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Abstract

Seawater intrusion and agricultural pollution are the major sources of groundwater
contamination and salinization in coastal irrigated areas. The Korba coastal aquifer,
located in the Cap Bon peninsula, North-East of Tunisia, has been intensively exploited
since the seventies. Several studies reported the sharp piezometric drop and
groundwater salinization. Seawater intrusion was presented as the major source of
salinity and irrigation return flow was rarely considered.

In this study, we are proposing to identify soil and groundwater salinization sources and
processes. Besides, an endeavour to quantify solute irrigation return fluxes is presented.
To fulfil these objectives experimental and numerical studies were performed.

Two transects perpendicular to the shoreline and following two flow paths (the first
landward and the second seaward) were selected. Soil and groundwater investigations
were periodically performed along theses transects. They involved soil and groundwater
sampling, piezometric measurements and Electrical Resistivity Tomography Imaging.
Various geochemical methods were applied to analyse the collected data. Besides,
multivariate statistical analysis techniques were performed to assess salinity sources and
processes. Modelling of the seawater/freshwater mixing problem was also carried out
using PHREEQC code. HYDRUS1D was used to simulate long term salt transfer
towards groundwater.

The results show that seawater intrusion and agricultural pollution are the major sources
of salinity. Seawater intrusion was controlled by cation exchange, carbonate weathering
and redox processes. Agricultural pollution is enriching the groundwater with NOs, Ca,
SO, and K elements. Geochemical and multivariate statistics techniques estimated the
seawater penetration length of about 4000 m.

The soil survey confirms the latter result. It shows that the soil solution gets
concentrated in the dry season with possible calcite and gypsum precipitation. Rainfall,
afterwards, leaches the soil and reduces its salinity.

The unsaturated modelling revealed that the solute flux considerably depended on the
irrigation amounts and the vadose zone thickness. It also demonstrated the important
role of stormy episode in the leaching process.

Key words: seawater intrusion, irrigation return flow, salinization, unsaturated

modelling, Tunisia



Résumé

La these traite des transferts des sels au niveau de la plaine de Korba: impacts de
I’intrusion marine et de I’irrigation. Elle s’articule autour de trois parties.

La premiere partie (chapitre 2 et chapitre 3) décrit les investigations entreprises au
niveau de deux sections perpendiculaires a la mer et dont I’objectif est d’identifier les
sources et les processus hydrogéochimiques de la salinisation des eaux de la nappe. Un
réseau de surveillance comprenant 55 points a été mis en place en juin 2006 pour suivre
le niveau statique, la conductivité électrique, les éléments majeurs, les nitrates et les
bromures. Sept campagnes de mesures ont été réalisées. Par ailleurs trois sondes de
mesure en continu de pression et de conductivité ont été installées, en décembre 2006,
dans trois piézometres réalisés lors de campagnes de forage. A I’issue des différentes
campagnes, 154 échantillons d’eau ont été recueillis et analysés. Des profils de
tomographie électrique ont été également réalisés pour localiser le biseau salé. D’un
point de vue méthodologique, une étude géochimique classique ainsi qu’une analyse
statistique multivariée (comprenant I’analyse en composante principale et la
classification hiérarchique) ont été réalisées. De plus, le code libre PHREEQC a été
utilisé pour simuler le mélange eau de mer eau douce. Le suivi piézométrique
trimestriel ainsi que le suivi piezométrique horaire ont montré que les fluctuations de la
nappe sont corrélées a la pluie et aux pompages. Il a également confirmé I’existence
d’une dépression piézométrique de 5 m a 4000 m de la mer dans la premiére section.
Dans la deuxiéme section la nappe s’écoule naturellement vers la mer.

L’étude géochimique a mis en évidence I’existence d’un mélange entre les eaux de la
nappe et I’eau de mer, la forte contamination par des résidus d’origine agricole
exprimée en de forts taux de nitrates, de bromures et de sulfates, et la possible parenté
des eaux de la nappe avec des saumures meres pétrolieres. La modélisation
géochimique du meélange eau de mer/eau douce montre qu’au niveau de la section
touchée par la dépression piézométrique, on assiste a des processus d’échange
cationique directs alors qu’au niveau de la section non touchée par I’intrusion marine on
assiste a des échanges cationiques inverses. Cette analyse montre également I’influence
des équilibres des roches carbonatées ainsi que les processus redox sur la chimie de la
nappe. Le lessivage du gypse et la dédolomitisation sont aussi des processus
envisageables pouvant expliquer I’enrichissement de la nappe en calcium. L’évocation

du lessivage du gypse nous renvoie également a I’hypothése que I’irrigation contribue a



la minéralisation de la nappe via la salinisation des couches supérieures du sol et
I’apport en fertilisants.

L’analyse statistique multivariée a mis en évidence qu’un nombre important de puits
présente une qualité d’eau trés influencée par les nitrates évoquant I’irrigation comme
source de salinité. Cette analyse a également permis de localiser I’influence de la mer
sur la composition chimique de la nappe a respectivement 4000 et 1500 m pour la
premiere et la deuxiéme section. La pollution agricole, elle, est plutét localisée dans les
zones internes a partir de 2000 et 1500 m respectivement pour la premiere et la seconde
section.

La deuxiéme partie (chapitre 4) concerne I’étude expérimentale menée au niveau de la
zone non saturée. L’objectif étant de comprendre les processus qui interviennent a cette
échelle sous I’effet des pratiques d’irrigation et de la pluie et leur impact sur la qualité
des eaux de la nappe. Deux campagnes de forage ont été réalisées (Ao0t-septembre
2006 et avril 2007). Au cours de ces campagnes, 9 forages destructifs a sec ont été
réalisés au niveau de six parcelles irriguées a partir des eaux de la nappe. Les
profondeurs de ces forages, varient entre 4 et 20 m en fonction du niveau de la nappe
sur des intervalles d’échantillonnage allant de 20 a 50 cm. Le nombre d’échantillons
recueillis est égal a 254. L’extrait de la pate saturée a été effectué pour la détermination
de la conductivité électrique, du pH, des éléments majeurs (Na, K, Ca, Mg, Cl, SO4,
HCO3), et des nitrates. Les fractions granulométriques ont également été déterminées et
ont été exploitées pour la détermination des parametres hydrodynamiques du sol. Une
quinzaine d’échantillons ont été passés a la diffraction aux Rayons X, pour I’analyse des
principaux minéraux. Les mesures effectuées montrent une importante accumulation de
sels, aprés la fin des irrigations, au niveau des horizons supérieurs du sol ou la
conductivité des eaux atteint les 17.5 mS/cm, la concentration en chlore atteint les 8.6
g/l. Ces concentrations diminuent considérablement au cours de la deuxieme campagne
d’échantillonnage, qui correspond a la saison humide, pour atteindre les 2.7 mS/cm et
une concentration en chlore de 250 mg/l. Cette diminution de salinité est due au
lessivage des pluies. L’analyse en composante principale a été appliquée aux
échantillons de sols recueillis dans la premiére section. Nous avons procédé a une
analyse séparée pour chaque saison. Les résultats montrent que la salinisation par
concentration de solutés ainsi que la contamination par les nitrates, notamment dans les
horizons contenant une importante fraction d’argile et de limons, controlent la

composition chimiques des solutions du sol. Par ailleurs Le principe de I’alcalinité



résiduelle généralisée a été testé pour les échantillons de la premiére section. Il montre
que sous I’effet de I’évaporation, la calcite poursuivi du gypse précipitent. Ce résultat
est conforme aux calculs et a I’évolution des indices de saturation de la calcite et du
gypse. Ce principe montre également que la solution du sol évolue vers la voie saline
neutre.

La troisieme partie (chapitre 5) concerne la modélisation des transferts de solutés en
zone non saturée. La modélisation de I’écoulement et du transport a essentiellement été
réalisée sur des profils unidimensionnels, dont la profondeur varie de 4 & 25 m. Nous
avons retenu les deux codes de calculs HYDRUSID 4°™
Simanek (2008) et GEODENS développé par Bouhlila (1999). Les conditions aux

limites supérieures correspondent aux conditions « atmosphériques » qui prennent en

version développé par

compte [I’évaporation, la transpiration, les précipitations et les irrigations.
L’évapotranspiration potentielle de référence a été estimée en se basant sur les données
climatiques horaires de la station d’Oued Souhil situé a 30 km de la zone d’étude. Les
précipitations sont celles mesurées au niveau de cette méme station. Les parametres
hydrodynamiques du sol ont été déduits a partir des analyses granulométriques
effectuées sur les échantillons de sol prélevés sur toute la colonne non saturée, jusqu’a
la nappe. HYDRUS1D a été calé sur la saison humide en ne prenant en compte que les
forgages climatiques. Il a reproduit le lessivage des premiéres couches du sol lors des
périodes pluvieuses. Par ailleurs trois scenarii de prédiction on été testés. Le premier
stipule que les quantités d’irrigation demeurent les mémes durant dix ans de calcul, le
second propose une diminution de 30% des quantités d’irrigation durant dix ans et le
dernier propose I’abandon de I’irrigation durant 20 ans. Des séries temporelles de 30
ans (de 1970 a 2000) de données climatiques journalieres (pluie, humidité relative de
I’air, température, durée d’insolation et vitesse du vent) ont été moyennées pour servir
de données d’entrée au modele. Les simulations ont montré que le flux de solutés
dépendait de la profondeur du profil. Ces flux simulés sont sous-estimés et négligeables
a cause d’une forte accumulation de sels dans les profils. Cette sous-estimation est due
essentiellement au fait que les pluies moyennées ont été lissées (le maximum journalier
est a 10 mm) et ne présentaient plus de valeurs extrémes, connues pour leurs pouvoir de
lessivage. De plus I’évapotranspiration moyennée a été plus importante que celle
mesurée a Oued Souhil. La recharge directe de la nappe par les pluies variait entre 0.7 et
6.2% de la pluie annuelle. Les simulations effectuées en utilisant GEODENS ont mis en

évidence la précipitation du gypse au niveau des horizons supérieurs.



Comme perspectives a ce travail, nous proposons les axes suivants :

Modéliser les processus géochimiques le long de la ligne d’écoulement en
utilisant NETPATH ou PHREEQC

Améliorer la conversion des résistivités électriques en teneur en eau. Une
expérimentation basée sur celle décrite par Montoroi et al. (1997) et adaptée
de Rhoades est en cours de montage.

Améliorer les données climatiques d’entrée en utilisant des méthodes et
modeles statistiques plus poussés.

Réaliser un échantillonnage adéquat pour les crodtes de sels a la surface du
sol et les faire analyser aux RX pour confirmer la présence de calcite et de
gypse. Réaliser I’expérience de I’irrigation avec des eaux salées et sous
évaporation a I’échelle du laboratoire.

Réaliser une modélisation stochastique de I’hétérogénéité et étudier son effet
sur le transport des sels en zone non saturée. Notons que la littérature

manque sur ce sujet a cause du nombre important de parametres a traiter
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Chapter 1. Introduction

1. Salinization, an environmental hazard

Water and land resources misuse in ancient civilisations of Mesopotamia (Artzy and Hillel,
1988) and Mesoamerica has contributed to their progressive decline. Furthermore, it is
interesting to notice that historians are now defending the theory of ecological failure and
the irrigation infrastructure breakdown to explain the sudden end of the Khmer Empire
(from the IX™ to the XI11™ century) (Kummu, 2009). The misuse of water resources was
also associated to the occurrence of soil and groundwater salinization. This phenomenon
has been identified from the antiquity as a source of civilizational threat. It was reported
that, by the end of the Punic wars (146 B.J.C.), the roman army, has spread salt on the farm
fields of Carthage to sterilize their land as an ultimate form of punishment (Slim et al.,
2006).

Nowadays, salinization is identified as an environmental hazard that is furthermore
considered as a desertification indicator (Kosmas et al., 2006). In fact, it is classified as the
third cause of desertification. It affects soil, groundwater and surface water resources and
is characterised, in some cases, by its irreversible state.

The Mediterranean basin is particularly affected by this phenomenon (FAO, 1997). Indeed,
in arid and semi arid regions, the annual water balance is highly disturbed by the increasing
water demand (Chahed et al., 2008). Therefore, an important percentage of water resources
is no longer renewed through natural recharge inducing water quality degradation as a
result of solute accumulation and concentration. Note that the spread of salinization is
mainly correlated to the irrigation expansion (Smedema and Shiati, 2002). Irrigation
induces salinization through three principle processes: mobilization of salts, already
present in the root zone, brackish shallow groundwater rise and salts accumulation in the
topsoil due to irrigation with saline water combined with high evapotranspiration rates.
Thus, adequate irrigation practices have to be adopted to manage irrigation-induced
salinization (Hillel, 2000). Postel (1999) (Postel, 1999) discussed the durability of
irrigation systems.

Irrigated coastal areas are vulnerable to salinization. In fact, in these areas, several sources

of salinization can be identified: natural or primary salinity (Baba et al., 2006), seawater



intrusion (eg. Custodio and Bruggeman, 1987) and irrigation return flow (eg. Ben Moussa
et al., 2010; Causapé et al., 2004a).

1.1. Seawater intrusion

Seawater intrusion occurs when heavy pumping withdraws fresh water at a faster rate than
it can be renewed. The seawater/freshwater interface is thus displaced inducing the fresh
groundwater contamination with salt water. Seawater intrusion is considered among the
most hazardous and widespread coastal aquifer contamination mechanisms (Bear et al.,
1999; Custodio and Bruggeman, 1987; Steyl and Dennis, 2009).

In Tunisia, several coastal aquifers are reported to be affected by seawater intrusion.
Indeed, a study performed in the sixties, for the ministry of agriculture, detected that Korba
coastal aquifer, located in the Cap Bon peninsula (North-East of Tunisia), was already
contaminated by seawater intrusion (D.G.R.E, 1964). Since that date, several studies
reporting other cases of seawater affected aquifers have been cited in the literature.
Tarhouni et al. (1996) continued the survey in Korba coastal plain. Rekaya (1997),
presented an overview about the national expand of the problem. He reported that yearly
extractions from coastal aquifers already exceeded the natural recharge and moreover
presented 50 % of the total extracted groundwater from all the phreatic aquifers. He also
stated that protection measurements were decided by the government, yet their application
was limited. Fedrogini et al. (2001) and Trabelsi et al. (2007) analysed the mineralization
sources in Jebenia coastal aquifer (South of Tunisia) and classified seawater as the third
major source of salinity. Bouri and Ben Dhia (2010) presented the case study of Teboulba
aquifer (Tunisian Sahel) affected by seawater since the seventies. They assessed the thirty-
year artificial recharge experiment through surface wells and found the technique was
successful in improving both piezometry and groudwater quality. Ben Hamouda et al.
(2009) set up an important isotopic and geochemical database of both Korba and Haouaria
aquifers.

Several techniques to monitor and assess seawater intrusion are cited in the literature.
Among these techniques, the most used are: geochemical analysis and modelling (eg. Park
et al., 2003; Post, 2002), hydrodynamic modelling and assessment (eg. Kerrou and Renard,
2010) and geophysical investigations (Martinez et al., 2009; Melloul and Goldenberg,
1997)



1.2. Irrigation-induced Salinization and Irrigation return flows

Besides seawater intrusion, soil salinization and alkalinization are the other side effects of
the irrigation expansion. In fact, the high rates of evapotranspiration, recorded in arid and
semi arid regions, induce salt accumulation on the topsoil. These salts are then leached,
under rainfall, towards groundwater. This situation made some aquifers trapped in a closed
salinization cycle. This phenomenon is referred to as the solute recycling. Milnes et Renard
(2004) proposed a mathematical formulation describing solute recycling. Besides, their
formulation was applied and tested in the case of the Kiti aquifer in Cyprus. They have
found that considering solute recycling improved the results of the aquifer numerical
model.

In the last decades, the scientific community became aware about the importance of
studying the impact of land use on the groundwater (Cardona et al., 2004; Kim et al.,
2003), surface water and seawater’s quality (Andersen et al., 2007). Indeed, in the fifties
and sixties, soil scientists were rather concerned with leaching salts below the root zone.
Hence, the vadose zone was assimilated to the root zone that did not exceed 150 cm depth.
Moreover, even in recent literature we can read “However for the most part, in humid
regions salt affected soils are not a problem because rainfall is sufficient to leach excess
salts out of the soil, into groundwater and eventually into the sea” (Sparks, 2003).
Inversely, solute transport and fate in the vadose zone is well studied in the literature. Most
of these studies are in general conducted without consideration to the groundwater
(Rajmohan and Elango, 2007). Therefore irrigation return flow mechanisms and
quantification are poorly cited in literature.

Irrigation return flow can be assessed by using numerical or conceptual models.
Conceptual models based on the salt and water balances are widely used to give a
quantitative evaluation of salt transfer at different scales (Araglés et al., 1985; Askri et al.;
Causapé et al., 2004b; Marlet et al., 2009)

In Tunisia, the salinity management in irrigated areas has been studied since the early
sixties in the context of the Research Centre for the Utilization of Saline Waters for
Irrigation (CRUESI) established in 1962 with the collaboration of the Special Fund of the
United Nations and UNESCO. Hachicha (2007) presented an overview of the Tunisian
situation with regard to soil salinization. He reported that salt-affected soils cover about 1.5
million hectares, representing a ratio of 10% of the total surface of the country.



2. Motivations, aims and structure of the thesis

The present work deals with the study of salt transfer in the Korba irrigated coastal plain
reported to be highly affected by both piezometric drop and increasing salinity.

Korba aquifer has been widely and thoroughly studied since the sixties (D.G.R.E, 1964;
Ennabli, 1980; Kerrou et al., 2010; Lecca et al., 1999; Paniconi et al., 2001; Tarhouni et
al., 1996). Nevertheless, experimental and modelling studies concerning the vadose zone
are lacking. In fact, cultivated soils in the Korba plain are classified as light textured and
thus not threatened by salinization hazards. Therefore, the analysis and quantification of
irrigation return flow has to be deepened. Besides, groundwater hydrogeochemical
investigations and analysis along important flow paths were not performed. Indeed,
studying hydrochemical processes along flow paths enhances their identification and
comprehension (Andersen et al., 2005). Moreover, the seawater/freshwater mixing
problem was modelled by Kouzana et al. (2009) using PHREEQC (Parkhurst, 1995), yet
the results were not discussed with regards to groundwater flow.

The present work aims at identifying sources of salinity affecting soil and groundwater, to
analyse the salinization processes of both soil and groundwater in a coastal plain and
finally to study and quantify the irrigation return water and solute flows. The expected
results can be useful to decision makers, for sustainable management of soil and
groundwater resources.

The present thesis is divided into four principle chapters presented in international
conferences and submitted to peer-reviewed journals. In the second chapter, we present an
endeavour to identify the salinity sources in the Korba aquifer using multivariate statistical
analysis, conventional geochemical methods and electrical tomography imaging.
Experimental data was collected during a three year survey along two transects.

In the third chapter we are proposing to use geochemical processes occurring at the
seawater/freshwater interface as indicators of temporal and spatial seawater intrusion
evolution. A modelling of seawater and groundwater mixing problem is presented.

The fourth chapter deals with an experimental study of soil and groundwater salinization
under irrigation with brackish water.

The fifth and last chapter is a presentation of the unsaturated modelling of the long term
transfer of salts movement in the vadose zone. The objective is to quantify salt quantities at
the profile scale moving towards the groundwater. Geochemical modelling is also

proposed in this chapter.



The sixth and last chapter summarizes and discusses the principal results. In this
conclusion we are also proposing a perspective of eventual future fields of research to

carry on as a continuation of the present work.
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Chapter 2. Hydrochemical and hydrodynamical
iIdentification of superimposed salinization
processes in a coastal irrigated plain, Korba

(Tunisia)

Abstract

Groundwater investigations were carried out along two transects (S1 and S2) perpendicular to the shoreline
in Korba coastal aquifer. They involved groundwater sampling, piezometric measurements and Electrical
Resistvity Tomography imaging. The objective was to identify the potential origins of groundwater
salinization and to study the associated processes. Historical data, set up since 1962, were also collected and
analysed to evaluate time and space evolution of the salinization spread. lonic ratios and deltas, conventional
diagrams and geochemical modelling using PHREEQC were also used. Besides, multivariate statistics
techniques, Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were performed.
The piezometric survey confirmed the inversion of the groundwater flow in transect S1 where a piezometric
depression of 5 m was observed at 4000 m from the shoreline. PCA reveals that two main processes are
contributing to groundwater mineralization and thus salinization: seawater intrusion and agricultural
contamination mainly through N-fertilizers. The geochemical impact area of seawater intrusion was
estimated to 4000 and 1500 m respectively for transect S1 and transect S2. Inversely, agricultural
contamination is rather acting in internal areas beginning at 2000 m and 1500 m from the shoreline for
respectively S1 and S2.

12



1. Introduction

Salinization forms one of the most widespread and threatening groundwater contamination
forms (Richter and Kreitler, 1991). Coastal aquifers are in general more vulnerable to
quality degradation due to natural salinization processes and recent agricultural activities
expansion and intensification (Smedema and Shiati, 2002). The latter causes seawater
intrusion characterized by groundwater flow inversion due to intensive pumping. This
situation is more critical in semi arid and arid areas like the Mediterranean and Near-East
regions (FAO, 1997).

Custodio and Bruggeman (1987) reported that brackish groundwater is naturally common
in arid regions because of climatic reasons. The other aggravating factor is that extracted
groundwater is no more renewed through natural recharge processes because annual
rainfall does not exceed, in some cases, 200 mm. If we consider climate change hazards, it
is clear that Mediterranean countries are facing real fresh water scarcity problems.
Moreover, agricultural activities are loading diverse contaminants principally issued from
fertilizers and pesticides that are transferred towards groundwater. This phenomenon,
known as the solute recycling through irrigation return flow, is also contributing to
groundwater salinization (Milnes and Renard, 2004).

Besides seawater intrusion and irrigation return flow, case and regional studies cite fossil
seawater (Vengosh and Benzvi, 1994), dissolution of evaporites (Trabelsi et al., 2007), deep
brines and other anthropogenic sources (Ben Moussa et al., 2008) as possible sources of
salinization. Post (2004) focuses on the relationship between geological history and salinity
origins. In many cases, different sources of salinization are superimposed. This makes it
difficult to identify these sources and to evaluate the contribution of each of them.

Several geochemical (Richter and Kreitler, 1991; Vengosh and Rosenthal, 1994),
geophysical (Martinez et al., 2009) and hydrodynamic techniques have been developed to
assess salinity sources and to study different processes accompanying groundwater
salinization. Multivariate statistics techniques (Papatheodorou et al., 2007) as well as
numerical modelling are contributing to the knowledge and prediction of these phenomena.
Nevertheless, the reliability and applicability of these techniques remain limited, in some
cases, because of the superposition and interference of different sources and processes
affecting groundwater. Ghabayen (2006) used the Bayesian Belief Network (BBN’s), a
probabilistic expert systems, to distinguish between different sources of salinization.
Geochemical processes accompanying groundwater salinization are closely linked to the

respective salinity source. For instance, seawater intrusion is mostly characterized by
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cation exchange, carbonate dissolution/precipitation (Bouhlila and Laabidi, 2008) and
sulphate reduction (Gomis-Yagues et al., 2000). Salinization issued from agricultural
pollution is likely to be enhanced by evapotranspiration and leaching processes leading to
precipitation/dissolution of minerals (Cardona et al., 2004).

