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l’eau ; origine, acquisition, pollutions ; 6 heures annuelles 
 
- DESS Sciences de l’Environnement et Santé publique, Univ. Montpellier 1 (2002-2004) : Le chimisme de 

l’eau, origine et qualité ; 6 heures annuelles 
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II- ACTIVITE  DE RECHERCHE 
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" Il est préférable de s’attaquer aux grands problèmes en partant de menus 
détails que de les attaquer de front "   

Stephen Jay Gould 
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Résumé de l’activité de recherche 

 
LE TRAÇAGE GEOCHIMIQUE NATUREL DES CIRCULATIONS 
FLUIDES : de la croûte vers la surface 

 
 Mon activité de recherche est principalement centrée sur le traçage géochimique 
naturel des circulations fluides, à la fois dans la partie superficielle de la croûte terrestre et 
dans les différents compartiments de l’hydrosphère (eaux de surface et eaux souterraines). 
 
 
Mesures du Radon-222, gaz radioactif naturel 
 

J’ai commencé, en 1978, une thèse de 3°cycle en Pétrologie sur les complexes 
annulaires alcalins des rhyolites de l’Estérel (Sud de la France), au laboratoire de Pétrologie 
de l’Université Aix-Marseille III. Elle n’a pas abouti, par manque de financement et en raison 
de l’expatriation au Zaïre de mon directeur de thèse d’alors. Grâce à Pierre Marie Vincent, 
professeur de Volcanologie à l’Univ. de Clermont 2, j’ai obtenu, en Déc. 79, une bourse de 
thèse du Ministère de la Recherche pour adapter les techniques de mesure en laboratoire du 
radon (Rn222), gaz radioactif naturel émetteur alpha, à des mesures "in situ" pour la prévision 
des éruptions volcaniques et des séismes , au sein de l’équipe Action des Ions Lourds de M. 
Monnin.  

Le sujet de recherche auquel je me suis intéressé était de nature pluridisciplinaire et 
constituait un exemple de l’apport original d’une discipline, la Physique Nucléaire, à d’autres 
domaines d’investigation comme la Géophysique Interne. Initialement, la méthode intégrative 
utilisant des films plastiques sensibles aux particules α permettait l’implantation rapide dans 
le sol  de plusieurs points de mesure (de 5 à 40) sur chaque site actif. Ces réseaux de 
surveillance avaient un  maillage plus ou moins serré. Pour une meilleure efficacité de la 
surveillance,  des mesures discrètes ou continues, à pas de temps fin (1 h à 24 h),  se sont 
révélées indispensables. Nous avons conçu une sonde électronique de mesure en continu de la 
concentration du radon dans le sol, l’eau et l’air, appelée Clipperton 2 qui a une autonomie de 
fonctionnement d’un mois minimum.  

Pour pouvoir tester la validité de ma recherche, il a fallu multiplier les sites 
expérimentaux afin d’augmenter la probabilité d’observer un évènement géophysique majeur 
et de considérer différents contextes tectoniques ou dynamismes éruptifs. Nous avons donc 
poursuivi une politique de coopération active avec des laboratoires ou des organismes situés 
dans des zones "tectoniquement instables" : Mexique (volcans de Colima, El Chichon et 
Popocatepetl ; zones sismiques d’Acapulco, de Tehuantepec et Côte pacifique de Oaxaca), 
Costa Rica (volcans Arenal, Irazu, Poas et Turrialba ; zones sismiques de Cartago et péninsule 
de Nicoya), Equateur (volcans Guagua Pichincha, Sangay et Tungurahua), Italie (volcan Etna, 
Latium Méridional), France (volcans Soufrière de Guadeloupe et Piton de la Fournaise). 

Les résultats les plus marquants ont été, pour les zones sismiques : la mise en évidence 
d’un grand linéament, réactivé après le séisme d’Ech-Chleff (Algérie) en 1980,  un signal 
radon précurseur du séisme de Mexico (M 8.1) en Septembre 85 , et de nombreuses anomalies 
de radon avant une série de séismes de faibles magnitudes enregistrés sur la côte pacifique du 
Mexique. Pour la surveillance de l’activité volcanique, les résultats les plus marquants ont été 
obtenus sur El Chichon, l’Irazu , le Poas et le Piton de la Fournaise . 

J’ai pu, grâce à l’aide efficace de nombreux étudiants en DEA et en doctorat élaborer 
un modèle de transport (diffusion et convection) du radon dans le sol, puis en milieu saturé 
poreux.   
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J’ai développé, à partir de mon arrivée en 1989 au laboratoire d’Hydrogéologie de 
l’Université de Montpellier 2, les mesures de radon en connexion avec les circulations dans 
les aquifères fracturés, karstiques en particulier. J’ai commencé à m’intéresser aux sources 
sous-marines karstiques au travers de plusieurs projets labellisés RITEAU et au projet 
européen MEDITATE (FP6-INCO). Je continue à étudier la source sous-marine de la Vise 
(Etang de Thau, Hérault) comme site pilote de ce type d’émergence.  

 
Hydrogéochimie des éléments en trace : Traçage naturel et impact anthropique 
 

Pour une meilleure caractérisation de l’origine des écoulements et des modes de 
circulation des eaux souterraines dans les aquifères karstiques, je me suis intéressé, en plus du 
Rn222, à d’autres traceurs géochimiques naturels des milieux aquatiques et aux éléments en 
trace en particulier. L’acquisition, en 1991, d’un des premiers ICP-MS quadripolaire en 
France par le Département de Recherche des Sciences de la Terre de l’Univ. de Montpellier 2 
m’a ouvert de nouvelles perspectives sur les potentialités du traçage géochimique. Cette 
technique d’analyse multi élémentaire, tout en ayant des limites de détection et de 
quantification très basses, de l’ordre du µg/L, si ce n’est du ng/L pour certains éléments, 
présentait la difficulté de quantifier correctement une grande partie des éléments de transition 
(des masses 40 à 80). 

Après le doctorat de M.B. Pane et deux programmes européens portant sur la 
caractérisation des aquifères karstiques du pourtour méditerranéen, je me suis intéressé à 
l’origine de la minéralisation dans les eaux souterraines et de surface du bassin de Lodève 
(France) en relation avec l’exploitation des mines d’uranium (doctorat de M. El-Bouch). Nous 
avons pu évaluer l’impact de la mine et des stériles miniers sur le réseau hydrographique 
environnant et mieux comprendre les phénomènes d’interaction eau-roche dans ce bassin 
permien. 

En 1994, j’ai intégré l’équipe de Géochimie de la nouvelle UMR Géofluides-Bassins-
Eaux de l’UM2. En collaboration avec C. Dupuy et F. Elbaz-Poulichet, j’ai entrepris d’utiliser 
les Terres Rares (REE) pour le traçage naturel de l’origine des eaux dans les aquifères et tenté 
d’évaluer les proportions de mélange des eaux, lorsque les pôles présentaient des signatures 
contrastées. Etant donné les concentrations très faibles de ces éléments dans les eaux 
naturelles, j’ai adapté une méthode de préconcentration des échantillons, afin d’éliminer la 
matrice, source d’interférences impossibles à éliminer lors de l’analyse par ICP-MS 
quadripolaire.  

Un premier projet sur les eaux thermales de Balaruc (Hérault, France) m’a permis de 
tester la méthode, de préciser l’origine des eaux thermales dans un contexte géologique et 
hydrogéologique complexe. Un second projet de recherche nous a conduits à mettre en 
évidence dans les eaux de surface du bassin de Thau (rivière pérenne La Vène et étang), des 
anomalies positives de Gadolinium (Gd157), dues à l’impact des stations d’épuration du bassin 
sur le réseau hydrographique et même sur l’étang,  plus grande lagune conchylicole de 
Méditerranée. Nous interprétons depuis la présence de cette anomalie de Gd comme un 
traceur secondaire de l’occurrence d’eaux usées dans les eaux de surface, les captages et les 
eaux souterraines des zones fortement anthropisées.  

