, respectly. It correspondsot62.5% of the
total abstraction volum At each pointhe groundwater abstraction cha highly
variable through the 100 smulations as shown fomio canddae wells (240 and
361) n figures 4c and 4d. Theadian valie of he rato Qua/Qmin IS 6.5, and ti
depends orhe wel locaion. The average puying rat on a sngle grid cell is 3.15
10" m*y in 2004. Fgure 4e showshe ime evoltion of he punping rates from
1960 b 2004 wheh is the sane as n Chapter 3.
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Fig. 4 (a) and (b) Two example maps of the pumpiates(Q, 1996); (c)
and (d) Histogram of pumping ratder two wells (240, 361). (e) Time-
dependent evolution functions fboth wells (solid black line for £, and gray
dased line for Qgy) with 1996 volumes as reference.

4.2 Grid Computing

The simulations were executed on the EE infrastructure. Each sidations
was launchedseprately withthe help of Unix shell scripts which execute differert
tasks (e.g. namng, deconpressng, copyng files) and a JDL fe (Job Descption
Language) descrbing all input and ouput files (of he smulator) and he
requrements for the job, Bunching the job (ushg gLite conmands) on he grid,
monitor the job, ard trarsfer kack the resits. Three techical difficulties were
encouneéred dumg that procedure. Fst the mddleware wasnot stable. It was
necessaryo adaptregubrly the shel scrpts. Seconda significantnumber of jobs
(between 20 and 30 %) were not executedause of reliability problesnin the
infrastucture. Thrd, transferrng the files was iime consurmg, but this could have
beenoptimizedby running the postprocessig as wel on the Grd instead of dang
it locally after laving trarsferredbackall the files. Ths experierce hasshown thatit
is still more dfficult to run Monte Carlosimulations on a Grid infrastricture than
running it on a local cluster, bittcould be done with success.
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4.3 Monte Carlo sinulations

First d all, the ersenble average head and concetibn dstributions (Fgs.
5ab) are in agreeemt with the conceptual odel of theaquifer as well as the
observed headi2004 (cormpare Fg. 1 andFig. 5a). Ensefrie average raps show
very well the large depressian in the certral zoneof the aquier and he consequent
seawater intrusion.

405E+06 i 4.05E+06

4.04E+06 4 04E+06

660000 6.60E+05

670000 530000 s 6 70E+05
(a) X (b) X

6.80E+05

Fig. 5 En®emble average (a) head [n(b) relative concentration [%haps
for the 100 realizations.

Howewer, it is inportart to natice that the map of enserble average heads over
100 smulations b different from the map of heads callated ushng the average
punping. The sam occurs for concerdton. Ths is normal and due to the
nonlinearty of the flow and tansportequaitons asti was stidied for example by
Delhomme (1979). It is worth noing that enserble averages of head and
concentation dstributons are rare robustpredction asconparedto the solutions
resuting from ushg average puping. Not that model paraneters were not
calibrated for each sinlation of the purping rates.

In addition to ersenble awerages, tle probahlity distribution functions of heads
and concentrations at any point and the probabiligpsrfor exceeding aertain
concentation or headthreshotl were calculated. Figure 6 showshe histograns of
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headsand concentatons n two arbtrary wells (360 and 240). The s$tograns
reflect the effects of unceréin punping raes on heads and concaatton and &o
show hat small concentations are rare uncerdin (compare6c and 6d). The same
figure abo showsHat higher punping raes (in average)dd to higheruncerainty
(compareFigs. 4c ard 4d ard Figs 6¢ ard 6d). Figure 7 shows the probahbility map

of exceeding a relative concentration df QFig. 7a) and the probabilityam of the
water talbe to fall below the meansea leel (Fig. 7b). Thesemaps are graphically
not very differentfrom the maps tat onecould buid based on a tkctgeosttistical
interpolation of heads or concerations. Making such an angis would alow to
map the heads and concentrations and evalhatencertairty relatedto the lack of
head or concentration datdowever,making such naps nmay not be easy because
neither the headsjor the concentrations are stationary in space anck.tifhe
geosttigtical anaysis would then needd berather sophsticaed, furthernore sucha
study would notaccountfor the physics of he process. The aps shownin Figures

5 and 7 have a fierent meanng. Theyrepresentthe uncerdinty in headsand
concentationsresuting from anevalaion of he uncerdinty on he discharge ras.
They are interesting because they allspect the basic physics used in the 3D
density-dependentiow and solute trasport nodel. Because other uncertainties
were notaccoungd for, tey also represerd lower bound oflie uncerdinty.
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Fig. 6 Histograms of H [m](a) and (b) and C [-{c) and (d) in the wells
Qss1 and Qg regectively. Note that ersmble average (blacKine) and
enemble average pluand ninus2 engmble standard deviations (gréipes)
are alg shown.
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Analyzing more precisely tle resuts, one can extract the regions where the
probabilities are interediate. They corsgpondto the maximum uncertainty. For
exanple, in 2004 the area delited by the 0.05-0.95 isoprobability contours of
exceeding the 0.1 relative concentration (4GYyers a fraction of about 4% the
total onshore area b the aqifer. Ths mears that the uncertaity on the spatial
exploitation ratesdistribution leads to a rather snall uncertain area inwhich the

seawatr intrusion may or mey notbe encourgred.

=< 407E+08

4 DGE+06
4 DEE+0E

4.05E+06

404E+0E

Fig. 7 Probabilitymap for a point (a) to be under theeam sea level and (b)
to exceed the 0.1 relativels concentration. Both aps show 0.95, 0.5 and
0.05 isoprobabilitycontours.

Another wayof looking atthe probemis to estmate the areain which it is not
known precsely wheter he groundwadr levels are bebw sea ével. For that
purpose, e cancampute the area dlimited by the 0.05-0.95 probahlity contours
of beng bebw the mean seaevel (UH). It was foundhat it is about8% of te area
of the aquier. Geograplualy, Figures 7a and 7b showat the large uncewinties
on heads and conceatons are dcaied around He piezonetric depressn in the
cental partof the aquier and athe frontof the advanaig seawadr.
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The anaysis of the temporal evolution of the uncerdinty indicabrs (Fg. 8)
revealsa dfferent behavior for heads ard concertrations (UH am UC). Intially,
there is no uncertainty becausk realizations start frorthe sare initial state (i.e.
no punping). Thenlhe uncerdinty on heads ses ramly with increasng discharge,
it never decreases even when thesclarge decreases. The uncertainty on
concentations rees as welregubrly butata smaller rate. Tis is eplained by two
factors. On one side, the flow equation redaster than the transport equation. On
the oher stde, he wo processesre not affecting the samdonmain: the seawater
intrusion occurs only on a strip along tlw®ast while the piezo#ric map reacts
everywhere in the domain. Using the sane normelizaion consént (area of le
aqufer) for bot processesiarbtrary.
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Fig. 8 Time evolution of the uncertaintyQ (gray polygon) is total
edimated exploitdon volumes [Mni], Uy (thin black line) is the ratio (%)
between the uncertain areath respectto the probabilityto fall below sea
level and the onshore aquifer area,cUthick black line) is the ratio (%)
between the uncertain area with respedhe probabilityto exceed 0.1 relative
concentration and the onshore aquifer area.

5. Discussion and conclusions

The ains of the present work were tovestigate fow to evaluate the uncertairty
assocated wih the spaial distribution of he punping raesin the Korbaaquier and
to test wheher grid conmputing coud be usedor the Monte Carlo analysis. For that
purposea geosttistical anaysis of the spaia distribution of punping rats coupéd
with Monte Carlo smulations were deplyed on the distributed computing
infrastucture provded bythe EGEE Gril platform.
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Surprsingly, it was found hat the uncerdinties on nodel predctions were
small. The hydradic head uncertairties were largr than the salt cocertration
uncertairties. There arese\eral irterpretatians for such moderate leel of predcted
uncertainty. First, all tre aher agiifer paraneterswerekep constart to sefratethe
effect d the uncertainy assaiatedwith the smtial dstribution of the pumping rates
from the effect of the uncertainty assmed wih other nodel paraneters.
Furthernore, the varbgram model used ¢ simulate the corredbn trms, and
therefae the varialility betweenthe sirulations, has a srall rarge as caparedto
the extent of the nodel As a consequence) spie of the factthat two neghbor
wells might have verydifferent punping raes in the sane simulation, this may be
conpensatd by the redstibuion of the punping rates betveen different
simulations.However,evenif the area démited by the isolines 0.05 and 0.95 afe
probability of exceeding the Orglative salt concentrations is satl with respect to
the extent of the aquifer, it still coversore than 1300 ha and represehigh
potential losses in agricultural produsti resulting in a high socio-econmal
impact on he local popubkton. Furhernore, his area $ expectd b coninue to
increase de to the time-shft betweenthe evolution of he uncerdin areaand the
evolution of the punping raes (Fig. 8).

In terms of grid computing, the experierce stowed that it was nore dfficult to
hande Monte Carlo simulations on he EGEE nfrastucture han ona regubr
cluster. This was anly due to the facthatthetechnology was still in developnt
duringour tests and that we faced insli&pproblems both with the nddleware and
the infrastructure. However,the grid could be used reptely to launch simulations
from different locaions n Europe (Sardiia and Swierland). With the rapid
advances in Grid technology, is expectedthat the reliability and stability issues
will soonbe overcora and that the téoology will rapidly becora conpletely
transparent for the user. Itégearthat this will providea formdable opportunity for
countries or researchers havingitied access to local cgomuting resources.
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Chapter 5

Stochastic forecasts of seawater intrusion
in the Korba aquifer (Tunisia) towards a
sustainable groundwater management*

Abstract This Chapter is concerned with numerical groundwater modelling considering
heterogeneous and uncertain hydraulic parameters. It describes how uncertainties on model
inputs can be modelled and propagated to long term forecasts of flow and solute transport
model. Theses general objectives are addressed through the case study of the Korba coastal
aquifer (Tunisia). The stochastic framework presented in this work consisted firstly in
modelling two sources of uncertainty. A geostatistical model of the exploitation rates was
previously constructed based on linear regression model combining incomplete direct data
and exhaustive secondary information including aquifer geometry and physical parameters. A
geostatistical model of the hydraulic conductivity within the aquifer was built by combining
lithological information and a limited number of hydraulic tests. Secondly, the effects of both
uncertainties on 3D density-dependent transient model were analyzed separately and then
jointly. Most important, the forecasts of the impacts of two different management scenarios
on seawater intrusion in 2048 were performed in a stochastic framework and accounting for
uncertainties on the input parameters as well as eventual changes on the boundary conditions
of the Korba aquifer. Both uncertainties led to a zone representing 12 % of the aquifer area,
where the groundwater heads and salt concentrations were not known with accuracy.
Moreover, long term forecasts showed that most probably, the Korba aquifer is potentially
subject to important future losses in the agricultural sector.

* This chapter is based on the paper:

Kerrou J., Renard P., Cornaton F. and Perrochet P. (2008) Stochastic forecasts of seawater intrusion in
the Korba aquifer (Tunisia) towards a sustainable groundwater management. Submitted to Advances in
Water Resources
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1. Introduction

Numerical models are frequently used to assess seawater intrusion problems
(Galeati et al. 1992; Iribar et al. 1997; Yakirevich et al. 1998; Bear et al. 1999;
Paniconi et al. 2001; Sadeg and Karahanoglu 2001; Aharmouch et al. 2002; Arfib et
al. 2002; Milnes and Renard 2004) and to design optimal groundwater resources
management schemes (Cheng et al. 2000; Mantoglou et al. 2004; Abarca et al. 2006;
Alcolea et al. 2008). With the increasing debate on climate change and its potential
impacts on groundwater resources worldwide (Eckhardt and Ulbrich 2003; Holman
2006; Scibek and Allen 2006; Bates 2008), groundwater models are more and more
used for investigating the response of coastal aquifers to potential sea level rise, or
changes in recharge (Sherif and Singh 1999; Essink 2001; Ranjan et al. 2006).

Nevertheless, the modelling of seawater intrusion in coastal aquifers remains a
challenge (Diersch and Kolditz 2002). Solving density-dependent flow and solute
transport equations requires numerical methods that are very sensitive to space and
time discretization. These issues are even more critical when the heterogeneity of the
aquifer has to be accounted for. The difficulties are usually reduced by simplifying
the problem (reducing problem dimension, assuming homogenous model
parameters, assuming a sharp interface, etc.), but even under these simplifications,
seawater intrusion models still often imply considerable computing efforts. In
addition, the lack of data to estimate model inputs and their distributions in space
and time, necessary for a reasonable calibration, leads to uncertain model
predictions. In general, the resulting uncertainties justify the need of stochastic
models as a tool to help decision makers (Renard 2007). This is illustrated for
example by the work of Hassan et al. (2001) and Pohlmann et al. (2002) who
evaluated the uncertainty on the transport of radionuclides in a coastal site in Alaska.
Using a homogeneous model and Latin Hypercube sampling, they showed that the
ratio between recharge and hydraulic conductivity was the parameter most affecting
the uncertainty.

In this study, we are interested in the Korba region located in Tunisia (Fig. 1),
where seawater intrusion is progressively invading the coastal aquifer. Although the
invasion is relatively slow as compared to the lowering of the water levels, it is
threatening the agricultural production. Previous calculations have shown that it
would require about a century to recover the natural state if all the groundwater
exploitation could be stopped now (Chapter 3). While this is not a possible
management solution, the main aim of this part of the work is to provide forecasts
regarding the possible evolution of the aquifer in the next 40 years if the
groundwater abstraction is pursued as usual or if the water management authorities
impose a drastic reduction to the farmers.
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Fig. 1 Location map of (a) Cape Bon north-eastern Tunisia and (b) Korba
aquifer; (c) geological setting (AA’ cross-section is shown in Fig. 2).

The scenarios account for a plausible evolution of the climatic conditions in the
region. Because the system is imperfectly known, a stochastic approach has been
chosen. In particular, the uncertainty on the spatial distribution of the pumping rates
and the uncertainty due to the heterogeneity of the aquifer are considered. The
model of the pumping rate distribution has been developed in Chapter 3. The model
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describing the spatial heterogeneity of the hydraulic conductivity has been
constructed by combining lithological information and a limited number of
hydraulic tests. The lack of sufficient information did not allow to infer a precise
geostatistical model and this is why uncertainty on the parameters of the
geostatistical model was included as well in the analysis. The combined and
separated effects of the two sources of uncertainty (extraction rates and hydraulic
conductivity) are compared. From a practical point of view, despite the uncertainties
that were analyzed, the computations showed that the aquifer deterioration that has
been monitored in the past decades will continue even if groundwater abstraction is
massively reduced.