Irrigation return flow is less reported in literature and is rather difficult to quantify. Indeed,
most of these processes are taking place in the unsaturated zone, and need soil sampling
and studies. In semi arid conditions, evapotranspiration and winter rainfall seem to act as
the major motors of these processes. During the irrigation season, evapotranspiration
causes minerals to precipitate and makes the upper soil layer become concentrated in
solutes. This situation is aggravated each time the applied irrigation water is already saline.
The precipitated minerals are then leached under rainfall action. At a long term scale, these
minerals would reach the groundwater. In the case of shallow groundwater, the irrigation
water can instantly recharge the groundwater. The major fingerprint of irrigation return
flow is the increase of NOs3, Cl and SO, (Koh et al., 2007; Kumar et al., 2009).

Korba aquifer is an example of the contaminated coastal aquifers in the Mediterranean
region. Surveys, experimental and modelling studies have been set up since the sixties to
assess the threatening intrusion of seawater into the continental groundwater, originally
suitable for agriculture. In most of these studies, seawater intrusion is presented as the
major cause and origin of groundwater quality degradation. In this study, we are exploring
other sources of salinity beyond the evident seawater intrusion. The main objective is to
identify the sources of salinity, especially the ones originating from agricultural return
flow. Besides, we will discuss the geochemical processes accompanying seawater intrusion

and agricultural pollution with regards to the hydrodynamic evolution.
2. Hydrogeological settings

The Korba plain is located in the north-eastern Cap-Bon peninsula of Tunisia. The Korba
aquifer is known to be a part of the regional aquifer delimited by the city of Maamoura in
the south, the city of Kélibia in the north, the Mediterranean Sea in the east and the Djebel
Abderrahman in the west (

Fig. 1) (Lecca, 1999). The aquifer is alluvial and phreatic and it covers about 438 km2.
Two principal geological units form this aquifer (Ben Hamouda, 2009). The first unit was
formed during the Pliocene and Quaternary ages by deposition of eroded products from the
Djebel Sidi AbedErrahmen anticline and the Dakhla syncline. The Pliocene formation is

sandstone with alternating marl units and having a mean thickness of 85 m. The
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Quaternary alluvium is composed of detrital sediments (sand, gravel, and silt) with thin

clay lenses and has a thickness that varies between 20 m and 25 m.
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Fig. 1. Location of Korba coastal aquifer
The second unit is constituted of a Miocene marl formation underlying the first unit

(Paniconi et al., 2001). Transmissivities in the Korba aquifer range from 5.10° to 10 m/s
(Ennabli, 1980). The Korba plain has a semi-arid climate with a Mediterranean influence.
The annual mean precipitation is 450 mm while mean annual evapotranspiration reaches
1100 mm. Ennabli (1980) estimated the real recharge in the range of 5-8 % of the average
annual precipitation (21-34 mm/year). Recently, Kerrou et al. (2010) found that the annual
recharge rate can reach 20%. This aquifer is being intensively exploited, mainly for
agricultural purposes, since the sixties. More than 9000 wells equipped with motor-driven
pumps and extracting about 54 Mm®/year were registered (Ben Hamouda, 2009). This
situation caused groundwater level to decline steadily leading to the creation of a wide
depression between Diar El Hojjej and Tafelloun villages where the measured hydraulic
head reached 12 m below the mean sea level in 2004 (Kerrou et al., 2010). Alongside with
piezometric depression, groundwater salinity has been increasing since the seventies (Fig.
2). It reaches in some regions 15g/L.

15



5

(a) 1964 . 3 (b) 2004
R N Lebna Dam (52);7

s Monitoring well
L1~ Isoline

—= Flow direction
[1Aquifer boundary

17 Isoline ( /17 Isoline

¥ iy g
| Aqujfer boundaw b - AqUIfer boundary
Km \\ K
| =
I ) a 3
0 5 0 s 5 0

Fig. 2 Time evolution of the groundwater hydraulic heads (a) 1963 (DGRE, 1964), (b) 2004
(Kerrou et al., 2010) and the salinity expressed in TDS (mg/l) (c) 1963 (DGRE, 1964) and ,(d)
2004 (Kerrou et al., 2010) in the Korba aquifer. The location of transects S1 and S2 is also
indicated.

To cope with seawater intrusion, a protection perimeter located in Diar El Hojjej irrigated
area was defined in 1998. This area receives surface water from the Northern dams of
Tunisia (via Mejerda Cap Bon Canal) for irrigation and artificial recharge purposes.
Moreover, the ministry of agriculture decided to plan artificial groundwater recharge sites

with treated wastewater.
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3. Materials and methods

3.1. Historical data

Hydrodynamic and quality data have been collected through a network, set up since the
sixties by the Regional Office of agricultural development (CRDA Nabeul), and covering
an important part of the aquifer (DGRE, 1964). The resulting database is partially available
but is discontinuous regarding time and space scales. The analysis of this database is
though crucial for the comprehension of time and space evolution of the salinization
processes and origins. In this work, we have exploited the results of a sampling campaign
carried out in 1964 where major elements (Na, Ca, Mg, Cl and SO4) and Total Dissolved
Salts (TDS) were measured (DGRE, 1964). Besides, we have plotted pizometric and TDS
maps measured respectively in 1963 (DGRE, 1964) and 2004 (Kerrou et al., 2010) (Fig. 2).

3.2. Groundwater investigations along two transects

Two transects, perpendicular to the seashore and following a flow path (S1 and S2) were
selected to carry out different groundwater investigations (Fig. 2). The methodology based
on investigations along flow paths is proposed in some case studies (Andersen et al., 2005;
De Montety et al.,, 2008; Yakirevich et al., 1998). It allows the comprehension of
geochemical response to different hydrodynamic processes. The selection of these two
transects was based first on the piezometric map and secondly on the seawater intrusion
and salinization state. The first transect S1 is located in an area characterized by the
inversion of the groundwater flow landward and the high salinity. The second transect is
located at about ten kilometres north from the first one and is globally not affected by
seawater intrusion (Fig. 2).

In each transect, a monitoring network composed of piezometers, exploited and abandoned
wells was set up (Fig. 2 and Appendix A). Besides, in transect S1, three piezometers (set
up for the purposes of the present study) were equipped with automatic data loggers
measuring hourly the pressure head, the electrical conductivity and the temperature. Water
sampling and piezometric measurements were performed in June, August, December 2006,
March, June, November 2007 and March 2008. Rainfall was measured in Oued Souhil
Climatic station (INRGREF") located at 30 km south from the first transect S1.
Temperature, pH and electrical conductivity were measured in situ. Major elements (Na,
K, Ca, Mg, CI, SO4) and nitrate were analysed in the CHYN Laboratory with ionic

! Institut National de Recherche en Génie Rural Eaux et Foréts
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chromatography after the samples were filtered (0.45 um). Bicarbonates ions (HCO3™ and
CO3%) were analysed using titration and bromide with a spectrophotometer. The ionic
balance error was calculated to evaluate the analytical precision of the measurements. Most
of the samples presented an acceptable error, i.e. below 5%.

3.3. Geochemical methods

Several geochemical techniques are proposed in literature to identify the salinity origin in
groundwater. Among these techniques, we can cite ionic ratios and stable and non-stable
isotopes. Shoeler (1996) first proposed the use of ionic ratios rather than ionic
concentrations. This method is now widely recommended and used the literature
(Ghabayen et al., 2006; Richter and Kreitler, 1991; Vengosh and Rosenthal, 1994). In this
paper, we will use Br/Cl (Andreasen and Fleck, 1997; Hsissou et al., 1999), Na/Cl,
Mg/Ca, HCOg3/ ClI, Ca/(SO4+HCO3) (Vengosh and Rosenthal, 1994) and SO,/CI (Pulido-
Leboeuf et al., 2003) as the most significant ratios indicating the salinity origins.

In general, groundwater under natural conditions does not contain high nitrate
concentrations. If so, nitrate pollution indicates contamination through agricultural
effluents. Thus nitrate can be used to distinguish salinization induced by irrigation return
effluents from that related to other sources (Cardona et al., 2004).

Water types were determined, for each transect, using the conventional Piper diagram
(Appelo and Postma, 2005). Besides, Hounslow diagram (Hounslow, 1995), for the
identification of brine origins, was applied to samples issued from the present study as well
as those collected in 1964.

3.4. Multivariate statistical analysis

When studying multiple quality variables measured in different observation wells at
different seasons, the multivariate statistics techniques present a useful tool to differentiate
the role of each variable in the final chemical composition of the groundwater. They also
allow the classification of the different observation wells into groups (Morell et al., 1996).
Among the multivariate statistics techniques, we can cite Principal Component Analysis
(PCA) and Hierarchical Cluster Analysis (HCA). These two techniques have been widely
applied in case studies of groundwater quality (Hussein, 2003; Melloul and Collin, 1992).
Physical and chemical variables describing groundwater quality, usually present different
units and an important variety in variances and means regarding space and time. Therefore,
a data transformation is processed prior to the application of a multivariate statistics

technique (Melloul and Collin, 1992). Moreover, this procedure makes the data
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dimensionless. The data transformation is based on the standardization technique: for each

variable i, and for each observation well j, we subtract the mean X from the value to

standardize X, and then divide it by the standard deviation S;to obtain the standardized

value Y; as follows:

The PCA and HCA techniques were applied separately for each transect considering
sampled wells at the dry season performed in august 2006. This survey was selected
because it is the most complete one regarding space and time. The number of samples was
then 20 for transect S1 and 21 for transect S2. The considered variables for both techniques
and both transects are the following: Na, K, Ca, Mg, Cl, SO4, HCO3, NO; and EC

For the HCA, we applied Ward’s method with Euclidian distance as a measure of

similarity (Hussain et al., 2008).
3.5.  Electrical Resistivity Tomography (ERT) imaging

Electrical Resistivity Tomography imaging (ERT imaging) is one of the electrical
geophysical techniques that are used in the assessment of sweater intrusion mainly to study
the freshwater/seawater interface and soil salinization (Bear et al., 1999; De Franco et al.,
2009; Yaouti et al., 2009). In the present work, a Campus Tiger resistivimeter was used to
perform two profiles (T1 and T2) in two plots of transect S1 located respectively at 600
and 1200 m from the shoreline. The profiles were oriented orthogonal to the shoreline. The
Wenner protocol was applied with a number of electrodes varying from 32 to 64 spaced of
5 m leading to an investigation depth ranging from 6 to 40 m. The profile T1 was repeated
with higher resolution using an electrode spacing of 1 m. Inversions were computed using
RES2DINV software (Geotomo Software, 2010).

4, Results and discussion

4.1. Hydrodynamic assessment and ERT imaging

The hydraulic heads, plotted along transect S1, show the inversion of the flow, from the
sea landward, and confirm seawater intrusion. Inversely, in transect S1 the groundwater
flows seaward. Fig. 3 reveals that piezometry is correlated to rainfall and pumping and that
it does not react to any instant recharge from irrigation return flow. This situation can be

explained by the big thickness of the unsaturated zone (ranging in transect S1 from 3.5 to
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24 m). Indeed, in shallow groundwater systems, with low initial water table, groundwater

is instantly recharged through irrigation return flow (Slama et al., 2004).
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Fig. 3 Measured hydraulic heads along transect S1 and transect S2 in august 2006,
continuous recorded heads in boreholes PN4, PN5 and PN6 and daily rainfall measured in
Oued Souhil climatic station.

Leduc et al. (2009) studied the environmental modifications and rural development in the
Merguellil catchment, Kairouan plain, central Tunisia and reported that it was not possible
to find traces of irrigation water return to groundwater. They argued that this was due to
the important depth of the unsaturated zone. However, the climatic context is different
from that observed in Korba plain. The seasonal head variation reaches 30 cm, 60 cm and

90 cm for respectively PN4, PN5 and PNG6.

Fig. 4 shows pseudo-sections of the inverted resistivity model for T1, with high resolution,
and for T2. The RMS error is acceptable (about 5%) except for T1 with low resolution
(18%). Both profiles are calibrated with a borehole: PN4 for T1 and 13207 for T2. The
resistivity varies mainly with depth. The high resistivities measured in T2 (>1400 Qm)

corresponds to the consolidated sandstone layer. According to borehole 1307 lithology,
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saturated sands present a resistivity ranging between 130 and 700 Qm. Below this layer,
the resistivity lowers to 30 Qm indicating the presence of the clayey layer saturated with
salty water. Indeed, low resistivities suggest that the pores of sediments have been filled by
salty water (Yaouti et al., 2009). Besides, the depth profile of EC measured in Borehole
13207, shows that the EC reaches 25 mS/cm at 23 m below the groundwater level. The
clayey layer also suggests that the bedrock, formed of Miocene marls, is not far below. The
same phenomenon is observed for T1 profile, where the resistivity of saturated clays
reaches 4 Qm. The low resistivitiy values indicate that the clay is saturated with seawater
and that the pseudo-section plotted the seawater-freshwater interface at only 6 m below the

soil level.
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4.2. Identification of groundwater salinity sources

4.2.1 Water types and classification using HCA

Basic statistics (Minimum, Maximun, Mean, Standard Deviation and number of samples)
computed for major ions, nitrate, pH, EC and ionic ratios are reported in Tab 1
(Appendix B (raw data is available on the CD attached to the present report)). EC ranges
between 3.37 and 17.19 mS/cm in transect S1 and between 1.65 and 7.93 mS/cm in
transect S2, indicating a real state of salinization that makes groundwater unsuitable for
both drinking (WHO, 2008) and irrigation purposes (Ayers and Westcot, 1994). Note
that the highest value of EC (17.19 mS/cm) was measured in P1 in June 2006. This well
is located at 836 m from the shoreline and the sample was taken after many hours of
continuous pumping. Otherwise, electrical conductivities in this well fluctuates around 5
mS/cm. Barica (1972) reported that in desert oasis areas fresh water (TDS 500-3500
mg/L) could lie above saline groundwater (TDS 7.000-12.000 mg/L). Curiously PN5
which is located at more than 2000 m from the shoreline shows a constant high salinity
reaching 9.98 mS/m. Moreover, plotted in a Piper diagram (Fig. 4), 80% of the samples
in transect S1 are Na-Ca-Cl type (PN4, P19, PN5, P1, P11, P14, P15, P15B, P15D, P2 P3
P4 P5B, P8 and P9). This water type is mainly found in saline waters. The remaining
samples present Na-Mg-CI-HCO3, Na-Ca-Mg-Cl and Na-Ca-CI-HCO3; water types. In
transect S2, Na-Ca-Cl type characterizes 63% of the samples. The other water types are
Na-Ca-Mg-Cl, Ca-Na-Cl, Na-Ca-Cl-SO4, and Ca-Na-CI-HCOs.
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Linkage Distance

This grouping is more or less compliant with the HCA if we consider the phenonline 10

(Fig. 6). Wells can be gathered in two clusters for both S1 and S2:

Transect S1

Cluster 1.1: groups wells PN5, P19, P15B, P2, P5B, P6, P11, PN4, P15D, P1, P8
and P9. Those wells are characterised by high EC (4.68-6.29 mS/cm) and Na-Ca-
Cl water type. Note that well P15B is located at about 8.5 km from the shoreline.
Cluster 1.2: gathers wells P3, P7, P12, P14, P15, P15C and P8894, presenting
lower EC (3.74-4.52 mS/cm) and Na-Mg-CI-HCO;, Na-Ca-Mg-Cl, Na-Ca-Cl-
HCOj3 and Na-Ca-Cl water types. We have noticed that wells P12, P8894 P3 and
P7 have been deepened by the farmers and are extracting water from depths
higher than 50 m below soil level.

Transect S2

Cluster 2.1: is composed of wells P17, P18, P20, P17B, MD1 and MD2, located
at 1 km from the shoreline and presenting high EC (4.87-6.79). All samples are
Na-Ca-Cl water type.

Cluster 2.2: groups wells P16, P21, P21B, P30, P31, PN2, KS1, KS2, P5972, P25,
P28, P33, P34 and PN3 with the lowest EC measured in this study (1.71-4.84
mS/cm). Water types are Na-Ca-Mg-Cl, Ca-Na-Cl, Na-Ca-Cl, Na-Ca-CI-SO,, and
Ca-Na-CI-HCO:s.
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Fig. 6 Tree diagram from HCA in Q-Mode for (a) transect S1 (b) transect S2 for samples
issued from the dry season (August 2006)
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4.2.2 Spatial and temporal evolution
Fig. 7 presents spatio-temporal evolution of major ions in transect S1. It shows that the
groundwater mineralization follows the flow path from the sea landwards. Indeed,
concentrations decrease from the sea towards the internal areas. Wells located along 4
km from the sea present all high concentrations with regard to all major ions.
Furthermore, the piezometric depression cone is located at about four kilometres from
the shoreline, thus it is possible that seawater is influencing the groundwater’s

composition even at that important distance.
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. 7 Time and spatial evolution of Major elements (Na, Ca, Mg, Cl, SO4 and NO3) along
transect S1. Concentrations are expressed in meg/L and distance in meters

To study the temporal trend, we have taken as an example PN5 well as it is equipped
with an automatic data logger (Fig. 8). We notice that significant temporal variations are
only visible for chloride, sodium and HCOs. Inversely, Mg, SO4, NO3; and Ca show a
constant trend. As chloride and sodium are mostly associated with seawater intrusion and
HCOj3 to natural recharge, it is possible that these trends express the annual fluctuation of
salinity controlled by the regional flow. Groundwater enrichment through irrigation

return flow associated with nitrate and SOy is possibly a long term process. This analysis
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should be confirmed, firstly, by applying statistical trend tools such as seasonal Mann-

Kendall test (Gibbons et al., 2009) and, secondly, by using a longer time series.
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4.2.3 lonic ratios and PCA analysis

Seawater is characterized by the following specific molar ionic ratios: Na/Cl=0.86,
SO.4/CI=0.05, Br/Cl=0.0015, Ca/(HCO3+S0,4)=0.34 and Mg/Ca=5.2 (Vengosh and
Rosenthal, 1994).

The mean average of the molar ratio Na/Cl was 0.72 and 0.9 for respectively S1 and S2.
Both values are different from the seawater ratio. However ratio values (especially that in
transect S1) are below the dissolution ratio of halite (=1), suggesting a marine influence
(De Montety et al., 2008). The other calculated molar ratios are different from those
characterizing seawater: mean Mg/Ca=(0.53 for S1 and 0.64 for S2), mean SO4/Cl=(0.17
for S1 and 0.26 for S2) and mean Ca/(HCO3+SO,4)=( 1.73 for S1 and 1.17 for S2 ).
Besides the mean Br/Cl molar ratio, calculated for 11 wells in transect S1 for the dry
season was about 3.5 10°. The outcome of this analysis is that ionic ratios method is not
suitable for all case studies, mainly because the mixing of freshwater with seawater is not
a conservative process. Ben Hamouda (2009) used the ionic ratios to assess seawater
intrusion at a larger scale in the Korba coastal aquifer and came to the same conclusion.
Hence, this method has to be compared to other identification techniques.

PCA analysis, applied to both transects, show that data is mainly explained by two
principal component factor (Tab. 1) accounting for 74.3 % and 72.8 % of the cumulative
variance for respectively S1 and S2. Factor loadings evaluation differs according to the
author. Koh et al. (2007) (Koh et al., 2007) defines a high loading as greater than 0.75,
and a moderate loading as ranging between 0.40 and 0.75. Thus, loadings of less than 0.4

are considered insignificant. Factors description is discussed in the following section:

= The first factor F1 accounts for 56.3 and 56.9 % of the total variance for
respectively S1 and S2. It is contributed by the following variables: EC, CI, Na,
Mg, Ca and SO4, as their loadings are higher than 0.77 for both transects (Tab.
2). This group of variables is often associated, in the literature, to the seawater
intrusion process (Koh et al., 2007; Trabelsi et al., 2007).
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Tab. 1 Eigenvalues of correlation matrix and cumulative total variance

Factor Eigenvalue Tot. Var. (%) Cum-Eigenvalue Cum. Tot.Var. (%)
1 5.07 56.29 5.07 56.29
2 1.62 18.04 6.69 74.33
3 1.02 11.37 7.71 85.69
4 0.60 6.64 8.31 92.33
S1 5 0.29 3.28 8.60 95.61
6 0.25 2.75 8.85 98.36
7 0.08 0.90 8.93 99.26
8 0.05 0.61 8.99 99.86
9 0.01 0.14 9.00 100.00
Factor Eigenvalue Tot. Var. (%) Cum-Eigenvalue Cum. Tot.Var. (%)
1 5.13 56.98 5.13 56.98
2 1.42 15.78 6.55 72.76
3 0.99 11.01 7.54 83.77
4 0.73 8.16 8.27 91.93
S2 5 0.49 5.48 8.77 97.40
6 0.18 1.97 8.94 99.37
7 0.05 0.51 8.99 99.88
8 0.01 0.07 9.00 99.95
9 0.00 0.05 9.00 100.00

= The second factor F2 explains 18.04 % and 15.78 % of the total variance for
respectively S1 and S2. Nitrate loading is respectively 0.59 for S1 and 0.57 for
S2. Potassium loading is equal to 0.82 for S2 and -0.77 for S1. Grassi et al.
(2007) state that potassium, nitrate and sulphate are associated to N-fertilizers.
They also found a positive correlation between nitrate and potassium. Therefore,
Factor F2 is related to agricultural contamination.
The fourth factor F4, issued from PCA applied to S1, and accounting for 6.64 % of
the total variance, presents a moderate loading for HCO3. Thus, it can be associated
to natural recharge by rainwater (Trabelsi et al., 2007).
To analyse the factor scores for different wells, we have performed the biplot of
variables and samples (Fig. 9). For transect S1, we can distinguish three groups of
wells plotting respectively on F1, F2 and F4. In addition, we have plotted the spatial
distribution of factors along each transect in the purpose of assessing the relationship
between hydrodynamic flows and geochemical processes (Fig. 10). The spatial
distribution of factor scores for F1, F2 and F3 shows that seawater intrusion,
associated to F1, is contributing to the chemistry of most of the wells located along
4000 m from the shoreline. Beyond this limit, seawater does not seem to have an
influence on the groundwater composition. An exception is made for the well P15B,
located at about 8500 m from the shoreline, which presents a high score for F1. This

well is probably a singular case that is affected by fossil seawater. In transect S2,
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factor F1 presents high score along 1500 m from the shoreline. This distance marks

the seawater influence limit in transect S2. Even though groundwater flows seaward a

mixing process between seawater and freshwater is possible.