 
Depuis 2006, je coordonne le thème Fonctionnement des aquifères karstiques 

littoraux : traçage naturel et artificiel des écoulements au sein de l’Axe de recherche "Karst 
et milieux fracturés : Hydrogéologie et Transferts",  de l’UMR HydroSciences Montpellier. Je 
développe, en plus de l’hydrochimie classique, l’utilisation des éléments en trace, des Terres 
Rares en particulier, pour la caractérisation des aquifères karstiques littoraux et une meilleure 
connaissance de leur fonctionnement hydrodynamique et hydrochimique. Cette méthodologie 
conduit à une évaluation de la ressource en eau, nécessaire sur le pourtour méditerranéen, 
zone sensible aux problèmes d’alimentation en eau. Dans ce contexte, j’ai été conduit à 
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m’intéresser de surcroît aux sources karstiques sous-marines et à leur apport en eau potable à 
la zone côtière, dans le cadre de divers programmes nationaux et européens. 

Je participe également à l’étude des impacts climatique et  anthropique, actuels et 
passés, en zone semi-aride dans le cadre du projet "Sahara and Sahel vulnerability : lessons 
from the past" sur le bassin du lac Tchad (ANR Vulnérabilité : Milieux et Climats et doctorat 
de R. Zairi) et du programme international AMMA "African Monsoon Multidisciplinary 
Analysis" sur le bassin de la Donga (Haute Ouémé, Bénin). 

 
 
Enfin, je suis responsable, depuis Déc. 2003, du laboratoire de Chimie des Eaux de 

l’UMR HydroSciences Montpellier. Fin 2006, nous avons créé le Grand Plateau Technique 
pour la Recherche "Analyse des Eléments en Trace dans l’Environnement"(http://www.aete-
t2e.univ-montp2.fr). Il s’agit d’une plate-forme technologique du Département de recherche 
Terre, Eau et Environnement de l’UM2 et j’en suis le responsable scientifique depuis la 
création. AETE nous permet de mutualiser et augmenter le potentiel analytique de la 
Géochimie montpelliéraine. Nous disposons actuellement d’un ICP-MS quadripolaire équipé 
d’une cellule de collision/réaction X seriesII et d’un ICP-MS Element XR mono collecteur 
(Thermo Scientific®). Nous finalisons l’acquisition d’un second ICP-MS X seriesII pour 
couplage avec HPLC et CPG afin d’étudier la spéciation des métaux et des métalloïdes dans 
l’Environnement, domaine de recherche en plein développement dans notre UMR et dans les 
études environnementales actuelles. 

http://www.aete-t2e.univ-montp2.fr/�
http://www.aete-t2e.univ-montp2.fr/�
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LE TRAÇAGE GEOCHIMIQUE NATUREL DES CIRCULATIONS FLUIDES : de la 
croûte vers la surface 
 

Mesures de radon-222 dans le sol, l’air et l’eau 
 

Durant les années 70, deux articles publiés par des scientifiques soviétiques (Ulomov 
and Mavashev,  1967; Chirkov,  1975) ont remis au goût du jour les mesures de radon (222Rn), 
gaz radioactif naturel, et ses applications possibles en Sciences de la Terre.  Son utilisation 
comme traceur naturel des circulations fluides dans les parties superficielles de l’écorce 
terrestre a en particulier connu, à cette époque, un essor grandissant qui ne s’est jamais 
démenti mais a connu de nombreuses vicissitudes.  

Le travail de recherche auquel je me suis intéressé était de nature pluridisciplinaire et 
constituait un exemple de l’apport original que peut procurer une discipline à d’autres 
domaines d’investigation. 

 
Rappel 
Le radon est le seul gaz rare radioactif  présent dans les chaînes de désintégration des 

éléments radioactifs naturels que sont l’uranium-238,  le thorium-232 et l’uranium-235. Il 
existe donc trois isotopes naturels du radon (Rn222, Rn220 et Rn219) provenant respectivement  
de la désintégration radioactive alpha (émission d’un noyau He4

2 ) du radium-226, du radium-
224 et du radium-223. Ces trois isotopes gazeux du radon se désintègrent en Polonium par 
émission d’une particule alpha dont l’énergie est caractéristique de chacun des isotopes (5.48 
MeV, 6.30 MeV, 6.81 MeV respectivement) ainsi que leurs périodes radioactives ou demi-
vies : 3.82 j pour le Radon (Rn222), 55.6 s  pour le Thoron (Rn220) et 3.92 s pour l’Actinon 
(Rn219)(Ivanovich and Harmon,  1992).  Seul le Radon (Rn222), de par sa demi-vie proche de 4 
jours,  peut subir un transport significatif depuis sa source et peut être utilisé comme traceur 
géochimique naturel en Sciences de la Terre. 

 L’atome de radon présente une très grande inertie chimique, due à sa configuration 
électronique externe extrêmement stable. Il n’existe pas de composé chimique naturel du 
radon. 

Les sources principales, à l’origine de la présence de radon, sont le sol, les roches 
encaissantes et les eaux souterraines contenant de l’uranium et/ou du radium.  

Le radon reste  un traceur superficiel des circulations des fluides profonds  
 
Le sujet qui m’a été proposé en 1979 par Michel Monnin et Pierre Marie Vincent était 

basé sur la mesure "in situ" de ce gaz radioactif inerte en tant que traceur géochimique naturel 
en Sciences de la Terre. L’étude relevait à la fois de la Physique Nucléaire et de la 
Géophysique Interne ou plus exactement constituait un transfert technologique par 
l’application des techniques de détection des particules alpha aux Sciences de la Terre. Elle 
concernait plus spécifiquement la prévision des éruptions volcaniques et des séismes majeurs 
par la mise en évidence d’anomalies positives de la concentration de 222Rn  à la surface du sol 
précédant une éruption ou un tremblement de terre. Ce travail a été initié avec le soutien du 
Programme Interdisciplinaire pour la Prévision et la Surveillance des Eruptions Volcaniques 
(PIRPSEV)(Monnin and Seidel,  1980; Seidel and Monnin,  1981) . Lorsque j’ai débuté ma 
thèse de 3°cycle en Déc. 1979, de nombreux chercheurs étrangers (Chine, Japon, URSS, 
USA) avaient signalé ou mis en évidence des anomalies positives et temporaires de la 
concentration du radon dans les eaux souterraines ou le sol tant en ce qui concerne les 
éruptions volcaniques (Chirkov,  1975; Gasparini and Mantovani,  1978; Cox et al.,  1980; 
Cox and Cuff,  1981; Del Pezzo and Gasparini,  1981) que l’activité sismique (Ulomov and 
Mavashev,  1967; Noguchi and Wakita,  1977; Del Pezzo and Gasparini,  1981; Jiang and Li,  
1981; Shanahan et al.,  2006).  
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Instrumentation 
 
La première étape nécessaire a consisté en la mise au point d’une technique de mesure 

simple mais fiable du radon-222 dans le sol et dans l’eau par le transfert et l’adaptation de 
techniques de détection des particules alpha couramment employées en Physique Nucléaire et 
Radioprotection. Cette méthode intégrative est basée sur l’utilisation de films plastiques (LR-
115 type 2, Kodak®) comme Détecteurs Solides de Traces Nucléaires. Ils sont implantés dans 
le sol à une profondeur d’un mètre, protégés thermiquement dans un chemisage en PVC et 
constitués en réseaux de plusieurs points de mesure (de 5 à 40) sur chaque site (Seidel and 
Monnin,  1981, ,  1990; Seidel et al.,  2004).  