2. The Korba aquifer system

The Korba aquifer system is located in the east of the Cape Bon peninsula in
north Tunisia. It is about 40 km long and 10 km wide, bounded by the
Mediterranean Sea on the eastern side (Fig. 1). As a major source of freshwater, the
aquifer is intensively exploited mainly for irrigation purposes. Its exploitation
started in the early 60’s and has been estimated to be ranging around 50 Mm’/y
during the last decades. From the early 1980’s to 2004 pumping has taken place
from more than 9000 wells (DGRE 2000). Aquifer recharge mainly takes place by
infiltration of precipitation which is highly variable in space and time. It is ranging
between 8 % and 30 % of the 420 mm/y average annual rainfall, which represents 29
Mm’/y in average (Chapter 3). Such unevenness between inputs and extractions led
to seawater encroachment in the Korba aquifer, contaminating groundwater as far as
2 km inland in 2004. That situation has motivated numerous studies (Tarhouni et al.
1996; Khlaifi 1998; Paniconi et al. 2001; Slama et al. 2008; Kouzana et al. 2009).

The main aquifer formation is of Pliocene age and mainly consists of yellow
sand with alternating clay and sandstone layers (Ennabli 1980). The thickness of the
Pliocene formation is about 80 m in the central part of the area, reaching 250 m
offshore and decreasing towards the west (Figs. 1 and 2). This formation is
overlayed by Tyrrhenian Quaternary rocks which forms a 1.2 km wide strip parallel
to the coastline all along the study area (Figs. 1 and 2), and is mainly composed of
arenitic limestone and conglomeratic units (Oueslati 1994).

In the south of the study area, the late Miocene formation, called the Somaa
sands, represents the second aquifer formation in importance. It is mainly composed
of thick fine sand layers of continental origin including conglomeratic levels and
clay lenses for a total thickness of 400 m. Figure 2 displays the conceptual model of
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the Korba aquifer which was used to establish a 3D numerical transient model of
density-dependent flow and solute transport.
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Fig. 2 Simplified geological cross-section (localization in Fig. 1) of the
Korba aquifer system illustrating the conceptual model based on up-to-date
geologic and hydrodynamic data. The maps (interpolated by kriging) of
aquifer surface and bedrock topography, August 2004 water table as well as
the percentage of seawater electrical conductivity are also shown (Chapter

3).

3. The 3D determinstic numerical model

For the purposes of this study, a high-resolution 3D numerical model of density-
dependent flow and solute transport in the Korba aquifer was elaborated with the
Groundwater code (Cornaton 2007). To honour the high well-density and to account
for the heterogeneity of the hydraulic conductivity, the 3D mesh was discretized into
1.616 million prismatic finite elements (0.842 million nodes) with 36 layers. The
mesh displays local horizontal refinement especially close to the sea and vertically
in the main aquifer (Pliocene) with an average layer thickness of 3 m. The boundary
conditions (BCs) and model parameters were obtained by calibration as previously
discussed in Chapter 3.

Steady-state BCs consists of prescribed head on the seafloor and constant lateral
inflow along the northern limit of the Pliocene formation. The seaside boundary
extends 3.5 km (arbitrarily fixed) offshore to avoid unrealistic boundary effects.
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Fig. 3 The Korba aquifer 3D numerical model and three flow material
cross-sections. Note that wells are attributed at the third slice and lateral
fluxes are integrated on the thickness of the Pliocene only (modified after

Chapter 3).

For the 44 years of transient-state simulation (1960-2004), time-dependent
lateral fluxes as well as increasing discharge rates in the wells were considered.
Space and time-dependent sources for flow were attributed on the top layer of the
model to simulate recharge by infiltration of precipitation, estimated to be around 29
Mm®/y in average. As transport boundary conditions, a maximum relative seawater
concentration of 1 [-] was assigned on the seafloor with the constraint to be
attributed to inward seawater fluxes only (water enters the aquifer with seawater
concentration but exits with the aquifer concentration). Note that for both transient
simulations of flow and solute transport, steady-state solutions were used as initial
conditions. Calibrated flow and transport parameters are displayed in table 1.
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Table 1 Model parameters

Parameter Value
Seawater density [kg/m’] 1.025 10°
Freshwater density [kg/m’] 1.000 10°
Fluid viscosity [kg/m's] 1.000 10
Maximum relative concentration [-] 1
Average annual recharge [mm] 89

Hydraulic conductivity isotropic) [m/s]:

Q1;P1;P2:M1;M2 210%;110%510% 6 10% 1 107
Storage compressibility [1/m] :

Q1&P2;P1;M1;M2 51073107 610% 1 10"
Porosity [%] :

Q1&P1;P2&M1;M2 10; 8; 5
Longitudinal dispersivity [m] 400
Transverse dispersivity [m] 40
Molecular diffusion [m?/s] 1078

4. Uncertainty modelling

4.1 Pumping rates

The stochastic model of the spatial distribution of the pumping rates has been
described in detail in Chapter 3, therefore we will only recall the main assumptions
and principles underlying that model in this section. First, a limited number of
reliable pumping rate measurements available in the central part of the aquifer were
used to calibrate a multivariate linear regression model combining 8 secondary
variables including aquifer transmissivity, crop evapotranspiration, seasonal head
variation, etc. This allowed to compute a map of estimated pumping rates. The map
has been corrected in the regions where no direct data were available based on field
knowledge and based on the calibration of the groundwater flow model Chapter 3.
In the central part of the aquifer where measurements of flow rates were available, it
appeared that the residuals between the estimated map and the measurements were
spatially correlated. This allowed to infer a geostatistical model and to generate 100
equally likely unconditional simulations of the residuals. It was assumed that the
statistics of the residuals are stationary over the whole aquifer. Each of the residual
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maps was then added to the average map , leading to 100 pumping rate maps all
sharing the same total extraction rate as the residuals have a zero mean (Fig. 4). The
temporal variation of the pumping rates is modelled by rescaling the maps by two
time-dependent functions (Fig. 4e) as described in Chapter 3.

Q240
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Fig. 4 (a) and (b) Two examples of the pumping rate maps (Q 1996); (c)
and (d) Histograms of pumping rates for two wells (240, 361); (e) Time-
dependent evolution functions f [-] for both wells (solid black line for Qyy
and gray dashed line for Qs¢;) with 1996 volume as reference.

4.2 Hydraulic conductivities

The characterization of the heterogeneity was focused on the Pliocene formation
because it represents the main aquifer. Two datasets were used. The first consists of
15 hydraulic conductivity data estimated from slug tests completed in the Pliocene
formation. The slug tests were carried out by rapidly submerging a sufficiently
heavy waterproof metallic cylinder into piezometers after installing pressure data
loggers. The target was to create significant instantaneous drawdown and recovery
in the order of one meter. Pressure data for both drawdown and recovery were then
processed and interpreted mainly using Cooper et al. (1967) and Hvorslev (1951)
models. As compared to pumping tests, which provide large-scale averages of
hydraulic conductivities, slug tests allow a better characterisation of the small-scale
heterogeneity. The hydraulic conductivity estimated from the slug tests varied
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between 1.3 10* m/s and 7 107 m/s with a variance 02|n(k)=1.5. In addition, the
calibration of the 3D model have led to a value of 5 10 m/s for the average
isotropic hydraulic conductivity of the Pliocene formation (Chapter 3). The second
data set consists of 36 lithostratigraphical logs located mainly in the central part of
the aquifer (Fig. 5) and provided by the regional water management authority
(CRDA Nabeul). Those data describe the vertical distribution of the lithotypes
within the Pliocene formation.

The procedure used to build the 3D fields of hydraulic conductivity is not
standard. It was conceived to combine the available data in a simple manner and
provide realistic 3D fields even if the inference of a proper geostatistical model
could not be done due to the lack of sufficient data. First, the 36 geological logs
were analysed qualitatively with respect to the lithotypes granulometry. Then, the
lithostratigraphical data were assigned to three main lithotypes: sand, sandstone and
clay with a resolution of 1 m (Figs. 5ab). The computation of the experimental
variograms in 3D of each lithofacies did not show any clear spatial correlation. It
was therefore decided to convert all lithotype data into hydraulic conductivity values
in order to model them directly. To do so, a Gaussian distribution of the hydraulic
conductivities was assumed. Its variance was estimated from the slug test data, and
its mean was computed according to the following consideration. Since the
horizontal hydraulic conductivity highly controls the seawater wedge penetration
(Abarca et al. 2007), Ababou’s formula (1995) was used to estimate the geometric
mean /4 of the hydraulic conductivity distribution by solving an auxiliary inverse
problem, such that the effective horizontal hydraulic conductivity of the
heterogeneous fields will correspond to the homogeneous value obtained by
calibration (K =5 10° m/s).

1 A A
ﬂg:KeXf)f(eXp Glik[_g-'_/lﬂ +/1ylz+/12 J (1)
x"¥z x77y y’rz

where Ay, A, and A, are the correlation length in the principal directions of
anisotropy. Using a log-normal distribution of parameters s = 2.38 10” m/s and
02|n(k)=1.5, values of hydraulic conductivity were generated independently. These
values were then sorted. The smaller values were attributed randomly to the less
permeable lithofacies, the intermediate values were attributed to the sandstone, and
the most permeable values were attributed to the sand. This allowed simulating the
vertical variations of hydraulic conductivity for each geological log (Fig. 5b).

109



Chapter 5

Facies In(K)
N ol _F2_F3 1 5 w
% z ':f,;.'::.v 0.8 Hq
ek :
0 -
=
¥
<.
3
_ 20 o
5 =
© =
£ &
573347%° 15964 N 40 "} aan
8626 "t.\._.
I
BN F1: Clay R
F2 : Sandstone -60 _;'
F3: Sand ":;
..
e
-80 P4 0.0 . . .
10 Km -15 -10 -5 0 5000 10000 15000
(a) — (b) In(K) (d) Dyy [m]

Fig. 5 Geostatistical model of hydraulic conductivities. (a) boreholes
location (b) one example of a lithostratigraphical log with random In(K)
values simulated with respect to the facies type (c) CDF of the Gaussian In(K)
distribution (d) directional variograms, note that six scenarios were considered
(see table 2).

In addition, the Pliocene sedimentation in the Korba plain is known to be
slightly dipping toward the sea (1 to 5°) and made of elongated bars parallel to the
sea as described for example in Allen and Allen (1990). It is expected that the length
of these bars is between 2 and 12 km, that they have a width between 2 and 4 km,
and a thickness of a few meters. The computation of experimental variograms on the
hydraulic conductivities generated as described above confirmed that these orders of
magnitude were reasonable as they showed horizontal correlation lengths in the
order of 2-4 kilometres and a few meters in the vertical direction. Furthermore, the
data showed a geometric anisotropy in the horizontal plane with correlation lengths
parallel to the coast about 2 times larger than in the direction perpendicular to the
coast. Because the variograms are not based directly on actual measurements, the
correlation length cannot be estimated accurately. This parameter uncertainty was
therefore taken into account by considering several possible combinations of the
correlation lengths in the different directions (Table 2, and Fig. 5d).
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Table 2. Values of the different sets of correlation lengths used to
simulate the hydraulic conductivity fields.

Set number: 1 2 3 4 5 6
Range perpendicular to the coast [km] 2 2 2 4 4 4
Range parallel to the coast [km] 4 8 12 4 8 12
Vertical range [m] 10 10 10 10 10 10
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Fig. 6 (a) 3D view of the decimal logarithm of hydraulic conductivity
field with wvertical cross sections for two combinations of directional
correlation lengths [m] (b) 4,=4000, 4,=12000 and 4,~10; (c) for 24,=2000,
A,/~4000 and 4,~10.

Assuming a spherical variogram model, the turning band method (Matheron
1973; Tompson et al. 1989) was used to generate 8 simulations for each
combinations of the possible ranges in the different directions (shown in Table 2).
All simulations were conditioned to the 4423 hydraulic conductivity data simulated
along the 36 geological logs. In total, 48 hydraulic conductivity fields were
generated. The simulations were performed using a 200 x 200 x 3 m grid.
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5. Interaction between uncertainty sources

Before investigating the impact of the uncertainty on the possible long-term
evolution of the Korba aquifer, we investigated how the two sources of uncertainty
interact. This was done by running 3 sets of Monte Carlo transient simulations for
the period 1960-2004. In the first set we considered only uncertain discharge rates,
while in the second set we considered only uncertain hydraulic conductivity fields,
and in the last set we considered the joint uncertainties.

For the first set, the hydraulic conductivity field was kept equal to the one
obtained by calibration (Table 1). For the second set, the extraction rate field was the
simulated distribution that gave a response which was the closest to the ensemble
average (in terms of concentrations and heads) in the first set of simulations. For the
third set, all the combinations between six simulations of pumping rates and six
simulations of the hydraulic conductivity fields were used. The six fields of
pumping rate and of hydraulic conductivity were sampled in such a way that they
correspond to regular probability intervals covering the cumulative density functions
of the maximum drawdown computed for the first and second set of Monte Carlo
simulations.

For all the simulations, the initial head and salt distributions were previously
computed in steady-state so that they were physically consistent with the hydraulic
conductivity field used in the corresponding realization. All other flow and transport
parameters as well as time-dependent boundary conditions remained unchanged. For
each simulation, the GroundWader finite-element code (Cornaton 2007) was used to
solve the density-dependent flow and solute transport problem. Each single
simulation required more than 55 hours of computing time on a linux AMD Opteron
64 bit machine. To circumvent the large computing time required to achieve the
uncertainty analysis, Monte Carlo simulations were executed concurrently on a 64
processor Linux cluster. The resulting outputs were then postprocessed to obtain
ensemble statistics.

Globally, all the simulations for the three sets and their respective ensemble
averages display the main features observed in the measurements collected in 2004:
the central depression, higher levels on the southern and northern part of the aquifer,
and a penetration of the salt-wedge of about 2.5 km inland in the central part (Figs. 7
and 8). These similarities result from the use of hydraulic conductivity fields sharing
the same effective values and pumping rate distributions sharing the same means.
Looking more in detail, the head and salt distributions are smoother for the scenarios
considering uncertain pumping rates than those considering heterogeneous hydraulic
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conductivity (Fig. 7). This reflects the spatial variability of the flow velocities due to
the heterogeneity. As expected, the ensemble average maps of heads and
concentrations (Fig. 8) are different from the maps computed using the average
pumping rates and the homogeneous permeability field. This is classical and due to
the nonlinearity of the flow and transport equations (Delhomme 1979). However, it
should be concluded here that ensemble averages of head and concentration
distributions are more robust predictions as compared to the solutions resulting from
using average inputs. It is worth noting that the convergence of ensemble statistics
of the heads and concentrations in the wells Qy4 and Qsg;, and the maximum
drawdown as well as the entering seawater flux over the whole aquifer was checked
and accepted with faster convergence of the averages than the variances.