Tab. 2 Factor loadings for variables. Moderate to strong loadings are highlighted in grey

Variable Factor 1 Factor 2 Factor 3 Factor 4
Ec 0.91 -0.25 -0.11 0.12
Ca 0.88 0.30 -0.27 0.06
Mg 0.83 -0.31 0.02 -0.11
Na 0.91 -0.31 0.18 -0.05
S1 K -0.12 -0.77 -0.52 -0.18
HCO, -0.55 -0.52 -0.15 0.61
Cl 0.96 -0.20 -0.01 -0.04
SO, 0.77 0.16 0.33 0.37
NO; 0.34 0.59 -0.70 0.13
Variable Factor 1 Factor 2 Factor 3 Factor 4
Ec 0.98 -0.03 0.01 -0.13
Ca 0.78 0.21 -0.03 0.11
Mg 0.94 -0.06 -0.23 -0.07
Na 0.95 -0.11 0.06 -0.19
S2 K -0.02 0.82 0.16 -0.52
HCO3 -0.31 -0.58 -0.52 -0.52
Cl 0.98 0.01 0.10 -0.11
S04 0.84 -0.18 -0.08 0.26
NO3 0.02 0.57 -0.79 0.20
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Fig. 9. Biplot of variable loadings and sample scores for F1vs F2, (a) S1 and (b) S2

The impact area of factor F2, related to the agricultural contamination, begins at 2000

m and 1500 m from the shoreline in respectively transect S1 and transect S2. This

result can be explained by the fact that samples mixed with seawater have a low

concentration of nitrate. Indeed, seawater usually does not contain nitrate. PN4
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(located at about 600 m from the shoreline in transect S1) is the only well presenting
a high score for F2. The water table is at only 3.5 m below soil level, which is
favourable to nitrate enrichment. Besides, groundwater at this well is likely to be a
fresh water lens lying on salt water. Note that most of the wells, in both transects,
present a high score for factor F2, which demonstrates the important contribution of
agricultural pollution in the groundwater’s composition. Factor F4, explaining natural
recharge, has a very limited area of impact mainly located in transect S1 in the

internal areas at more than 4000 m.
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transect S2. Limits for appreciating the significant loadings (0.4-0.75) are dashed in grey.

4.2.4 Qil field Brine contamination
Oil field brine or deep-basin contamination occurs due to natural subsurface migration
through faults (Richter and Kreitler, 1991) or during the production of oil and gas (Otton,
2006). In the Cap Bon peninsula, onshore and offshore petroleum wells have been in

exploitation since 1949. Hounslow (1995) proposes a rectangular diagram with the molar
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ratios Na/(Na+Cl) and Ca/(Ca+SQ,) as respectively the X axis and the Y axis. This
diagram is used to differentiate the origin of groundwater contamination among oil field
brine, evaporites seawater and alkali lakes. Samples collected in august 2006 for both
transects as well as samples resulting from the campaign performed in 1964 were
reported separately in this diagram. Fig. 11 shows that an important number of wells plot

in the oil field brine triangle.
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Fig. 11 Hounslow diagram for brine contaminated water differentiation for (a) S1 all samples
(b) S2 all samples (c) All samples issued from 1964 database.

Moreover, the average molar ratio Br/Cl measured for 11 samples in transect S1 is about
3.5 10 (twice the marine ratio) which represents another indicator of oil field brine
contamination (Richter and Kreitler, 1991). The high salinities reported, since the sixties,
in the internal areas located at more than 6 km from the shoreline (Fig.2) could then

partially originate from natural oil field brine migration.

4.3.  Seawater intrusion processes

Studying hydrochemical processes accompanying the conservative mixing of seawater
and freshwater is interesting for the assessment of the seawater intrusion. In the next
chapter we are thoroughly analysing these questions. In each transect, we have isolated a
group of wells likely to be affected by seawater intrusion. Seawater fractions and ionic
deltas were calculated. Besides, modelling of the mixing between two end members,
fresh-brackish water and seawater, was performed using PHREEQC (Parkhurst, 1995).
The outcome of this study was that cation exchange processes (Fig. 12) are actively
taking place along the two flow paths (transect S1 and transect S2). Besides we have
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noticed an excess of Ca in both transects that can be explained by a combination of
gypsum leaching and dedolomitization. The study also showed that redox processes are
contributing to groundwater composition.
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Fig. 12 lonic deltas of Ca, Na and Mg versus Chloride for both Transects (Calculated for all
campaigns)
44. Nitrate as a fingerprint of agricultural and irrigation-induced

salinization

Most of the sampled wells, in both transects S1 and S2, present high concentrations of
nitrate, ranging between 15 and 381 mg/L. The average concentration of all measured
samples is about 185 mg/L and 93% and 100 % of the samples, respectively in transect
S1 and transect S2, present a concentration exceeding the drinking water limit of 50
mg/L. This situation reflects the groundwater’s contamination expansion due to
agricultural residual products, mainly N-fertilizers. The high measured molar ratios of
Br/Cl (3.5 10?) is also an indicator of agricultural substances contamination. Indeed,
methyl bromide has been widely used, for a long time, as a pesticide in cultivated areas
(Andreasen and Fleck, 1997; Ghabayen et al., 2006). Grassi et al. (2007) reported that
nitrate concentrations are correlated to rainfall and the unsaturated zone thickness. Fig.
13 depicts nitrate concentrations of all measured samples vs. depth below soil level. It is
evident that the upper horizons show the highest recorded concentrations (>370 mg/L at
a depth of 6.5 m) and inversely samples measured at about 30 m deep presented lower

concentrations (70 mg/L). However even samples taken at more than 20 m below soil
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level presented high concentrations (308 mg/L at a depth of 22.5 m). Hence, it is

probable that nitrates are transferred vertically towards groundwater.
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Fig. 13 Nitrate concentrations vs. the thickness of the vadose zone in S1 and S2

Fig. 14 shows the evolution of nitrate concentrations in wells PN5, P1, P11, P2 and P3

over the period from June 2006 to March 2008. We have plotted daily rainfall, to study

possible correlations between precipitations and groundwater concentrations. The

observation well P2 showed a decrease in concentration in the wet season, probably due

to a dilution effect under natural recharge. Apart from this well, no trend at this scale of

time was observed. Grassi et al. (2007) observed positive correlations between nitrate

concentrations and rainfall at the beginning of the autumn. However, they used a larger

time series (over 6 years) and filtered their data on the basis of the vadose zone thickness.
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Fig. 14 Nitrate concentrations measured for wells P1, P2, P3, P11 and PN5 in transect S1 vs.
rainfall measured in Oued Souhil climatic station

It is interesting to notice that nitrate plotted vs. seawater fraction (calculations are

presented in the next chapter) revealed that, in general, samples mixed with seawater, at a

ratio above 10%, are less concentrated with regards to nitrate (Fig. 15). Kim at al. (2004)

observed the same trends in the coastal region of Kunsan (Korea), known to have

complex contaminant sources. In the case of nitrate contaminated aquifers, the ratio

NO3/Cl can be used as an indicator to identify seawater intrusion.

7
6 .. Agricultural contamination
-
54 > :
- o,
S 4 - . A ..
g R Seawater mixing
& o /¢ ” *
8 3 A :’0»:‘ X . -
Pz "/' R * o o
*
2 . ": o : *
*
¢ > *
1 *
0 T T T T
0 5 10 15 20

(%)

25

Fig. 15 Nitrate concentrations vs. seawater fraction for all measured samples in transects S1

and S2

35



5. Conclusion

A variety of techniques were combined to study the salinization origins and processes in
Korba coastal irrigated plain. Those techniques comprised geochemical investigations
and modelling using PHREEQC, hydrodynamic monitoring and plotting, electrical
tomography imaging and multivariate statistics analysis applied to hydrochemical
variables. Surveys that were applied confirm the complexity and superposition of various
processes contributing to groundwater composition. The hydrodynamic survey confirmed
the observation of a high piezometric depression cone located at about 4000 m in transect
S1, where the hydraulic head is estimated to -5m. Inversely, groundwater flows seaward
in transect S2. The continuous records of the hydraulic heads, in three observation wells
located along transect S1, revealed that groundwater levels were linked to natural
recharge in the wet season and to the pumping in the dry season. The immediate
groundwater recharge through irrigation return flow is not observed even in PN4 where
the groundwater is at only 3.5 m below the soil level. The ERT imaging survey showed
that the seawater/freshwater interface is not far below the soil level in two observed
profiles T1 and T2 located respectively at 600 and 1200 m from the shoreline.
Resistivities considerably decreased at depths of 6 and 40 m below the soil level for
respectively T1 and T2 indicating that the soil has been saturated by salty water.

The study of the most common ionic ratios, characterizing seawater intrusion, was not
concluding, except the Na/Cl ratio which clearly suggested a marine influence.

HCA analysis was a useful tool for grouping wells and isolating those which are
potentially affected by seawater mixing process. The Hounslow diagram applied to
samples, issued from the study presented herein and those collected in 1963 before the
seawater intrusion expansion, suggests that natural oil field brine contamination could be
considered as a source of salinity.

PCA showed that the groundwater chemistry is mainly affected by two factors F1 and
F2. The first factor F1 was related to seawater intrusion, whereas the second one F2 was
linked to agricultural contamination through N-fertilizers.

The spatial distribution of factors was useful to delineate the area of impact of each
factor. Geochemical processes zoning was estimated and was correlated to the flow
paths. According to PCA results, seawater strongly contributes to groundwater chemistry
along 4000 m from the shoreline in transect S1. The seawater intrusion penetration length
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can be estimated to 4000 m in transect S1. PCA also revealed that agricultural
contamination was controlling the groundwater composition in internal areas.

The loading of nitrate toward groundwater seems to be a long term process. The study
suggests that nitrate and other agricultural residual substances are leached by the rainfall
from the upper soil layers. The soil quality survey will be presented in chapter 4 and the
study of the processes occurring at the seawater/freshwater will be discussed in the

following chapter.
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Chapter 3. Hydrochemical processes
accompanying seawater-freshwater mixing as
Indicators of seawater intrusion evolution: Case

of Korba coastal aquifer Tunisia®

Abstract

Groundwater sampling and piezometric measurements were carried out along two flow paths (corresponding
to two transects) in Korba coastal plain (North east of Tunisia). The study aims to identify hydrochemical
processes occurring when seawater and freshwater mix. Those processes can be used as indicators of
seawater intrusion progression. Seawater fractions in the groundwater were calculated using the chloride
concentration. Hierarchical cluster analysis (HCA) was applied to isolate wells potentially affected by
seawater. In addition, PHREEQC was used to simulate the theoretical mixing between two end members:
seawater and a fresh-brackish groundwater sample. Geochemical conventional diagrams showed that the
groundwater chemistry is explained by a mixing process between two end members. Results also revealed the
presence of other geochemical processes, correlated to the hydrodynamic flow paths. Direct cation exchange
was linked to seawater intrusion, and reverse cation exchange was associated to the freshwater flushing into
seawater. The presence of these processes indicated that seawater intrusion was in progress. An excess of Ca,
that could not be explained by only cation exchange processes, was observed in both transects.
Dedolomitization combined to gypsum leaching is the possible explanation of the groundwater Ca
enrichment. Finally, redox processes were also found to contribute to the groundwater composition along

flow paths.

! Partially presented at the SWIM 21 - 21st Salt Water Intrusion Meeting Azores 2010.
Submitted to Environmental earth sciences
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1. Introduction

Coastal aquifers are vulnerable to seawater intrusion leading to groundwater salinization.
This phenomenon is worsened by heavy pumping which is a result of agricultural
expansion. Indeed, seawater and fresh groundwater are naturally and hydraulically
connected through an interface. Fresh water, which is less dense than seawater, floats on
top. The boundary between salt water and fresh water can be an abrupt one called sharp
interface (Meadows et al., 2004). In other situations, the transition zone is not distinct, and
it is brackish with salt water and fresh water mixing. Heavy pumping makes large amounts
of fresh water to be withdrawn leading seawater to intrude fresh groundwater. The
interface is thus displaced landward. Moreover, in arid and semi arid regions the extracted
water is not renewed through natural recharge. This is because of disturbance made in
water budget and climate change (Ranjana et al., 2006).

The mixing of seawater within freshwater is well studied and is reported in several case
and theoretical studies (e.g. Bear et al., 1999). However, most of these studies focus on the
density driven flow and transport of miscible fluids (Andersen et al., 2005). The chemical
reactions occurring in the seawater/freshwater interface and their relationship with the
hydrodynamic processes are less reported in literature (e.g Andersen et al., 2005; Bouhlila
and Laabidi, 2008; Jeen et al., 2001; Rezeia and Carrera, 2004).

The simple mixing of seawater and fresh groundwater is characterized by an increase of
chloride concentration. Jones (1999) demonstrates that a ratio of 5% of seawater would
induce a water with a chloride concentration exceeding 1000 mg/I.

The mixing process can easily be identified using trilinear plots (e.g Piper diagram) and
bivariate plots of chloride versus major ions (Richter and Kreitler, 1991). In fact, the mixed
solution will plot on the theoretical line joining the two end members. The simple mixing
is, yet, usually accompanied by ion exchange (Appelo and Postma, 2005). lon exchange
reactions along a flow path are also identified as ion chromatographic processes (Beekman
and Appelo, 1990; Lambrakis, 2006; Petalas and Lambrakis, 2005). The solid phase,
mainly clay minerals, changes the sorbed calcium and part of the magnesium for sodium

as follows (Andersen et al., 2005; Custodio and Bruggeman, 1987):

Na’+XCa -x2—>Na-X+ECaZ*
2 2
1 2+ + 1 2+
EMg +Na-X—> Na +EMg-X+Ca
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Where X is the soil exchanger. It is interesting to note that even in sandy aquifers,
presenting low clay fractions, exchange processes still occur (Richter and Kreitler, 1991).
An exchange between calcium and magnesium can also take place when seawater intrudes

fresh water:
Mg* +Ca-X — Mg-X+Ca*

In this situation the ratio Mg/Ca decreases. Calcite dissolution can also lead to a similar
result (Rezeia and Carrera, 2004; Smart et al., 1988). Magaritz et al. (1980) state that the
mixing zone between freshwater and seawater can form a favourable environment for
recent formation of dolomites. Pulido (2004) found that dolomotization and
dedolomitization act as major hydrochemical processes characterizing the groundwater
salinization due to seawater intrusion. Besides carbonate equilibrium and ion exchange,
redox reactions are considered as important processes governing the chemistry of the
seawater/freshwater mix (Kim et al., 2003; Panteleit et al., 2010). Sulphate reduction is
reported in several experimental and modelling studies (Andersen et al., 2005; De Montety
et al., 2008; Gomis-Yagues et al., 2000). It results in general from bacterial activities.
Gomis-Yagues et al. (2000) suggest that observed sulphate reduction during seawater
intrusion can originate from gypsum precipitation. Custodio and Bruggeman (1987)
explain that ionic exchange processes occur when seawater/freshwater interface is in
movement or when salinization/desalinization state is in evolution. Hence, these processes
can be used as indicators of the seawter intrusion progress (Jones, 1999; Sivan et al., 2003;
Sivan et al., 2005).

The present study presents results of experimental investigations performed in the Korba
coastal plain North-East Tunisia. This aquifer is encountering, since the seventies, seawater
intrusion caused by over pumping for agricultural purposes. The objectives are to identify
the relationship between hydrodynamic and geochemical processes along a flow path and

to evaluate the evolution of seawater intrusion using geochemical methods.
2. Hydrogeological settings

Korba coastal aquifer is located in the north-eastern Cap-Bon peninsula of Tunisia (Fig.
16). The aquifer covers about 438 km? and it is constituted of two geological units (Ben
Hamouda, 2009). The first unit was formed during the Pliocene and Quaternary ages by
deposition of eroded products from the Djbel Sidi AbedErrahmen anticline and the Dakhla
syncline. The Pliocene formation is sandstone with alternating marl units and having a

mean thickness of 85m. The Quaternary alluvium is composed of detrital sediment (sand,
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gravel, and silt) with thin clay lenses and has a thickness that varies between 20 m and 25
m. The second unit is constituted of a Miocene marl formation underlying the first unit
(Paniconi et al., 2001) (Fig. 17). The hydraulic transmissivity ranges from 5.10 to 107
m?2/s.The climate in the studied area is semi-arid with Mediterranean influence. The annual
mean precipitation is 450 mm while mean annual evapotranspiration is 1100 mm. the
annual aerial recharge rate ranges between 8 and 10% Ennabli (1980). This aquifer is being
intensively exploited, mainly for agricultural purposes, since the seventies. This situation
caused groundwater level to decrease steadily leading to the creation of a wide depression
between Diar El Hojjej and Tafelloun villages where the measured hydraulic head reached
12 m under the mean sea level in 2004 (Kerrou et al., 2006). Besides piezometric
depression, groundwater salinity has been increasing since the seventies (Fig. 2). It reaches
in some regions 15g/L.
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3. Materials and methods

3.1. Groundwater investigations

Monitoring network systems were established since the sixties in the Korba coastal aquifer
contributing thus to the set up of an important database describing the hydraulic and
geochemical state of the groundwater. In this study, we have identified two transects
perpendicular to the shoreline and following flow paths (S1 and S2) (Fig. 16). The first
transect S1 is located in an area characterized by both the inversion of the groundwater
flow landward and the high salinities. The second transect S2 is located at about ten
kilometres north of the first one and is not affected by seawater intrusion (Fig. 17). A
monitoring network composed of piezometers, and a selection of exploited and abandoned
wells was set up, in each transect, in June 2006 (Fig. 17). Field campaigns were carried out
in June, August, and December 2006, March, June, November 2007 and March 2008.

Temperature, pH and electrical conductivity were measured in situ. Samples were taken
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from wells in exploitation before being refrigerated at 4°C. Major elements (Na, K, Ca,
Mg, Cl and SO,) and nitrate were analysed in the CHYN Laboratory with ionic
chromatography after the samples were filtered (0.45 um). Bicarbonates ions (HCO3 and
CO3) were analysed using titration.

3.2. Geochemical methods

Water types were identified for each transect, using the conventional Piper diagram
(Appelo and Postma, 2005). Piper diagram and the diagram proposed and modified after
Chadha (1999) were also used to identify geochemical processes occurring in the
groundwater. The latter is a rectangular diagram with, in milliequivalent percentage, the
sum between “calcium plus magnesium” and the sum “sodium plus potassium” in the X
axis and the difference between the sum of bicarbonates and the sum of “chloride plus
sulphates plus nitrate” in the Y axis (Chadha, 1999). Note that nitrates were introduced to
both Piper and Chadha diagrams as the groundwater is known to be concentrated with
regard to nitrate (Ben Hamouda, 2009).

Besides, observation wells were gathered into groups issued from Hierarchical
Classification Analysis (HCA) following the Q-Mode (Hussein, 2003). Ward’s method
based on Euclidian distance as a measure of similarity was applied on 20 samples from
transect S1 and 19 samples from transect S2, all collected in august 2006. The following
group of variables was retained for HCA: Electrical Conductivity (EC), Na, K, Ca, Mg, Cl,
S04, and HCOs. In addition, variables were standardized before HCA application (Melloul
and Collin, 1992).

3.2.1 Seawater fraction and ionic deltas

Seawater fraction in the groundwater is often estimated using chloride concentration since
this ion is considered as a conservative tracer, not affected by ion exchange (Custodio and
Bruggeman, 1987). Other techniques of calculations, mainly based on regional statistical
trends, are also proposed in literature (Park et al., 2003). The seawater fraction for

conservative mixing is calculated as follows (Appelo and Postma, 2005):

m_ . m_ .
f __ CI”,sample Cl™, fresh

m
Cl™ ,sea Cl—, fresh

Where My wmie is the CI" concentration of the sample, m__ _is the CI" concentration of

sampl
the Mediterranean sea (value taken from the literature (De Montety Veronique et al.,

2008)) and m represents the CI" concentration of the fresh water. The sample

Cl~, fresh

47



considered as fresh water is usually taken from the beginning of the recharge area of the
aquifer and is characterised by a Ca-HCOj3 type (Pulido-Leboeuf, 2004) or a Ca-Mg-Na-
HCOs3 (Custodio and Bruggeman, 1987). In this study, the fresh water sample will be
selected considering the least measured value of the electrical conductivity. As the
groundwater presents, since 1964 high chloride concentrations (>130 mg/l) the mixing
problem is thus a mixing between a fresh-brackish water (according to Stuyfzand
classification (Stuyfzand, 1986)) and seawater. Once calculated, the seawater fraction is
used for determining the concentration of each ion i resulting from the conservative mixing

of seawater and the fresh-brackish water:

m. =fm_+(@0-f

I1,sea

i,mix sea ) 'mi,fresh

Where m. __ and m.

i,sea i, fresh

are the concentration of the ion i of respectively seawater, and

fresh-brakish water. For each ion i, the difference between the concentration of the

and the measured one Mm.

i,sample

conservative mixing m.

i,mix

simply represents the

concentration resulting from any chemical reaction occurring within mixing:

mi,react = mi,sample - mi,mix

Those potential deviations from the simply mixed composition result from various
chemical processes and are also known as the ionic deltas. Thus the calculation of these

deviations is important for identifying and quantifying potential chemical reactions (Grassi

et al., 2007; Pulido-Leboeuf, 2004). When m.

i,react

IS positive, groundwater is getting

enriched for ion i whereas a negative value of m indicates a depletion of the ion i

i,react

compared to the theoretical mixing (Andersen et al., 2005).

3.2.2 Conservative mixing and geochemical modelling
Besides the calculation of seawater fraction and ionic deltas, we used PHREEQC
(Parkhurst, 1995) to generate 20 solutions issued from the conservative seawater fresh-
brackish water mixing with fractions ranging from 100% to 0.1 %. lonic ratios and
bivariate lines corresponding to the generated solutions will form respectively the
theoretical mixing ratios and the theoretical mixing lines (TML). Another way of studying
the processes accompanying the conservative seawater fresh-brackish water mixing is

comparing the saturation indexes of usual minerals met in coastal aquifers (Calcite,
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dolomite, gypsum and halite) of measured samples to those of the mix solutions computed
using PHREEQC (Post, 2002; Pulido-Leboeuf, 2004).

4, Results and discussions

4.1. Groundwater fluctuations

Measurements of the hydraulic head along the first transect S1 revealed an important
piezometric depression reaching 5 meters at 4 km from the shoreline. Inversely, in transect
S2 the groundwater flow is still seaward (Fig. 3).

4.2.  Water types and classification

Water types (Fig. 5) and classification were discussed in the second chapter. The
calculated seawater fractions varied from 1.4 % to 19.2 % in transect S1 and from 0.06 %
to 9 % in Transect S2.