Cette technique simple a été par la suite améliorée (Tommasino et al.,  1986) puis 
totalement modifiée par l’emploi de détecteurs électroniques qui permettent une mesure 
continue ou discrète en temps réel (Filalli-Jaouari,  1987; Tidjani et al.,  1987; Morin,  1992). 
Ces différents développements ont abouti à la conception et la mise au point, en collaboration 
avec les électroniciens du Laboratoire de Physique Corpusculaire de l’Université Clermont-
Ferrand 2, d’une première sonde électronique, appelée Clipperton I, utilisant une photodiode 
en silicium de 1 cm2 comme détecteur des particules alpha du radon (Varhegyi et al.,  1991),  
puis d’une version Clipperton II, plus compacte et plus performante (Figure 1), en 
collaboration avec la société NSE Technologies (Fourt,  1990; Monnin and Seidel,  1998, ,  
2002a).  

 

 
Figure 1 - sonde Clipperton II pour la mesure discrète du  Rn222, avec boîtier d’alimentation, laptop et 

système de détection des particules α. 
 
Cette sonde peut enregistrer en continu la concentration du radon dans l’air, le sol ou 

l’eau à un pas de temps réglable, de 30 secondes à 48 heures, avec une capacité de stockage 
de 3200 données et une autonomie moyenne de fonctionnement de deux mois. Elle est 
actuellement gérée à l’aide d’un ordinateur portable par un logiciel CLIPP que nous avons 
conçu sous système DOS puis  sous Windows.  

Le signal radon, mesuré dans le sol à 1 mètre de profondeur, étant principalement 
d’origine superficielle, les paramètres extérieurs (température, pression atmosphérique, 
précipitations, humidité atmosphérique et des sols, variations nycthémérales ou saisonnières) 
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peuvent avoir une influence marquée sur la variation de la concentration en radon dans les 
sols (Clements and Wilkening,  1974; Tanner,  1980; Schery and Gaeddert,  1982; Fleischer,  
1987). Nous avons entrepris de nombreuses expériences in situ et en laboratoire (tour 
expérimentale de dix mètres de haut) (Tidjani et al.,  1987) afin de pouvoir mieux quantifier 
ces différentes influences (Segovia et al.,  1986; Segovia et al.,  1987; Jönsson et al.,  1997) et 
de s’en affranchir au maximum. 

 
 

Mesures "in situ" 
 
Pour pouvoir tester la validité de nos recherches, il a fallu multiplier les sites 

expérimentaux afin d’augmenter la probabilité d’observer un évènement géophysique majeur 
et de considérer différents contextes tectoniques ou dynamismes éruptifs. Nous avons donc 
poursuivi une politique de coopération active avec des laboratoires ou des organismes situés 
dans des zones "tectoniquement instables" (Seidel and Monnin,  1981; Monnin M.M. and 
Seidel J.L.,  1992; Seidel et al.,  2004) :  

 
- au Mexique, quatre volcans, El Chichon (De La Cruz-Reyna et al.,  1985), 

Popocatepetl, Colima, Paricutín et 3 zones sismiques, Acapulco, Los élémentaire (Segovia et 
al.,  1989)  et la côte pacifique de l’état de Oaxaca ont été instrumentés (Segovia et al.,  1989; 
Maldonado et al.,  1996) et régulièrement suivis entre 1980 et 2004 en collaboration avec 
l’Instituto de Investigaciones Nucleares de Mexico (Segovia et al.,  1994; Segovia et al.,  
1995; Segovia et al.,  1997a; Segovia et al.,  2003) et l’Instituto de Geofisica de la UNAM ;  

- au Costa Rica, les volcans Arenal, Irazu (Seidel et al.,  1999) et Poas (Segovia et al.,  
2003) toujours sous surveillance active de l’Observatorio Vulcanològico y Sismològico de 
Costa Rica (OVSICORI) et du Laboratorio de los Trazas de l’Universidad de Costa Rica, tout 
comme les zones sismiques de Cartago et de la péninsule de Nicoya (Guanacaste); 

- en Equateur, les volcans Guagua Pichincha, Sangay et Tungurahua, instrumentés en 
1986 et restés sous surveillance jusqu’en 1990 au moins, en collaboration avec l’Escuela 
Superior Politècnica de Chimborazo, Riobamba (Flores Humanante et al.,  1990) ; 

- en Italie, l’Etna, équipé de films plastiques de 1980 à 1985 (Seidel et al.,  2004), dans 
le cadre du PIRPSEV   ainsi que la zone sismique du Latium méridional en collaboration avec 
l’ENEA (Seidel,  1984);  

- enfin, les deux volcans actifs français le Piton de la Fournaise, sur l’île de la Réunion 
(Seidel et al.,  1988a; Seidel et al.,  1999) et la Soufrière de la Guadeloupe, instrumentés en 
collaboration avec les observatoires volcanologiques français respectifs, à l’époque dirigés par  
J.L. Cheminée. Dans le cadre du programme " European Laboratory Volcanoes : the Piton de 
la Fournaise"(EV5V-CT92-0189), j'ai installé en 1993 un réseau de 20 stations de mesure en 
continu du Rn222, principalement dans la zone sommitale du Piton (Figure 2). 

 
 
Actuellement, restent activés les deux réseaux implantés sur les volcans français gérés 

directement par les observatoires de l’IPGP (ovpf.univ-reunion.fr/) ainsi que les réseaux de 
stations installés sur les volcans costaricains, gérés conjointement par l’Université du Costa 
Rica et l’OVSICORI (www.ovsicori.una.ac.cr/). 

 
 

http://www.hooseek.com/recherche.php?recherche=site:ovpf.univ-reunion.fr�
http://www.hooseek.com/recherche.php?recherche=site:www.ovsicori.una.ac.cr�
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Figure 2- Réseau de surveillance actuel du Piton de la Fournaise, Ile de la Réunion (France) 

 
 
Résultats 

 
Sans pouvoir présenter dans le détail tous les résultats obtenus de 1980 à 2006, je 

rappellerai les plus importants.  
 
Activité sismique 
Nous avons mis en évidence un grand linéament actif, soupçonné par les tectoniciens 

algériens et français, à la suite du séisme de magnitude M = 8.1 qui a frappé la région d’Ech-
Chleff (Algérie), le 10 Octobre 1980 (Hellal et al.,  1981; Seidel and Monnin,  1981). De 
même, une faille active a été localisée à proximité de la ville de Cartago (Costa Rica) 
(Gallardo et al.,  1988). Certaines sources ont montré, dans les eaux souterraines, des 
anomalies positives de radon, précurseurs de séismes de faible magnitude (M 3.8) mais dont 
les épicentres étaient situés  à moins de 40 km des stations de mesure.  

Nous avons obtenu un signal précurseur bien identifié avant l’important séisme 
dévastateur (M 8.1) de Mexico en Septembre 1985 (Segovia et al.,  1989) ainsi que pour 
60% des séismes de magnitude supérieure à 3, enregistrés entre 1985 et 1993 dans l’état de 
Oaxaca (Côte Pacifique, Mexique) (Maldonado et al.,  1996). 

 
Activité volcanique 
Nous avons mis en évidence des anomalies de la concentration en radon dans le sol du 

volcan Krafla (Islande), liées à son activité en 1977, sur des films plastiques exposés alors 
par l’équipe de G. Sigvaldasson et que nous avons développés et analysés en 1980 (Seidel et 
al.,  2004).  