To quantify the uncertainty, iso-probability maps corresponding to the
probability of a piezometric head below the mean sea level and iso-probability maps
corresponding to the probability of a relative concentration greater than 0.1 were
computed (Fig. 8) for the three sets of simulations. The uncertain areas correspond
to intermediate probabilities. Thus, two global indicators were computed: Uy [-]
represents the area [km”] delineated by the 0.05 and 0.95 iso-probabilty of being
below sea level normalized by the onshore extension of the aquifer (AA=328 km?);
similarly Uc represents the percentage of the extension of the aquifer where the
probability of exceeding a relative concentration of 0.1 is between 0.05 and 0.95.
These uncertainty norms might also be defined as:

U lio”me*of*”m:em"imy[—] = Area0.05< P(H <0)<0.95)/ AA 2)
and
Uéourcefotuncenamy[—] = Area0.05<P(C>0.1)<0.95)/ AA 3)

The results of this analysis are the following:

e Overall, in all cases the uncertainties in 2004 are lower than 10% (Figure 9).
This is less than what was expected intuitively.

e The uncertainty on the concentration is controlled mainly be the uncertainty on
the hydraulic conductivity field (U%c = UX¢, Figure 9).

e The uncertainty on heads increases rapidly in response to increasing pumping
rates while the uncertainty on concentration has a steady growth (Figure 9). This is
explained by the faster response of the flow equation as compared to the transport
equation. In addition, the magnitudes of the two uncertainties are different because
of the different extensions of the domain affected by the process: the seawater
intrusion occurs only on a strip along the coast while the piezometric map reacts
everywhere in the domain.
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e The uncertainty on the heads due to the uncertainty on the pumping rates and to
the uncertainty on hydraulic conductivity is of the same order of magnitude
(U%y = UX,, Figure 9) but the joint effect is smaller than the sum of the two effects
(UK, < U, + U, Figure 9).

e Because the system is highly non-linear, and with transient boundary conditions,
the different sources of uncertainty can become dominant at different time steps. For
example, U% < UK, in 1985 and UXy < U2, in 2000 (Figure 9). Therefore, one
cannot assume that one source of uncertainty will always be the main one.

Additional comparisons of the local probability density functions obtained
under the three sets of Monte Carlo simulations indicate that there is not a simple
way to decouple and simplify the analysis of the uncertainty. This will lead us, in the
next section, to consider only the case of joint uncertainty.
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Fig. 9 Progression of the uncertainties during the simulated period: Q
(gray background) are the total estimated exploitation volumes [Mm®/y], U%y
and U (solid black and gray lines) for the scenario of combined
uncertainties, Uy and U"¢ (dashed black and gray lines) for the scenario of
uncertain hydraulic conductivity field and U% and U (dash-point black and
gray lines) for the scenario of uncertain pumping rates.

6. Forecasts of seawatentrusion from 2004 t02048

6.1 Definition of the scerarios

According to the Tunisian Institute of Statistics (2007), the Tunisian population
will grow from 9.93 millions inhabitants in 2004 to 12.74 millions in 2034. This
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demographic growth will increase freshwater stress, especially on groundwater, over
the whole country. At the same time, most of the global climate change models
(Bates 2008) predict decreasing precipitation and increasing temperatures in the
Mediterranean region for the next century which will affect the hydrological cycle in
many countries. In Tunisia, a reduction of 20 to 25 % of the annual average
precipitation is expected for 2050 (Ragab and Prudhomme 2002), which means that
the precipitation in the study area will decrease from 420 mm/y to 336-315 mm/y.
Consequently, the natural recharge of the aquifer is expected to be reduced by
around 20 % in 2050 both for the direct infiltration and for the recharge from the
underlying aquifers. In addition, the Mediterranean will most probably rise at a rate
of about 2.5 mm/year for the next century (Mangiarotti 2003; Ranjan et al. 2006;
Bates 2008). However, this phenomenon is expected to have a limited impact in the
Cape Bon (11 cm rise in 2048).

In order to forecast the response of the Korba aquifer to a reduction of the
natural recharge and to different management scenarios, long-term stochastic
forecasts were carried out. Two scenarios were considered:

e Scenarb 1: the recharge is reduced linearly and progressively so that the
recharge in 2048 will be 24 Mm3/y, which represents 20 % less than the recharge in
2004. The pumping rates of 2004 (47 Mm3/y) are kept constant until 2048. This
would be a continuation of the 2004 state of exploitation. Note that it remained
constant since the late 1980’s (Figure 9). Because this rate of exploitation
corresponds to the continuation of a clear over-exploitation of the system - the total
extraction estimated in 2004 corresponds to about 135 % of the recharge - this
scenario is considered as the worst case scenario.

e Scenarb 2: the recharge is reduced linearly as for the scenario 1 but the
pumping rates as well are reduced linearly to reach the amount of recharge expected
in 2048. This represents a progressive reduction of the pumping rates by 50 %.

The sea level rise was considered less dangerous than the other threats and was
not accounted for. Considering these two scenarios, Monte Carlo simulations were
continued from 2004 to 2048 with the scenario of uncertain pumping rates and
uncertain hydraulic conductivity field. For reasons of consistency with reality, a
concentration threshold was attributed to constrain pumping wells: pumps are
deactivated if the concentration of pumped water exceeds 0.2 relative concentration,
and restarted for a concentration less than 0.1
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6.2 Resuts

Figures 10 and 11 show the ensemble averages of hydraulic heads and relative
salt concentration as well as the probability maps for the first and the second
scenarios. Those statistics were calculated from 36 Monte Carlo simulations for each
scenario.

In addition to the uncertainty norms U" and U® defined above and in order to
evaluate the consequences of each scenario, the area of the aquifer S“*' where the
relative salt concentrations exceed 0.1 was calculated and normalized by the onshore
surface of the aquifer. Similarly, the normalized area of the aquifer where heads are
below sea level S"° was calculated too. These areas where computed for all the
simulations in order to obtain their statistical distributions. The results are
summarized in Table 3.

Table 3 Summary of the stochastic modelling and forecasts results.

State in 2004 Forecast in 2048

Uncert. Q Uncert. K Joint Uncert. Scenario 1l Scenario 2

P=0.95 27.8 29.8 28.0 21.9 4.1
S*[%] P=05 32.0 33.2 32.8 29.7 11.6
P=0.05 36.1 37.4 37.7 40.7 18.8
P=0.95 23.8 21.2 20.7 335 30.2
S [%] p=05 25.8 23.7 23.4 37.5 33.7
P=0.05 27.7 265 265 413 37.1
Uc [%] 3.9 5.3 5.8 7.8 6.9
Un [%] 8.3 7.6 9.6 18.8 14.6

If we first compare the forecasts in 2048 for both scenarios with the state of the
aquifer estimated in 2004, we find that in all cases the surface affected by seawater
intrusion will increase significantly to reach between 30 and 41% of the aquifer
while it is estimated to cover between 20 to 26.5 % of the aquifer in 2004 (Table 3).
The estimated uncertainty will also rise in both cases. It is worth noting that due to
the constrains of concentrations in wells (Q=0 if C>0.2), 189 wells were turned off
and the total pumping in 2048 was reduced by 7 %.
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When comparing the forecasts made for the two scenarios, the results show that
reducing progressively the pumping rates over the whole aquifer by 50 % until 2048
will affect more the heads than the salt concentration distribution. The area S"°,
where heads are below sea level will be reduced significantly from 29.7 % to 11.6 %
(at a probability level of 0.5), while the area S will be reduced only from 37.5 to
33.7 % (same probability level). This is expected for two reasons. First, as long as
the hydraulic gradients will still be oriented landward (Fig. 11 a), the salt wedge will
continue to penetrate further inland even if the piezometric depression is smaller.
Furthermore, dispersion is not a reversible phenomenon. Consequently, the time
scale required to clean up naturally a coastal aquifer that was invaded by seawater
intrusion are usually much longer than the time scale required for the invasion. This
was shown in the work in Chapter 3 where the time required for the 0.25 iso-
concentration to recede back to its natural state was estimated to be more than a
century after the complete stop of 45 years of pumping. The reduction of the
pumping rates by half until 2048 will therefore reduce the saltwater intrusion
velocity but will not stop it. Most probably (P=0.95), an additional 3000 ha (9.5 %
of the surface of the aquifer) will be affected by higher concentrations (C>0.1) as
compared to the situation in 2004. Those computations show that the time-lag
involved in seawater intrusion and recession is very important to be considered for
planning groundwater and land use.

7. Summary and conclusions

This study investigated how the uncertainties on the spatial distribution of
pumping rates and hydraulic conductivities affect the knowledge of the current state
and evolution of the Korba aquifer in Tunisia. The methodology included a
stochastic model for the pumping rates and one for the hydraulic conductivity. The
propagation of these uncertainties to heads and concentrations in the aquifer was
carried out by Monte Carlo simulations using a 3D numerical model of density-
dependent flow and solute transport. For the setup of the geostatistical model of
hydraulic conductivities, a multiGaussian distribution with geometric anisotropy
was assumed. The stochastic model of the pumping rates was based on a
multivariate linear regression and a geostatistical model of the residuals. The two
sources of uncertainty were evaluated separately and jointly in order to investigate
how they interact. The stochastic model was then used to forecast the head and salt
concentration distributions in 2048 for two management scenarios.
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It was found that the uncertainty on the hydraulic conductivity distribution had
more impact on the transport predictions than the uncertainty on the spatial
distribution of the discharge rates. Both sources of uncertainty affected similarly the
flow predictions but slight differences could be seen when looking at the time
evolution of those uncertainties. Similarly, the uncertainties on flow and transport
predictions behave differently as a function of time. The uncertainty on heads react
generally faster and show stronger responses than those on concentrations when the
pumping rates evolve. The combined effects of the two sources of uncertainty had
more impact on the flow predictions than on the transport predictions.

From a practical point of view, the results showed that if the pumping rates
remain at their 2004 level and if recharge is reduced by 20 % due to climate change,
then there is a high probability (P=0.95) that at least 12.8 % of the surface of the
aquifer will be additionally contaminated in 2048. Reducing the pumping rates
progressively by 50% until 2048 will not result in a recession of the saltwater
wedge; instead an additional 9.5 % (3000 ha) of the surface of the aquifer will be
contaminated in 2048 especially in the central part of the aquifer. The Korba area is
therefore potentially subjected to important future losses in the agricultural sector.
Furthermore, the situation will continue to deteriorate after 2048 in this scenario.

One way to avoid the progressive deterioration of the groundwater quality that
will affect the aquifer for tens of years and to reach a possible sustainable situation
would be to re-allocate the groundwater extraction to ensure the complete recovery
of the central depression. Indeed, the northern and southern parts of the aquifer are
still showing high piezometric levels and could be exploited more intensively. The
different projects related to artificial recharge currently implemented in the region
have a positive impact at a local scale but are an order of magnitude too small to
have a significant influence on the central depression. This is why we think that a
feasible approach would be to increase the extraction in the north and the south and
to reduce it in the center. Water transfer from the different parts and usage of surface
water from the dams could be used to compensate the problems due to reduced
extraction in the central part. The maximum amounts that could be exploited in each
part of the aquifer can be estimated by an optimization study based on the model
described in this study. More generally, the use of uncertainty assessments in water
resources management goes beyond natural science (Refsgaard and Henriksen
2004). Therefore, it is hoped that the stochastic model elaborated in the present
study will be used in conjunction with cost analysis for supporting long-term policy
analysis and strategic decision making for integrated and sustainable development in
the Korba region.
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Chapter 6

Issues in characterizing heterogeneity and
connectivity in non-multiGaussian metlia

Abstract The performances okriging, stahasticsimulations andequeriel sdf-calibration
inversionareassessed when alackerizinga nonmultiGaussian sgthetic 2D baided clannel
aquifer The canparison is based on a serieitieria suchasthe reprodation of the original
refererce rangnissivity or headfields, but also in terns of accuwacy of flow ard tranport
(captue zone)forecasts whethe flow condiions are mdified. We observethat the arors
remain large esn for a dense data network addition some unexpected behaviours are
obsrved whenargetrangnissivity daasts areused. In @rticular, we obgrve anincrease of

the bias with th number of transmissivitgataard an increasingncertaintywith the number

of head dat This is interpretd as a consguene of the use ofrainadequee nmultiGaussian
stochastic model that igotable to reproducthe connectivityof the orignal field.

1. Introduction

Groundwate flow and trasport are conblled by physical poperties tlat are
charactrizedby a high degree of heerogereity and byscdes ofvariation that span
severalordes of magnitude A major difficulty is that this heerogenéty, whaose
knowledge is fundamentl for modeling rekvant envronnmentl problems (e.g.

* This chapteiis based on the paper

Kerrou J, Renad P, Hendicks-Franssen HJ. and Lunati | (2008)Issues in charcterizing connectivity
and heterogeneityn non-multi-Gaussian media. Advances in \&ter Resources, 31(1), pp 7459.
D0i:10.1016/j.adwatres200707 002

Kerrou J, Renad P, HendicksFranssen H. and Lunati I. (2006) A synthetic studyof the wotth of
trangmissivity and head dat@ delineste gloundwaterprotection zaes indluvial aquifers. In Calibration
and Reliabilityin Groundwater Modelfig: Fran Uncetainty to Decision Making. M.F.PBierkens, J.C.
Gehels,and K.Kovar (eds), IAHS Pulication 304,pp 220226, 2006.1SBN 19015@58)
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protecion zne desgn, contaminant migraton peediction, acquifer remediation,
seawatr intruson), has o be inferred on the basisof sparse neasurerants. In the
pastdecales,a large rumber of ecmiques has bee developed with the aim of
characterizig the smtial varialility of aquifer paranmeters andtheir uncertairty
(Koltermann and Gorelick, 1996 de Marsily et al, 2005; Renad et al, 2005.

Geneally spe&ing, the dharaderizaion of the heterogeneity canbe aldressed
basel on direct obsevations of the physical parameers (direct nmethods) or on
observations of the state varablesof the sysém (inverse nethods).

Direct methods infer the distribution of the physical parameters (ransnissvity,
porosity, etc.)from the local information akout the parameters tanmsdves. Note,
howewer, that this information is often obtained by sdving an inverse prolem
involving the state ariables (e.g pumping tests) bu their interpretationis local and
provides parameter values that becorre the input of the chaacterizaion methods.
Additional direct iformation alout the characteristics ahthe pcsition of geological
facies canbe provided by geghysical obswvatons. Among he most widely
employed direct interpolation tecmiques are kiging and stehastic nultiGaussian
simulations. They both are two-point geosttistical methods hat proved efficientin a
wide vaiety d applications in hydrogeology kut alsoin other fields such asmining,
or petoleum engneerng (Delhomme, 197; Jaurnel and Deusdh, 1993 Caers,
2005).

In pracice,howeva, directmethodsaresddom usedalone becaise hey donot
account for the global information on state variables(e.g. hydraulic head or
concentration) and leadto groundvater modek that do not reproducethe obseved
values of those state wriables. Irstead, tis information is taken into accaint by
inverse nethods, which baracterize the physal paraneters flom measirenentsof
the state viaables.

Inverse nmodeling has ber a topic of intense researt and development (de
Marsily et al.,1999; Hu et al., 2001; Hericks-Franssen ¢ al., 2003; Alolea et al.,
2006, Caes, 2007). As arged in a receit review by Carrera et al.(2005, most
methodsdo nat differ from each dber n esgnce,but they may differ with regectto
the conputatonaldetils. Among the inversetechngues the Monte-Carlo appoach
in which multiple equally lik ely realisatios of aquifer properties are coritioned to
hydraulic heal and oncerraton dak, allows estinating uncertairty. Inverse
methodshavebeen aplied siccessully in a wide rage of problera (Capilla et al.,
1998 Zimmerman etal., 1998; Lavenue and de Marsily, 2001; Larocque et al,
2003).