To study seawater intrusion, only samples potentially affected by the mixture with
seawater are retained. For transect S1, as we ignore the introduction length of seawater
landward, we excluded from the study the group of wells located at more than 6 km (wells
P8894, P15C, P15, P14, P12 and P15D) from the shoreline. In addition, this selection was
compliant with HCA analysis results (Fig. 6). Selected wells in transect S2 are those of
cluster 2.1 (wells P20, P17, MD1, MD2, P18, P17B). This group of wells is located along
1500 m from the shoreline:

4.3. lon exchange

The modified Chadha diagram (Fig. 18) as well as Piper diagram (Fig. 5) illustrate that a

certain number of wells lie on the theoretical mixing line between fresh-brackish water and
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Fig. 18. Modified Chada diagram for (a) transect S1 and (b) transect S2 august 2006 survey

However, other wells plot under or above the TML indicating the presence of other
geochemical processes taking place within the mixing. Fig. 20 illustrates the calculated
ionic deltas versus chloride for both transects at different seasons. The majority of samples
in transect S1 are depleted in Na and enriched in Ca and Mg. The loss of Na and gain of Ca
and Mg suggests a direct cation exchange usually observed in similar situations when the
seawater is replacing fresh water (Appelo and Postma, 2005; Cardona et al., 2004; De
Montety et al., 2008; Yaouti et al., 2009). Yet, some samples are always or seasonally
depleted in Mg and enriched in Ca indicating a possible exchange between these two

cations (Fig. 20).
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Custodio and Bruggeman (1987) explain that cation exchange processes take place in the

freshwater/seawater interface until the exchange capacity of the exchanger is satisfied

except in the sandy aquifers and in the case of a dynamic interface announcing a

progressing seawater contamination. This explanation suits this transect of the Korba

aquifer as it is mainly constituted of Quaternary sands. Besides, the inversion of the flow

landward was reported since the seventies (Ennabli, 1980) which announces that seawater

is still intruding fresh water.
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Note that, ion exchange is observed during all seasons and in wells located at about 4400
m (Fig. 21).
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Fig. 21 Spatial and distribution of ionic deltas for samples issued from all campaigns (a)
Transect S1 and (b) Transect S2

Inversely, samples of transects S2 are enriched in Na and in Ca. As the flow is seaward in
this transect (Fig. 19), one can suggest that inverse cation exchange is taking place
indicating the flushing of freshwater into seawater. In this case, samples should be depleted
in Ca which is not the case. Another explanation could be that other sources are enriching
the groundwater with Ca. This suggestion is supported by the fact that even in transect S1,

Careact TMQreact IS SOmetimes more important than Nayeac: (Fig. 22).
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4.4, Carbonate equilibrium and gypsum dissolution

The possible sources of Ca reported in the literature are gypsum dissolution or leaching

and dedolomitization (Lambrakis, 2006). The latter is known as the transformation of

dolomite into calcite via the dissolution of the first one and the precipitation of the second

one (Appelo and Postma, 2005). Dedolomitization is usually possible when groundwater is

in equilibrium with calcite and dolomite and simultaneously gypsum dissolution takes

place (Farber et al., 2007; Lorite-Herrera et al., 2008). The dissolution of gypsum is written

as follows:

CaSO, —» Ca* +S0,”

In this case groundwater will show excess in Ca, Mg and SO,. In the present study all

samples issued from both transects and diverse campaigns are either in equilibrium or

slightly oversaturated with respect to calcite and dolomite and undersaturated with respect

to gypsum (Fig. 23).
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Fig. 23 Calcite, dolomite and gypsum saturation indexes along simulated for samples
collected in august 2006 in tansects S1 and S2 and theoretical mixed solutions versus
seawater fraction

In addition, Fig. 25 shows that samples in both transects are enriched in SO, except well
PN5 in transect S1 and well P18 in transect S2. Two sources of sulphate are to be
considered, gypsum dissolution and fertilizers. As the presence of gypsum (Fig. 25) is not
reported in the geological surveys in the region, one can suppose that the major source of
gypsum are fertilizers. Slama et al. (2007) reported, on the basis of a geochemical
modelling study using brackish water, that gypsum can appear in the topsoil as a result of
evapotranspiration and salt accumulation. This salt is then leached, under rainfall, towards
the groundwater constituting thereby another possible source of gypsum. Moreover, the
saturation indexes, with regards to gypsum, of all samples, are higher than those of the
TML (Fig. 23), suggesting, therefore another source of SO4 other than seawater (Pulido-
Leboeuf, 2004).

Pulido-Leboeuf (2004) and Lombrakis et al (2006) reported that only samples containing
more than 40% of seawater are concerned by dolomitization processes. Besides, Magaritz
(1980) states that Mg/Ca ratio exceeding 1 is necessary for dolomite formation. Samples
collected in this study present a seawater fraction that does not exceed 20% and their

Mg/Ca never reached the value of 1 (Fig. 24).

54



» Transect S1
Transect 2
TML

R « 7 -
2o 4 AL L
l-'l. r;=l..l

LR} 1._*- N
.d.

(%)
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These results lead us to conclude that, in our case, dedolomitization is a possible process to
consider, whereas a dolomitization phenomenon is rather to be excluded. Moreover, in
their study, Smart et al. (1988) found that dolomite does not precipitate even though
samples are supersaturated with regard to this mineral as opposed to results proposed by
Magaritz et al (1988) stating that dolomite formation in the mixing zone is more frequent
than it is thought to be. De Montetey (2008) explains that cation exchange inducing Ca®*
and Mg enrichment affects carbonate equilibrium and causing thus the water to be
supersaturated with regard to calcite and/or dolomite. This is to note that different
hydrochemical processes are interconnected. Pulido (2004) compared the theoretical
saturation indexes to those calculated for measured samples in order to test the possible
sulphate reduction and dolomitization. Fig. 23 reproduces calcite, dolomite and gypsum
saturation indexes calculated in both transects and for all campaigns as a function of
seawater fraction. We notice a seasonal deviation between the theoretical saturation states
and the ones calculated for the samples. Pulido (2004) explains that these deviations are
principally due the non-conservative nature of dissolution and precipitation of the calcite
and to the CO flux.
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4.5. Redox processes

Post (2002) states that redox processes often occur in coastal aquifers when seawater and

freshwater mix. Indeed, seawater is an important source of SO, (usually involved in redox

processes). Besides, sediments in coastal areas are rich in organic matter (Post, 2002).

Thus, SO, reduction is a well known phenomenon in coastal aquifers (De Montety et al.,

2008). Fig. 25 shows that, only PN5 (all samples) and P18 (only one sample) are depleted

in SO4 and enriched in HCOs.
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Fig. 25 HCOSqt Vs. SO4 . calculated for all observation campaigns in (a) transect S1
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Gomiz et al. (2004) demonstrated that SO. depletion can result from gypsum

dissolution/precipitation. Yet, both wells are undersaturated with regard to gypsum.

Therefore, SO, depletion originates from reduction. Note that PN5 and P18 present both
high seawater fractions (max=12.6% for PN5 and Max= 7.8 for P18). If we consider SO4

reduction, redox processes seem to be limited in space unlike, cation exchange. However,

the excess of SO, can hide those processes.

Kim et al. (2003) observed that HCO; could be enriched along flow paths as a result of

increasing microbial productivity. Fig. 26 depicts the spatial evolution of HCO; along the

flow path in S1 and S2. It demonstrates that HCO3 concentration increases along the two

flow paths suggesting the presence of redox processes.
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To conclude this study, we present a schematic section of different processes occurring in respectively transect S1 and transect (Fig. 27)
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Fig. 27 Major Processes and spatial distribution of Factors (PCA) occurring in (2) transect S1 and (b) transect S2
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5. Conclusion

Hydrochemical processes were explored at the interface of seawater/freshwater along
two flow paths. Results reveal that in each transect a group of wells is concerned by the
seawater/freshwater mixing phenomenon. Seawater fractions varied from 1.4 % to 19.2
% and from 0.06 % to 9 % in respectively transect S1 and transect S2. Seawater seems to
contribute to the composition of groundwater along 4000 m and 1500 m from the
shoreline in respectively S1 and S2. The mixing of seawater with the fresh-brackish
water was confirmed, using Piper and the modified Chahda diagrams. A certain number
of wells plotted at the TML. However, it was evident that the mixing was not
conservative and thus was accompanied by other geochemical processes as samples
fluctuated around the TML. The study of the lonic Deltas revealed that cation exchange
was highly acting as a major process in transect S1 where the flow was landwards.
Indeed all samples were depleted in Na and enriched in Ca. Cation exchange was
observed during all seasons and in wells located at about 4400 m. Inversely, in transect
S1, nearly all samples were enriched in Na which could suggest reverse cation exchange.
However, Ca depletion was not observed. Yet, reverse cation exchange can be hidden by
an excess of Ca confirmed by the observation that even in transect S1 the enriched Ca is
higher than the depleted Na. Besides, the excess of Ca, we have detected SO, enrichment
of almost all samples. These observations suggest that dissolution of gypsum would be a
potential source of both Ca and SO,. Gypsum sources are mainly fertilizers or
precipitation by evaporation at the topsoil. Besides, the study of the carbonate
equilibrium suggests that dedolomitization can take place contributing therefore to the
excess of Ca. Redox processes were observed along flow paths and were contributing to
the groundwater composition.

To confirm the conclusions of the analysis presented herein, it would be interesting to
model geochemical reactions along a flow path using PREEQC or NRTPATH (Plummer,
1994).

Finally the presented study focused on samples with seawater fractions less than 20%. It
would be interesting to extend the analysis for samples presenting more than 20 % of the
seawater fraction. This would be possible by performing vertical and continuous
sampling in well P1 located at 600 m from the shoreline in transects S1.
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Chapter 4. Impact of Irrigation with brackish

water on the soil and groundwater quality

Abstract

Soil and groundwater samples were taken from six irrigated plots in Korba coastal aquifer in Tunisia. Two
sampling campaigns were carried out corresponding respectively to the dry (August 2006) and the wet season
(April 2007). Irrigation water comes from groundwater and presents high electrical conductivities reaching 9
mS/cm. the objective was to identify the impact of irrigating with saline water on both soil and groundwater
composition. Depth profiles of Electrical Conductivities of the soil saturated paste extracts (ECe) reveal that,
during the dry season, the soil solution gets concentrated in the upper horizons. The salinity of the topsoil
reaches 17.5 mS/cm. ECe decreases considerably after the wet season suggesting a leaching process under
rainfall. Multivariate statistical analysis (HCA and PCA) shows that the soil solution chemistry is mainly
controlled by three processes: salinization processes involving concentration under evaporation and mineral
precipitation, N-fertilizers contamination and redox processes. The generalized Residual Alkalinity (RA) was
applied to soil samples collected in three plots. It demonstrated that when the soil solution gets concentrated
under evaporation, calcite than gypsum precipitates in agreement with Saturation Index calculations. The

generalized RA concept also shows that the soil solution trends to a neutral saline pathway.
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1. Introduction

Water scarcity, demographic pressure and climate change have increased the occurrence of
irrigation with brackish water worldwide. Qadir et al. (2007) state that developing
countries suffering from water scarcity will have to rely more on the use of non-
conventional water resources. They report that marginal waters used for irrigation purposes
generally originate from wastewater, agricultural drainage water, and groundwater
containing different types of salts.

Kijne (2003) remind that saline waters have always been used for irrigation and focuses on
the importance of considering the leaching fraction to cope with soil salinity problems.
Bouarfa et al. (2009) demonstrated that farmers in the South of Tunisia, succeeded to
manage the salinity problems by adapting their practices. Katerji et al. published an
important series of researches for studying the relationship between water salinity and
yields of several common crops (Katerji et al., 1996; Katerji et al., 1998; Katerji et al.,
2000). They explained that salts limit the water absorption by roots causing a water stress
to the plant through the mechanism of decreasing the water osmotic potential. Besides
lowering the crop yields, irrigating with saline waters presents a serious threat for both soil
and groundwater resources. The most important hazards associated to the use of brackish
water in irrigation are salinization and alkalinisation, as they may permanently alter the soil
structure (Sparks, 2003). It is worthwhile noting that the terms *“saline soil” and “alkali
soil” refer to soils that contain respectively sufficient soluble salts and exchangeable
sodium to impair the plant production (Richards, 1954). When both of phenomena are
superimposed, the soil is referred to as a saline-alkali soil. Hence, salinity and sodicity
affecting soils are defined from an agricultural point of view and with regards to the plant
tolerance (Hillel, 2000). Salama et al. (1999) define salinization as the process by which
the concentration of dissolved salts in water and soil increases due to natural or human-
induced processes. Hillel (2000) states that salts causing salinity may originate from the
chemical decomposition of the rock minerals, referred to as “weathering”. A shallow
groundwater can also cause soil salinization through upward flow mechanisms (Baba et al.,
2006; Salama et al., 1999). In coastal areas, rainfall often mixes with sea spray forming
another source of salts. Finally, irrigation with brackish water or insufficient drainage,
mainly in arid environments, leads to an important accumulation of salts in the topsoil
caused by evapotranspiration processes (Rhoades et al., 1992).

Depending on the origin of salts we can distinguish primary and secondary salinization

processes. Primary salinization involves salt accumulation through natural processes
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whereas secondary salinization is caused by anthropogenic activities mainly inappropriate
irrigation practices. Hence, salinization depends on the irrigation system and management.
The chemistry of saline soils is mainly controlled by three major processes: the
precipitation/dissolution of minerals, cation exchange and redox processes (Al-Droubi et
al., 1977; Condom et al., 2002).

In Tunisia, the soil salinization hazard has been studied since the sixties. In fact, the
Tunisian Government created a Research Centre for the Utilization of Saline Waters for
Irrigation (CRUESI) in 1962 with the collaboration of the Special Fund of the United
Nations and UNESCO (Rhoades et al., 1992). The objective was to test, at the field scale,
various conditions and ways to irrigate with saline waters. Field studies were carried out in
experiment stations representing various combinations of soils, climates and irrigation
water compositions. The study concluded to several important observations and
recommendations (CRUESI-Tunisie, 1970). Among these conclusions, was that winter
rainfall, especially in coastal areas, could be exploited for leaching purposes by keeping
the soil high in water content just prior to rain events (Rhoades et al., 1992). Slama et al.
(2004) performed a salt balance at the plot scale in the irrigated area of Kalaat Landelous
(North East of Tunisia), and found that rainfall contributes by 30% of the annual leached

salt amount.

From an environmental point of view, accumulated salts in the topsoil form a potential
stock of contaminants, threatening at the long term, groundwater quality. This phenomenon
is known as the transport of solutes through irrigation return flow. Causapé et al. (2006)
state that the return flows from irrigated agriculture are considered as the major diffuse or “non-
point” contaminants. They contribute to the pollution of the receiving bodies, mainly,
surface and groundwater. Besides, Causapé et al. (2004a and 2004b) performed a salt and
water balance to study salt and nitrate loads in irrigation return flows in Ebro River Basin

in Spain.

The study, presented herein, describes an experimental survey of the soil and groundwater
quality in the Korba coastal plain (North East Tunisia). It aims to evaluate the impact of
the irrigation with saline water on the soil and groundwater composition. An attempt for
identifying hydrochemical processes occurring in the vadose zone is also presented. To
fulfil these objectives, we have used conventional geochemical methods and multivariate
statistical analysis techniques. Besides, the concept of Residual Alkalinity (Al-Droubi et
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al., 1977) was applied to assess the salinization and alkalinisation trends and to predict the

potential precipitated minerals under evaporation.
2. Materials and methods

2.1.  Study area and irrigation practices

The experimental study was conducted in six irrigated plots in Korba coastal plain, located
in the Cap-Bon peninsula North-East of Tunisia (Fig. 28). The Korba plain is an important
agricultural region involving several irrigated areas. A variety of crops are cultivated in the
studied area: truck farming, tomato, cereal, forage and arboriculture. Agricultural areas
have been planned to receive irrigation water from Lebna Dam (located in the Cap-Bon)
and from other dams located in the North East of Tunisia. Yet, groundwater remains the
principal source for irrigation water. Indeed, about 9000 equipped wells were recorded
(Ben Hamouda, 2009).

The plots are aligned on two transects perpendicular to the shoreline. A description of the
irrigated plots is given in Tab. 3. The fields are intensively exploited reaching in some
cases three crops per year, as for the other irrigated areas in Tunisia. Tomato is the
dominant crop in Korba plain and it is generally alternated with wheat, barley or truck
farming or forage. Indeed, farmers are encouraged by food industries (through donation of
free tomato seedlings) to cultivate tomato in spite of the recorded poor yields (lowering to
10 t/ha) and the grants proposed, by the local authorities, to abandon the tomato cropping.
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The irrigation systems have been modernized and traditional ones were converted to
water-conserving technologies, mainly drip irrigation. This was enhanced by a national
program for agricultural water management and conservation, aiming to rationalize the use
of water for irrigation (Al Atiri, 2004). However, several field studies reported that
farmers, lacking training and information are misusing drip irrigation and are, in some
cases, over irrigating crops (Slama et al., 2004; Slatni et al., 2004). The main cropping
season for tomato starts usually in March and ends in June. The Cap Bon peninsula is also
famous for being among the first regions in Tunisia to have introduced fertigation

techniques. Farmers in Korba plain are widely using those techniques, especially with drip

irrigation.
Tab. 3. Description of the studied plots
Transect| Plot Coast Surface (ha) Irrigation Irrigation Cropping  Tomato
distance (m) water source system system yield [1]
S2 PN1 1304 1.6 PN1B [3] Drip Wheat/ NA
irrigation Tomato
PN2 2338 2.5 Wells KS1 Surface  Tomato/olive/  NA
and KS2 [2] irrigation  truck farming
PN3 4901 1.3 Well PN3 Drip and Tomato/ NA
sprinkler wheat
irrigation
S1 PN4 605 0.8 Well P1 Drip Tobacco/ NA
irrigation  truck farming
PN5 2056 6 Well PN5 Drip Tomato/truck 10 T/ha
irrigation farming/
forage
PN6 4436 145 Well P11 Drip Tomato/olive/ 60 T/ha
irrigation  truck farming

[1] Estimation indicated by the farmer. NA: non available
[2] Surface water from Lebna Dam is available but the farmer found it expensive to use
[3] Located at about 800 m from the irrigated plot: the farmer is sharing the water resource in return of a

percentage of the harvest
2.2.  Soil and groundwater sampling and analysis

The first soil sampling campaign was performed by the end of the dry season, after the
irrigation has ended, in August-September 2006 and the second one by the end of the wet
season (April 2007). Note that, because of access reasons the wet season campaign was
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solely conducted for plots located in transect S1. Indeed, two farmers denied the access to
their fields, as they were already cultivated. Thus, data analysis will focus on samples
collected in transect S1. Soil samples were taken each 30 cm for the first meter and each 50
cm for the layers below. The total sampled depth reached 4 m, 15 m and 19.5 m for
respectively PN4, PN5 and PN6. Various techniques, depending on the lithology, were
used for extracting soil samples. Core drilling was suitable for clayey layers, whereas a
rotary drilling using a tri-cone roller bit was performed in sandy layers. A down-the-hole
hammer bit was used in sandstone, mainly met in the layer located at the depth of 40 to
100 cm. Note that the drilling tasks were all carried out using air pressure without added
fluids in order to prevent sample contaminations. The pH was measured on soil extracts
with distilled water ratios of 1:2.5. Saturated soil pastes were prepared by adding deionised
water to 200 g of soil according to the standard method described in Rhoades et al. 1999
(Rhoades et al., 1999). The Saturation Percentage (SP) varied from 19 to 83%. Electrical
conductivities, major ions (Na*, K*, Ca**, Mg, CI', SO4%), nitrate and bicarbonates were
measured on the soil saturated paste extracts. Major ions were analysed using lon
Chromatography at the soil department of the ministry of agriculture. Bicarbonates were
measured using the titration method. The charge balance error was calculated and was
found acceptable (ranging between 5-10%). The soil texture was determined, for all
samples of transect S1 collected in august 2006, using particle size analysis, performed at
the soil department. Six granular fractions were measured using the Robinson method.
Soils were then classified according to the USDA?® classification and using the free
software TRIANGLE (Gerakis and Baer, 1999; Gerakis and Baer, 2010).

2.3.  X-Ray Diffraction (XRD) analysis

The XRD analysis is known to be a useful technique for the semi-quantitative
determination of clay, primary and secondary minerals (Sparks, 2003). The use of this
technique for the identification of precipitated salts in irrigated soils is reported in several
case studies (Abdelfattah et al., 2009; Job, 1992; Metternicht and Zinck, 2009). For
instance, Metternicht and Zinck (2009) found that salt crusts were mainly formed of halite,
quartz, and finally gypsum.

Small salt crusts have been visibly noticed at the soil surface at most of the investigated
plots. However, no special attention was made while taking samples at the topsoil. Indeed,
Ulery and Drees (2008) (Ulery and Drees, 2008) emphasizes that the conservation of

® United States Department of Agriculture
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samples is crucial for the detection of minerals. The XRD was performed on 15 soil
samples issued from the dry campaign and sampled in PN4, PN5 and PN6 plots, located in
transect S1.

2.4. Geochemical indicators of salinization and sodicity hazards and trends

Salinity is quantified, in the literature, in terms of electrical conductivities at 25°C (EC),
expressed in mS/cm (1 dS/m = 1 mmho/cm): The FAO* defines six classes for water with
regard to salinity, ranging from non-saline to brine (Tab. 4) (Ayers and Westcot, 1994).
Richards (1954) recommends using Electrical Conductivity measured on soil saturated
paste extracts (ECe) as the most reliable parameter in describing the soil salinity.
Saturation indexes of calcite, dolomite and gypsum were computed using PHREEQC
(Parkhurst, 1995).

Tab. 4 Classification of saline waters (Rhoades et al., 1992)

Water class  Electrical conductivity  Salt concentration Type of water
dS/m mg/I
Non-saline <0.7 <500 Drinking and irrigation water
Slightly saline 0.7-2 500-1500 Irrigation water
Moderately 2-10 1500-7000 Primary drainage water and
saline groundwater
Highly saline 10-25 7000-15 000 Secondary drainage water and
groundwater
Very highly 25-45 15 000-35 000 Very saline groundwater
saline
Brine >45 >45 000 Seawater

The sodium hazard is typically expressed as the sodium adsorption ratio (SAR) calculated
as follows (Sparks, 2003):

[na]

Mg?* +Ca* '
2

Where brackets indicate the total concentration of ions in meg/L. However, SAR has to be

SAR =

plotted vs. EC (e.g. Wilcox diagram) in order to identify the sodium hazard on the basis of
known salinization and sodicity hazard classes (Rhoades et al., 1992).

* Food and Agriculture Organization of the United Nations
69



Later on, the concept of Residual Alkalinity (RA) will be developed to better analyse the

salinization and alkalinization processes occurring when a solution is getting concentrated

(Barbiéro et al., 2001; Bouarfa et al., 2009). RA is calculated as follows:
RA=Alkalinity-[cations]+[anions] in meq/I

Where [cations] and [anions] are the concentrations in meg/L of respectively cations and
anions involved in precipitation (Bouarfa et al., 2009). Alkalinity (AIK) is defined as “the
sum of weak base concentrations multiplied by the number of protons each base can
neutralize, minus the number of protons in the solution” (Barbiéro et al., 2001). Alkalinity

is due, in most soils, to carbonate and it is calculated as follows:

Alkalinity = [HCO37]-[H"] in meg/L
Furthermore, Droubi et al. (1976) (Droubi et al., 1976) introduced the concept of
generalized residual alkalinity to the successive precipitation of several minerals. As an
example calcite residual alkalinity (RAcalcite) refers to the alkalinity of the solution after
complete precipitation of the calcite and it is calculated as follows (Barbiéro et al., 2001) :
RAcalcite= Alk-[Ca®*] in (meg/L)

Similarly, if gypsum is the next mineral to precipitate after calcite, RAcalcite+gypsum is
calculated as follows:

RAcalcite+gypsum= Alk-[Ca2"]-[Mg?*]+[SO4?] in (meg/L)

Al-Droubi et al (1976) explained that when calcite precipitates, two possibilities are to be
considered:
1. RAcalcite <0: Ca®* concentration increases, pH and alkalinity decrease and the
solution follows the neutral saline pathway
2. RAcalcite >0: Ca®* concentration decreases, pH and alkalinity rise and the solution
follows the alkaline pathway (Bouarfa et al., 2009).
If RAcalcite+gypsum is positive, after calcite precipitation, if we suppose that gypsum
precipitates, Ca®* concentration increases, SO; concentration decreases and pH and

alkalinity decrease. If RAcalcite+gypsum is negative, the opposite evolution is observed.