Les détecteurs plastiques installés sur le volcan mexicain El Chichon pendant et après 
l’activité éruptive de Mars et Avril 1982 ont montré d’importantes variations de 222Rn dans le 
sol sur une large zone autour du volcan, pendant et après l’éruption catastrophique du 28 Mars 
82. Les résultats indiquent que le transport du radon pendant de grandes éruptions peut être 
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significatif non seulement dans les matériaux éruptifs mais aussi dans les roches encaissantes 
(De La Cruz-Reyna et al.,  1985). L’étendue de la zone où des anomalies positives ont été 
enregistrées peut aussi être une indication de la présence d’un volume important de magma 
mis en place, capable d’altérer sur plus de 10 km autour du volcan le régime de transport des 
fluides souterrains.  

En 1994, le volcan Popocatepetl est entré dans une nouvelle phase éruptive. Sa 
localisation  à moins de 60 km de la ville de Mexico (Mexique) était préoccupante, étant 
donné la concentration de population représentée par Mexico elle-même et la ville de Puebla. 
Deux stations de mesure de la concentration en radon dans le sol ont été installées ainsi que 
des mesures ponctuelles, réalisées dans 3 sources permanentes situées à la périphérie du 
volcan, en collaboration avec l’ININ et l’IGFUNAM. Les trois sources ont été, par ailleurs, 
périodiquement échantillonnées pour le suivi des éléments majeurs et des éléments en trace. 
La figure 3 montre la variation du radon dans le sol  pour les stations de Paso de Cortes et de 
Tlamacas enregistrés par les détecteurs solides de traces nucléaires, de Janv. 2000 à Juil. 
2002.  

Figure 3 – Popocatepetl(Mexique) : variation temporelle de la concentration en radon dans le sol (Segovia et 
al.,  2003). 

  
La corrélation avec l’activité sismique et éruptive est plus ou moins masquée par 

l’influence des précipitations, fortes durant la période de Mars à Juin 2000. La phase éruptive 
de Déc. 2000 à Janv. 2001 se traduit par une augmentation de la concentration dans le sol en 
Oct. et Nov. 2000 ainsi qu’en Janv. et Fev. 2001. La différence de comportement des deux 
stations traduit la difficulté de la localisation adéquate des stations de mesure et de 
l’importance du choix de l’implantation des stations de surveillance.  La crise éruptive de 
2002 se traduit par une augmentation des concentrations en radon sur les deux stations 
(Segovia et al.,  2003). 

 
 
Sur le volcan Irazu (Costa Rica), nous avons mis en évidence un comportement 

anormal du Rn222 dans le sol à au moins trois stations de mesure avant l’éruption phréatique 
qui a eu lieu le 8 Décembre 1994 et qui s’est traduite par une recrudescence de l’activité 
sismique sur le volcan (Seidel et al.,  1999).  

 
De même, nous avons pu corréler avec l’activité éruptive du volcan Poas (Costa Rica) 

les variations anormales du radon (Figure 4) ainsi que celles d’autres éléments chimiques 
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volatiles transportés par les gaz et qui se dissolvent dans les eaux souterraines tels que les 
chlorures, les fluorures et les sulfates (Segovia et al.,  2003). 
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Figure 4 - Variation des concentrations en sulfate et en Rn222 sur le volcan Poas (Costa Rica), de Janv. 1983 à 

Déc. 1994 ; phase éruptive de Sept. 89 à Nov. 90 (Segovia et al.,  2003). 
 
 

Sur le volcan actif du Piton de la Fournaise (Ile de la Réunion, France), un réseau de 
8 stations  de mesure du radon dans le sol avec des films plastiques a été installé à partir de 
Juillet 1983. Une période de mesures discrètes d’au moins deux ans nous a permis  de 
distinguer les anomalies positives de la concentration liées à l’activité éruptive sommitale de 
celles dues à l’infiltration des eaux de  précipitation. Pour la crise de Juin 1985, l’évolution 
spatio-temporelle de l’émanation du radon a pu être corrélée avec la sismicité, les 
déformations du sol et la localisation des fissures éruptives (Seidel et al.,  1988b). L’anomalie 
de radon se manifeste le plus rapidement et le plus intensément sur les stations les plus 
proches de l’intrusion. Ces premiers résultats montrent aussi qu’un long suivi dans le temps 
est nécessaire et mettent en évidence la difficulté d’interpréter des mesures ponctuelles dans 
une optique de prévision.  

 
Avec les scientifiques permanents de l’Observatoire Volcanologique du Piton, nous 

avons donc par la suite installé un réseau plus dense de 20 sondes électroniques Clipperton 2, 
pour la mesure en continu du 222Rn dans le sol, sur des sites déjà instrumentés (sismomètres, 
extensomètres, inclinomètres, sondes de température,…) (Staudacher et al.,  1997). Deux 
sondes sont télémétrées et permettent d’enregistrer en temps réel les variations de la 
concentration du gaz radioactif naturel, avec un pas de temps de 5 mn. Nous avons pu ainsi 
mettre en évidence des anomalies positives de radon, corrélées soit avec l’activité sismique du 
volcan (Seidel et al.,  1999) ou avec la montée du magma en 1991, 1992, 1993, 1996, 1997, 
2000 et 2005 (Figure 5). Les stations Bory 1, Dolomieu 2 et Soufrière 3, situées en zone 
sommitale, présentent une anomalie « Radon » évidente, alors que la station Maillard 1 
montre une concentration en Rn222 normale. Ces résultats montrent l’importance de la 
localisation des stations de mesure dans le cas d’une surveillance active de l’activité 
volcanique. 
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Figure 5 - Anomalies positives de Rn-222 précédant la crise sismique du 27 Novembre 1996 sur le Piton de la 

Fournaise (Ile de la Réunion) (Seidel et al.,  1999). 
 

Lors des éruptions des 14 février et 23 juin 2000 par exemple, seulement les sondes 
Clipperton2 du Pas de Bellecombe et du cratère Bory ont montré des pics anormaux jusqu’à 1 
mois avant chacune des éruptions. L’éruption du 14 février, qui a donné naissance au Piton 
Célimène sur le flanc nord, a été annoncée, depuis le 5 janvier par une montée brutale du 
radon, observée par les deux stations télémétrées, puis la concentration en Rn222 est revenue 
au niveau du bruit de fond. L’éruption du 23 juin, donnant naissance au Piton Pârvédi sur le 
flanc sud-est, a été précédée depuis le 16 mai par une augmentation de la concentration en 
radon qui a perdurée 3 semaines, puis une deuxième augmentation depuis le 21 juin 2000, qui 
a duré plusieurs jours, même après l’éruption. 

 
Ce traceur géochimique reste toujours d’actualité, grâce aux progrès techniques des 

appareils de détection sur le terrain. Le nombre de publications relevant de la problématique 
de la prévision des évènements géophysiques majeurs connait d’ailleurs un nouvel essor 
(Allard et al.,  1996; D'alessandro and Parello,  1997; Monnin M. and Seidel J. L.,  1997; 
Morton et al.,  1998; Baykara et al.,  2005; Sengupta et al.,  2005; Zmazek et al.,  2005; 
Cigolini et al.,  2007). 