128



Issues in characterizing texogeneity andonnectivityin nonmultiGaussian media

Since oth direct and nverse methodsrely on nmeasurenents acqured at few
discret locaions some hypotheseshave 1 be nade o the paaneters satistics in
order to infer the corinuum distributions. Most two-point geostatistical techiques
illustratedin the previous sectims are based on the assmption that the physical
paraneters fdlow a multiGaussiandistribuion, which is aralytically smple ard
fully characterzed by amean and covénce furction. Numerical testg is wsually
performed by appling the characterization techniques syntheic fields hat also
feature multiGaussian stastics. Theresults denonstrate the acracy and the
corsistency of the methods While remaining in the multiGausian ramewak, few
studies have fiown how unceriinty canbe educed by increasng the number o
transmssvity, heal or concentration data (Wen et al, 1996; Hendricks-Franssenet
al., 20@).

MultiGaussian field maximise etropy (disorder), andin return, minimize the
spatial caotinuity of the exreme values, thus, a Icss of conectivity (Jounel ard
Deusd, 1993. This feaurehas a hgh impacton flow ard trangort as shan by a
nunber d numerical investgations (Séchez-Vila et al.,1996 Wen et al., D96
Goénmez-Henandez ad Wen 198; Zinn and Harvey, 2003). While these stidies
were lintedto the coriext of direct techniques, they alhowed hat the skection of
a multiGaussan model might be @nsegiential on flow and transport simulations.
Both direct andnverse techniges are aviéable tohande non-nmultiGaussianmeda.
Exanples of drect techngues include he seqienia indicabr simulation method
(GomezHerndndez and Sivastaw, 1990), truncated pluiGaussian simulations
(Armstrong etal., 2003), or multi ple-point statistics (Stebele, 2002). Exanples of
inverse nethods that arelde to handlenon-nultiGaussiarmedia are the conditioha
probahilities method (Caplla et al., 99, a canbination of truncatedpluriGaussian
simulation ard the gradual ddormaton appoach (Hu et al, 2007, the inverse
modeling d multimodal hydraulic condudivity distributons with the represeter
method (Jansen et al., 2006), or thprobability perturbation rathod @mbined with
multiple-point statistics (Caers ad Hoffman, 2006) anong others.

Althougdh it is known alreag now for more than a cecack that multiGaussian
modek have severeirhitatons ard akhough alternaive methods exst, most
groundvater hydology studies adpt a nultiGaussian model, often also becaise
data are nbavailade to infer a ron-multiGaussian model. Therefore, ths study
explores what happers if a mutiGaussianmodel is adgted for anon-multiGaussian
medum, asituation that ismost probaldy very canmon in practice. Inparticular, we
do not only investgate the implicaions ofa wrong randam functon model in direct
studies,but also in inverseproblens.
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In summary, the goal of th@reset study is to investigate and cquare the
reliablity of direct and inverse multiGawsian technques when aplied to
characteze fields that araot multiGaussian and exlbit preferenial flow paths. A
main question of interest inthis stud/ was towhat exendhydradic head dita, used
in inverse nodelling, are ale to carrect the consege@encesof the wrong assmption
of a multiGaussianrardom function model. Two situatiors may occur: either the
inverse condioning is able to detect nommultiGaussian structures ad would
alleviate tre problens assoiatedwith awrong randam function (multiGaussian),or
the discrpany between lte model and tk reality woudl still lead to inaccurate
predctions. In the latter cae, cleckng the nultiGaussianty assumption for a
paricular casestudy would be extemely important; moreover, the goundvater
community would be enouragel to further develop and adopt methodsbase on
different statistics.

After creatig a 2D syrthetic reality, ar metlroddogy mimics the procedure
that would be followed during a pracical case stdy. We sart condructing a
syrthetic transmissiity field swh that it possbly represaits a real aquier
characgrized by long-correlation stuctures sud as channek ard lenses (sedbn
2.1). A reference badfield, which mimics natural flow caditions, is olained by
simulating the flow on this trarsmissivity field (section2.2). The trarsmissivity and
the head fields are sarpled in order to obtain a series otlatasets witlan ircreasing
nunber d dag points which represeit syntheic experimental dat to be usd as
input for the guifer charactgzation (section3.1). At this point, we first aralyse tke
datasets inorder © infer the statisticgequiral for the characteization step ad
conmpute histograms and vaiograns (secton 32). Then, for ead dataset we
recorstruct three tansmssivty fields by amlying three mltiGaussian
charactezation techniquesi.e. kriging, sbchasic direct simulations and sef-
calibrated sequentia simulations (sectons 3.3 and 34). The peaformance of the
charactrizaion techngues is evabiaied both in terms of repoducion of the real
trarsmissivity field andreprodiction of the initial flow situation (section 41). Most
important, the inferred transmissiity fields are usé&to make prealictionson different
flow scerarios. In particular, we cosider the respose d the aquifer tothe
constriction of awell. Farecasts irterns oftotal fluxes tirough the domain, headin
the pumping well, ard protecion-zone exension aiound the punping well are
considered (sectims 4.2-43). The reliahlity of the techniges is estimatedas a
function of the number of tramsmissivity and head data wed to cordition the
tramsmissivity fields.
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2. Syntheticreality

2.1 Transmissivity field

The study is conducteah asynthetic trarsmissivty (T) field, which consists @
chanrels andlensesdispaying internal heterogeneity (Fig. 1a-1c). It is built from an
aerel photograph displaying braided channels in the Ohau River, New Zeabnd
(Mosley, 198). Accordng to the classifcation of natural rivers from R&gen
(1994), the achitecure displayed on this photograph belongs © the “type D:
braided chanrels’. This kind of sedmentary envronment can be rgaded as te
ancestr of our syntheic aquifer.
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Fig. 1 (a) Thesynthetic tansmissivityfield, (b) histogram ofthe log
decindl of thetransnissivities, €) x (dashed lie) andy (soid line) directional
variograms, (dhead feld and bounday condtions for the uniform steayl
flow situation, (e) 10-day captue zore under the radial stewdflow
conditions (grayshape) andhe mappéd area; the 10-daycaptue zone
calculated using the anailyal solution of Bear ahJacobs (1965)n the basis
of the geometric mean (dashed line) arsthg the equident tansmissiviy
(solid line).

The Ohau agial photograh is digitized ad usel at its real scale so thdtet size
of the chanrels andlenses is realistic. The iage size is 100 m by 400 m and
discretizedinto 1 m by 1 m cells. TwomultiGaussianuncondtiona simuations are
separately generatedto populate the chamels anl the lenses witatural logarithm
of transmissivity (T) values. The first smulation describes the T distribution in the
chanrels ard has arexponential variogramwith a stort correlation rarge (3m). The
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secand simulation descrbes he lenses ad has a nestl variogram that includes ame
isotropic exporenia modelwith a3 mrange plus acubic ansotopic modelwith a
long range in the x direcion (600 m) and aslorter onein the y direcion (300 m).
Note hat themean and th&ariance of thetwo distributionswere chon sich tat
the valuesare realistic for wch a geological environment. The long-range
correlation is used to mimic a regonal trerd in the deposition of fine sedments.
This leads to a hmodal, nonmultiGaussian arisotropic transmssivity field with
about 50%of the surfaceoccupied by dhannels (hghly perneablecoase material)
and50% ocapiedby lenses(poorly pemeabk fine neaterial).

The deimal logaithm of T has a rean of-2.3 and avarianceof 0.67, which
correponds t002|nm=3.6 (note that the vamnceis conputed condiering theT field
as a Vhole, regadless b its bimodal naure). The overall integralscale wa
estimated to be 27 m in the x direction (appoximately 2.7 % d the lengh of the
domain) ard 8 m in the y direcion (2 % of the domain width) by integraing
numerically the correlatiorfunction calcuated from the referece T field.

2.2 Referene flow

A refererce 2D flow field which mimicsnatural flow corditions, is oldained by
prescibing the hydraulic heals on the eastrn and westernboundaies, ad imposing
no-flow condtions on the northem and the sathern bourdaies Fig. 1d). It is
assunad that the aquifeis confinel and tlere is no rechrge (no sourcéem). The
flow problem on the rderence transnssivity field is solved with te Fdlow code
(Diersch, 1996) and a healistribution isobtained that reflects tle flux variations
gereratedby the permealblity contrastbetweenthe chanrels ard the lerses (Fig. 10l
The referene headfield will be sanpled to provide te input data for the inverse
charactezation technique.

3. Characterization procedure

The chaackelizaion piocelue cmsists in appling indepedently or
successiely different tecmiques. The staring point is the sampling of the
transmissivity field to oltain the data for conputing the ex@rimental histagram and
variogram In addtion, either tle data are iterpdated ly kriging, or a set of
stochastic simdations conditional to transmissiity measuemens is gnerated
These sichastic smulations canbe addionally conditionedto hydradic-headdata
obtained by sanpling the reference flbow field. Finaly, we casider the casen

132



Issues in characterizing texogeneity andonnectivityin nonmultiGaussian media

which an exhaustive knowledye on the geology is awilabe (i.e. clamel location
and structurera exactly known).

3.1 Sanpling the transmissivity and head fields

To simulate he agifer characteization procedue in a real case study, ¢h
reference tansmissvity field and he heal field are sampled at randomocations in
order b mimic field measureranss. Fa eah vaiable three datses condsting d 21,
250, and 1000 measurerant are obained. (Note that transmisgity and heads are
sanpled atidertical locations). Figures2c ard 2f show the sanple locations (circles)
of the 21 and 250 dabses, respedvely (1000-datset locaions a@e not shown
because they are tatense). The tnasmissivity and the headataset represet
error-free locadata. he meandistancebetveen tle sanples is 89m, 26 m, ard 12
m, respedtely. In order to avoid wnit-dependent indicabrs ard include the integrd
scale in oureasoning, the man distace isnormalized by the integral aée in thex
direcion. The coregpondng dimensionless nean dstances, d, are 3.5, 1, and®.47
for 21, 250, and 1000 sanples, repectivdy. In otha words, the tree datasets
represat measirenmentswhose neanspacingranges from thmee tmesto half the
integralscale.Note that thereferace image is anistropicand thathe integral sale
in the y direction is nuch snaller, exensneller than tre meardistancebetween the
sanples in the 1000-easirenent cas. Tre statistis d the decima log-
trarsmissivity of the threedatasetsused are presented in Table 1.

3.2 Experimental variograms

The three transmissity datasets (8, 250 and 10® T samples) are analysed
seprately ina geostatistical famewak. The 250 and1000T sanples clealy exhibit
a bhmodal histagram (Figs. 2dand2g). Befae analysig the sptial carelation, the
logieT values are transformed into a noain variable N via a Gaussn
transformetion since te simulation algorithms require to work with normal
distribued variades. Nde that, after cmparisonwith the rormal score transform
the Hemite polnomas deconpostion was selected a conpute the Gaussia
trarsform as itprovided a slightly better histogram repraducion for the direct ard
back trasform Then, the asumption of bi-Gaussianty of the nornal variable N is
tested and emotbergected, eva if thismay be srprising snce thetransmssivity
dat are cearly not bi-Gaussan. After analysing the anisotropy of the varbgram
maps of he transbrmed dat, direcional expeimental variograns are catulated
andmodeled for each dasetin both x andy direcions (Rgs. 2k 2eand 2h). Note
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that the expeimental variogram of the 21T sanples did not show any anisotopy,
thus an sotropic expmentia model is used n this case. The vaogram of 1000 T
showved a nestd stucture which is modeled by one exponential and me sgherical
model. Cross validation is performed to test whether the fitted variogram models are
acceptableNote that naugget effect is comdered sincedata are knowto be eror
free. Furthemore, the dsence of nuggeteffects alows ahighe degreeof control on
the T field during theinverse calibration.

Table 1 Samples datigics and adjused \eriograms, N represents the
Gaussian transform oflog,«(T)

Number ofT sample 21 250 1000
Average distace betweersamples 89 26 12
Dimensionless distanakl[-] 3.5 1 0.47
Meanlog,o(T [m?/s]) -2.06 -2.28 -2.23
Minimumlog,o(T [m?s]) -3.31 -3.86 -3.82
Maximumlog,o(T [m?/s]) -1.03 -0.82 -0.37
Std.log,o(T [M?/s]) 0.77 0.82 0.82

N variogiam type Exp. EXxp. Exp+ Sph.
Nugget eféct 0 0 0
Variogramsill 0.98 0.99 0.77 +0.23
Variogram rang alongx [m] 89 85 35 & 185
Variogram rang alongy [m] 89 15 25 & 35

3.3 Kriging and conditional simulations

First, ordinary kriging of the N normally distributedvalues is applieda each
trarsmissivity dataset (21250 10® T sampes) with the correspndng modelled
variogram TheT fields (Fgs. 2c, 2 ard 2) are ob&ined by back-tansforming the
krigedN field in two stefs.

First, N is back trarsformed into log;o(T) with the inverse Gassiantrarsform
(Hermite polynomials) basel on the histogram of the dat, then we take the decimal
power of ths field to obtain the trarsmissivity. Note that the last @rt of tre back
trangorm is often carecied to avod the bias hat it induces in the vale of he
arithmetic mean of T, but for 2D aquifers we slould bemore concemed with the
bias in thegeometricmean ofT rather than in the arithnetic mean because the later
contols the meanflow throughthe system Taking the dedmal powe preserves the
geonetric mean, herdore this is what we did. Then, 100 conditional stochastc
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simulations ofthe namally distributedN vaues are geerded for eacldaaset using
the Tuning Band Method and bad transformed into T fields. The uger rav of
Figure 3 shows eanples ofthe resiting T-field simulations (the lbwer row shows
how these fietls are inproved by inverse modelling). In the end the geometric
means ofhe smulations, d the kriging ard of ead dabsethave ber compared and
are verysimilar.

% . (D 400
6l 1.0 = o0
al £
H 0.5 ﬁ >
21
0
4 -3 -2 - 0 100 200 0
(a) log,,(T) (b) I[m] (c)
% i 0 - 400
1.0 R
6 e
£ 200
4 0.5 =
2
0 dl 0.0 s
4 3 2 -1 0 200 400 600 800 1000
(d) log,o(T) (e) (" x [m]

(D

0.5

0.0
4 -3 -2 A 0 100 200 0 200 400 600 800 1000

(9) log,,(T) (h) I[m] (i x [m]

Fig. 2 T fields estimation steps for 2lL(a, b and c), 250 (d, e and f),
and 1000T data(g, h and i): (a, d, and g) histogram of thelata, (b, e and h)
experimental (dshed lie) and modé (solid line) variogranms of the N
Gaussian transfm of the decimal log athe T datain bothx (black line)and
y (grayline) directions except fa@1 T which was isotropic,i f and i) kriged
maps and samples loations egept for 1000T becaus of its high dengy.

3.4 Inverse malelling

The three setef stochastic sinulations of log-transmissivity can in addtion, be
conditioned to the hydradic-headdata by mears d the sequential self-calilration
method as mplemenied in the INVERTO code (Herdricks+ranssa, 2001). Six
pairs of data are casidered with an ncreaing nunber of tramrsmissvity (T) and
head (h sampes, i.e. (4T,21h), (21T,250), (21T,100h), (250T,25Ch) (250T,
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100Ch), (1@00T,10Mh). Note that tke rumber of conditioning head data is always at
least as large as the nbar of transnssivity dat. For eab par, 100 equaly likely
inverse realisatios aregeneratedthat are coditioned bath to the trarsmissivity and
hydradic-head dita.