To evaluate the trends followed by the concentration of each cation or anion when the
solution is getting concentrated, chloride is used as a reference. Chloride is considered as a
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tracer as it is not involved in neither precipitation nor dissolution processes. Concentration
diagrams of chloride vs. the other elements allow predicting precipitation occurrence.
When the concentration of an element is increasing at a lower rate than that of chloride,
this element is involved in precipitation (Mohamedou et al, 1999). To calculate
concentration factors, we have divided the concentration of chloride of each sample by the
least measured chloride concentration (Nezli et al., 2007). The solution of the sample

presenting the minimum chloride concentration will be considered as the initial solution.
2.5. Multivariate statistical analysis

Principal Component Analysis and Hierarchical Clustering Analysis in R-Mode, as
described in chapter 2, were applied separately, on standardized data issued from
respectively, the dry and the wet season campaigns and collected in PN4, PN5 and PN6
plots located in transect S1. Considered variables are: Clay+Silt ratio, major elements (Na,
K, Ca, Mg, CIl, HCO3 and SO, ) and nitrate.

PCA was used in several studies for the assessment of soil salinization and alkalinization
(Mohamedou et al., 1999; Visconti et al., 2009).

3. Results and discussion

3.1. Soil textural classification

Soils range in texture from sand to clay for PN4 and from sand to clay loam for PN6. Soil
samples collected in PN5 present a high rate of sand and their texture range from sand to
sandy loam (Fig. 29). Light textured soils, are, in general, characterized by high
permeabilities and small Cation Exchange Capacities. Thus, it is expected that the vadose
zone acts as transfer matrix for diverse minerals and nutrients. Chhabra (1996) states that
light textured soils are less affected by salinity offering a higher tolerable level of irrigation

water salinity.
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3.2. Soil chemistry profiles

Table 3 summarizes the basic statistics of geochemical data for the dry and wet seasons for
soil and groundwater samples.

Cations in soil water are classified as follows: Na*>Ca?>Mg?*>K" and anions as follows:
CI>S042>HCO3>NO;". Piper diagram was plotted separately for the three soil profiles
PN4, PN5 and PNG6, using chemical data issued from the dry and the wet sampling
campaigns (Fig. 30). In addition we added, to the diagram, the irrigation water chemistry
measured in august 2006. The dominant water type is Na-Ca-Cl. We notice that the
leaching process is controlling the soil solution chemistry in the first meter for PN4 (Fig.
30 encircled samples). The water type for theses samples is Na-Ca-HCO3. Besides, the
groundwater sample plots among those of soil for the three plots PN4, PN5 and PN6

indicating the same origin.
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Tab. 3 basic statistics of geochemical data for the dry and wet seasons for soil and groundwater samples

Transect  Plot Nb [Depth (m)| sAR [pH125 | EC | ca | Mg | Na | K [HCO3| cl | so4 | NO3

28 Min 2.30 8.26 048  1.80 026 233 009 007 149 000 0.0

= Max 4.00 6.14 10.06 409 1125 371 1679 071 310 2743 419 350

) Mean 421 9.11 129 466 130 726 023 1.83 972 211 037

N4 SD 3.02 0.48 082 246 091 393 015 085 657 1.02  0.66

T 5 Min 7.65 445 1643 612 2569 029 2,00 33.35 580 297

E Max 22.86 17.19 30.38 2972 12531 2.01 492 12336 1802 3.77

3 Mean 11.61 7.47 2056 1235 5167 073 3.08 57.93 895  3.41

> SD 7.50 546  6.61 1158 49.10 086  1.30 4368 605 041

66 Min 3.68 8.18 073 270 097 499 008 048 543 123  0.00

= Max 1565  18.38 9.73 17.53 8427 40.66 14523 225  2.80 24453 2493 13.44

) Mean 6.15 8.85 220 751  3.06 1414 026 132 2084 254 125

- SD 6.74 0.38 219 1020 503 1861 0.33 047 3095 3.04  1.89

S1 £ 7 Min 11.29 850 2322 1515 50.58 0.40  3.36 65.94 6.85  1.25

= Max 12.16 9.98 2903 1722 5833 050 584 8411 736 273

3 Mean 11.74 918 2692 1618 5452 044 478 7342 7.6  1.93

5 SD 0.33 059 212 083 313 003 073 656 017 044

78 Min 2.20 7.81 069 181 055 331 005 000 222 104 000

=5 Max 19.50 7.85 9.95 464 2158 871 3057 328 284 4653 998  11.09

) Mean 4.09 9.05 158 633 190 846 023 137 1195 276 134

oG SD 1.24 0.42 074 346 158 501 036 059 779 163 175
[¢]

g N Min 6.58 482 1681 897 2442 043 328 3550 582 243

S Max 7.31 565 2168 990 2721 046 504 4284 678  2.65

3 Mean 6.90 530 1867 955 25.88 044 379 39.05 635 255

> SD 0.31 035 210 041 115 002 084 300 041 012

Min 2.17 8.26 030 115 036 227 000 072 000 000 0.0

= Max 13.50 7.87 9.59 311 1316 418 21.84 056 328 30.63 937  3.07

) Mean 3.81 9.03 095 391 122 646 013 161 791 241 065

32 SD 1.46 0.34 081 339 106 546 013 080 902 223 076

pN1 |groundwe 1 432 494 1260 630 1329 009 2.84 1531 620 473

Min 2.59 8.26 033 104 027 342 004 048 201 079 004

= Max 10.50 7.08 9.59 402 1527 731 2190 034 270 4373 853 413

) Mean 4.82 9.04 097 327 124 691 011 183 829 252 044

26 SD 1.16 0.34 069 279 140 370 006 072 815 157 077

PN2 [groundw: 1 432 304 1260 630 1329 009 284 1531 620 473

Min 1.69 6.3 062 348 095 263 005 000 305 1.04 082

= Max 6.50 3.08 10.06 165 919 213 711 015 236 1072 518  4.62

) Mean 2.42 8633703704 1.02 571 148 462 009 1.05 7.00 242 207

14 SD 046 071085078 0.29 157 034 137 003 085 226 114 117

s2 PN3 [oroundwal 1 452 305 1361 691 1449 009 436 17.76 673 578
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Depth profiles of ECe, major ions and nitrates measured in the dry and the wet season are
plotted in Fig. 31. Besides, the ratio of clay and silt is depicted.

Fig. 31 and Fig. 32 show that, for the dry season, the soil samples located in the first layer
(from the topsoil to the depth of 1m) presents high concentrations with regards to all the
solutes. This concentration is also expressed in the high electrical conductivities ranging
from 4.09 mS/cm (measured in the topsoil in PN4) to 17.53 mS/cm. We notice that this
phenomenon is more important in transect S1 than it is in transect S2 where the irrigation
water is more saline. Depth profiles of the wet season demonstrate an important decrease
of the concentration of all major elements leading to the decrease of ECe. Indeed, ECe
lowers from 17.53 to 2.73 mS/cm, from 4.64 to 1.88 mS/cm and from 2.25 to 0.67 mS/cm
for respectively PN5, PN6 and PN4. Hence, accumulated salts are leached under rainfall. It
is worthwhile noting that each of the three profiles in transect S1, presents peaks of high
concentrations located mainly at layers containing a relative high ratio of clay and silt (Fig.
31). This observation indicates that the flow in the unsaturated zone is a piston flow
(Appelo and Postma, 2005). The use of tritium in such profiles can be helpful in quantifying
the infiltration rate (Baran et al., 2007).
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We performed a PCA and a HCA analysis for collected samples in PN4, PN5 and PN6
separately for each sampling season.

HCA analysis highlights that, for each season, variables cluster into two different groups
(Fig. 33). For the wet season, the first cluster C1 gathers the ratio of clay+silt, HCOs,
S04, NO; and K. Grassi et al. (2007) state that NO3, SO4 and K are linked to pollution
with N-fertilizers. Hence C1 counts for soil enrichment with agricultural substances in
relationship with the presence of clay and silt. The second cluster, C2, groups, Mg, Ca,
Na, Cl and ECe, considered in literature as the elements contributing to the global
concentration of the solution and thus C2 is possibly related to salinity. For the dry
season (Fig. 33) we observe the same clustering except for SO, which moves to the

group of Mg, Ca, Na, Cl and ECe suggesting the involvement in the gypsum
precipitation reaction.
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The analysis applied for the wet season showed that the data is explained by three
principal component factors (Tab. 5) accounting for 76.16 % of the total cumulative
variance. Significant loadings are taken higher than 0.75, moderate loading ranges
between 0.40 and 0.75 and a loading of less than 0.4 is considered insignificant.
= The first factor F1 accounts for 51.03 % of the total variance and it is contributed
by the following variables: ECe, Cl, Na, Ca, Mg, and SO, associated to salinity
(Tab. 6) (Visconti et al., 2009).
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The second factor F2 explains 14.16 % of the total variance and is contributed by
the Clay+Silt ratio (factor loading 0.54). Note that SO, shows a moderate loading
for this factor (=0.45) and that NO; and HCO; show both moderate negative
loadings (-0.44 for NO3 and -0.50 for HCO3). In general, SO4, HCO3 and NOgs are
involved in redox processes (De Montety et al., 2008; Kim et al., 2004; Koh et
al., 2007). This factor is likely to be related to redox processes occurring within
the presence of clay and silt.

The third factor F3, accounts for 10.98 % of the total variance and it is mainly
contributed by nitrate, presenting a high loading of 0.7. The ratio of Clay+Silt
presents a mo+

derate loading (0.6) for F3. Fine textured layers are likely to accumulate nitrate
more than sandy ones (Baran et al., 2007). Therefore F3 would explain the nitrate

pollution.

Tab. 5. Eigenvalues of correlation matrix and cumulative total variance.

Factor Eigenvalue Tot. Var. (%) Cum-Eigenvalue Cum. Tot.Var.(%)
1 5.10 51.03 5.10 51.03
2 1.42 14.16 6.52 65.18
- 3 1.10 10.98 7.62 76.16
2 4 0.82 8.19 8.44 84.35
8 5 0.67 6.67 9.10 91.02
2 6 0.52 5.17 9.62 96.19
2 7 0.24 2.42 9.86 98.60
8 0.07 0.73 9.93 99.33
9 0.05 0.53 9.99 99.86
10 0.01 0.14 10.00 100.00
Factor Eigenvalue Tot. Var. (%) Cum-Eigenvalue Cum. Tot.Var. (%)
1 6.71 67.10 6.71 67.10
2 1.11 11.12 7.82 78.22
3 0.96 9.62 8.78 87.83
S 4 0.87 8.72 9.66 96.55
g 5 0.25 2.48 9.90 99.03
U; 6 0.06 0.60 9.96 99.63
a 7 0.02 0.24 9.99 99.88
8 0.01 0.07 9.99 99.95
9 0.00 0.04 10.00 99.99
10 0.00 0.01 10.00 100.00
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Tab. 6 Factor loadings for variables. Moderate to strong loadings are highlighted in grey

Factor 1 Factor 2 Factor 3

Ece 0.96 -0.07 -0.07

Ca 0.89 -0.11 0.01

c Mg 0.89 -0.32 -0.06
o Na 0.94 0.03 -0.12
s K 0.29 -0.59 0.13
4 HCO3 -0.49 -0.50 0.06
2 Cl 0.91 0.09 -0.33
S04 0.62 0.45 0.19

NO3 0.34 -0.44 0.71

%Clay+Silt 0.26 0.54 0.63

Factor 1 Factor 2 Factor 3

Ece -0.99 0.05 0.11

Ca -0.98 0.05 0.11

- Mg -0.99 0.05 0.12
o Na -0.98 0.07 0.14
g K -0.46 -0.28 -0.81
‘; HCO3 -0.08 0.76 -0.24
8 Cl -0.97 0.07 0.15
S04 -0.97 0.00 0.04

NO3 -0.83 -0.09 -0.37

%Clay+Silt -0.22 -0.66 0.17

For the dry season data is explained by two factors accounting for 78.22 % of the

total variance (Tab. 5)

= Factor F1 explains 67.10% of the data and contributed by: ECe, Cl, Na, Ca, Mg,
SO, and NOs. F1 is related to salinity and the process of concentration under
evaporation (Tab. 6).

= F2 accounting for 11.2 % presents a high loading for HCO3, and a negative

moderate loading for the ratio of clay and silt. It can represent the alkalinity.

To study the different processes revealed through PCA along the vadose zone
profiles, we have plotted the vertical distribution of each factor for the wet season
(vertical distribution of factors for the dry season was highly distorted because of
high factor score at the topsoil). Fig. 34 shows that the layers containing clay and silt,
mainly in PN4 and PNG6, are getting enriched with salts and nitrates. In PN5, irrigated
with a high saline water (EC~9 mS/cm), the dominant process is probably

salinization. Indeed, F1 presents high scores in this profile especially at the topsoil
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and at the depth of 6 m b.s.l presenting a high clay+silt ratio. Note that no high scores
for F1 were registered in the first two meters in PN4, indicating the leaching process

under rainfall.
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Fig. 34 Factor score profiles for PN4, PN5 and PN6 for (a) the wet season, (b) the dry season. The limit for
appreciating the high loading (=0.75) is presented with a grey dashed line

3.3.  XRD analysis and Saturation indexe calculations

Dominant minerals, detected using XRD analysis, are quartz followed by calcite (Fig.
35). No presence of gypsum neither anhydrite was observed in soil samples using this
technique. This is possibly due to the sampling method as no precaution was taken while
conserving the samples because the objective of the experiment was principally the study
of soluble salts. Hence, gypsum can be altered by organic matter, mainly present in the

topsoil samples.
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Fig. 35 Semi-quantitative estimation of quartz and calcite fraction measured in (a) PN4 (b) PN5 (c) PN6

Depth profiles of Saturation Indexes (SI) of calcite dolomite and gypsum calculated for
PN4, PN5 and PN6 for the wet and the dry seasons are shown in Fig. 36. We observe that
most of the samples are oversaturated or in equilibrium with regards to calcite and
dolomite and undersaturated with regards to gypsum. Visconti et al. (2010) state that
calcite and gypsum are abundant in areas under semi-arid and dry sub-humid climates.
Besides, quaternary deposits in coastal areas are often rich in shell fragments (abundant
in Korba plain) and calcite is known to be the primary constituent of marine organisms
shells. However, gypsum (considered as a semi-soluble salt) is more soluble than calcite
which is therefore less prone to dissolution in soils (Shahid and Abdelfattah, 2009;
Visconti et al., 2010). Thus, calcite is more abundant in soils than gypsum. The XRD
analysis is in agreement with this statement. Moreover, gypsum usually occurs together
with calcite (Visconti et al., 2010).

Fig. 36 shows that, for the three plots, SI gypsum is higher in the dry season. However,
this result is only visible in the topsoil. Moreover, the soil solution reaches equilibrium in
the topsoil announcing possible gypsum precipitation.

Mohammadou et al (1999) reported that saturation with respect to gypsum was correlated
with the concentration of the solution. Inversely the Sl of calcite decreases during the wet
season in the topsoil as a result of dissolution. However, the soil solution remains

oversaturated with respect to calcite.
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Fig. 36 Saturation indexes profiles for PN4, PN5 and PN6 during (a) the wet season and (b) the dry season

3.4.  Soil and groundwater interactions

It is interesting to notice that soil water in the vicinity of groundwater is considerably less
concentrated than groundwater. This result is observed in the six soil profiles and for all
investigated solutes. An exception is made for the nitrate concentration in PN6 (Fig. 32
and Fig. 31).

Jemai (1998) in Mhiri et al. (1998) reported that the measured groundwater salinity in
Tefelloun (Korba plain) increased from 5 to 7 mS/m after an exceptional rainy season in
1995. She argued that this sudden rise of groundwater salinity was a result of the

leaching process acting on salts accumulated in the topsoil, during the last years.
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Fig. 37 shows the concentrations of major ions and nitrates measured in the groundwater
in august 2006 vs. those measured in the topsoil for PN6 and PN5 in the dry season. We
have found strong correlations (R2=0.98 for PN5, and R2= 0.97 for PN6). Besides, as the
groundwater is used for irrigation, it is evaporated in the topsoil and getting concentrated
with a factor of 3 and 1.2 for respectively PN5 and PNG6.
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Fig. 37 lon concentrations of groundwater vs. ion concentration measured in the soil saturated past extracts

3.5. Soil salinization trends and alkalinisation hazard assessment.

To assess the irrigation water’s (coming from the groundwater) risk to induce soil
salinization and/or alkalinization we have plotted the groundwater SAR versus EC (Fig.
38). The Wilcox diagram indicates that groundwater presents a high risk of salinization
(Classes C3, C4). Moreover, many samples with EC exceeding 5 mS/cm plotted outside
Wilcox diagram. However no risk of sodicity was detected. Soil samples are classified
from medium to very high regarding salinity hazard. Note that, in the literature the
threshold of soil salinity (expressed in ECe) for most of the crops is about 4 mS/cm
(Rhoades et al., 1992). The risk of sodicity increased with the risk of salinity. The
sodicity hazard ranged from low to high.
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3.5.1 Salinization trends under evaporation

The concentration diagram (Fig.12) shows that Na and Mg concentrations increase at the
same rate as chloride. Therefore these two elements are not involved in any precipitation.
Inversely, Ca and SO4 concentrations increase at a lower rate than chloride indicating
respectively calcite and gypsum precipitation. RAcalcite is negative (Fig. 40), Ca
increases and alkalinity decreases (Fig. 39) with agreement to RA concept.
RAcacite+gypsum is also negative and the rate of decrease SO, becomes lower than the
increase rate of Ca (Fig. 39) in compliance with the generalized RA concept. Hence, the
soil solution is following a neutral saline trend and does not present a risk of
alkalinization. Bouarfa et al. (2009) applied the RA concept to irrigation water in
Fatnassa Oasis in Tunisia and found that the main trend was toward neutral salinity.
Besides, Mohammedou et al. (1999) found the same sequence of precipitation, i.e.
calcite>gypsum when applying the RA concept to clay dunes in the Senegal Delta in
Mauritania.

Furthermore, Nezli et al (2007) and Barbiéro et al. (2001) investigated the role of fluorite

in the control of salinization processes under evaporation.
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Fig. 39 Concentration diagrams for Ca, Mg, SO, and Na
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Fig. 40 Concentration diagrams for RAcalcite, RAcalcite+gypsum, alkalinity and pH
To confirm the generalized RA analysis, we have depicted the Log(CF) vs. Saturation

Indexes of calcite, dolomite and gypsum (Fig. 41). We notice that the initial solution is
already saturated with regards to calcite and undersaturated with regards to gypsum. This
result would probably explain the detection of calcite using XRD analysis. When the
solution begins to concentrate, the Saturation Index of gypsum increases and the solution
equilibrates allowing gypsum to precipitate. Inversely, the Saturation Index of calcite
decreases indicating precipitation, and then increases again after the Saturation Index of

gypsum reaches equilibrium.
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Fig. 41 Concentration Factor vs. Saturation Indexes of calcite, dolomite and gypsum.
Equilibrium area is dashed in grey
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4, Conclusion

The experimental data analysis showed that the soil solution is concentrated during the
dry season because of the saline aspect of irrigation water and high rates of
evapotranspiration. Indeed, ECe reached 17.5 mS/cm. Plotted in a Wilcox diagram for
the assessment of salinity and sodicity hazard, groundwater showed high to very high
risk of salinization and low risk of sodicity. Soil solution presents moderate to very high
risk of salinization and medium to high risk of sodicity. Crop salt tolerance indicators
worsen during the irrigation season resulting in poor yields. However, the light textured
characteristic of the studied soils allows important leaching of the accumulated salts
under rainfall. After the wet season, we observe a high rate of dilution in the topsoil (e. g.
ECe decreases from 17.53 to 2.73 mS/cm in PNS5). Regarding groundwater quality, such
soils present an important capacity for transfer of chemical substances.

Depth profiles of different ions showed that the groundwater was much more mineralized
than the neighbouring soil water. However, Piper diagram suggests that water and soil
present the same origins.

PCA is in agreement with HCA analysis revealed that three major processes are taking
place in the soil solution: salinization processes related to concentration and
precipitation, N-fertilisers contamination expressed in the high correlation between NOs,
K and SO, and finally redox processes.

The generalized RA was applied to all soil samples issued from transect S1 and
collected in the dry season. It revealed that, when the soil solution gets concentrated, two
minerals precipitate according to the sequence calcite>gypsum. The calculation of
Saturation Indexes of respectively calcite and gypsum confirmed this result. The RA
analysis also predicted that the soil solution would follow a neutral saline pathway.
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Chapter 5. Unsaturated modeling of salts
movement through sandy soils to estimate solute

irrigation return flow °

Abstract

HYDRUS1D was used to carry out simulations of flow and solute transport for three salinity profiles. The
objective was to estimate the amount of salts loadings towards the groundwater. The model calibration was
performed for the wet season under climatic boundary conditions. Results revealed that the irrigation return
flux depended on the profile depth and the irrigation amount. The calculated yearly aerial recharge rate
ranged from 0.7 to 6.2 % and. Solute fluxes were underestimated and insignificant and the soil profiles
were getting concentrated over the simulations. The possible reasons are the temporal distribution of the
climatic data input and the flow calibration.

>This chapter is based on:
Slama, F., Milnes, E.P. and Bouhlia, R., 2008. Calibrating unsaturated model parameters using electrical resistivity
tomography imaging, Redbook N°320. International Association of Hydrological Sciences, Wallingford, pp. 148-153.

Slama, F. et al., 2007. Geochemical modelling of soil and groundwater salinization under irrigation with saline water.
In: IAHS (Editor), MODELCARE, Calibration and Reliability in Groundwater Modelling, Copenhagen, Danemark.
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1. Introduction

Agricultural activities are loading several chemical substances that are contaminating
both soil and groundwater. Diverse contaminants are reaching the groundwater through
irrigation return flow mechanisms. The extent of the phenomenon depends on the
geological and climatic characteristics of the concerned site (Cardona et al., 2004;
Richter and Kreitler, 1991). The quantification of irrigation return flows in terms of
water and solute inflows is a relevant question. Indeed, it is important to integrate this
component to the solute and water balance of the hydrological system.