 
 

Modèle de transport du Radon-222 dans le sol 
 
L’interprétation du ou des mécanismes responsables des anomalies enregistrées restait 

à établir. Le radon mesuré dans le sol est d’origine superficielle. Il ne provient que des 
minéraux situés à une profondeur n’excédant pas quelques mètres ou dizaines de mètres 
(Fleischer et al.,  1980; Goldsmith et al.,  1980). Seule une fraction de la quantité de radon 
formée s’échappe du solide, principalement par diffusion (Tanner,  1964; Tanner,  1980). Il y 
a ensuite exhalaison selon deux modes de déplacement : la diffusion et le transport 
(Malmqvist and Kristiansson,  1985). Les fluctuations observées résultent de l’entraînement 
mécanique (convection) de ce gaz radioactif par d’autres fluides (gaz, liquide, vapeur) qui, 
eux, sont mis en mouvement, directement ou indirectement, par une perturbation de pression 
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d’origine profonde. La variation de la concentration en radon dans le sol traduit donc les 
mouvements propres des fluides interstitiels.  

Nous avons proposé un premier modèle numérique unidimensionnel qui décrit les 
états d’équilibre de la concentration de ce gaz radioactif et surtout les états transitoires entre 
deux états d’équilibre qui traduisent les mouvements ascendants des gaz contenus dans le sol 
des zones actives (CO2, hélium, méthane,…). Ce modèle prévoyait la formation d’une 
émission intense de radon, de courte durée,  précédant l’évènement majeur (Monnin and 
Seidel,  1988b, ,  1988a).  

En l’absence de tout phénomène convectif, la concentration en radon est régie 
conjointement par : 

- la deuxième loi de Fick : 

                                    
x

x
CD

t
C

∂
∂
∂

∂
=

∂
∂ )(

    (1) 

où C est la concentration, x la coordonnée linéaire selon un axe polaire et D le coefficient de 
diffusion de Rn222 dans le milieu considéré.  
Elle devient : 
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- la loi de décroissance radioactive : 

dt
N

dN .λ−=  où λ est la constante de décroissance radioactive de Rn222   (3)    

 
En mode unidimensionnel, la solution de l’équation de diffusion devient : 
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       où Q représente la quantité de gaz émis par la source ponctuelle de Rn222. 
 
La variation de la concentration du radon au point de coordonnée x sur un axe vertical 
pendant l’intervalle de temps t, t + dt, est due à la quantité de radon émis par la source. Elle 
s’exprime par la formule : 
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 où S représente le nombre d’atomes émis par unité de temps. 
 
Si un flux de gaz ascendant, animé d’une vitesse v, atteint le point source, le dépasse puis 
s’établit en état stationnaire, la courbe d’équilibre de la concentration en radon selon l’axe 
vertical sera modifiée selon l’équation : 
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Cette première modélisation a été validée par  des expériences menées sur une tour 
expérimentale (10 m de haut et 0.5 m de diamètre), d’abord installée sur le campus des 
Cézeaux de l’Université de Clermont 2 (Tidjani et al.,  1987) et ensuite déménagée sur le 
campus de l’Université Montpellier 2 en 1990. Ce simulateur de sol, rempli d’un matériau 
inerte  et de porosité connue, nous a permis de réaliser des expériences-test en milieu poreux 
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sec et/ou humide, avec différentes remplissages en eau des pores interstitiels (Varhegyi et al.,  
1991). Grâce à l’amélioration et la complexification du pilote et des sondes de mesure, un 
second modèle tri-dimentionnel de transport convectif du radon dans les sols et dans les 
aquifères a pu être développé, en particulier par J.P. Morin durant son doctorat (Morin,  1992; 
Monnin et al.,  1993; Morin et al.,  1993; Monnin M. M. and Seidel J. L.,  1997). La 
modélisation numérique la plus aboutie, tenant compte des états stationnaires et des états 
transitoires de la modification des flux des fluides dans les sols ou dans les aquifères (zone 
sous-saturée et saturée) ainsi que de l’influence des paramètres atmosphériques (température, 
pression, vitesse du vent et précipitations) a été finalisée par J.R. Garcia-Vindas lors de son 
doctorat et dans les publications que nous avons conjointement écrites (Seidel et al.,  1999; 
Garcia Vindas et al.,  2000).  

 
 

Application des mesures de Radon-222 en Hydrogéologie et Hydrologie de surface 
 
La modélisation du transport du radon dans les milieux saturés en eau m’a fait tout 

naturellement considérer le radon comme un traceur naturel possible des mouvements des 
masses d’eau. J’ai donc entrepris d’utiliser ce gaz radioactif en Hydrogéologie (Andrews and 
Wood,  1972; Andrews and Lee,  1979; Diffre,  1988; Hoehn and Von Gunten,  1989; 
Shanahan et al.,  2006). La concentration du radon dans les eaux varie selon différents 
paramètres liés  à la nature du sol ou des roches encaissantes, à leurs degrés de saturation en 
eau et aux paramètres atmosphériques (Rama and Moore,  1984; Owczarski P. C. et al.,  
1990). Ce gaz radioactif naturel et inerte s’est avéré porteur d’informations essentielles sur la 
localisation de failles actives et productrices (Lachassagne et al.,  2001; Reddy et al.,  2006), 
sur les circulations, le mélange d’eaux souterraines entre différents aquifères ainsi que leurs 
écoulements à travers les roches ainsi que sur les estimations possibles des temps de résidence 
des eaux dans l’aquifère (Lawrence et al.,  1991; Eisenlohr and Surbeck,  1995; Pane et al.,  
1995; Segovia et al.,  1997b). 

 
 
Variation de la concentration du radon en zone fracturée 

 
En intégrant en 1989 l’URA 1959 d’Hydrogéologie de l’Université de Montpellier 2 

dirigée par Claude Drogue, j’ai développé l’utilisation du Rn222 comme traceur radioactif 
naturel des circulations des eaux souterraines, principalement en milieu fracturé, granitique ou 
karstique (Monnin M. and Seidel J. L.,  1992; Gascoyne et al.,  1993; Surbeck and Eisenlohr,  
1994). Bénéficiant des compétences en hydrogéologie et hydrodynamique de mes collègues 
de laboratoire, j’ai commencé par étudier la variation spatio-temporelle de la concentration en 
radon dans deux aquifères fracturés, dans deux contextes géologiques différents : 

 
• le site expérimental de Campoussy (Pyrénées Orientales), dépression creusée dans le 

massif granitique de Millas et comblée par des altérites (Morin,  1992) : mesures de 
Rn222 dans les forages profonds et dans les altérites superficielles. 

• le site expérimental du Lamalou (Hérault), situé sur le Causse de l’Hortus dans les 
calcaires jurassiques karstifiés (Pane,  1991; Morin,  1992; Monnin et al.,  1994) : 
mesures de Rn222 dans les forages profonds (de 30 à 80 m.) dont deux au moins 
atteignent le drain principal, dans la source pérenne, dans une grotte représentant 
l’ancien exutoire de la source,  et dans la source du Crès, située en aval de la rivière du 
Lamalou (Pane et al.,  1995). 

 
Les résultats de la littérature en relation avec les aquifères dont l’encaissant est 

fortement fracturé paraissaient difficiles  à interpréter (Torgersen et al.,  1990). La variabilité 
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des concentrations en Rn en fonction des sites de mesure reflète la complexité géologique ou 
structurale du site ainsi que la multiplicité des paramètres pétrophysiques (concentration 
moyenne en Ra226, coefficient d’émanation de Rn222 pour la roche hôte, surface des fractures 
en contact effectif avec les fluides interstitiels,…). Les précipitations méditerranéennes étant 
très contrastées, j’ai  ensuite porté une attention particulière aux pluies, signal principal 
d’entrée dans le système aquifère, et à leur influence  sur le comportement du radon dans le 
sol et dans les eaux souterraines. La durée de vie du radon (3.825 j) est compatible avec les 
temps de transfert particulièrement rapides dans les aquifères karstiques et les vitesses de 
circulation (Morin,  1992; Pane et al.,  1995).    