During the inversion, the variogam estmatedfrom the data (section ), is
usal as amodel to interpolate the pertirbaionsoptimised atthe master blocks Two
master bocks are laidout per carelation lergth, andthe pasition of the nmester
blocks is modifiedduring theinverse onditioning. The lower raw of Figure 3 shows
exanples of he resilting transnissivity fields.

21T+0h 250 T+0h 1000 T+0h

1000 T + 1000 h
=

200 400 600 ' ' 400 600 800 1000
X [m
fml 10g,,(T)
5 -4 -3 -2 -1 0
IR

Fig. 3 Simulations conditiord only to the T values (upper maps), andeth
sane simulations conditionedto T andh measirenmentsaccordhg to the nap
title.

3.5Characterization with exhaustive geological conditioning

In addtion to the multiGaussian characterizatio preseted in the prevous
sectims, a test was condted to estimate the efficiexcy of the daracterization
methodswhen the locaion of the chanels would be exausively known. This is
clearly wnrealsstic but it constitutes anerd member that alows investigating what is
the bestestmate that can be obtained f one would know the postion of the
chanrels. We consideredonly the dataset with21 T sanples, bu in addition we have
a bnary map thatindicaes f a pxel is within a diamel or not The 21 T sanples
are tha divided in twogroups, accordig © their locationsn a cltannel or in a lens,
and hey are analysed andoatelled sepatdy. Note that, die tothe lackof data, the
two variograms are vy weakly constraned. The resuting nodek are spherical
with arange of 85 m for the chanrels data and 190m for the lerses. Fdowing the
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procedure presened @ove Tuming Band simulations are sed D separady
popuate the chamels andthe lenses aml generate 100 fields.

Finaly, these felds are pocessed wih INVERTO (Hendricks+ranssa, 2001)
to produce 100 egally lik ely realisatims corditional to 21 trarsmissivity data, 250
hydraulic-head dat, and to the exhausive geobgical information. In the inverse
conditionng, each geologi@ unit is seaately peturbed. This means that
perturbations in lenses do naot affect tre hydradic condctivities in chanrels and
vice versa Both in thelense and thechannds 100 naster blockeach arglaced. In
that case, INVERTO s the gealgical krowledge tooptimize tre local values of
the ransmissvity by having different variograms for the different facies

4. Numeical results

In order to ewluate the reliablity of the claracterizatia techmiques, the
estmated T fields and thesimulated h fields are ompared with be crregponding
refererce fields. Nde that the twotecmiques povide different kind of resuts: the
estmated T field is uniqgueand ains at providing a bcally accurad map, the
simulations ain at reproducing the variogram. Consejuently, their comparison may
be heoreticaly questonable, but we arguethat it has gractical relevance and this
is why we perform it. Moreover, sircewe wart to assess the dity of predcting the
behaviour of the aqufer underdifferent flow scenaios, the esthated transmissivity
fields areuse to forecasthe systan resppnse when gpunmping well is locaded in the
middle of the damain.

4.1 Reproduction of the reference Tand h fields

The krigel T fields and same exanples of sinulations condtional to
transmissvity and head daa are $iown in Figures2 ard 3. By visual comparison
with the refererce trarsmissiity field (Fig. 1) it is evidert that a lar@ number o
sanples is reqired to startrecovering the channel stucture. Bren in thes cases, the
simulated images arguite diferent fromtherefaence.

To quanify this discrgpany ard asses the acaracy both in term of
reproduction of the log-tranamissiity and hydraulic-heal fields, we mtroduce the
average asolute error,

£(X) =23 X - X )

ref,i|’
N

137



Chapter 6

and the werage ensefbie standed deviation,
l n
SU(X):HZO'Xi : %)
i=1

where n is the rumber of grid cells,i a gid cell index, X the vareble consderel
(decinmal logtransnissivity or steadystate hydaulic heal), the overba indicates
enserble average, [(xi?)—(isiﬂm is the enserble standad deviation of X at a

given node the subshpt s refers tothe realisatios, and tle subscript ref to the
reference(synthetic)values

Table 2presats calculatechverae @solute errore and averge ensamble
standad deviation &, for transmissiity and headfields of all the canbinations of T
andh dat. From the resuls preseted in Table 2,0ne can dbsave tat, in general
conditioning improvesthe characterisation ofhe log-transmssvity andhydraulic-
head fieldsand reluces theensenble varance as expected. Hover, thereduction
is gnaller than obsened in similar multiGauwssian studies (HendrickFrarssen
2001). It is notewortly to indcate that the uncertairty redwction for the logT ard h
estmation (g,(Y) and ¢,(h)) are in nost cases saller than the improvemert in the
charactesation of thelog-transmissvity field (g(Y)) and the hydrauliheadfield
(e(h)), unlike the studies with a multiGawsian model for log-transnissivity
(Hendricks-Fransse, 2001).

Table 2 Performance neasiresfor the genaated engmbles, conditioned
to different anounts of data.The absolte averageerror £ and aveage

enemble dandwrd devationg, are expresxd in perceh of the vales
cakulaedfor 21T.

Conditioningdata &Y) eY) &h) es(h)

T=21 100.0 100.0 100.0 100.0
T=21, H=21 98.9 90.1 41.9 19.5
T=21, H=250 94.3 80.9 13.2 8.1
T=21, H=250, 48.0 54.4 7.2 4.5
T=21, H=1000 92.9 74.9 9.2 6.1
T=250, H=250 79.5 106.7 11.0 7.4
T=250, H=1000 79.4 106.0 8.7 6.5
T=1000, H=100 64.9 87.0 10.0 5.7
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Note that, in spte of usinga wrang logT model in the inverse contdoning ard
in spte of a somewat limited improvement in he dharacerisation of the logT field,
the charactésation of the hglraulic headfield improves pectacularly.Overall, the
inverse nodeling improves the charaarisaion of hydraulic-head and log-
transnissivity fields and reducesuncertanty, but compared with multiGaussian
cases usg the correctrandam funcion nodelthe improvements tend © be snaller.
Note that in case of 100@ead samles ro clear trendcan be obserndewhen the
number of T samples isincreasedrom 21 b 250 and 1000

As expected knowing the geology (the msition of chanrels and lenses)
corsiderably improvesboth the characteration of thelog-transnissivity field and
the reproducion of the heals.

4.2 Forecasting the flow: fluxes andheads

In this section the trarsmissivty fields obtaind from the characterization
procedures ae usel to predict the system behavour under a different flow scenario,
i.e. when a pumping well is added in the middle of the domain. The bounday
conditions are i@rtical asfor the referece flow, but an addiona pumping well
with a cansint flow rate of 700 nt/d is adled in the midde of tre damain (x=500
m, y=200 n).

Two criteria @e usel to evaluate the pgormance of thd estmated fields: the
accuracy m estmating the outflux at thewesternboundary(Q,,) ard the well-tore
head H,). Figure 4 stows the lstograns d Q,,; andH,, for same of the considered
cases. Theeriical lines repreent the refieence valie calculated with theeferanceT
field, the ensmble averagdrom the simulations, ard the value calclated with the
kriged field. Notethathead and fluxes gimated with tle kriged field ae different
from those oldinedby the enserble avergies d the smulations This is due b the
fad that evenif the flow equaions are linear for heals, they arenot linear in terma
of hydradic conductivities. However, none of these two esthations can be said
more accuratéhan he othe.

Withou conditioning to heal dat, we doseve a redction of the uncertainty on
the forecast# heads or fixes whan the nunber of T dataincreasegconpare Figs.
4a,4i and 4mor Figs 4b, 4j and4n). It is instructive o compare he reslits provided
by an exhaustive geological knowledg with thase provided by corditioning to 1000
transmissivity data (Fig 4e-f and 4m-n, respectiely).
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Fig. 4 Histograms of the final head inghwell (a,e,iand m) for the
simulations coditioned only with T; (c,g,kando) the same pki1000 head
data accordng to the itle. The inegrd out flux (b,fj and n) for the
simulations coditioned only with T; (d,h,l andp) the same pki1000 head
data &cordng to the tile. For each set of €100 sinnlations: the thick gay
line repreentsthe refeence fidd values(ref.); the lid thin line represrts
the ensele average of thesimulations (EAv.), the dastpoints line
representshe kriged \alues(krig.).

As expected the information on the pasition of channels ad lenses truy
improves he knowledge of the system, as poved by the reducion of both errors ard
uncertairty. In the case b1000T data, insted, the unceainty reduces, but the error
does not, @ can be obsevedin Figure 4nwhere the hisbgramof the forecastout-
fluxes doesnot contain lhe referece védue. The uncertanty has redweed but the
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forecasts arencorrect.This clearly slows the riskof conditioning to nany T dat
with a wrongstatisticalmodel. The systematicallysmaller fluxes indcate tfat the
connectivity is lower thanin the refererce field.

Adding head data generally has a positive impact kut does not necessarily
reduce the ureetainty. When the nunber of T data is snall, conditioning with head
data reduces wncertinty (compare Fgs 4aand4c for example). It was sirprising
obsrve that when the number of T daa is very large, caditioning on heals
increases thencertainty (Fgs 4n ad 4p). However, it has to be observedthat ths
effect is sich that the forecst histograns always includehe rderence values In
other words, it seens that if too many points are ondtioned b transmissvity,
information on the hydradic heads is not alde to substanially affect the flux
enserble averagebut it improves the arrectness of tle predction by increasingthe
uncertairty. This resit will be addessed irmore cetail in the discussion

4.3 Capture zone forecas and performance analysis

As a last conparison betveen thechaacterisation rehods, weasess the
accuracyof the diffaent T fields in forecating thel0-days captureane of the
purmping well, which is delineaed by simulating advectve-dispesive ramspat. We
assune a corstant porosity equalto 0.3, whereasthe longtudinal and ranwersal
dispersivities are snall ard equal to 2 ard 0.2 m, resgectively. Ths yields an
advectiondominated trarspot. The capire zones arearulated by solving the
Kolmogaov backwad equaion (Uffink, 1989 Mariethoz et al., 2006). Theaan-
life expectang is calculatedwvith the GrourdWater fnite element code (Cornan,
2003 ard the 10-days cature zane s defined asthe region around the well where
the mean-life expectacies ardessthan 10days (Fig. 1e) Note that he $apeof the
capure zae is strondy contrdled by the local trarsmissivity distribution in the
vicinity of the well. Thereference cpture zone s depcted n Figure le, togeher
with the capiire zones calculated byeansof the analytical solution of Bear and
Jacobs (1965) for a purely advectivengport of aninert sdute. Shovn are boh
resuts oktained by using the geometric mean of the T refeence feld and the
equialent homogenais ransmissvity obtained fom the Darcyflux. Note that the
10-days capture zone sidting from the geonetric mean rdlects the assued
isotropy of the T field.

In the direct conditionatsimulation agproach ad in the inverse aproad,
severakimulations have beeconstucted for a given datset. In these o cases,He
uncertairty is estmated by corstructing the probakility maps for apoint to belong to
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the captire zone. These naps are Bown inFigure 5 Visualinspectionof the resits
(Fig. 5) revealsthat the forecsts can sigficantly differ from the referene. We note
that the refeence is not alway conpletely included n theforecasted qature ones.
Indeal, the eatern finger of the refeéence captre zae is pradicted neither by
kriging, nor by tke Q5 isopobability contour of the smulations, na by the
geometric mean. The latter lead to a predction very similar tothat dotained with
the analytical isotropicatution of Bear ad Jacobq1965). As dosaved before, the
a-priori knowledge of the geology signficantly improvesthe daracteriation of the
T fields. If the position of the chamels is known, the predcted cagure zorm is
already accurate with anall nunber of T data (2) andevenbetter when adlitional
head d@ta (250) are used foconditioning the trarsmissivity field.

To quantify he accuracy otthe daracteization nmethods, we introdue two
error norms for conparing tre forecat capture zoneZ, with the refeence capture
zone Z . : the nissed @ea,

6, —— €
ma— o5 . Ny
B, +N,
and theunneessarily protecté area,
R
e,.= : 4
“ By+PR

where N, [m?] is the areaof the referen@ proection one hat is not correctly
identified by the forecas i.e. the area ofZ N Z, B, [m? is the area of the

ref

referenceprotection onethat is corectly forecasted, i.e. the areh Z\Z,, P,
[m? is the area wrongly fomasted as behging © the protection pne,i.e. the area
of Z. . \Z. In oherwords, e, is the percertage of the referece hat hes nd been
idertified, wherease, is the percertage of the forecast tht is wnecessarily
protected.

In addition, an ewluation of the taal erra is provided by the aerag sqiared
residual between the forecasted (Z) ard the referencewell captue one(Z.y),

1 100 1 n 2
&y :ﬁ)s:l (_Z(Zm - Zref ,i) ] ! (5)

N

where sindicaes the simalation, i is the grid nade and n the taal number of nodes in
the grid s, resp. ref is anindicabor variable, equal to 1 if the node belongs © Z,
resp Z.s, ard 0 if not
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Fig. 5 10-day captue zone pobability maps.The black line epresents
the kference D-days cagure zone. Tle white line (n the upper maps)
repregents the zone foreasged by kriging. The gray levels repregnt the
isoprobabilitycontours for all the combinations @fandh datasts (accordng
to the maptitle). The dashedine on the uppemaps representhie 10-adys
captue zore for an homogenaifield in which T is equal tothe geometc
mean oftheT sampls.

Finally, the urcertaity is quantified by the dmensionless ratio between the
uncetain aeaand thereference protectionane

|
Uu=——, (6
Np+Bp
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where N, + B, [m?] is the areaf thereferance protection ane,Z.;, andl [m? is the
area |leatedbetweenthe 0.9 ard 0.1 isopobabllity contours.

The missed are&,, andunnecessdy protected aeae, errorsare calculated
for different levels of probahlity threshdd (0.2, 0.5ard 0.8) ard are sinmarizedin
Figure 6.1t can be dosewved that the aveage squakresdual (g) is alnost identical
for kriging ard for the simulations ©ndtioned only on T (Figure 6a) andhat &
decrease regularly with decreasind. Adding hea dat clearly redices & only
when the mean distanced betweenthe sanple is large with respect to tke integal
scale, i.ewhen the simulations a@e conditioned tdew T data. The best reslts are
obtained with the geobgical knowledge.

When kriging is enployed, &, the mssal area(e,y), and he unneessarly
protected eea (e,) decreasevhen d decreses (Fgs. 6a, and 6€6f). When d is
lower than 1, the erras do not reduce signficartly (or stallize) when new samles
are addd. In the best cases e missed area reprags around20% of the refeence
protection pne and he aeaunnecessarilyrotected rpresents @und 45% of the
forecasted zone.

When sibchasic simulations ae enployed, theunceréinty areau can be
estmated. We find that it varies betveen 15 ard 35 times te realarea of he
reference captire zone. Figure 6b shows how u deceases mularly when d
decrease and that addg head data reluces tke uncertairty very significantly,
especially whe thedistanced betweenthe rarsmissivity data is largg.