Numerical and conceptual models are used to quantify and to predict solute flow of
various agricultural chemical substances contaminating the groundwater. Baran et al.
(2008) used AGRIFLUX (Banton and Larocque, 1997) to model nitrate movement
through a homogeneous loess formation and to identify major processes influencing
nitrate concentrations along the soil profiles. Javaux and Vanclooster (2004) simulated
long term chloride transport through a layered soil. Rajmohan and Elango (2007) used
HYDRUS2D (Simunek et al., 1999) to simulate both nitrate and chloride transport in the
vadose zone and to estimate their respective solute fluxes towards groundwater. Aragués
et al. (1985) calibrated an irrigation project model to propose the best management
scheme that reduces the salt flux in the irrigation return flow.

Hydrogeochemical models (Bouhlila, 1999; Saaltink et al., 2004) are also used to
identify processes occurring during contaminant migration through the vadose zone.
They simulate multi-component reactive transport in variably saturated flow.

Unsaturated models are, in general, based on the Richards equation for variably saturated
flow and the convection-dispersion equation for solute transport (Rajmohan and Elango,
2007). Van Genuchten (1980) developed his model for the unsaturated hydraulic
conductivity as a function of soil water retention. However, the Van Genuchten model
parameters remain difficult to estimate, mainly in field conditions and for deep soil
profiles. Monitoring water content is important in variably saturated modelling. Yet, for
deep soil profiles, water content measurements are not always easy to perform. Indirect
techniques mainly based on the measure of the soil electrical resistivity were developed

to study the water content temporal and spatial variability (Samouéliana et al., 2005).
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ERT imaging is an electrical geophysical investigation technique being increasingly
experimented for environmental purposes in the last decades. It offers the possibility of
mapping the vadose zone at high resolutions. Kemna et al. (2002) found ERT imaging
useful to capture the position and shape of the trajectory of a tracer plume. However,
they stated that the use of ERT data to quantify transport characteristics in soils is poorly
documented. In fact, in situ resistivity depends on a variety of parameters: water content,
soil salinity, porosity, temperature and lithology. Daily et al. (1992) studied ground water

movement in the vadose zone using ERT imaging.

Finally, 1D unsaturated models are useful for estimating solute return fluxes to
groundwater. However, they can not predict groundwater concentrations as the former is
mostly controlled by the regional flow. Unlike concentrations, those fluxes cannot be
measured and cannot be calibrated. Moreover, integrating results of one dimensional
simulations to a hydrogeological model is not an easy task. Mainly, because an important
database of soil hydrodynamic and quality parameters has to be set up. Tawarakavi et al.
(2008) developed a HYDRUS1D package to be used with MODFLOW. The
HYDRUSI1D package computes the recharge fluxes into groundwater in order to be
integrated to MODFLOW. They tested this tool for several case studies.

In this study, we present an attempt to calibrate a model for salt movement through sandy
soils under the given climatic and irrigation conditions. Data derived from the
experimental study, will be used for the calibration purposes. The objective is to quantify
the solute fluxes reaching the groundwater and to identify the patterns of salt fate through
the soil profile.

2. Soil and groundwater investigations

The field study carried out along two transects in Korba coastal plain, was described and
discussed in the previous chapters. Various techniques were used to analyse both sources
and processes related to the soil and groundwater salinization. Results revealed that
seawater intrusion and agricultural chemical loadings are the main sources of the
groundwater mineralization. The study of the soil profiles chemistry showed that the
topsoil solution gets concentrated during the dry season and presents, thereby, high
electrical conductivities. The concentration of the topsoil solution under evaporation was
controlled by calcite, and then gypsum precipitation. Besides, the survey revealed that
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the topsoil solution was considerably diluted during the wet season indicating the
leaching process under rainfall.

3. Electrical Resistivity Tomography (ERT) imaging for Water

content profiles estimation

ERT imaging was used for determining water content profiles and for the estimation of
Van Genuchten soil hydraulic parameters for the PN4, PN5 and PN6 plots located in the
transect S1 (Fig.2).

During the drilling, the majority of samples were highly disturbed making it impossible
to measure the water content. Hillel (1998) argues that water content should imperatively
be measured on undisturbed samples to prevent high uncertainties. Otherwise it is
preferable to rely on indirect techniques such as Time Domain Reflectrometry (TDR)
(Dalton and Van Genuchten, 1986) and techniques based on soil electrical resistivity
measurement (Liu and Yeh, 2004; McCutcheon et al., 2006; Samouéliana et al., 2005).
An endeavour to convert ERT imaging measured resistivities to water content is
presented herein. We have used the following relationship between resistivity and water
content (Montoroi et al., 1997) :

R=ae”

where R is the electrical resistivity (Ohmm), 6 the water content and a and b are
constants depending on the soil textural class as described by Montoroi et al. (1997).

Results are shown in Fig. 42. We note that for PN5, the converted water content profile is
probably overestimated as the entire profile is almost saturated during the wet saeson.
Thus, results have to be adjusted on the basis of a laboratory experiment in order to
calibrate the a and b constants.
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Besides, simultaneous ERT imaging was combined with a controlled infiltration test for
the purpose of calibrating unsaturated soil parameters (Slama et al., 2008) (Appendix C).
Thirty-two electrodes were used with a spacing of 1 m leading to an investigation depth
of about 5 m. Four ERT profiles were performed during the infiltration test, each with a
time-lapse of one hour. Water, with an electrical conductivity of 9.53 mS/cm, was
infiltrated into a furrow with a constant flux of 0.75 Is* during 4 hours. Resistivity
difference distributions between the average reference profiles (before infiltration test)
and four consecutive ERT profiles, carried out with a time-delay of one hour each,
allowed mapping of the soil humidity change through time caused by the infiltration test.
The migration of the centre of gravity of the humidity plume was used to estimate the
saturated hydraulic conductivity Ks and was found to be 2.4 10° ms™. Using this
hydraulic conductivity value, HYDRUS2D was then used to simulate water flow during
the infiltration test and to calibrate the a and n-parameters on the measured ERT data set
using the relationships between water content and resistivity developed by Montoroi et
al. (1997).
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4, Unsaturated modelling

The modelling study was carried out using HYDRUS1D (Simunek et al., 2008).
HYDURSI1D solves numerically (using Galerkin finite-element schemes) the Richards
equation and the convection-dispersion solute transport equation in 1D variably saturated

media.

HYDRUS1D was applied to model salt transport in the vadose zone for three profiles
corresponding respectively to PN4 (depth=4 m), PN5 (depth=15 m) and PN6 (depth =25
m). In several studies, chloride, considered as a tracer, is used for the modelling of solute
movement through the vadose zone (Javaux and Vanclooster, 2004). We will consider
Total Dissolved Salts (TDS) as the variable for the solute transport simulations. Indeed,
chloride is well correlated to EC (R?*=0.86) (Fig. 43) and thus to TDS. EC was converted
into TDS using a multiplication factor of 0.7 (Ben Hamouda et al., 2009).
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Fig. 43 Chloride concentrations vs. EC

4.1. Model input parameters

4.1.1 Meteorological data
The reference crop evapotranspiration, ET,, was calculated according to the FAO
Penman-Monteith method which is now recommended as the sole standard for the
definition and computation of the reference evapotranspiration (Allen et al., 1998). ET, is

defined as the rate of evaptranspiration from “the reference crop as a hypothetical crop with
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an assumed height of 0.12 m, with a surface resistance of 70 s m-1 and an albedo of 0.23, closely
resembling the evaporation from an extensive surface of green grass of uniform height, actively
growing and adequately watered”” (Allen et al., 1998). The FAO Penman-Monteith equation
for calculating daily ET, (mm day ) using daily average data is shown in the following

equation.

900
T +273

A, (1+0,34u,)
4

0,408A

(R,-G)+ u,(e, —e,)

ETo=—7

where Rn is the net radiation at the crop surface (MJ m day'); G the soil heat flux
density (MJ m 2 day '); T the mean daily air temperature at 2 m height (°C); u, the wind
speed at 2 m height (ms™); es the saturation vapor pressure (kPa); ea the actual vapor
pressure (kPa); (es-ea) the saturation vapor pressure deficit (kPa); A the slope of vapor
pressure curve (kPaC™'); and y the psychrometric constant (kPaC™").

ET, was calculated using daily meteorological data (minimum temperature: Tmin,
maximum temperature: Tmax, minimum relative humidity: Rhmin, maximum relative
humidity Rhmax, wind speed and sunshine hours) from Oued souhil (Nabeul) and using
ET, calculator free software of UCL (based on FAO modified Penman Monthieth
equation).

Hydrus1D atmospheric boundary condition requires inputting separately evaporation and
transpiration. To split ET, into potential evaporation and potential transpiration, it is
recommended to use the equation proposed by Ritchie (1972):

Transpiration = Evapotranspiraion * SCF
Evaporation = Evapotranspiration * (1— SCF)

SCF =1-Exp(-0.46* LAl

where SCF is the Surface Cover Fraction estimates from the Leaf Area Index (LAI).
Evapotranspiration, evaporation and transpiration are expressed in mm.

To estimate the LAI, a polynomial function, based on the literature, was generated
(Heuvelink, 1995).
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4.1.2 Soil layers and properties

Soil profiles were assumed to be layered and were divided into layers corresponding each
to a soil material. The choice of layers and the corresponding soil material was based on
the grain size analysis (tab). More elaborated geostatistical techniques for handling
heterogeneity are cited in the literature (Destouni, 1993; Sudicky et al., 2010). However,
the number of parameters to calibrate in the case of unsaturated flow and solute transport
problems remains important.

The soil hydraulic properties, according to the Van Genuchten model, were estimated
using the Rosetta neural network prediction technique, integrated in HYDRUS1D
(Tab.7). This technique requires the percentage of sand, silt and clay.

Tab. 7Van Genuchten parameters for PN4, PN5 and PN6

Depth (m) ar as a n Ks (m/day)
0.9 0.08 0.43 3.60 1.56 2.00
<« 2.3 0.05 0.38 3.31 2.76 4.28
§ 2.8 0.07 0.39 2.44 1.33 0.12
3.4 0.10 0.50 1.94 1.21 0.20
4 0.08 0.40 2.64 1.26 0.11
Depth (m) ar as a n Ks (m/day)
0.4 0.06 0.38 2.00 2.00 0.10
1.5 0.05 0.38 2.00 2.00 1.39
0 3.8 0.05 0.37 3.17 3.20 3.00
§ 4.9 0.05 0.38 3.42 2.03 0.50
6.3 0.05 0.38 3.26 2.97 4.83
7.8 0.05 0.38 3.62 1.53 0.65
15 0.05 0.38 3.30 3.09 6.53
Depth (m) ar gs a n Ks (m/day)
1 0.05 0.38 3.42 1.43 1.00
3 0.05 0.38 3.45 2.30 2.50
4 0.05 0.37 3.15 3.04 5.75
5 0.05 0.38 3.34 1.44 0.44
< 5.5 0.08 0.43 1.38 1.38 0.06
o 6.5 0.06 0.37 3.09 3.04 5.67
9.5 0.06 0.38 3.06 1.48 0.43
16.5 0.05 0.37 3.14 2.43 2.97
17 0.05 0.38 3.28 1.43 0.43
25 0.06 0.37 2.82 2.53 3.25

The molecular diffusion was derived from literature (Hu and Wang, 2003; Rajmohan and
Elango, 2007) and was set equal to 0.2 m2/day. Dispersivities were considered according
to the mesh size (=0.1 m)

99



4.1.3 Boundary and Initial conditions

HYDRUSI1D offers several possibilities for the top and bottom boundary conditions
regarding both flow and solute transport. Atmospheric boundary conditions with surface
runoff were considered at the top of the profile. Besides, root water uptake is integrated
to the model using Feddes model (Feddes et al., 1976) or the S-shape Model. Daily
potential values of evaporation, transpiration and precipitation were added as variable
boundary conditions. The code then computes actual transpiration and actual evaporation
on the basis of soil saturation conditions. A constant water content was considered as the
bottom boundary condition. The top and the bottom solute boundary conditions were
assumed as concentration flux ones. The initial conditions were derived from the field
study. Indeed, we have used the TDS and the water content, measured in august 2006, as
initial solute (Fig. 34) and initial flow conditions (Fig.45) respectively.

4.2. Predictive scenarios

Daily measurements of rainfall, minimum Temperature, maximum Temperature, mean
wind speed, mean relative humidity and insolation are available for Kelibia
meteorological station located at 20 km north from transect S1. The recorded data covers
the period from January 1970 to December 2001. The described time series was daily
averaged for all climatic variables. The resulting average year will be considered as the
type year to be used in prediction simulations. This method was widely used in building
prediction scenarios (Baran et al., 2007). Nevertheless, the averaging technique, used as a
procedure of rainfall forecasting is considered basic. Indeed, more elaborated models, as
the Autoregressive Moving Average techniques (ARMA) are used to predict and
generate rainfall time series (Burlando et al., 1993). One of the problems with using
annual mean daily rainfall is that extreme values are not considered. Yet, extreme rainfall
values could have an important effect on the leaching process (Hachicha et al., 2003).
Evapotranspiration is even more difficult to predict as it is a function of at least four
other variables. Interesting studies about analysing temporal trends of reference
evapotranspiration are found in the literature (Bandyopadhyay et al., 2009; Liu et al.,
2010; Xu et al., 2006). Developing such models needs yet a thorough knowledge of

stochastic techniques applied to hydrological sciences.

In the absence of reliable published studies about climate change in the Tunisian context

and the lack of an agro-socio-economic analysis integrating forecasts about future water
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use by farmers, we have adopted three basic scenarios for carrying out the prediction

simulations:

5.

1. The first scenario, SC1, assumes that amounts of irrigation water will remain

steady. Simulations will be run for a decade considering a yearly tomato crop
starting at first April and ending by the 15" July. The distribution of the daily
irrigation amounts were derived from a field study in Kalaat Landelous irrigated
area (Lower Mejerda valley North East of Tunisia) (Slama et al., 2003; Slama et
al., 2004). The total irrigation water amount, in the cited sudy, reached 1000 mm.
in the present study we will consider the amount recommended by the FAO for
the tomato crop, i.e; 600 mm (FAO, 2010).

The second scenario, SC2, suggests that irrigation decreases by 30 %, as a
consequence of a possible conversion in the cropping system. We have observed
that many farmers have already introduced tobacco replacing tomatoes. Indeed,
tobacco is a more tolerate crop and requires slightly less irrigation amounts of
water. Barley and forage crops are also replacing tomato in areas affected by high
groundwater salinity. This scenario can also be associated to a better management
of irrigation water quantities.

The third scenario, SC3, supposes that irrigation is abandoned. Simulations will
be run for 20 years under the same climatic conditions.

Geochemical modelling

Simulations of geochemical modelling were performed using GEODENS numerical

code. GEODENS is a density dependant variably saturated and multi-species

geochemical model in porous media (Bouhlila, 1999) which solves the fluid conservation

and the multi-species non conservative transport equations using the Finite Element
Method.
Simulations were performed for a profile of 15 m (Slama et al., 2007). The soil water

chemistry was derived from the groundwater composition measured in Well PN5 in

august 2006. The objective was to study the precipitation of minerals under an

evaporation cycle of 100 days.
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6. Results and discussion

6.1.  Unsaturated model calibration (HYDRUSL1D)

Field data were used to calibrate the model for the three profiles. We considered 242
days starting from the 1% of September 2006 and ending on 30" of April 2007 as the
calibration period. The model parameters will be calibrated using climatic data of the wet
season without any irrigation inputs or plant water uptake. The model was run for
sensitivity tests, by varying the flow and transport parameters. It was considered sensitive
to hydraulic conductivity, dispersivity, molecular diffusion and evapotranspiration.
Besides, only parameters of the upper layer had an impact on the results. After the
calibration, evapotranspiration was reduced by 10%. The calibration results are shown in
Fig. 44. The model, globally, reproduces the leaching process. However, soil salinity at
the topsoil was overestimated for the three plots. Reliable measurements of water content
would have improved the calibration results. Besides, rainfall is known to present high
spatial variability and it was measured at 30 km from the studied plots. Spatial
heterogeneity with regard to soil hydrodynamic properties and salinization patterns forms
another difficulty for reproducing field data with modelling. Indeed, drip irrigated plots
often show vertical and horizontal variability due to salt accumulation under the dripper.
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Fig. 44 Depth profiles of observed vs. simulated TDS (g/l) for (a) PN4, (b) PN5 and (c)
PN6

6.2. Predictive simulations

Fig. 45 depicts the time evolution of the cumulative bottom solute flux simulated for

PN4, PN5 and PNG6 respectively according to the three prediction scenarios; SC1, SC2

and SC3. The main outcomes of the prediction study can be summarized as follows:

= The solute flux ranges from 2 10° to 2 10 g/m?year. It decreases with the vadose
zone thickness. For PN4, the solute flux is controlled by irrigation. In fact, the
outflow is almost concurrent with the beginning of irrigation. The solute fluxes for
PN5 and PN6 are controlled by both irrigation and rainfall (Fig. 45). Note that, for
PNS5, the increase rate of the solute flux is higher under rainfall suggesting a delay in
the solute movement along the profile (Fig. 45). This situation can be explained by a
piston flow.

= Solute flux considerably decreases with the reduction of irrigation water amounts by
30% (Fig. 45). Moreover, the root water uptake remains the same for both scenarios.
This result is important with regard to water resources management. The application
of adequate irrigation amounts would, firstly, conserve water by preventing losses
through deep percolation and, secondly, reduce amounts of salt loading towards the

groundwater.
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Fig. 45 Time evolution of calculated solute fluxes for PN4, PN5 and PN6 based on SC1,
SC2 and SC3 scenarios

Calculated amounts of loaded salts are insignificant because, for all simulation runs,
according to SC1 and SC2, the soil profiles get highly concentrated. Various reasons
can explain the salt accumulation. The mean annual daily ETo (derived from
measured data in Kelibia station) is higher than that measured from 15/8/2006 to
30/5/2007 in Oued Souhil station (Fig. 48).

Besides, time distribution of rainfall is considerably different in the two cases (data
measured in Oued Souhil and mean annual daily rainfall calculated for Kelibia
station). Indeed, rainfall recorded in Oued Souhil is characterized by a high
irregularity regarding time and intensity. Note that extreme values reaching 70
mm/day and 30 mm/day were recorded. Moreover, the soil solution was considerably
diluted under theses two episodes (Fig. 46). Whereas, the calculated mean annual
daily rainfall barely reaches 10 mm/day. It is important to consider a deep analysis of
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the climatic data forecast used for predictive scenarios. Indeed, the salt movement

and accumulation in the soil are highly sensitive to meteorological data inputs.
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Fig. 46 Simulated concentrations at 0.3 m depth for PN6 under rainfall and ETo
measured in Oued Souhil from 15/8/2006 to 31/5/2007

To test this sensitivity, we have run two simulations (from 15/8/2006 to 30/5/2007)
for each of the profiles PN6 and PN5. The first simulation was run under rainfall and
ETo measured in Oued Souhil from 15/8/2006 to 31/5/2007 whereas the second was
run under mean annual daily rainfall and ETo measured in Kelibia. The results show
that the soil solution concentration is higher for the simulation computed with mean
annual daily values (Fig. 47). Moreover, as the inputs are steady, the concentration
will increase for longer simulations following a cumulative process.

Transport and flow parameter calibration and the profile heterogeneity can also

influence the simulations result.
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Fig. 47 Simulated concentrations at 0.3 m depth for PN6 and PN5 under rainfall and ETo
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measured in Oued Souhil from 15/8/2006 to 31/5/2007 (black line) and mean annual
daily rainfall (depicted in this figure) and ETo measured in Kelibia (grey line)

It is important to carry out a better calibration for the flow problem.

Finally, the calculated aerial recharge rates reached 0.7 %, 6.2% and 3.5% of the average
annual precipitation for PN4, PN5 and PN6 respectively. These results are
underestimated compared to those reported by Ennabli (1980) (8%) and Kerrou et al.
(2010) (can reach 20%). For the first scenario SC1, the total infiltration rate with regards
to rainfall and irrigation was about, 14.2%, 21.4%, and 10.7% for PN4, PN5 and PN6

respectively.
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Fig. 48 Measured ETo in Oued Souhil from 15/8/2006 to 31/5/2007 and mean annual
daily ETo derived from measured data in Kelibia.

6.3.  Geochemical modelling

GEODENS reproduced concentration increase of the dominant ions Ca and ClI in the
upper horizons. It also predicted gypsum precipitation after 100 days of evaporation (Fig.
49). The GEODENS version used in this study does not consider carbonate minerals.
Further simulations with the new version of GEODENS, extended to carbonate (Bouhlila
and Laabidi, 2008) would be useful to confirm calcite precipitation, discussed in the third

chapter.
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Fig. 49 Amount of Precipitated gypsum (CaSO4,2H20) in moles/m® after 100 days of
evaporation

Besides, it would be interesting to test UNSATCHEM (Suarez and Simunek, 1997) (also
integrated in HYDRUSI1D) in the purpose of modelling major geochemical processes in
the vadose zone. UNSATCHEM considers the equilibrium chemical reactions, between

major ions, such as complexation, cation exchange and precipitation-dissolution.

7. Conclusion

HYDRUSI1D was used to carry out long term simulations of TDS fate in three profiles.
Field data were used to define the initial solute and flow conditions, to estimate the soil
hydraulic parameters and to calibrate the solute and flow parameters. The model was
thereby calibrated for the wet season. However, it is necessary to readjust the model by
considering water content status. Yet, this was not possible because of difficulties in
performing direct measures of this variable. Furthermore, measured resistivities (using
ERT imaging) require laboratory calibration to be converted into water content. An
estimation of the Van Genuchten soil hydraulic parameters was also carried out using
ERT imaging couple to an infiltration test and unsaturated modelling with HYDRUS2D.

The calibrated model was then used to run prediction simulations based on three
scenarios. Results reveal that the solute flux amount and movement depends on the soil
profile thickness. The calculated solute fluxes were considered to be insignificant
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because of a high salt accumulation in the soil profiles. The handling of the climatic data
forecast is probably the main reason for the flux underestimation. The flow problem
calibration is also to be improved for a better estimation of the solute fluxes.

Aerial recharge fluxes were also estimated. They ranged between 0.7 and 6.2 % of the
average annual precipitation. According to the previous studies in the Korba aquifer,
these values are also underestimated.

Simulations also demonstrate that reducing irrigation water amounts would considerably
decrease solute irrigation return flux. Indeed, the root water uptake amount was the same
for both simulations suggesting that the water excess would have been lost through deep
percolation. This result is interesting with regard to irrigation water management and

groundwater’s quality protection.
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Chapter 6. Conclusions and perspectives

1. Summary

Experimental and numerical studies were carried out in Korba coastal plain North-East of
Tunisia. The experimental study involved groundwater and soil sampling, piezometric
measurements, electrical tomography imaging and an infiltration test, performed along
two transects. An important hydrogeochemical database, issued from a three year survey
was set up. Various statistical and geochemical techniques were performed to analyse
this database. The objective was to identify salinity sources and to study hydrochemical
processes occurring within the salinization phenomenon. Besides, variably saturated
simulations were carried out in order to attempt to estimate and to predict the quantity of
salts loadings that would reach the groundwater.