 
Les premiers résultats acquis à l’aide des sondes Clipperton II nous ont permis de 

mettre en évidence que (Monnin and Seidel,  2002b) : 
 

• la concentration en radon dans les eaux dépend de la distance du point de mesure avec 
le drain principal : plus le milieu est transmissif et plus la concentration en Rn 
diminue, en accord avec le modèle de Rumbaugh (Rumbaugh III,  1983) où la 
concentration en radon est inversement proportionnelle à la taille des fractures. 

 
• le comportement du radon est totalement différent à l’exutoire et dans les forages, en 

connexion plus ou moins directe avec le drain principal, en réponse aux aléas du 
climat méditerranéen et aux variations du niveau piézométrique. L’augmentation et les 
variations du radon à la source pérenne et dans les forages situés sur le drain principal 
sont directement corrélées aux précipitations et à la piézométrie en période de 
recharge (de Novembre  à Janvier). Les forages non directement reliés au drain 
principal et situés dans des zones plus capacitives montrent une augmentation 
importante du radon durant les périodes d’étiage (de Mai à Octobre). Ce 
comportement semble plutôt traduire une vidange lente de la zone épikarstique et un 
entraînement beaucoup plus localisé du radon produit dans les zones superficielles, 
remplies par du matériel détritique riche en uranium et en radium, source ponctuelle 
de radon (Figure 6). 
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Figure 6 – Aquifère karstique du Lamalou (Causse de l’Hortus) : variation temporelle de Rn222 dans le forage 
F5 et  à la source pérenne, en fonction des précipitation et de la piézométrie mesurée dans le drain principal de 

l’aquifère (Monnin and Seidel,  2002b). 
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  Certains auteurs considèrent que lorsque les conditions rédox le permettent, la source 
de radon est constituée par des dépôts secondaires d’oxydes et d’hydroxydes de fer et de 
manganèse qui précipitent dans le sol ou dans les remplissages karstiques. Le radium est 
adsorbé de manière très efficace sur les dépôts d’hydroxydes et produit le radon, très soluble 
dans l’eau, ce dernier est ensuite transporté dans l’aquifère jusqu’à l’exutoire (Gainon et al.,  
2007). 

Les résultats obtenus en domaine karstique montrent une fois de plus la nécessité de 
mesurer le radon en continu ou à un pas de temps qui permet de suivre l’évolution 
hydrodynamique des aquifères concernés (Pesquet-Ardisson,  2006). 
 
 

Apports des eaux souterraines en zone côtière 
 
 Comme les eaux souterraines présentent, en général, des concentrations en radon 
infiniment supérieures à celle de l’eau de mer (de 3 à 4 ordres de grandeur), ce gaz radioactif 
naturel est considéré comme un traceur naturel pertinent de leur décharge en zone côtière. Les 
eaux souterraines contribuent aux bilans biogéochimique et marin dans les zones littorales et 
constituent ainsi un apport en nutriments dont le rôle est essentiel pour les écosystèmes 
côtiers, spécialement en domaine karstique (Kelly Ellins et al.,  1990; Cable J. E. et al.,  1996; 
Cable J.E. et al.,  1996).   
 

Dès 1998, en collaboration avec le département EAU/RMD du BRGM de Montpellier, 
j’ai installé une sonde de mesure en continu de la concentration du radon dans le captage de la 
source sous-marine karstique de la Vise (Etang de Thau, Hérault) (Figure 7). De manière 
concomitante, des échantillons d’eau de la source ont été régulièrement prélevés pour la 
détermination des éléments majeurs et des éléments en trace afin de préciser l’origine de la 
minéralisation de la Vise et mieux comprendre son mode de fonctionnement durant au moins 
un cycle hydrologique. Le captage a depuis plusieurs fois été détérioré, de manière naturelle 
ou par une intervention anthropique intempestive, ce qui rend les interprétations difficiles 
(Rigal,  2006), étant donné les courtes périodes d’enregistrements continus (Rn222, 
conductivité électrique, température de la source et de l’étang ainsi que la charge 
hydrostatique de la source vis-à-vis de l’étang).  

 

 
Figure 7- Panache d’eau douce de la source de la Vise dans l’étang de Thau, (Hérault, France) en Sept.  

2005. 
 
J’ai, par la suite, participé à deux projets d’étude des sources sous-marines karstiques, 

labellisés par le réseau de valorisation RITEAU (Eau et Technologie de l’Environnement), 
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sans pour autant pouvoir réaliser les mesures de radon prévues initialement : PANACHE 
(Panaches d’émergences karstiques sous-marines par un véhicule autonome : identification et 
évaluation), en collaboration avec la société HYTECH, le laboratoire d’Informatique, de 
Robotique et de Microélectronique de Montpellier (LIRMM), le département EAU/RMD du 
BRGM de Montpellier et l’unité Gradient de l’Université de Compiègne, de 2002 à 2005 
(Laarman,  2003; Courtois and Ladouche,  2005).  Un premier essai de simulation de la 
formation du panache d’eau douce  a pu être présenté, en faisant varier le débit de la source 
(Figure 8). Le projet SYREINES (SYstèmes de REgulation Intelligent des Eaux de Source 
d’eau douce sous-marine adaptés à une unité de captage industriel en pleine mer), de 2003 à 
2007, en collaboration avec l’ISITV et la société NYMPHEA WATER (Carlin et al.,  2007) 
concernait l’instrumentation et les dispositifs de captage possibles dans la perspective d’une 
exploitation de ces eaux douces. Ces deux projets  m’ont prouvé la difficulté de collaboration 
efficace avec les entreprises privées, en raison des divergences d’intérêt entre recherche et 
économie de marché.  

 

 
Figure 8 - Champ de salinité (en kg/L) simulé à l’arrivée en surface du panache d’eau douce de la source de 

la Vise(Hérault) en 3h 20 ; salinité de la source : 1.5 g/L, T° de la source : 20°C, débit de la source : 50 L/s, 
vitesse initiale de la source : 0.015 m/s (Fleury,  2006) 

 
 

 Dans le cadre de la "New Joint Commission on Groundwater-Seawater Interactions" 
de l’IAHS et de l’IAPSO,  un programme conjoint de l’UNESCO et de l’AIEA, appelé 
"Nuclear and isotopic techniques for the characterisation of Submarine Groundwater 
Discharge(SGD) in coastal zones" a été mis en place en 2002. Pour une durée de 5 ans, ce 
RCP a animé l’étude des apports sous-marins des eaux douces souterraines (SGD) en zone 
côtière portant sur la comparaison des différentes méthodes et techniques existantes,  avec une 
attention particulière concernant  les mesures de radon et de radium.  Il consistait 
principalement en la coordination de campagnes d’intercomparaison sur plusieurs sites 
distribués sur les côtes du monde entier (SCOR and LOICZ,  2004; Burnett W. C. et al.,  
2006; Povinec et al.,  2008). A la suite d’une incompréhension entre le CNRS et l’AIEA sur 
la convention de collaboration, je n’ai pu y participer. Mais grâce à l’opportunité du projet 
européen MEDITATE (FP6-INCO-MPC-PL 509112 : MEditerranean Development of 
Innovative Technologies for integrAted waTer managEment)(Dörfliger et al.,  2007)  et  à la 
convention signée en 2003, entre la DIREN du Languedoc-Roussillon et HSM, je continue à 
suivre les concentrations en radon et autres éléments chimiques (majeurs et traces) dans la 
source de la Vise, lorsque le captage est opérationnel.  
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Hydrochimie des éléments en trace : traçages naturels et impacts anthropiques 
 
 

Rappel 
 De toutes les méthodes utilisées pour modéliser les mécanismes hydrologiques et 
hydrogéologiques dans les petits ou grands bassins versants depuis les vingt cinq dernières 
années, les éléments en trace ont fourni de nouvelles indications pertinentes sur l’âge et les 
cheminements des mouvements hydriques. L’utilisation de certains isotopes ou rapports 
isotopiques pour mieux contraindre les sources de solutés ou les réactions a révolutionné la 
façon d’appréhender les processus géochimiques ou/et biogéochimiques au sein des bassins 
versants(Kendall and McDonnell,  1998).  