The prolahlity maps obtained from stachastic smulations (Fig. 5) are tols to
help making decisiors. The lewvel of risk can be quantified by the probahility
threshold P that is enployed D define he cgpture zne A riskpronedecsion meker
may fa examgde tale a probahlity threshdd of 0.5 while a cmservative decision
maker may take a probability threslold of 0.8 Figures6c ard 6d show th evdution
of the missed areara unrecessatly proteded areaas afunction of d, and of the
probahlity threshdd P in the case fosimulations corditioned only to T data, while
Figures6e and 6f show the equivalent when 1000 h data are usechiaddition. These
results sggestthat the errodecreasewith d only if the latter is largr than 1. When
conditioning to head data, it does nd appear clearwhether condtioning to more T
data inprovesthe charactézation. On the ontrary, in cag 1®M0 T data are uskfor
conditionng, he unnecessdy protectedarea is largertan in caseonly 21T dat
are used for comlitioning (using in bah cases1000 head data for inverse
conditionng). There are als sone countemtuitive reslts that show thatvhen the
distarce betweenthe sample is snall and when a large nurber of head and
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transmissvity dat areprovided, the erors canbe larger thanwith a snaller number
of data (see for exapte the arvesof the unrecessaly protected are&,. on Fgure
6f ard for a pobability threshold of 0.2; e, decreasewhen the distancéetwea the
sanples decreases)his is incontrast wth what was obseed for the fluxes, where
the inverse simulations yield a better histogram than the sinulations conditioned
only to T. In all cases, themost remarkable facts that errors reran large evenwith
aconsiderable anmountof dat

100
16 Krig. sol
=T only =
1.2 =
y T+1000h & 60f
w 081 g & Lol
0.4}
0
0
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4
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Fig. 6 Reslts: (a) the aeragd squared errobetween foreassted and
refererce @pture zone vsmeandisgance beveen the smples for the three
methods, (b) uncertaintys. mean distancebetween th samples, (CEna
(missed area) f00.2, 0.5 and 08 probability thresholdvs. digance béween
the samples with transmissivity daa only, (d) e, (unnecessarilyprotected
area) for 0.2 0.5, and 0.8 prabability threshold vs. distare betweenthe
samples with transmissivitgdata only (e) and (f): same as (c) and (d) but
1000 additionahead masurements usdd condtion the T fields.

5. Discussin

The nunerical sinmulations presentd in this pgoer consder a2D aguifer that
dispays clannels ad lensesard follows nonrmultiGaussianstatistics. Our appach
has been to consder this field, which is supposed to reflect tke properties of a
realistic agifer, as “hbe reality” ard try to characterize it orthe basis of simulated
local measurements of tnamissiity and heas. It hasto be renarked that we have
usal a shgleT field as réerence (asn a red testcase there is only one real aqdife
and the redts are thereforenfluenced by the specific transissivity arrangerent
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ard locationof the well. However, we Lelieve that the difficulties ercounteredmight

be facel anytme thatthe problem ofcharacterizig a channelized aquifeis

addresseé. Having located lie well in the most perneeble ragion reflects thefact
that real wellsare placed in trangssiveregions in order to dpnize efficiency. Our
assunption is that the T-field corsidered qalitatively illustrates tkb difficulties

encourtered with media that exhibit a highly comected network of permeabk

channels. In practiceyerticd averagng of the 3 hydradic conductivity might

filter the complexity of the paous media by yielding a nodel characterizedby

snoother caotrasts betveen permeabk and kss-grmeabk regons However, if we
acceptthe picture othe 3D aquer ashaving a hydrallic condudivity that displays
an inteconneted newvork of pernmeable chnnels ad isolated poorly perneable
lenses, we camxpectdifficulties smilar to thaose descrited in this paper. Even more

problematic, the snocther 2D data of tke trarsmissivity would tendto additionally

hide he extreme valuef the hydraulic ©nductivity, which are eyeced toplay an
important role, in paticular for trangort (e.g for cgture-Dne esimaton or
remediaton problens).

Therefae, despte the limitations, we ague hat thenunerical resultspresented
in the previous secton enable sone geneal consderatons. Sonme condusions are
expeced, such as he factthat exhauswe gelogic knowledge providesmost of the
necessy information or that sanples denser tha the integral sd& do not
significantly improve he characerizaion. Othe conclsions ae suprising sud as
the fact that 1) uncertairty ard erras remain very large ewen in the presencef
(unrealistically) many data, 2) condioning to many T dat may reduceuncetainty
butincreasete bias, and 3) condtioning b many T data seens toinhibit the inverse
conditioning from improving the chaacteriation.

Before going further, we observe that the reducion of uncertainty concamitant
with an incressed bias hat has already been mentioned by Scheibe ard Chien
(20M). They canpare multiGaussiancharacerization techniaqiesbasedon real field
data. The quality criterion was tle reprodution of a nmeasured tracer beakhrough
curve. They showd that conditioning to a large nunber of small scale
measurerans did not significanty improve the nodel prediction ard could even
leadto biasedand overly conficert predctions As anaddtional element of aralysis,
it was show in Ababau et al (1994) base sokly on algebraic aguments, that the
conditioning ard stablity of the (Gawssiar) kriging systen gets worse as loal point
measurerantsbecone more dense particully in theabsace ofa nugget effect. Our
findings arefully consistert with these reuts andsuggest ttat probbems do nat arise
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because ofmeasurerant errors but ae geneated by erroneusly applying
multiGaussiancharacterizatia technques to na-multiGaussianfields.

Why the multiGaussian assmption preveat providing accurate regts when the
number of data is large? When the mean dstanced beiwveen the T data is snall with
respect @ the ntegral scale of theeferance the inference of avariogram modelis
easy and accate. Thehistograns are alsavell defined Then, the high dersity of
condtioning T data lead to a sitwation in which the variahility between the
simulations is very small. This can Ie seeron the histograns of the forecastedvater
levels in the pumping well or in the hstogram of the forecastedutflow rates (Fgs.
4m and 4n. The simulated fields are vey strongy constainedby the T data, ly the
variogram model, as well as ® the multiGaussian assmmption used by the
simulation techique. Therefae, the inverse techique has wery little degrees of
freedom In case of a largeraount of condioning transmissivity data, the hydrtdic
head data cannot wodify the transnssivity field sgnificanty, because he
transnissivity data freezé the — wrongy postulated — mitiGaussian rodel.
Condtioning to heal dat has oly very local impacs and canot resilt in
significant changes of the lage scale struare of the field. This cate seen by
conyparing te fields bdore and dter inversons n Figure 3. Important charges ae
obsrved wih 21 T data, while little changes are vsible with 1000 T dat. Appendix
DS§ presens addtional simulations aimed at investigating in more cetail the rde of
trarsmissivity data in inverse caditioning when a nonmulti-Gaussianmedum is
erraneously madelled asbeing multi-Gaussan

Theseobservabns and thefact that tle error norrs did not reduce gnificantly
when increasing the nunberof T conditioning dat from 250 to 1000sanples, ae in
agreenent with thefindingsof Grabow efal. (1993) andvan Leeuven et al. (200).
Grabow et al (1993) showetthatthereduction of he number ofT conditioning cata
did not increse he eror of flow and transpat predictions. Van Leawen etal.
(200) shaved that beyond a certainthreshdd of condtioning data @nsity the
performance dd not improve futher. Both Grabow etal. (193) and van Leeuwven et
al. (200) explain their result by the sceening effect due to redundancy of data.
Note that \an Leeuwenet al. (20®) dealt with a referene multiGaussian field
originally awiding the comectivity problem. This redundarcy effect & probaly
accentuatg whennarow prderential flow pathsexist.

The sythetc field used m this nunerical studydisplays a binodal distribution
with a igh comectivity of the large values.There ae clear chanre that completely
crossthe domain (Figure 1). The diamels are glbaly oriented abng the x axis and
offer a high connectivity in that drection but locally their arientation varies aml
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they are geerally not parallel to the x axis; and hey have a wie rarge d width
along the y direction. All this canplexity camot be caguredby the variogram, ard
is snoothed ait by the multi Gausian nodel Even f the variograns are verywell

estmatedwith a large number of T data and everf the T map producel by kriging
shaows the locaions d most of the main channes (Figure 2i), the kriged map does
not reoroduce the connectivityesause thehin sections of the channelseacloggel

by low transmisswity values(compare Fgs 2 and 3i).
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Fig. 7 Directiordl covariance (a)andconrectivity (b) furctions along the
x-axis for 1000T data. The lines correspdng to the simulations ar
ensemble aarages overthe 100 snulations (1000, and 1000 +1000h).

This visual observaion is confirmed by the camparisan of the conrectivity
functons d the referacefield ard of the kriging o the simulated fields (Fg. 7).
We renind that the canectivty function represens the prdoability that a
transmissive cel taken randmly in the donain is conneatd by a contnuouspath of
adacen cells d similar trarsmissivty with anothe transmissive cell located at a
cettain lag distarce Stauffer and Aharony, B94). Figure 7 shows that all the
charactrizaion nethods reasoably reproduce he variance function of the
reference (Fig. 7a) but they systematically underesimate the wnrecivity of the
reference (Fig. 7b). The lack of connectity of the hgh vabes eylains te
tendency of underestimating the flux throughthe damain.
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6. Conclusion

The goal of this work was b investigate al compare the reliaitity of direct
ard inverse mitiGaussiantechmiques when gplied to characterize fields #t are
not multiGaussian and exlibit preferenial flow paths. For that purpose, tre
pefformances of kriging, sbchatic simulations awm squentia sef-calibraton
method havebeen corpared, as a fction of an increasng number o samples of
transmssvity and heal dat on a sytheic braded aluvial aqufer for predicting
flow and transprt. Multiple errar indicatas wereused.

We found that upto a certan quantity of data, adling heador transmissivity
measurerantsreduces thereors and the uncertainty. However, a lirhis reache:
when the dengty of sanples becones high, we obseve unexpeced outcomes such
as increask bias with an increasing nuber of T data, a increaseduncertairty
estmation with an increasednunber of headdat. The smulations reslts sugest
that in case a larg nunber o tramsmissivity data is usedfor conditioning, the
hydradic head data are less db to carect the consgiencesof the erroneous
multiGaussan model (in terms of he evaluaed peformancemeasures)Particularly
problemeatic is the haswith mary T-databecause theimultaneousdeaease of the
uncertairty may leadto owerestmate the reliablity of the resits. In ary case, erns
remain importart evenwith alarge quartity of data.

These outcomes can & explained by the fact tlat twopoint multiGaussian
charactezation techniquesra unable tocapture the correctonnectivity, which
plays a pimary role in dictating flow ard trarspat. Using a multiGaussianmodel
when the reality is ot multiGaussian may lead to inaccuate predctions. These
resuts confirm and exénd the qoinion expresed by Goémez-Henande andWen
(1999 that modelers nust be extremely careful when taking the decsion of using a
multiGaussianmodel.

In order to overcame these Imitations, it is exremely importart to use a
stachastic nodel that allovs repralucing the conrectivity of the original field.
Along that direction, we arge that techiques seh as the raltiple-point statistics
(Jaurnel ard Deusd, 1993 Strebele, 2002; Feyen and Caers, 206) may allow
that. Moreover, secodary information, swch as geophysics, shold be used
wheneer passille to infer the conectiity structures ad to constran the stobastic
model
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Chapter 7

Concluding comments

Modelling seawater intrusion

Synthetic study

We investgated nunerically the dfects of differentdegreesof heerogeneity of
hydradic conductivity and the effects of poblem dimersionality on modelling
saltwater irusion with coupledvariable-cersity flow andsdute trarsport in steag-
state. The evalaionwas nade n terms of dimensionless te penataton and with
of the mixing zone ad dimensionless nflowing satwater. Results shaved hat the
impacs of reterogenety of hydraulic conductivity on seawater intrsion are
stronge in two-dimensional media than in threedimensional ones. Deperding on
the degreeof heterogenety, those impact may be vaiable ard rather complex.

Moreover, it was bund that usng dfective hydradic conductivity is not
suficient to repoduce tke mean behaviour of the saltvater wedg in a D
heerogeneous aqufer with a nmedium to high In(K) variarces. It is therefore
suggestedthat the effective valles of tle longtudinal and trarsversaldispersvities
shalld be omputed D beter rgresent the system This is important becaise it
indicates thatif one warns to investigate ttke effect of heterogeneity on a real
heterogeneous systen (that is naturally threedimensional), it is not possible ©
simply use a lomogenous malel withou effective dispersivities to obtain a carect
model of he s@awater ntrusion.

Furthernore, we poposal a methodblogy basel on stoochasic effecive
hydradic conductivities allowing a 2D field trarsformetion so that the 2D sdute
trangort predctions are @ tothe 3Dones. Ths trarsformation is basedon the
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geonetric mean ad variance of In(K), and the carelation lengths of the 3D
hydradic conductivity distribution. The nost importart gain is savng CPU time.

The Korba coastal aquifer study

Throudh the @se stidy of the Korba aqiifer, we conbined dat from different
sources to characterize thecent status of the aquifer and toireste the
components d the regonal groundvater mass baénce, espeally the effecive
rechage and he astractionrates.Using these esthations, we showedhe interest
of using a 3D rumerical model to caompile all the knowledge on the site ad to
reprodice tre evolution of the systen startng from the equiibrium (steag) state to
2004 in light of the exsting refererce data, and to predct the resporeof the aqufer
to chamges in its boundary conditions. The nmaximum anouns that could be
exploited in the aqufer Korba canbe estimatedby an optimization study lasedon
the nodels described in this sudy corsideringuncertaininpus.

In addition, we estinated uncertairties relatedto model paraneters, and
propagaed them to model ouputs. Then, we evaluatedhow those unatainties are
affecting model predctions. Thre resits of the stahastic simulations showed that
both uncertanties ledto a zae represeting 12 % of the aquifearea whee the
groundvater heads ad sat concetrations are notknown with acarecy. Results
also showed that redwing the punping rates progessively by 50% urtil 2048 will
not resut in arecessiorof the saltwatewedge; insteadan additional 9.5 % of the
surfaceof the auifer will be contanminated in 2048.

Characterizing heterogeneity

The main outcomes d the camparisa of the reliablity of kriging, stachastic
simulations am segential sef-calibraion method when applied to charactrize
fields thatarenot multiGaussianare:
= Up to a certan quartity of data, addng head or trarsmissivty measuemens

reduceshe arorsand he uncertainty on cpture one fore@sts;

» When the densty of sanples becoms high, an inceaseé bias with an increasing
number d transmssvity dal, and @& increaseduncertairty estmation with an
increasd number of headdat were obseved,;

* |In the case where a large noen of tranmissivity data is used for conditioning,
the hydradic headdata are less dé to correct the coreqquence of the eroneous
multiGaussianmodel.
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Theseoutcomes canbe eplained by e fact that conrectivity, which condtions
flow ard transport proceses,is a prgerty that camot be capured by standad two-
point multiGaussiancharacerization techniaies. These reslis canfirm and exterd
the goinion expresed by Gémez-Henande andWen (1999 that modelers must be
extrenely carefulwhen t&ing the decsion of using a multi Gaussan model. Using a
multiGaussianmodel whe the reality isnot multiGaussian ray lead to naccurate
predctions. To sicestep tleselimitations:
= Techniques such as theultiple-point statistics (Feyen and Caas 2006, Jounel
arnd Zhang 2006; Strelelle 2002) may alow to better reprodae the canectivity
features.