1.1. Groundwater salinization sources and processes

Results concerning groundwater quality highlighted the complexity and superposition of
various processes contributing to groundwater mineralization.

Multivariate statistical analysis (HCA and PCA) allowed identification of major sources
of salinity and their area of impact. Indeed, seawater intrusion and agricultural pollution
were identified as the main sources of salinization. The former contributes to the
groundwater composition along 4000 m and 1500 m from the shoreline in transect S1
transect S2 respectively. The latter controls the groundwater composition in internal
areas.

The seawater/freshwater mixing modelling revealed that seawater intrusion is
accompanied by three major processes: cation exchange, carbonate weathering and redox
processes. Cation exchange processes are actively taking place along the two flow paths,
indicating that seawater intrusion is in progress in S1. Using theses reactions as
indicators of seawater intrusion, the penetration length can be estimated about 4000 m in
transect S1. Besides ionic deviations and saturation indexes (with regard to gypsum,
calcite and dolomite), calculations suggested the gypsum dissolution as the source of Ca
and SO, enrichment recorded in both transects. This result confirms the contamination

with agricultural residual substances. Indeed, gypsum potential sources are fertilizers and
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the dissolution under rainfall of precipitated gypsum formed at the topsoil under
evaporation.
The ERT imaging survey confirmed the presence of a mixing zone at 1200 m of the

shoreline.
1.2.  Soil salinization processes and trends

Two soil sampling campaigns were carried out using dry drilling in mainly three irrigated
plots located in transect S1. Plots were intensively cultivated mainly with tomato crops.
Irrigation water was extracted from the brackish groundwater presenting high EC’s
reaching 9.9 mS/cm. Drip irrigation associated with fertigation is widely used. The
experimental data revealed that the soil solution is concentrated during the dry season
under irrigation with brackish water and high rates of evapotranspiration. Indeed, ECe
reached 17.5 mS/cm. The soil solution showed high to very high risk of salinization and
medium to high risk of sodicity hazard. Therefore, crops are affected by the high salinity
resulting in poor yields. Nevertheless, rainfall leaches accumulated salts inducing a
considerable decrease of ECe in the topsoil (e. g. ECe decreases from 17.53 to 2.73
mS/cm in PNS5). This is mainly possible because of the light textured characteristic of
the studied soils and the stormy episodes with daily rainfall amounts reaching up to 70
mm. Yet those processes present a threat for groundwater quality given the high capacity
of the vadose zone to transfer contaminants.

Multivariate statistical analysis (PCA in and HCA) identified three major processes
occurring in the vadose zone: salinization processes related to concentration and
precipitation, N-fertilisers contamination expressed in the high correlation between NOs,
K and SO, and finally redox processes.

Besides, the generalized RA applied to all soil samples issued from transect S1 and
collected in the dry season showed that calcite followed by gypsum precipitated under
evaporation. This result was compliant to seasonal evolution of calculated gypsum and
calcite saturation indexes. According to RA, soil solution is following a neutral saline
pathway.

The principal result that links different parts of the present study is that the diverse

applied techniques revealed the agricultural pollution through its various fingerprints.
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1.3.  Estimation of irrigation return flow using unsaturated modelling

HYDRUSI1D was used to carry out prediction scenarios aiming to analyse and quantify
the solute irrigation return flux. The model was first calibrated on the basis of the
collected experimental data for the three studied plots. The calibration was performed for
the wet season under climatic boundary conditions. Three scenarios were proposed to
carry out prediction simulations. The first scenario stipulated that irrigation amounts will
remain steady; the second one supposed that these amounts would decrease by 30 % and
the third one proposed that irrigation was abandoned. Results revealed that the irrigation
return flux depended on the profile depth and the irrigation amount. Indeed the decrease
of the irrigation amount considerably reduced the solute flux. As field studies (Slama et
al., 2004; Slatni et al., 2004) reported that farmers are over irrigating crops, this result is
of interest regarding irrigation water management. Indeed, the root water uptake amount
was the same for both simulations suggesting that the water excess would have been lost
through deep percolation. Thus, rationalizing the amounts of irrigation water would not
only preserve water resources but also reduce groundwater contamination through
irrigation return fluxes.

The third scenario was used to estimate the aerial recharge. It ranged from 0.7 to 6.2 %.
The solute fluxes, calculated for the first and second scenario, ranged from 2 10°to 2107
g/m?/year. They were underestimated and insignificant as the soil profiles were getting
concentrated over the simulations. The possible explanation was that the temporal
distribution of the averaged rainfall and the overestimation of the averaged ETo
(measured both in Kelibia station). Indeed, considering long term mean daily rainfall
generates a smoothed pattern with low maximum values (10 mm/days) excluding thus
extreme values known for their efficiency in leaching salts.

2. Perspectives

Further works are to focus on the following axis:

1. It is important to improve the conversion of the resistivity into water content. A
laboratory experimentation based on that described by Montoroi et al. (1997)
(Montoroi et al., 1997) and adapted from Rhoades ((Rhoades et al., 1999) is
under development.

2. Climatic data used as inputs for the unsaturated modelling of solute transport
require analysis using statistical techniques in the purpose of generating daily

reliable data. Poisson model was already tested for the time series of rainfall and
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an Autoregressive Moving Average technique (ARMA) (Burlando et al., 1993)
will be performed.

It would be interesting to apply PHREEQC (Parkhurst, 1995) or NETPATH
(Plummer et al., 1994) in order to model geochemical reactions occurring at the
seawater freshwater interface along a flow path (Lambrakis, 2006; Petalas and
Lambrakis, 2005). Two dimensional variably saturated flow and solute transport
simulations were performed for a vertical section corresponding to transect S1
using FEFLOW (Slama et al., 2007). The Henry problem boundary conditions
were reproduced besides the consideration of pumping wells. However, the
calculations were heavy to carry out and results were not concluding.

It would be of interest to perform an adequate soil sampling at the soil surface,
mainly within visible salt crusts, in the purpose of making XRD analysis to
identify the kind of precipitated minerals, and to confirm the presence of calcite
and gypsum. However, laboratory experiment of irrigation and evaporation
remains an easier and clearer way to study the precipitation of minerals under
evapotranspiration processes.

Soil heterogeneity strongly influences solute transport modelling. Therefore
stochastic modelling of heterogeneity can consequently improve the solute
transport modelling results (Guarracino and Santos, 2004). However, this subject
is poorly documented probably because of the complexity and the important
number of variables describing the state of an unsaturated medium.
Heterogeneous profiles of the saturated hydraulic conductivity were generated
using Sequential Gaussian Simulation performed with SGEMS (Nicolas and
Alexandre, 2009). Solute transport modelling using the generated profile will be
tested afterwards.
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Appendix B

Tab. 1 Statistical summary of concentrations in meg/L, EC in mS/cm, pH and ionic ratios in transects S1 and S2.

(mS/cm) (meg/L)

Transect Well NB pH EC Ca Mg Na K HCO3 | CO3 Cl S04 | NO3 | Mg/Ca | Ca/(HCO3+S04) | fsea | Na/Cl | HCO3/CI | SO4/CI
S2 PS19 3 Min 3.38 754 | 560 | 28.81 | 0.14 432 | 0.00 | 25.40 | 6.93 | 0.78 | 0.74 0.58 2.87 | 0.92 0.08 0.22
Max 6.90 14.88 | 11.60 | 48.16 | 0.31 6.08 1.76 | 51.50 | 11.75|1.25| 0.87 0.94 7.21 | 1.13 0.24 0.27
Mean 5.62 11.85| 9.52 | 41.38 | 0.24 5.15 1.12 | 41.34 | 10.08 | 0.98 | 0.80 0.77 552 | 1.02 0.14 0.25
Sd 1.95 3.83 | 340 | 10.90 | 0.09 | 0.88 | 0.97 | 13.97 | 273 | 0.25| 0.06 0.18 232 | 011 0.08 0.02
P18 4 Min 5.17 13.57 | 7.75 | 33.44 | 0.13 3.88 | 0.00 | 41.37 | 6.25 | 1.96 | 0.50 1.18 553 | 0.81 0.07 0.11
Max 6.58 16.50 | 10.00 | 45.38 | 0.19 | 5.00 | 1.76 | 54.93 | 6.52 | 2.34| 0.63 1.62 7.78 | 0.89 0.12 0.15
Mean 5.73 15.13 | 8.58 | 38.61 | 0.16 441 | 0.82 | 4555 | 6.35 | 215 | 0.57 1.42 6.22 | 0.85 0.10 0.14
Sd 0.60 132 | 098 | 497 | 002 | 054 | 072| 6.30 | 0.12 | 0.17| 0.06 0.20 1.05 | 0.04 0.02 0.02
MD2 4 Min 7.3 5.93 13.06 | 10.24 | 44.28 | 0.25 392 | 0.64 | 46.87 | 835 | 213 | 0.72 0.93 6.44 | 0.90 0.08 0.17
Max 6.79 14.72 | 10.75 | 47.06 | 0.28 5.32 152 | 50.23 | 8.75 | 247 | 0.81 1.17 7.00 | 0.98 0.11 0.18
Mean 6.57 13.81 | 10.55 | 45.48 | 0.27 429 | 098 | 48.45 | 854 | 228 | 0.77 1.08 6.71 | 0.94 0.09 0.18
Sd 0.43 0.85 | 0.22 1.16 0.01 0.69 | 0.38 1.43 0.17 | 0.18 | 0.04 0.11 0.24 | 0.04 0.02 0.01
MD1 3 Min 7.2 4.27 11.98 | 7.78 | 27.70 | 0.11 410 | 0.72 | 31.18 | 641 | 219 | 0.61 1.03 3.84 | 0.89 0.11 0.19
Max | 7.2 5.28 14.12 | 9.24 | 34.96 | 0.13 4.64 1.28 | 38.66 | 7.21 | 255 | 0.77 1.32 5.08 | 0.90 0.15 0.21
Mean | 7.2 481 12.95| 8.53 | 31.08 | 0.12 439 | 091 | 34.77 | 6.73 | 2.34| 0.66 1.17 443 | 0.89 0.13 0.19
S2 Sd 0.51 108 | 0.73 | 365 | 001 | 027 | 032| 375 | 042 |0.19| 0.09 0.15 0.62 | 0.01 0.02 0.01
PN1 1 Min 7.2 494 12.60 | 6.30 | 13.29 | 0.09 2.84 1.28 | 15.31 | 6.20 | 4.73 | 0.50 1.39 1.20 | 0.87 0.19 0.40
PN2 1 Max 3.06 6.71 | 558 | 1855 | 0.09 4.24 152 | 17.60 | 6.53 | 2.63 | 0.83 0.62 1.58 | 1.05 0.24 0.37
P18B 1 Mean 3.45 11.57 | 6.47 | 19.92 | 0.13 4.16 1.60 | 21.72 | 6.81 | 3.00 | 0.56 1.05 2.26 | 0.92 0.19 0.31
P17_4 1 Sd 7.93 16.65 | 12.71 | 50.76 | 0.26 | 3.96 | 0.88 | 61.36 | 8.36 | 2.13| 0.76 1.35 8.85 | 0.83 0.06 0.14
P17 3 Min 7.3 5.06 19.02 | 9.08 | 32.40 | 0.09 2.96 1.00 | 41.29 | 8.18 | 3.01| 0.45 1.69 551 | 0.73 0.07 0.18
Max | 7.3 5.70 20.77 | 9.72 | 3498 | 0.11 3.52 1.28 | 44.47 | 8.44 |3.33| 048 1.80 6.04 | 0.83 0.08 0.20
Mean | 7.3 5.46 20.00 | 9.35 | 33.86 | 0.10 3.25 1.11 | 42.82 | 8.29 | 3.14 | 047 1.73 577 | 0.79 0.08 0.19
Sd 0.35 0.90 | 033 | 1.32 | 001 | 028 |0.15| 160 | 0.14 |0.17| 0.02 0.06 0.27 | 0.06 0.01 0.01
P17B 3 Min 7.4 5.28 15.57 | 8.84 | 30.21 | 0.07 3.28 | 0.00| 37.21 | 7.76 | 3.18 | 0.51 1.27 484 | 0.81 0.09 0.20
Max | 7.4 5.33 17.51| 959 | 32,19 | 0.09 | 496 | 0.80 | 38.89 | 793 | 3,57 | 0.58 1.56 5.12 | 0.83 0.13 0.21
Mean | 7.4 531 16.54 | 9.15 | 31.02 | 0.08 419 | 051 | 37.83 | 7.87 | 341 | 0.56 1.38 494 | 0.82 0.11 0.21
Sd 0.04 0.97 | 039 | 1.04 | 001 | 085 | 044 | 092 | 0.10 |0.20| 0.04 0.16 0.15 | 0.01 0.02 0.01
P20 3 Min 7 477 14.86 | 7.46 | 31.32 | 0.09 0.76 | 0.00 | 35.13 | 9.02 | 3.15| 0.48 1.10 4.49 | 0.80 0.02 0.23
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S2

S2

Max 7 5.45 1768 | 886 | 34.13 | 0.12 | 452 | 144 | 4240 | 956 |3.36| 0.59 1.45 5.70 | 0.89 0.13 0.26

Mean | 7 5.21 1583 | 829 | 33.14 | 011 | 3.16 | 091 | 3855 | 9.36 | 3.27| 0.53 1.28 5.06 | 0.86 0.09 0.24

Sd 0.38 1.60 | 0.74 158 | 002 | 208 | 079 | 365 | 0.30 |0.11| 0.06 0.18 0.61 | 0.05 0.06 0.02

P16 3 Min | 7.3 2.54 753 | 518 | 1581 | 0.16 | 420 | 0.00 | 15.73 | 6.03 | 2.35| 0.59 0.73 1.27 | 1.00 0.27 0.38
Max | 7.3 2.81 9.07 | 569 | 1756 | 0.18 | 564 | 1.36 | 16.09 | 6.50 | 3.19| 0.76 0.78 133 | 112 0.36 0.40

Mean | 7.3 2.70 8.45 | 546 | 16.77 | 0.17 | 488 | 0.88 | 15.86 | 6.22 | 2.74 | 0.65 0.76 1.29 | 1.06 0.31 0.39

Sd 0.14 081 | 026 | 088 | 001 | 072 | 076 | 021 | 0.25 | 042 0.09 0.03 0.03 | 0.06 0.05 0.01

KS1 3 Min | 7.6 2.68 424 | 6.00 | 18.02 | 0.04 | 528 | 0.84 | 16.53 | 507 |1.78 | 0.76 0.39 140 | 1.09 0.24 0.26
Max 3.62 8.18 | 6.22 | 2531 | 0.12 | 570 | 1.36 | 22.36 | 5.85 |2.18 | 1.41 0.73 237 | 113 0.32 0.31

Mean 3.13 595 | 6.13 | 21.40 | 0.07 | 546 | 1.08 | 19.13 | 534 | 197 | 111 0.55 183 | 1.12 0.29 0.28

Sd 0.47 202 | 012 | 368 | 004 | 022 | 026 | 297 | 045 |0.20| 0.33 0.17 0.49 | 0.02 0.04 0.02

KS2 2 Min | 7.4 2.95 8.13 | 560 | 19.58 | 0.09 | 476 | 0.88 | 17.07 | 6.24 | 2.41 | 0.47 0.74 149 | 1.15 0.21 0.34
Max 3.04 11.82 | 588 | 31.35 | 0.18 | 5.04 | 1.36 | 24.03 | 8.06 | 250 | 0.72 0.90 2.65 | 1.30 0.28 0.37

Mean 3.00 997 | 574 | 2547 | 013 | 490 | 112 | 2055 | 7.15 | 245 | 0.60 0.82 207 | 1.23 0.24 0.35

Sd 0.06 261 | 020 | 832 | 006 | 020 | 034 | 492 | 1.29 |0.06| 0.18 0.12 0.82 | 0.11 0.05 0.02

P21BI 3 Min | 7.2 2.47 6.56 | 498 | 1575 | 0.05 | 352 | 0.00 | 14.79 | 526 | 2.81| 0.59 0.67 111 | 1.05 0.22 0.35
Max | 7.2 2.77 8.60 | 537 | 16.80 | 0.06 | 552 | 1.60 | 1594 | 553 |3.18 | 0.76 0.86 1.30 | 1.09 0.37 0.36

Mean | 7.2 2.65 746 | 513 | 16.40 | 0.06 | 459 | 0.77 | 1534 | 538 | 3.02| 0.70 0.75 1.20 | 1.07 0.30 0.35

Sd 0.16 104 | 021 | 057 | 001 | 101 |080| 058 | 0.14 |0.19| 0.10 0.10 0.10 | 0.02 0.08 0.00

P21 1 7.3 2.87 721 | 577 | 16.64 | 0.10 | 408 | 1.60 | 16.75 | 5.64 | 2.78 | 0.80 0.74 144 | 0.99 0.24 0.34
P23 1 231 852 | 524 | 1464 | 007 | 428 | 152 | 1406 | 512 | 246 | 0.62 0.91 0.99 | 1.04 0.30 0.36
P22BI 1 2.25 8.61 | 476 | 1411 | 0.20 | 408 | 1.84 | 12.69 | 538 |221| 055 0.91 076 | 1.11 0.32 0.42
P25 2 Min | 7.5 1.78 6.86 | 447 | 10.15 | 0.06 | 424 | 0.00 | 986 | 3.99 |1.60| 0.65 0.72 0.29 | 1.03 0.43 0.40
Max | 7.5 1.93 738 | 493 | 1053 | 0.06 | 532 | 112 | 990 | 423 |1.67| 0.67 0.90 0.30 | 1.06 0.54 0.43

Mean | 7.5 1.86 712 | 470 | 10.34 | 0.06 | 478 | 056 | 9.88 | 411 |1.64| 0.66 0.81 0.30 | 1.05 0.48 0.42

Sd 0.10 037 | 032 | 027 | 000 076 | 079 | 003 | 017 |0.05| 0.01 0.13 0.00 | 0.02 0.08 0.02

P30 3 Min 3.13 832 | 6.74 | 1789 | 0.28 | 3.44 | 0.64 | 19.86 | 4.26 | 486 | 0.73 0.90 1.96 | 0.90 0.17 0.21
Max 3.46 982 | 716 | 20.28 | 0.99 | 500 | 152 | 2050 | 5.01 |553| 0.81 111 2.06 | 0.99 0.25 0.25

Mean 3.33 9.12 | 6.89 | 19.27 | 053 | 429 | 1.20 | 20.24 | 456 | 519 | 0.76 1.03 2.02 | 0.95 0.21 0.23

Sd 0.17 0.76 | 0.24 124 | 040 | 079 | 049 033 | 0.39 |0.34| 0.05 0.12 0.06 | 0.05 0.04 0.02

P31 2 Min 4.62 10.76 | 10.47 | 27.73 | 0.18 | 4.40 | 1.36 | 29.63 | 8.23 | 556 | 0.93 0.84 3.58 | 0.89 0.14 0.26
Max 4.84 11.20 | 11.37 | 28.43 | 0.19 | 464 | 152 | 32.09 | 8.42 | 6.06 | 1.06 0.87 3.99 | 0.94 0.16 0.28

Mean 4.73 10.98 | 10.92 | 28.08 | 0.18 | 452 | 144 | 30.86 | 8.33 | 581 | 1.00 0.86 3.78 | 0.91 0.15 0.27

Sd 0.16 031 | 064 | 050 | 001 | 017 | 011 174 | 0.14 | 0.35| 0.09 0.02 0.29 | 0.04 0.01 0.01

P29 3 Min 2.75 11.65| 481 | 13.80 | 0.10 | 428 | 0.00 | 17.75 | 3.78 | 299 | 041 1.32 1.60 | 0.78 0.24 0.21
Max 3.34 12.43 | 529 | 16.74 | 0.11 | 5.00 | 0.88 | 20.90 | 4.44 | 357 | 043 1.45 213 | 0.80 0.24 0.21

Mean 3.05 12.04 | 505 | 1527 | 011 | 464 | 044 | 19.32 | 411 |3.28| 042 1.38 187 | 0.79 0.24 0.21

Sd 0.42 055 | 0.34 208 | 001 | 051 |062| 223 | 046 | 041 0.01 0.09 0.37 | 0.02 0.00 0.00
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P27 1 7.4 4.13 14.04 | 6.79 | 1415 | 0.09 | 416 | 0.72 | 18.21 | 6.79 | 5.62| 0.48 1.28 1.68 | 0.78 0.23 0.37
P28 4 Min 2.40 11.13 | 342 | 1091 | 0.09 | 3.32 | 0.00 | 1499 | 3.16 | 240 | 031 1.23 115 | 0.73 0.22 0.21
Max 3.20 1467 | 691 | 1579 | 013 | 436 | 1.04 | 1833 | 6.73 | 6.00| 0.51 1.72 1.70 | 0.86 0.25 0.38

Mean 2.88 13.14 | 569 | 13.73 | 0.11 | 4.01 | 053 | 17.03 | 549 |4.73| 043 1.43 148 | 0.80 0.23 0.32

Sd 0.43 182 | 1.97 253 | 002 | 060 | 052 179 | 202 |2.02| 011 0.26 0.30 | 0.07 0.01 0.09

PN3 2 Min 3.05 13.61| 6.75 | 1449 | 0.09 | 436 | 0.00 | 17.76 | 6.59 | 5.78 | 0.46 1.23 1.61 | 0.82 0.24 0.36
Max 3.20 1467 | 691 | 1579 | 013 | 436 | 056 | 18.33 | 6.73 | 6.00 | 0.51 1.34 1.70 | 0.86 0.25 0.38

Mean 3.13 1414 | 683 | 1514 | 011 | 436 | 0.28 | 18.05 | 6.66 | 589 | 0.48 1.28 1.65 | 0.84 0.24 0.37

S2 Sd 0.11 075 | 011 | 092 | 002 | 000 | 040 | 040 | 0.09 |0.16| 0.03 0.08 0.07 | 0.03 0.01 0.01
P33 3 Min 1.96 9.37 | 312 9.01 | 007 | 3.28 | 0.00 | 1231 | 258 | 236 | 0.29 1.39 0.70 | 0.73 0.22 0.21
Max 2.40 11.56 | 342 | 1091 | 011 | 416 | 1.04 | 1499 | 3.16 | 296 | 0.33 1.82 115 | 0.77 0.34 0.22

Mean 2.22 10.69 | 3.28 | 10.26 | 0.09 | 359 | 035 | 13.78 | 294 | 257 | 031 1.64 094 | 0.74 0.26 0.21

Sd 0.23 116 | 0.15 108 | 002 | 050 | 060 | 136 | 031 |0.33| 0.02 0.22 0.23 | 0.03 0.06 0.01