A la fin des années 80, l’apparition de techniques nouvelles telles que la spectrométrie 
de masse à plasma inductif couplé (ICP-MS) a permis la détermination fiable des éléments en 
trace dans les eaux naturelles. Elles présentaient  de meilleures limites de détection et de 
quantification (<0.1µg/L) qu’auparavant (Beauchemin,  1987; Beauchemin,  1988; Hall,  
1988; Beauchemin,  1989; Gregoire,  1990). Cette nouvelle technique d’analyse multi 
élémentaire a facilité l’emploi des éléments en trace comme traceurs géochimiques naturels 
de l’origine et des circulations des eaux souterraines en particulier, ainsi qu’une meilleure 
connaissance ou contrainte  des processus d’interactions  eau-roche.  

La conjonction de ces avancées fondamentales a permis de nouveaux 
développements en hydrologie  et hydrogéologie et a aidé à renforcer les liens entre ces 
disciplines et la géochimie, la biogéochimie et les études environnementales. 
 
 
Traçage géochimique de l’origine et des circulations dans les hydrosystèmes 
continentaux (eaux de surface, eaux souterraines, zones côtières) en milieu 
méditerranéen et en zone semi-aride 
 
 Développements méthodologiques 
 

En plus du suivi des paramètres physico-chimiques et des éléments majeurs dans les 
eaux naturelles (Ca, Na, Mg, K pour les cations et HCO3, Cl, SO4 et NO3), j’ai développé, dès 
1991, les techniques de prélèvement non contaminant d'une part et de filtration en salle 
blanche des échantillons d’eau d'autre part, pour la détermination des éléments en trace 
(1<[C]<500 µg/L). L’accès facilité à l’ICP-MS Plasma Quad 2 Turbo+ (VG Fisons®)du 
Centre de Géophysique et Géochimie de Montpellier m’a ouvert de nouvelles perspectives 
d’investigation du traçage géochimique au moyen de cette technique d’analyse multi 
élémentaire (Stroh,  1993; Hall et al.,  1995). La mise au point d'un protocole d'analyse des 
eaux souterraines par ICP-MS a été réalisée, tout d’abord sur les eaux d’origine karstique, 
l’équipement de Montpellier étant jusqu'ici utilisé pour les analyses de roches (Pane-Escribe 
et al.,  1996; Wills et al.,  1997; Morton et al.,  1998). Nous avons testé la reproductibilité à 
court et à long terme de l'appareil pour des échantillons d'eau dont la matrice est 
particulièrement chargée en éléments majeurs, surtout Ca et Na. La limite de détection des 
éléments et la validité des analyses ont été testées en utilisant un échantillon étalon 
représentatif des eaux karstiques que nous étudiions et un échantillon de référence d'eau de 
rivière (SLRS-3 puis SLRS-4, National Research Council of Canada) dont les valeurs pour les 
éléments métalliques sont certifiées.  

 
Li, B, Ti, V, Mn, Co, Cu, As, Rb, Sr, Mo, Cd, Cs, Ba, Pb et U sont les éléments en 

trace que nous pouvons analyser avec fiabilité (Pane-Escribe et al., 1996) grâce à l’ICP-MS 
Plasma Quad 2 Turbo+ (VG Instrument®) en opération au Centre de Géophysique et de 
Géochimie de Montpellier. La détermination des éléments de transition, tels que Sc, Cr, Fe, 
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Ni, Cu et même Zn pour lesquels les interférences polyatomiques(espèces moléculaires, 
oxydes et hydroxydes, ions doublement chargés,…) créées par la matrice dans le plasma 
semblent aléatoires et impossibles à corriger, est difficile à réaliser en mesure directe par ICP-
MS quadripolaire (Figure 9) (Monnin et al.,  1998).  

 

 
Figure 9- Mesure des trois isotopes du Nickel dans une eau karstique, riche en Ca par ICP-MS quadripolaire  

(résolution : 0.5 masse AMU)  avec les interférences polyatomiques entachant la détermination précise de Ni  
 
La création, fin 2006, du Grand Plateau Technique pour la Recherche "Analyse des 

Eléments en Trace dans l’Environnement", plate-forme mutualisée du Département de 
Recherche Terre, Eau et Environnement de l’Univ. de Montpellier 2,  nous a permis 
d’acquérir un Q-ICPMS de nouvelle génération (X seriesII, Thermo Fisher®) équipé d’une 
cellule de collision/réaction. Ce nouvel équipement nous affranchit de la plupart des 
interférences polyatomiques qui entachent  la mesure des éléments de transition, en particulier 
entre les masses 40 et 80.  Il nous permet en outre, d’élargir la gamme des éléments en trace 
que nous pouvons déterminer avec une bonne fiabilité, en quasi-routine. 

 
Signature géochimique des karsts et hydrodynamique des réservoirs fracturés 
 

  Les ressources en eau des pays méditerranéens sont soumises à une répartition spatiale 
et saisonnière déséquilibrée. La demande en eau est très forte aussi bien pour les riverains que 
pour les touristes saisonniers et pour l’agriculture. Les eaux souterraines de ces régions, 
principalement d’origine karstique, peuvent également être soumises à une exploitation 
intensive, voire à une surexploitation et à une dégradation de leur qualité par l’impact 
anthropique, la salinisation des sols et les intrusions marines en zones côtières. Les aquifères 
karstiques sont des aquifères complexes (Bakalowicz,  1979; Dreybrodt,  1988; Mangin,  
1994) dont la caractérisation ainsi que le fonctionnement hydrodynamique et hydrochimique 
ne sont pas totalement expliqués (Nativ et al.,  1999). Pour une meilleure caractérisation de 
l’origine des écoulements et les modes de circulations des eaux souterraines dans les 
aquifères, l’utilisation des éléments en trace m’est apparue comme un moyen potentiel 
d’investigation prometteur dans l’étude de ces aquifères hétérogènes. Mais les données 
publiées étaient rares au début des années 90.  
 

44Ca16OH, 38Ar23Na 

60Ni 61Ni 62Ni 

43Ca16O 

42Ca16OH 

46Ca16O 
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 Le premier site expérimental où a été réalisé un suivi systématique des éléments en 
trace dissous dans les eaux souterraines est l'aquifère karstique du Lamalou (Hérault). Cette 
étude a été l'objet principal de la thèse de M.B. Pane (soutenue en Juin 1995).  

L'évolution spatio-temporelle des concentrations des éléments majeurs et des éléments 
en trace (Rn222 et stables) a permis de confirmer les diverses conditions de circulation des 
eaux en fonction de la structure de cet aquifère monolithologique (différenciation des zones à 
forte transmissivité et des zones à transmissivité plus faible) et de préciser les différentes 
zones d'alimentation de l'aquifère au cours de deux cycles hydrologiques (Pane-Escribe et al.,  
1996). Les éléments en trace ont permis de déterminer trois origines différentes dans la 
minéralisation des eaux souterraines : les calcaires (Ba et Sr principalement), les argiles des 
remplissages karstiques (Li, Rb, Cs, Mo et U) et des apports externes par les pluies ou des 
pollutions occasionnelles (Zn, Cu, Cd) (Pane-Escribe et al.,  1996).  