» Secaday information, sich as gephysics should be wsed wheneve possble
infer the conredivity structures amul to constain the sbchastic model

Finally, it will be interestingto investicate the ginamcs d seawater itrusion in
other complex andnon-multiGausian nedia.
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Equivalent hydraulic conductivity

The secod method used tocalcuate the eqiivalent hydradic conductivities is
called the uriform boundary conditions nethod It corsists of sdving numerically
the dffusivity equation with fixed linear constart gradents attribued to the
bourdaries (faces) parallel to the flow and constart head in the principal flow
directiors swch as:

H(X,y,zZFCx+Coy+czz+cst D

where H is the hydradic head[m], ¢, ¢,, c; andcst.[-] are fixed (known) constants,
andx, y andz are tle coordimtes systemSdving the linear systenbelow after
calcuating the fluxes g, " andqg” using the numerical models yields the full tensor
of the hydrauic corductivity.

qx Kxx ny sz aH/aX Kxx ny sz Cl
9’ |=- K, K, K,[dH/oy|=|K, K, K,|[c, 2
q sz sz Kzz aH /62 sz sz Kzz C3

An advantage of this gpproad is that it appgies for ay kind of medium (scak)
and heterogeneities. Noe however, that with this method conwection due to
freshwater/sewater dasity contast isnottaken inb accountDarcy fluxes g [m/s]
are calculated for urofm dersity flow.

In the fdlowing, we analyse th evdution of directional hydradic
conductivities as a function of heterageneity and dmensionality. Effective (Chapter
2, Section3.2) ard equvalent hydradic condictivities are esthated for bath 2D ard
3D configurations am shownin Figures 1 {or the isdropic cases) & 2(for the
anisotropic cass).
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Fig. 1 Effective and equwalenthydradic condictivity for the isotropic
ca®es (a) Evolution of the effective and equivalert directional hydrauic
conductivties as a fumtion of increasing, for four levelsof In(K) variance n
the 3D models (b) Effecive (blacklines) andensemble aveage(gray lineg
of the eqivalert hydradic conductivity alongthe x diredion cdculated oer
100 2D simulations (histogram iratkgiound);the Farmonic nean (éshed
line) and the athmetic mean dashed-pointine) hydraulic conductivity of
one eaisation Note that the ersenble aweragirg is made usingthe geometric
mean.

Figures1 and 2 show that the two methods used reaulted in similar values of the
effective andequivaent hydradic conductivities, espgcially for small variances.
However, there is a dference etweenthe estimations of hydraudic condictivitiesin
the x andz direcions (main flow direcions) which increses wha In(K) variance
increasesForaln(K) variance larger tian 1, the rumerical method overestmates te
equivalent directional hydradic corductivities. Asdenonstratedby Lachassagnet
al. (190) this rend (wverestimatia of the effective hydraulic canductivity) is due
the finite element method (the wayof integraing the fluxes betveen wo element).
Note that for the 3D cases,only one realisatio was usedwhile the effective
hydradic conductivity is repgesemative of an ensefle average of multiple 3D
realisations.

In 2D ansoatropic configuration (Figs. 2b ad 2c), the numercal estmation of
the horizonal hydradic conductivity (in the flow direction) is nore acairate than in
the vertical drection. Howeverboth estinations are n ageanen with the stehastic
theory. Indeed in statisticdly anisatropic media, tre effective hydradic conductivity
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Equivdent hydaulic conductivity

in the horizontal @ection (parallel to tlke flow direcion) tends © gpproad the
arithmetic mean which is its ypper bound, while it terds to appoachthe harmonic
meanin the ertical drection which is its lower bouad.
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Fig. 2 Effective and equivalérydradic conductivityfor the anisotropic
ca®es (a) Evolution of the effective and equvalert directional hydrauic
conductivty asa functionof increasing, for three levels of theln(K) variance
in the 3D nodels. (b) Effecive (Hack lines) and enemble average (gray
lines) oftheequvalert hydraulic conductivityalong thex diredion catulated
over 100 2D simulations (higieam in backgound); the hanonic mean
(dashed lie) and the arithmetic mean (lashed-pointline) hydraulic
conductinty of onerealisation(c) Sameas (b) lt in they direction.
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In addtion, when the In(K) variance increases, Kty and Ky« increase while
Kerzz and K., deceases.The same behavour is observel in 3D anisotopic
configuratiors (Fig. 2 a). The difference in the estmation of the hydradic
conductivity in the wvertical drection canbe attributed to the fact tlat the stachastic
sdution is a dagonal tersor; howewer the numerical method gives the full tersor of
the hydradic conductivity. This alsorelates tothe efects of the flow boundary
(bounded domain).
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3D Anisotropy effects on SWI

The question is: to what extent the horizontal anisotropy of the 3D model

affects saltwater intrusion. Firstl, an isotropic 3D hydraulic conductivity fields (with

equal directional correlation lengths; I,=|,=I,) was generated. Second, the correlation

lengths following the X and y directions (I and |y) were increased respectively in 5

steps until they largely exceed the size of the domain in their respective directions.

For each Iy and |, combination, a 3D model was generated according to the

parameters listed in Table 1. Figure 1 shows some of the resultant 36 3D models.
Note that |,=0.04 is kept constant and z& =444, =0.01 [m/s] and oy =1 for all this set.

Table 1 Dimensions and statistics of the hydraulic conductivity fields

Parameter Value
In(K [m/s]) distribution Gaussian
Geometric mean (K [m/s]) 0.01

In(K [m/s]) variance 1
Variogram type Spherical

Cases of range along X(ly) [m]
Cases of range along y(l,) [m]

Range along z(l,) [m]

0.04,0.1,0.2,0.5,1 & +©
0.04,0.1,0.2,0.5,1 & +o©

0.04
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Increasing /,,

-
>

Increasing /,,

Fig. 1 View of the 3D hydraulic conductivity fields. For all cases 1/=0.04,
#9=0.01 and oy=1 are kept constant: (a) l,=1,=0.04 (statistically isotropic case); (b)
1,=0.04, 1,=0.5; (c) 1,=0.04, l,=+oo; (d) 1,=0.5, ,=0.04; (e) 1,=0.5, ,=0.5 (f) 1,=0.5,
ly=+oo; (g) ly=too, 1,=0.04; (h) l,=too, ,=0.5 (i) ly=too, ly=tco. Note that (c) is
equivalent to the Abarca et al. (2006) and Held et al. (2005) cases, and (i) is
equivalent to the Dagan and Zeitoui1998) case.

Using the analytical model described in chapter 1 (section 3.2) the effective
hydraulic conductivities are estimated for all generated 3D cases. The resulting
hydraulic conductivity anisotropy ratios are shown in Figure 3. Note that for o =3,
the maximum anisotropy ratio ryreached 4.8 for the case of I,=1,=0.04 and |=+.
and r,,=0.22 for the case of I,=3*I,=0.12 and | ,=+o.
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Fig. 2 Horizontal and vertical anisotropiy ratios for all Iy and |, combinations
calculated using the analytical model of Ababou(1995) for a In(K) variance of 1. Note
that for In(K)=3, r,, exceed 4.8.

Density-dependent flow and salt transport are solved as described in section 3.3
of Chapter 2. Results are shown in figure 3. As expected Lp increases with an
increasing |, (Fig. 3) in both 2D (the upper line corresponding to |,=+inf.) and 3D
configurations, and is always larger in 3D than in 2D. However W, increases with
increasing |, more significantly in 2D models than in 3D ones. Note that for higher
correlation lengths, errors due to ergodicity condition loss are expected.

LD3D Map WD3D Map RDSD Map
+inf.

+inf.

1 1
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Increasing ly [-]
Increasing ly [-]

0.1 | 0.1
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Increasing Ix/d [-] Increasing Ix/d [-] Increasing Ix/d [-]

Fig. 3 Evolution of Lp, Wp and Rp as functions of increasing |, and |y in a
3D configuration. Note that the results for I, =+inf. (upper line) correspond to
2D configurations.

For this set of simulations, the outputs Lp, Wp and Ry are analysed to determine
how much these parameters are correlated to the horizontal or vertical hydraulic
conductivity anisotropy. The most evident correlations are shown in Figure 4.
Results show that there is a negative correlation between the horizontal anisotropy
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ratio (ryyx) and the penetration of the saltwater wedge and a negative correlation
between the vertical anisotropy ratio (rzx) and the width of the mixing zone.
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Fig. 4 Effects of 3D anisotropy. (a) Dimensionless toe penetration as a
function of ryy, (b) dimensionless width of the mixing zone as a function of

lzx.
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Analytical solutions of SWI

In the fdlowing we describe and test hree exsting amalytical (including
regression) dations of the position ard geometry d the mixing zore. Note that the
notations ee the sane as inChapter 2.

1. SWI solutions

1.1 Abarca et al. (207)

The aithors useal the aiisotropic dispesive Henry problem to perform
multivariate Inear regessios for eat of the paameter: Lp andWp. The resuting
bestfit of the dimensionlesspenetaton length is:

0.4
Lo = Laup — (0.136x°7 1+ 0.69X°%2) ~ Ly, —| 0.87 —2 ()
arc
where L, = is a sharp intéace based approximation of toe penetration
2a,r,
and, __ % . Thedimensionlesswidth of the mixingzone 5 W, = 2.7,
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1.2 Da@n and Zeitoun (1998)

The adhors assessedhé effect of a random spatial variability of the
permeallity on seawater itmusion for the first time. They casidered that the
permeablity is a ranadm function of depth (1D heterogeneity) in aperfectly layered
structure Assuming a shgp interface theyusal Darcy’s law, mass conervaton for
each fluid, presurecontinuity on the nterface andDuput assurption © derive a
simple aralytical sdution of the statistical mmerts of the psition of the interface
between fresh ad salt waters ina 2D stead/ flow of freshweter in a cafined
aqufer.

The dimensionless avege position of the interfacelLgyp at z=d (distarce
betweenthe point where he freshvater-saiwater irterface inerceps the lmttom of
the aqiifer and seaselbourdary Lgy, normalized bythe hicknessof the aquife d)
is gven by (eg. 17in Dagan ard Zeitoun 1999:

! 2
2a,

LGHD =

where a, :qu_b with K, the arithmetic meanof the permeallities. Note tat in a
A
homogeneaos medium with an e@uivalent hydraulic condwctivity which is equal to
the arithnetic mean, theinterface $ape is theDupuit pardoa ard indgpendent
from the hydraulic conductivity variance
The vaiance ofthe horizontalcoordinate®f theinterfaceis given by (eq. 22 in
Dagan and Zetoun 1998:

ot G 3] () A F)onl - 5)-rol- )1

for O<=¢<=1 (©)
where 6% = exp(e?) —1 andl, is the integral scale of he sgtial dstribution of the

permeablities.

This solutionallows etimating analyticaly the paosition of te inteface in
heerogeneous media and ao he uncertainty assocted to it. It is important to
remerk that ths sdution daes na accoum for anoutflow face.
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1.3Naji etal. (1998

The aithors developed aother kind of solutions, cdled stochastic soutions d
saltwater-freshwatemierface wich allov predcting the statistical gantities of
mean and stalad deviation of the interface position.They showa& how it is
posside to extend determnistic sdutions (e.g, Stracks sdution (1976), Gbver’s
sdution (199)) to siochastic counterparts wsing Taylor’s series.Suwch sdutions
allow propagating the uncertairty to ore or more input parangters toestmate the
interface psition which is corsidereduncertan aswell. Note that for apgying this
sdution, assurmptions swch as tle homogeneity d the input parameters as well ade
uncertairty assaiatedwith it have to be made. Moreover, the stawlard deviation of
the inpu parameters shadd be very small. The effectsof the spatial variability of
the input parameter soh as tle hydradic conductivity camot be evaluated using
sud siochastc solutions. The Following equations arehie dochasitc version (Naji et
al. 199) of the Gbver's deterministic sdution for the positio of the freshwater-
saltwater interface consideg uncetain hydraulic condudivity fields:

L . 4’2 — a2
Glover’s deterministic sdution x = 4
2a
" . é’z — 52 a 0'2
Meanposition of the interface x = +—| =K ()
2a 2\ K?
2
And the variance is: ;2 — 1(542 + g)z[a_léj (6)
X 4 R

2. Numerical comparison

2.1 Abarcaetal. (2007)

In the following we evaluat the peiformance d the methodsof estmation of
the toe penetation and the width of the mixing zonedescibedbéfore.

Figure 1 stows that for the homogeneas case, lte regresson nodek dlow a
good estimation of Lp ard W especiallyfor low the In(K) variancs. When In(k)
variance ncreases, lhe dimensionless de penetration is over-estinated whereas th
width of the mxing zoneis unde-esimated. This is due o the inadequag/ of using
local dspersvities values since biln (L, andWp) paameters arecontroled by he
geametric mean of the dspersivties.
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Fig. 1 Dimensianless toepenetration (a and ¢) and widthof the mixing
zone (band d)for isotropic (a and bandanisotropic ¢ andd) fields: using
Abarca’s regession (Solid blackne), 2D MonteCarlo simulatios ensemble
avera@s(solid gray line) and 9846 conficenceinterval (dasedgray line), and
homogeneous medium (dashagdckline).

2.2 Dagan and Zeitoun (1998

For the application of Dagaris model we useal the geometric mean lydraulic
conductivity KG=(KXX*KZZ)1’2 insteadof the arithmetic mean and a&orrelaton length
equalto 1,=34,/8. Figure 2 shavs a canparison between the soltion of Dagan et al.
(1998) andthe ersenble awerages of the 2D (couded density dependent flow and
trarsport) Monte Carlosimulations.

1@ | | | (b)

a
N |

-0.5]

Fig. 2 Comparison betweeiagn etal. (1998)Model (aveage position
in solid gay line, 95% confidence interval in dashed grayine) andthe
ensemle averges of the 2D sinmulations (95 % confidence interval for
isotropic casel{=1,=0.04)in solid blackline andfor pefectly layeredaquifer
(I=+inf.) in dashed bhckline) for In(K) varianceequal to ) 0.5and (b) 1

Resuts showedhat for small In(K) varianes (up to 1), Dagars lution gives
an acceptale estimetion of the toepenetration over the upper80 %on the thicknes
of the aguifer. Far higher vaiances, uncertaty is over-estimated.
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2.3Naji etal. (1998

Naji's solution is not adquate becauseit assums a weak uncetainty
(perturbaion) of (homogeneous) hydraulic conductivity. In other words, K is a
randan variable with relatively snall variance, andt is spatially constart.

Fig. 3 Naji et al. Modd (mean solution in slid gray line and 95%
confiderce irterval in dashed gay line) andthe ensemble aveagesof the 2D
simulations (99% confidere interval for isotric case l¢= 1,=0.04) in solid
blackline and fo periecty layered aqufer (I,=+inf.) in dased blackline) for
oy equal to@) 0.5 and(b) 1.
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Appendix D

Can conditioning to transmissivity data worsen
model predictions?