P34 1 3.36 11.07 | 760 | 17.38 | 0.05 | 4.08 | 0.00 | 24.42 | 6.92 | 1.05| 0.69 1.01 271 | 0.71 0.17 0.28
P23BI 1 589 | 585 | 1450 | 0.07 | 508 | 0.72 | 1520 | 497 | 228 | 0.99 0.59 1.18 | 0.95 0.33 0.33
LebnaDam | 1 455 | 4.73 987 | 017 | 288 | 048 | 981 | 3.79 |0.08| 1.04 0.68 0.29 | 1.01 0.29 0.39
5972 1 75 9.95 | 3.36 773 | 070 | 288 | 1.28 | 12.82 | 262 | 4.54 0.60 0.22 0.20
S1 PN4 2 Min 431 17.04 | 585 | 21.72 | 0.11 | 116 | 0.72 | 4221 | 469 |1.88| 0.34 2.47 5.67 | 0.51 0.03 0.11
Max 4.68 20.70 | 860 | 28,58 | 0.11 | 164 | 0.80 | 42.26 | 7.23 | 191 | 042 2.69 5.68 | 0.68 0.04 0.17

Mean 4.50 18.87 | 723 | 2515 | 0.11 | 140 | 0.76 | 42.24 | 596 |1.89| 0.38 2.58 5.67 | 0.60 0.03 0.14

Sd 0.26 258 | 1.95 485 | 0.00 | 0.34 | 006 | 0.03 | 1.80 |0.02| 0.05 0.16 0.01 | 0.12 0.01 0.04

P1 5 Min | 7.3 4.45 16.43 | 6.12 | 25.69 | 0.29 | 2.00 | 0.00 | 33.35 | 580 |2.73| 0.37 1.32 420 | 0.72 0.04 0.10
Max | 7.3 17.19 30.38 | 29.72 | 125.31 | 201 | 492 | 1.12 | 123.36 | 18.02 | 4.24 | 0.98 211 19.15| 1.02 0.08 0.17

Mean | 7.3 7.67 21.14 | 12.14 | 4854 | 063 | 3.33 | 0.61 | 57.86 | 8.29 |3.43| 0.52 1.94 8.27 | 0.79 0.06 0.15

Sd 4.91 548 | 926 | 38.71 | 0.68 | 1.25 | 051 | 34.80 | 480 | 058 | 0.24 0.30 578 | 0.11 0.01 0.02

PN5 7 Min 7 8.50 23.22 1 15.15| 50.58 | 0.40 | 3.36 | 0.00 | 65.94 | 6.85 | 1.25| 0.56 1.83 9.61 | 0.69 0.04 0.09
Max 7 9.98 29.03 |17.22 | 58.33 | 0.50 | 584 | 1.28 | 84.11 | 7.36 | 2.73| 0.67 2.60 12.63 | 0.82 0.09 0.11

Mean | 7 9.18 26.92 | 16.18 | 54.53 | 0.44 | 478 | 0.64 | 73.42 | 7.16 |1.93| 0.60 2.26 10.85 | 0.75 0.07 0.10

Sd 0 0.58 212 | 0.83 313 | 003 | 073 | 053 | 656 | 0.17 |0.44| 0.03 0.25 1.09 | 0.05 0.01 0.01

P2 7 Min 7 4.32 1551 7.71 | 2277 | 0.22 | 296 | 0.00 | 31.76 | 498 |1.85| 0.46 1.42 3.93 | 0.63 0.08 0.14
Max 7 5.98 21.46 | 10.26 | 29.25 | 0.43 | 4.88 | 152 | 46.26 | 6.89 |3.71| 0.58 2.14 6.34 | 0.72 0.15 0.17

Mean | 7 5.41 19.25| 940 | 26.90 | 0.27 | 4.08 | 091 | 39.80 | 6.33 | 2.98 | 0.49 1.86 5.27 | 0.68 0.11 0.16

Sd 0 0.54 254 | 0.86 260 | 008 | 079 | 071 | 532 | 065 |0.76 | 0.04 0.26 0.88 | 0.04 0.03 0.01

P5B 5 Min | 7.0 4.88 1951 | 820 | 23.40 | 0.23 | 2.76 | 0.32 | 3453 | 6.68 | 3.83| 0.42 1.84 4.39 | 0.60 0.08 0.18
Max | 7.1 5.93 25.82 111.03 | 30.80 | 0.58 | 3.92 | 1.12 | 4295 | 846 |4.98| 0.46 211 579 | 0.72 0.09 0.20

Mean | 7.0 5.41 21.83 | 960 | 2649 | 0.31 | 3.42 | 0.82 | 40.14 | 765 |4.14| 044 1.98 5.32 | 0.66 0.08 0.19
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Sd 0.1 0.39 238 | 1.01 277 | 015 | 047 | 031 | 338 | 064 | 047 0.02 0.12 0.56 | 0.05 0.01 0.01

P4 Min | 7.4 4.74 16.29 | 9.32 | 26.30 | 0.24 | 2.72 | 0.00 | 34.78 | 565 |2.82| 0.43 1.65 443 | 0.68 0.06 0.16

Max | 7.4 6.22 23.83/110.80 | 31.27 | 0.29 | 424 | 152 | 45119 | 7.71 | 583 | 057 231 6.16 | 0.76 0.12 0.18

Mean | 7.4 5.45 21.28 | 10.14 | 29.45 | 0.27 | 3.69 | 0.83 | 40.92 | 6.97 |4.71| 0.49 1.99 545 | 0.72 0.09 0.17

Sd 0.74 432 | 0.75 274 | 003 | 084 | 077 | 546 | 1.15 | 165 0.08 0.33 0.91 | 0.04 0.03 0.01

P3 Min | 7.0 3.88 1465 | 822 | 23.02 | 0.20 | 3.16 | 0.00 | 31.22 | 564 | 252 | 045 1.40 3.84 | 0.62 0.09 0.17

Max | 7.2 4.89 1935 | 888 | 2477 | 0.24 | 448 | 128 | 37.31 | 6.79 |3.74| 0.56 1.96 485 | 0.74 0.14 0.19

Mean | 7.1 4.59 17.07 | 852 | 23.47 | 0.22 | 3.67 | 0.83 | 34.07 | 6.22 |3.02| 051 1.73 432 | 0.69 0.11 0.18

Sd 0.2 0.37 212 | 0.29 068 | 0.01 | 0.61 | 054 | 228 | 0.38 |0.48| 0.06 0.23 0.38 | 0.04 0.02 0.01

P7 Min | 6.9 3.97 1595 | 754 | 19.38 | 0.20 | 3.68 | 0.00 | 30.10 | 6.58 |3.08 | 0.37 1.33 3.66 | 0.63 0.12 0.22

Max | 7.2 4.57 20.86 | 9.47 | 22.13 | 0.29 | 496 | 1.20 | 31.60 | 7.75 | 494 | 0.59 181 391 | 0.70 0.16 0.25

Mean | 7.0 4.29 1769 | 861 | 2042 | 0.24 | 414 | 057 | 30.74 | 7.07 |4.00| 0.49 1.58 3.76 | 0.66 0.13 0.23

Sd 0.2 0.19 184 | 0.82 095 | 0.03 | 055 |052| 057 | 042 |0.72| 0.07 0.19 0.09 | 0.03 0.02 0.01

P6 Min | 7.0 3.52 821 | 573 | 18.09 | 0.18 | 3.00 | 0.00 | 26.99 | 5.00 | 2.04 | 0.63 0.78 3.14 | 0.61 0.09 0.16

Max | 7.2 5.29 14.07 | 9.27 | 27.86 | 0.88 | 492 | 176 | 32.61 | 7.28 |3.10| 0.73 1.58 4.07 | 1.03 0.17 0.27

Mean | 7.1 4.05 12.44 | 845 | 20.36 | 0.30 | 3.90 | 0.71 | 29.47 | 548 | 253 | 0.68 1.34 3,55 | 0.70 0.13 0.19

Sd 0.1 0.57 197 | 1.23 340 | 025 | 067 | 075 | 191 | 0.81 |0.36| 0.04 0.27 0.32 | 0.15 0.03 0.04

P8 Min | 6.9 5.00 821 | 573 | 25.62 | 0.13 | 240 | 0.00 | 26.99 | 6.54 | 2.04| 0.28 0.78 3.14 | 0.61 0.06 0.16

Max | 7.1 5.53 2350 | 863 | 2845 | 0.88 | 464 | 184 | 4276 | 7.73 | 480 | 0.70 2.27 576 | 1.03 0.12 0.27

Mean | 7.0 5.33 20.10 | 7.16 | 26.70 | 0.40 | 3.63 | 0.48 | 38.93 | 7.27 |3.88| 0.40 1.85 512 | 0.71 0.09 0.19

Sd 0.2 0.19 594 | 0.98 120 | 037 | 081 | 079 | 595 | 046 |098 | 0.16 0.54 0.99 | 0.16 0.02 0.04

P11 Min | 6.9 4.82 16.81 | 897 | 2442 | 043 | 3.28 | 0.00 | 3550 | 582 | 190 | 0.42 1.37 455 | 0.61 0.08 0.15
Max | 6.9 5.65 2424 110.11 | 27.21 | 048 | 5.04 | 152 | 42.84 |12.72|2.65| 0.55 1.89 577 | 0.71 0.14 0.35

Mean | 6.9 5.30 19.78 | 9.66 | 25.86 | 0.45 | 4.02 | 091 | 3851 | 762 | 242 | 0.50 1.75 5.05 | 0.67 0.10 0.20

Sd 0.30 3.08 | 0.44 099 | 002 | 089 | 068 | 287 | 287 |031| 0.06 0.21 0.48 | 0.04 0.02 0.08

P9 Min | 6.8 5.56 9.08 | 654 | 29.35 | 0.16 | 280 | 0.00 | 41.82 | 259 | 0.00| 0.25 1.43 5.60 | 0.65 0.06 0.06

Max | 6.9 6.80 28.49 | 10.26 | 42.01 | 0.85 | 4.80 | 1.60 | 49.77 |10.50 | 3.40 | 0.98 2.14 6.92 | 0.89 0.10 0.24

Mean | 6.9 6.22 23.09| 824 | 3417 | 029 | 3.86 | 0.83 | 45.81 | 8.78 | 254 | 043 1.80 6.27 | 0.75 0.08 0.19

Sd 0.1 0.50 7.05 | 1.38 438 | 027 | 070 | 053 | 282 | 3.09 |1.27| 0.28 0.24 0.47 | 0.08 0.02 0.07

8894 561 | 6.47 | 1474 | 058 | 652 | 0.00 | 19.84 | 1.81 |155| 1.15 0.67 195 | 0.74 0.33 0.09
P12 Min 431 12.56 | 10.03 | 21.74 | 0.17 | 460 | 0.80 | 32.15 | 422 |1.71| 0.79 1.34 4.00 | 0.61 0.13 0.12
Max 4.52 12.79 110.17 | 21.77 | 0.20 | 5.12 | 0.80 | 35.80 | 440 |1.79| 0.80 1.42 4.60 | 0.68 0.16 0.14

Mean 4.42 12.68 | 10.10 | 21.75 | 0.19 | 4.86 | 0.80 | 33.98 | 431 |1.75| 0.80 1.39 430 | 0.64 0.14 0.13

Sd 0.15 0.17 | 0.10 0.02 | 0.02 | 037 | 000 | 258 | 0.13 |0.06| 0.00 0.06 0.43 | 0.05 0.02 0.01

P13 Min 3.54 985 | 578 | 22.70 | 0.17 | 544 | 0.72 | 25.36 | 461 |1.12| 0.59 0.92 287 | 0.82 0.19 0.18
Max 3.74 10.10 | 6.00 | 23.39 | 0.18 | 576 | 0.80 | 28.54 | 524 | 144 | 0.59 0.97 3.40 | 0.90 0.23 0.18

Mean 3.64 9.98 | 589 | 23.05 | 0.18 | 560 | 0.76 | 26.95 | 493 | 1.28 | 0.59 0.95 3.13 | 0.86 0.21 0.18
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Sd 0.14 0.17 | 0.16 0.49 | 0.00 | 023 | 0.06 | 225 | 0.45 |0.23| 0.01 0.04 0.37 | 0.05 0.03 0.00

P15 Min 3.37 897 | 511 | 20.64 | 0.38 | 416 | 056 | 24.49 | 3.29 | 0.24| 055 111 272 | 0.79 0.15 0.12
Max 3.86 9.23 | 591 | 22.02 | 040 | 500 | 1.28 | 28.00 | 3.47 | 0.35| 0.66 1.18 3.31 | 0.84 0.20 0.13

Mean 3.62 9.10 | 551 | 21.33 | 0.39 | 458 | 092 | 26.24 | 3.38 |0.30| 0.61 1.15 3.02 | 0.81 0.18 0.13

Sd 0.35 0.18 | 0.56 097 | 0.02 | 059 | 051 | 248 | 0.13 |0.08| 0.07 0.04 0.41 | 0.04 0.04 0.01

P19 6.89 17.04 |12.21 | 3991 | 040 | 476 | 2.16 | 5451 |11.60 | 0.79 | 0.72 1.04 7.71 | 0.73 0.09 0.21
P15B 6.12 1291 110.88 | 39.98 | 0.15 | 3.68 | 096 | 43.31 |10.81 | 0.66 | 0.84 0.89 5.85 | 0.92 0.08 0.25
P15C Min 476 | 3.37 | 16.02 | 0.15 | 252 | 1.04 | 12.71 | 243 |055| 0.71 0.67 0.77 | 0.80 0.07 0.19
Max 13.10 | 963 | 29.72 | 0.29 | 468 | 1.44 | 37.27 | 761 |1.25| 0.73 1.29 485 | 1.26 0.37 0.20

Mean 893 | 6,50 | 22.87 | 0.22 | 3.60 | 1.24| 2499 | 5.02 |0.90| 0.72 0.98 281 | 1.03 0.22 0.20

Sd 590 | 4.43 9.69 | 010 | 153 | 0.28 | 17.36 | 3.66 | 0.50| 0.02 0.44 289 | 0.33 0.21 0.01
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Abstract Successive electrical resistivity tomography (ERT) measurements were
performed during a controlled infiltration test. Thirty-two electrodes were used
with a spacing of 1 m leading to an investigation depth of about 5 m. Four ERT
profiles were performed during the infiltration test, each with a time-lapse of one
hour. Water, with an electrical conductivity of 9.53 mScm™, was infiltrated into a
furrow with a constant flux of 0.75 Is™ during 4 hours. The resistivity difference
between the reference and each ERT profiles were computed and mapped to
estimate the plume evolution in time. Hydrus2D was used to simulate water flow
during the infiltration test and was Van Genuchten’s soil hydraulic parameters
model were calibrated on the measured ERT data set.

Key words unsaturated model; ERT imaging; infiltration test; Van Genuchten’s parameters

INTRODUCTION

Most processes that involve water and soil occur in unsaturated conditions. Unsaturated
flow implies variations of the water content in the soil, which is characterised by
complex relations between soil variables such as water content, suction and hydraulic
conductivity (Hillel, 1998). For the flow in unsaturated media, we adopt the hypothesis
stipulating that the air phase is motionless. The movement is then only calculated in the
water phase.

The governing equation of the unsaturated flow in a porous media is that established
by Richards in 1931. It represents a combination of the generalized Darcy law, in the
unsaturated media, and the mass conservation equation. In two dimensions, the equation
of Richards is written as follows:

oh 0 oh 0 oh
C(h)gza[K(h)a}'a[K(h)a} @

® Slama, F., Milnes, E.P. and Bouhlia, R., 2008. Calibrating unsaturated model parameters using electrical resistivity
tomography imaging, Redbook N°320. International Association of Hydrological Sciences, Wallingford, pp. 148-153.
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Where h is the head [L], c(h):% is the soil specific retention [L™], 6 is the water content [1]

oh
and K(h) soil hydraulic conductivity [LT™]

Based on the statistical pore-size distribution model suggested by Mualem (1976),
Van Genuchten (1980) proposed, the following equation for the unsaturated hydraulic
conductivity function in terms of soil water retention parameters:

9 —0 hg -air-entry value [L]
0+ —— h<h, 0, -saturated water content [-]
H(h): (1+‘ah ) ! 0, - residual water content [-] (2)
05 h> hs a, m, n - empirical parameters [1/L],[-].[-]
S, - effective water content [-]
K(h) = KSSEO'5 - (1— Seum )m ]Z K, - saturated hydraulic conductivity [L/T]

K, -relative hydraulic conductivity [-]

m=1-1/n,n>1

The equations (2) contain five independent parameters: &, 6;, a, n and Ky known as
the Van Genuchten’s parameters. The pore-connectivity parameter | is generally taken
equal to 0.5.

The 6(h) and K(h) relations can be determined in situ or at the laboratory scale. Hillel
et al. (1972) proposed an in situ test to estimate those parameters known as internal
drainage test. This test is rather difficult to perform and is limited regarding the
investigation depth (a maximum of two meters). Thus, this kind of test is not suitable for
areas where the unsaturated zone reaches 20 meters. Inverse parameter identification is
also being used to determine these relations by finding the minimum of an objective
function expressing the quadratic differences between measured and predicted values
using an optimization procedure (Beydoun et Lehmann 2006).

In this study, we propose to calibrate Van Genuchten’s parameters using
simultaneous Electrical Resistivity Tomography (ERT) imaging and an infiltration test.
ERT method is known to provide reliable estimations concerning changes in water
content (Binley et al., 2002a and Binley et al., 2002b). Moreover, the relationship
between soil resistivity and water content has already been proposed in earlier works
(Montoroi et al., 1997). This makes it possible to calibrate unsaturated model parameters
using observed water content obtained from resistivity measurements.

MATERIALS AND METHODS

Successive ERT measurements were performed at Korba coastal plain in Tunisia
(August, 2006), during a controlled infiltration test. The soil is characterised by a layer of
consolidated sand lying on a fine sand layer (Fig. 1).
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02 W Top soil (loamy sand)

I~ 14 .'.'.‘. Consolidated sand

Fine sand

Depth (m)

Fig. 1 Soil profile

Thirty two electrodes were used with a Wenner array with an electrode spacing of 1 m
leading to an investigation depth of about 5 m. The ERT reference profiles were repeated
twice before onset of infiltration, followed by four ERT profiles performed during the
infiltration test, each with a time-lapse of one hour. Water, with an electrical conductivity
of 9.53 mScm™, was infiltrated into a furrow (5 x 0.4 x 0.1 m®) with a constant flux of
0.75 Is™ during 4 hours (Fig. 2).

1m spaced electrodes

.

ERT cable Furrow

Fig. 2 ERT measurements and infiltration test disposition.

Inversions of the ERT profiles were computed with the Res2Dinv software. The resistivity
difference between the reference and each ERT profiles were computed and mapped to estimate
the plume evolution in time, i.e., the velocity of the movement of the point of gravity and the
expansion of the plume. Two sources of error were considered: measurement errors and errors
related to the inversion of the results. For each calculated difference between the reference profile
and each profile the total error was estimated. Thereby, all the data within this error range was
filtered from the result, yielding a distribution of significant values only (cf. Fig. 4).

Hydrus2D was used to simulate water flow during the infiltration test. Hydrus2D solves
numerically Richards’ equation for saturated-unsaturated water flow and the convection-
dispersion equation for heat and solute transport (Simunek, 1999).

RESULTS AND DISCUSSION

ERT data evaluation
The relative error between the two reference profiles (before infiltration) was about 1.8%,
indicating a good reproducibility. The inversed electrical resistivity sections corresponding to the
four ERT images are shown in Fig . 3, with inversion errors of approximately 2.5%. We notice
that only by visualising a specific iso-contour (90 ohmm), slight differences can be seen (Fig. 3).
However, when mapped (Fig. 4) and superimposed (Fig. 5), the resistivity difference between
each profile and the average of the reference profiles describes the temporal and spatial
expansion of the plume. The plume evolution shown in figure 4 reveals two slightly unexpected
features:

a) The plume gravity centre rapidly reaches a depth of 2 meters (in the first section) and

then moves on rather slowly.
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b) The plume expands like a bulb around the gravity centre.
The reason for the first feature may be the consolidated sand layer acting as a barrier, slowing
down the vertical movement. The second feature is due to the filtering of the data. The infiltrated
water with an electrical conductivity of 9.53 mScm™ leads to very low resistivities, and the
reference section was already characterised by a low resistivity surface layer. The resistivity
difference between the very low resistivity zones (due to infiltration) and the low resistivity
surface layer lead to values that fall with the error range that were eliminated during data

filtering.
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Fig. 3 Pseudosections of the four ERT measurements for four different times: after 1, 2,
3 and 4 hours after onset of infiltration test.

In Fig. 4, the evolution of the isocontour corresponding to a resistivity difference of 40
Ohmm is shown for the four snap-shots in time (after 1, 2, 3 and 4 hours after onset of the
infiltration test).
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Fig. 4 Mapped resistivity difference between reference and successive profiles
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The centre of gravity was calculated for each contour (Fig. 5). In fact we supposed that the
movement of the centre of gravity corresponds to that of the wetting front which led to an
estimation of the saturated conductivity K, of 2.4 10° ms™. This K, value lies well within the
typical range of sandy soils.

Fig. 5 Superposition of the isocontours 40 Ohmm and migration of the centre of gravitity
for the iso-contour 40 Ohmm of three profiles.

Numerical modelling
To model the infiltration test, a two dimensional vertical section (32x5 m) was used. The

mesh is composed of 1140 three-noded triangle elements. Boundary conditions are
shown in Fig. 6. Initial condition of the water content (0.25) was estimated using the
reference ERT profiles.

The simulation time corresponds to the infiltration test duration, i.e., 4 hours and 16 minutes
(15360 s). The calibration procedure was based on manual adjustment of the « and n-parameters
using the ‘observed water content’ at the end of the infiltration test. Values of the ‘observed
water content” were obtained using the following relationship between the soil resistivity and
water content (Montoroi et al, 1997):

R=ae” (3)

Where R is the electrical resistivity (Ohmm), 6 the water content and a=24 Ohmm and b= 0.35
are constants.

Calibration led to values for the « and n - parameters of 10 and 6, respectively which are
usual for sandy soils. The water infiltration simulation results with these parameters are shown in
Fig.6. At the end of the infiltration test the plume reaches a depth of about 3 m Fig. 6b. This
result reproduces well the observation that changes in resistivity only reach a depth of three
meters (Fig. 4).
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Fig. 6 (a) calculated and observed water content at 2 m depth (b) boundary conditions
and water content simulated using hydrus2D after 4h and 16mn.

CONCLUSIONS

Simultaneous ERT imaging was combined with a controlled infiltration test for the purpose of
calibrating unsaturated soil parameters. Resistivity difference distributions between the average
reference profiles (before infiltration test) and four consecutive ERT profiles, carried out with a
time-delay of one hour each, allowed mapping of the soil humidity change through time, caused
by the infiltration test. The migration of the centre of gravity of the humidity plume was used to
estimate the saturated hydraulic conductivity Ks and was found to be 2.4 10° ms™.

Using this hydraulic conductivity value, Hydrus2D was then used to simulate water flow during
the infiltration test and to calibrate the a and n-parameters on the measured ERT data set using
relationships between water content and resistivity developed by Montoroi et al. (1997). Van
Genuchten’s soil hydraulic parameters model was thereby adjusted leading to a possible
combination of soil hydraulic parameters (a=10, n=6). The obtained calibrated parameters can
for instance be used to simulate the effects of long-term irrigation cycles on soil salinity
evolution.
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