Abstract It is reasonald to think tha spatally variable transnissivity fields ofen fdlow
non-rrulti-Gaussian stétics Neverthedss, ingroundwater flowand nass transport studies
multi-Gaussianmodels are ver popular. Thé paper investigates the consequencesf
adopting a wrong Random uhction (RF) model. Prevous studies hBve shown that
conditioring to hydraulic head datg adoping a multi-Gaussian approeh, only very
marginally detects connected rsictures ypical for non-multi- Gaussian fields. In addition
several nurerical sinulations grformed havegiven us a hihthat conditioring on a arge
nunber of tranmissivity daa might prevent bad condioning from being efective. We
consider non-miti-GaussianT fields (with braided structues) andcompare the results
obtainedby using theT dataonly for computing tke variogram with thos obtained by
additiorelly condtioning to T data (erroeously, a multi-Gaussin RF modelis asumed). The
preliminary resuts presentechere do notclearly show animprovement whemny pat of the
datais used forT conditioning However, eidence is foundhatconditioring toT datayields
a y/stematic los of connectivity behing disarce ofthe orayr of the variogram range. Tis
fact preentsthe inverse proltlem from icentifying elongatedapgure zones. Conditioningo h
datg insead,generall yields anincreasein conrectivity, whichis more effedive at disances
larger than the variogram range, and gens to allow a patial recovey of non-Gaussian
structures

* This appendix is based on the paper

Kerrou J.,Hendriks-Franssen H.JRenard P. andlunati I. (2008) Hev conditioning to tramsissivity
data can worsemodel predictions. In Calibraticend Reliability inGroundwaer Modelling: Credibility
of Modelling. J. C. Refsgaad, K. Kovar, E. Haader, and E Nygaad (eds), IAHS Publication 320pp
299304, 2008.1SBN 19015@589
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1. Introduction

Groundwater prtectionandaaquifer remedation are twoexanples d actiities
in which modelling the aqufer respase © human activity is important. Tre first
step toward accuate nodelling is a rdiable charactezation of the geobgical
medium. The heérogeneous structure d the aquifer hasto beinferred on the bass
of data thatare availableat discrete dcations andcan camsist of trasmissivty (T)
and head i) measwenerts. Graundwater fobw ard cortamirant mass trasport
predctions are stronlty affectedby the uncertairty of the trarsmissivity field. As
sweh, it is importart to incorporate trasmissivty measurements in flow models,
which is acheved by geosttistical simulations. In general the T fields produced by
stochastic chacterization ee conditiond to the ®ailable T data, which are
considered the orly reliable values ofthe urknown field. However, many problems
are associated with those measwpta(e.g. scaledependace, nterpretation or
measurerant errors arupt dhangeswithin short distance$, which make the useof
thosevaluesdiffi cult.

The daracterizationof the uncertain ofspatially variable transnissivity field
can be further improved by corditioning to hydradic head data by inverse
modelling. An important decision to be taken when modelling groundwater flow
concerrs the mdti-Gaussian assmption of the randan field (e.g Gomez-Herrardez
& Wen, 1998. Since the comectivity of extreme values of trasmissivity has a
strorg impact on contaminant travel time, neglecting the comectivity (as multi-
Gauwssian nodels do) can yield a sevee underestimation of travel times (eg. Zinn &
Harvey, 2003. Although inverse modeling nmethods were devebped which can
hande non-muti-Gaussian field (e.g. Capillaet al, 1999 Hendricks Frarssen&
Gdmez-Herrandez, 2002), it is cunbersome toinfer the Randen Furction (RF)
model from sparseobsenation data. Ths is ore of the reasos why most spatially
variable trarsmissivty fields are nodelled as if trey were multi-Gaussian, altholgh
this is often no the case.Kerrou et al. (2008) investigated how swch a wong
decision affecs the nodelling resuts. They wsed a synhetic agifer with marked
non-multi-Gaussiarty (Fig. 1), and nodelled it with multi-Gauwssianmethods. They
also investigated to what extent inverse nodelling (canditioning to hydradic head
data) was alte to correctthe adopion of a wrong RF model. Note that hydradic
head dta coud detect clannels & extreme hydradic conductivities, evenif such
chameling was rot detecied on the bass of trarsmissvity dat and not imposedby
the RF nodel. Indeedhydraulic head ad transnissivity are orrelated brough the
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groundvater flow equaion. Kerrou et al. (2008) found that hydraulic headdata were
hardly able to detect sich chamels, andthat comectivity is underestmated even fa
inverse condioned realizations. At the same the, trey fourd that trarsmissivity
data might preventheal dat from being dfective in finding connecied dhamels in
inverse ondtioning. In casel000 hydraulic heal dat were available for inverse
conditioning, the resits in terns d flow and trarspat predctions were letter
(although more urcertain), if 21trarsmssivity data wereusedfor conditioning than
if 1000 transmissvity dat were employed. Fgure 2 (after Karou et d., 2008)
shows how couitioning is alde to detect some bthe canectivty.

% ()
06|
4
0.4/
2 02|
0 200 400 600 800 1000 -4 -3 -2 1 0 200 400
(@) x [m] (b) log4(T) (c) I[m]

Fig. 1 (@) The sythdic transmissivity field with the 10-dag cafure zore
around tle well (small blackcircle) understeag flow conditions (white
contour), (b) histogram of the dedma log d the transnissivities, (C) X
(dashed lineprd y (solidline) directional vailograms.

1 —— 1 ‘ ‘ ——
— ref. — ref.
- == krig. 1 \ === krig.
== 1000T === 1000T
08 —— 1000T+1000H | 08 \ - 1000T+1000H
\\ ,
-~ \ =)
< 06 \‘\& S 06 \‘\
o N
S 3 = 1= I N—
X :‘-w ey S Ay ~———
% 0.4 S~ 27 7SS - m 9:) 04 ‘\\/ /-\'\
N RN N A < S S _ V4
: RV T S ol it
Sa_e ~*~~ So -
0.2 ~ 02 “--_$ g Y
e N R A S R R TSR \,
0 L L L L O L L L L ~~\_-—‘
0 200 400 600 800 1000 0 200 400 600 800 1000
L [m L [m
(@) ml (b) m]

Fig. 2 Directional covariance (a)and connectivty of the high
transnissivitieshigherthanthe geornetric mean(b) funcions #ong thex-axs
for 1000 T dia. Thelines correspond to thensemble averageser the 100
simulations (100T, and 1000+1000h). After Kerrou et al. (2008).
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This pape presents some addtional simulations aimed atinvestigating in more
detail the rde of trarsmissiity data in inverse condioning when a norAmulti-
Gaussian mdum is erroreously modelled as keing multi-Gaussian. Tle sane
syrthetic reality is wsed asby Kerrouet al. (2008), in order to directly conpare the
resuts oltained by Kerrouet al. (2008) ard these esults.

2. Methodology

This sudy is conducted on a syrihetic trarsmissivity field (T) built from an
aerel photograph displaying braded chamels ard lenses in the Chau River, New
Zealard (Modley, 198B2). Two uncondtional multi-Gaussian simlations were
generatedto semrately pgulate with T values chanek and lenses. This yielded an
aquier whose stucture onsists of channek and lenses displaying internal
heterogeneities (Fg. 1). By mposing corstant headboundary corditions on the east
(4.24 m) ard west (Om) boundaries andno flow bourdary conditions in the north
(positive y-avis direction) and south of the refererce T field (assuumed as aconfined
aqufer), auniform steady-state flowas catulated.

The syntheic T field was sepled to provide dat for both direct and inverse
characterization ethods; als the reference hydraulic head field was sampled for
inverse corditioning. The tramsmissivity data sets cosist of 21, 250 ard 1000 T
measurerants; thehydraulic headdata set casists 0fL000h dat. These dat were
used in direct corditioning with the trning bands mettod and n inverse
conditioning with INVERTO (Hendricks Franssean, 2001). Some of the sinulations
were perfformed without condtioning to transmissivty data, aimng at investigating
wheher onditioning to transmissiity dat prevents heal dai@ from reveaing ron-
multi-Gauwssian stratures.Note that inthose cases a nagram model estinated
with the help of 250 or 1000 T data was adpted. Inall casesl00 eually likely
realisations were generated. Téserealisdions wereused as mpu for a farecasting
problem. Figure 3 shows one of the generated realsations for two of the stdied
scenars.

For theforecasing problem a wellwasadled in the mddle of he domain (the
bownday conditions beng the sane as for he refeence headfield). The 10-days
cafdure zore of the well was calclated by sdving the Kdmogaov backward
equationwith the GroundWaer finite elementcode(Cornaon 2007).
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3. Results

A largenumber of comparisonmeasuresvere calalated, butherewe compare
the reslts only on the basis of te well cepture zone maps and the measure of
connectivity. The othemeasurs, especialy the aveage enserble ab®lute eror
and theaveragge enserble standed deviation (@mmparing each setf redizationsto
the T ard h reference fields), showed in most cases better resultghen more
trarsmissivity data wereused for condioning. These neasures donat indicate tlat
the effect of coditioning to trarsmissivity data limits the impact d head data.

The 10-days cagpure zore probability maps calcdatedfor differert datasets are
shown in Fig. 4. Visual inspecion of the c@ture zone maps ndicaes hat
conditioning to T data terds to redwce urcertairty. However, the idertification of the
cafdure zore is not clearly mproved. In particdar, it is surprising that probability
spreads in the direction trarsversalto the flow. This is evdent when the variogram
estimated on the basisof 1000 tarsmissivity data was used (Fig 4(d)-(h)).

0 100 200 0 200 400 600 800 1000 200 400 600 800 1000
(b) I[m] (d) x[m] M) x[m]

Fig. 3 (a) Histogam of 1000samples ofthe decimal logf T, (b) x (black
line) andy (grey line)directioral variograns; (c)a simulation coditionedto
the 1000T dataonly; (d) the same simation after conditioningto 1000T and
h measirenents (e) an uncondtional simulation geneated using onlythe
variogram of1000 T dat; (f) the sane uncondtiona simulation geneated
using the variogagm of 1000T data andconditioring to 100th measurenents

Condiioningto 21 T datyields a probality areathatislarger in they direction
(compare Fg. 4(d), resp. F. 4(e), wih Fig. 4(g), resp. . 4(h)), whereastibecanes
shorter in the x direction and fai to idertify the most upsteampat of the capire
zone. We attrbute ths to a lack of connecivity typicd of multi-Gausgan models: if
the connectivity in theléw direction isunderestimted, the fagcasted capture zone
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becames less elongatl and spreads ithe trarsversaldirection b satsfy mass balance
(the area is dely determined by the well flow rate ad must be the sane re@rdess @
the specic T field). Also te resuis obtained condioning b 1000 T data can be
expressed bthis argunent. The bck of mnnectvity makes t more convenentfor the
well to extrad water fron the rorthern chamel than from far upstrean in the saithern
channel (copare Fig. 1 and Fig. 4(f)). Thefore, the upstreamartof the channel is
not captired anynore in ary of the realgations, whereas hgh probadity of flow
from the northern channel &roneouslypredicted (Fig. 4(f)). Conditioning to dag,
instead, alvays hegbs in finding the ebngded channel as it can be observed by
comparing Fig. 4(d), resp. i§ 4(g), wih Fig. 4(e), resp. i 4(h). $, a visual
inspecion of the well cajpure zanes gves hints that trarsmissvity data make it more
diffi cult to find the pats of he well captire zone wheh are redted to the non-multi-
Gaussan propeits of heT field.

0T+ Vario250 T+0h 0T+ Vario 1000T+0h 21T+ Vario 1000 T+0h
T
LT :
‘ (@) i d (9

0T + Vario 250 T + 1000 h 0T + Vario 1000 T + 1000 h

(e)

250 T + 1000 h

Probability
0.01 0.2 0.4 06 08 0.99

(c) (f)

Fig. 4 Probability maps ofthe 10-dag capgure zore. The Hack line
representshe reference 10ays cafure zone.The greylevels epresent the
isoprobability contoursfor all the combinatios of T and h datasets and
variogram models (i.egstimated on # basis 5250 or 1000transmissivity
data) accordhg tothe map title.

To furthe investigatethese aspects, weve calcdated tle canectivity of the
T fields (Fig.5). The nulti-Gaussian simlations systemticaly undeestimate the
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connectivity of the non-multi-Gauwssianrefererce T field. When more conditioning
data areusel, the taracterization of @nrectivity improves. Although the hest
resuts are olainedif both trarsmssivity and hea dat areusel for conditioning, it
is evident that conditioning to head dta increases t longrange connectivity. Note
that thiseffect canonly be appreciated atlistances largethan thevariogramrange
(abou 100m, see Fig3).

4. Discussionand conclusions

This paper amalysedthe role of trarsmissivity data in inverse colitioning, if a
multi-Gaussan modelwas eroneously adbpted.Kerrou et al (2008) found evderce
that head cita were less db to “carect the wrong Random Function model for
trarsmissivity in case rany trarsmissivity data were gedfor condtioning.

1 1
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Fig. 5 Conrecivity functions (of transmissivities higherthan he mean)
along tle x-axis for (a) 250T data and (b 1000 T data. The lines
corresponding to the simulatis are ensemble aeges oer the 100
simulations. Indx corresponds tol transmissivitydata plusheir varogram,
Tu only variogam, TH transmissivity and heads, TuH only vaiiogram plus
headsandref reference feld.

This pgper points agan in that direcion, and aldresse the queston whether
using only the headdata for canditioning anda snall number of transnmssivity data
(whereas all traamissivity data are sedto conmpute the variograincan inprove the
predction.

The reslts preseted here donot indicate sub an improvement, and gggest
that it is raber the RF model based onthe computed variogram ard onthe multi-
Gaussianassumtion which is resposible for ursatisfactoy predctions. This is
confirmed by the fact that, in general, conditioning to T data impoves tle
identification of the cg@turezone n the vcinity of the well, i.e. within a dstarce
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conparable wih the vaiogram range, butyields a systematic ks of connectivity
behnd this distance. ©ndtioning to h data, instead, yields amcreasein
connectivity that is nore effective at dstanes large than the variogram range We
cansuwggest that, ingeneral, headdata tendto hep to detectthe ebngaied chamels
of thewell cgpture one whereas tnasmssiity dat have an opposte impactand
yield a less elogated ard larger prokahbility map.

In order to assess th impact of condtioning to trarsmissivty data when a
multi-Gaussianmodel is errmeausly applied to a nan-multi- Gaussiarreality, further
investgaton are nealed. The presat work indicatel that connectivity plays a
primary rde ard therefae sygested thatite wrong RF rodd is the first saurce of
deterioratian for the capure-zane predction. To circumvent thesedifficulties, we
argwe that two sdutions may be propcsed,one is to use alterrative RFmodels that
canhande different conrectivity patterns sich as e multiple point statistics o to
use a nulti-Gaussianmodel but with variograns that wauld have snaller ranges
than he expeaimental variograms. In that way, the inverse method may have more
degrees of feedm and nay be alde to canpensate th inconsistermies between tle
headdat and the sbchasic modelfor the ransmssvity field.
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