 
La mesure des éléments en trace dans cinq aquifères de Catalogne (contrat européen 

ERBCHBICT930308 sur les échanges de matière et circulation des fluides en milieu 
karstique) a mis en évidence la signature caractéristique de l'encaissant par les traces dissoutes 
pour chaque lithologie et type d'aquifère : fracturé ou poreux (Pane et al.,  1995). Ce travail a 
été étendu au pourtour occidental de la Méditerranée  par le programme européen CHRX-
CT94-0567 : A multi-disciplinary global approach of groundwater flows in karstic areas and 
its consequences for water resources and environment studies, dont notre UMR était 
coordonnateur jusqu’à fin 1997. Trois aquifères déjà étudiés du point de vue hydrogéologique 
mais différents du point de vue lithologique et hydrodynamique, ont constitué les trois sites 
expérimentaux du programme : Le Baget en France, Adou del Bastareny en Espagne et 
Drama en Grèce.  

Le suivi des paramètres physico-chimiques, des éléments majeurs et des éléments en 
trace (stables et radioactifs) a été réalisé sur une période de deux ans pour pouvoir considérer 
au moins un cycle hydrologique complet. L'intercomparaison des résultats obtenus a permis 
une meilleure compréhension du fonctionnement des aquifères karstiques étudiés, de dégager 
leurs spécificités locales ou régionales et d’établir pour certains de ces aquifères une 
cartographie des risques de contamination en cas de pollution accidentelle (Monnin et al.,  
1998). 

 
Deux conventions de recherche signées avec le centre du CEA-Cadarache, en 1999 et 

en 2000, pour la caractérisation géochimique des eaux souterraines situées sous le centre de 
recherches nucléaires (Conventions CEA-UM2-CNRS V.3191.001 et CEA-UM2-CNRS C4913/V.3192.001) 
m’ont permis de mieux identifier du point de vue chimique (éléments majeurs et éléments en 
trace) les deux aquifères principaux,  miocène et crétacé. La complexité géologique de la zone 
a empêché d’associer ces variations du chimisme des eaux à un fonctionnement 
hydrodynamique simple. 
 

 
Origine et évolution des eaux souterraines: signature des Terres Rares (REE) 
 
En 1994, j’ai intégré l’équipe de Géochimie de la nouvelle UMR Géofluides-Bassins-

Eaux de l’UM2. En collaboration avec C. Dupuy et F. Elbaz-Poulichet, j’ai entrepris d’utiliser 
la signature caractéristique des Terres Rares (REE) dans les eaux afin de tracer naturellement 
l’origine des eaux dans les aquifères et évaluer les proportions de mélange éventuel des 
différentes masses d’eau (Smedley,  1991; Johannesson et al.,  1997). La distribution de ce 
groupe homogène d’éléments dans les eaux est principalement héritée des roches et des 
sédiments avec lesquels elles interagissent. 
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Généralement,  les concentrations des REE dans les eaux naturelles sont très faibles. 
J’ai tout d’abord adapté une méthode de préconcentration des échantillons d’eau  sur résine 
inerte dopée avec un complexant organique fixateur de ces 14 éléments, afin d’éliminer la 
matrice, source d’interférences impossibles à éliminer lors de la détermination par ICP-MS 
quadripolaire (Shabani et al.,  1992).  

 
Un premier contrat de recherche avec les établissements thermaux de Balaruc-les-

Bains (Hérault, France) nous a permis de déterminer la composition chimique des eaux 
thermales (majeurs, traces et REE), de préciser leur origine dans un contexte géologique 
complexe (Seidel et al.,  1999). Une modélisation inverse nous a permis d’évaluer la 
proportion de mélange dans chacun des forages entre un pôle thermal (forages F9 et S12), un 
pôle marin ou représentant d’anciennes saumures piégées et un pôle karstique (forage FJ), 
comme l’illustrent le tableau 1 et la figure 10.  
 

Pôles F5   F8  F6B F6A Cauvy 
Thermal (F9) 0.99 ± 0.01 0.87 ±  0.05 0.14 ±  0.02 0.05 ± 0.01 - 

Karstique (FJ) - - 0.84 ±  0.01 0.94  ±  0.01 0.99±0.01 
Marin ou saumure < 0.01 0.13 ±  0.02 0.02 ±  0.01 0.01  ±  0.01 <0.01 

Tableau 1- Composition chimique des forages thermaux de la presqu’île de Balaruc (Hérault, France)en 1999, 
calculée par modélisation inverse(Seidel et al.,  1999). 

 
 

Une étude plus étendue du système karstique de Thau considérant, en plus des 
éléments en trace, des terres rares et des éléments majeurs,  les isotopes stables de la molécule 
d’eau (18O et 2H), le rapport isotopique du strontium 87Sr/86Sr, 36Cl, 14C et 3H confirme 
l’existence de ces trois pôles dans la composition géochimique des eaux. Elle suggère que les 
eaux thermales sont relativement récentes (100 ka<âge<150 ka) et  que la température du 
réservoir profond est comprise entre 80-100°C (Aquilina et al.,  2002).  

Les mesures de 13C du CO2 dissous indiquent la présence de CO2 profond, 
caractéristique de la région (Puradimaja,  1991). Aquilina et al. (2003) ont d’ailleurs confirmé 
la complexité du système de Thau et les mécanismes de circulations des eaux profondes : la 
mise en contact entre les eaux thermales et les écoulements karstiques se ferait à la faveur 
d'une structure géologique qui permet la remontée des eaux thermales chaudes et salées. Cette 
structure semble suivre un dispositif particulier au niveau de la presqu'île de Balaruc.  

Les liaisons entre cet accident tectonique, les différents réservoirs, le socle et son 
emplacement restent pour le moment encore hypothétiques (Aquilina et al.,  2003). 
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Figure 10- Profils normalisés au NASC  des REE des eaux échantillonnées dans les forages de la presqu’île 

de Balaruc(Hérault, France) ; FJ : forage du massif karstique de la Gardiole, F6, F8, F9 et S12 : forages 
thermaux,  E1 et E3 :étang de Thau (Aquilina et al.,  2002). 

 
 

Transferts superficiels et souterrains dans les bassins côtiers méditerranéens : Impacts 
anthropiques  

 
 Pollutions d’origine minière 

 
- Le doctorat de M. El-Bouch (1996) m’a conduit à m’intéresser à l’origine de la 

minéralisation des eaux de surface et souterraines dans la région de Lodève, en relation 
avec la dernière exploitation de mines d’uranium (El-Bouch,  1996). Nous avons pu 
mettre en évidence l’impact de la mine et des ruissellements des stériles miniers, 
exposés à l’air libre, sur le réseau hydrographique, avec des concentrations élevées en 
Molybdène ([C]> 0.1 mg/L) et Uranium ([C]>1 mg/L) dans la rivière Lergue, en aval de 
la mine. Ces concentrations diminuaient à la confluence avec le fleuve Hérault, mais 
restaient encore élevées ([C]>0.3 mg/L).  

En 2007, plus de dix ans après l’arrêt de l’exploitation minière, les concentrations 
en U ont encore diminué à l’aval de la mine mais varient suivant les conditions 
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hydrologiques : [CU]~0.3 mg/L en étiage, [CU]~ 0.8 mg/L en période de hautes eaux. 
Elles  sont redevenues quasi-normales à la confluence avec l’Hérault.  

 
- Dans une étude menée en collaboration avec l’UFZ Leipzig,  la distribution et le 

comportement des Terres Rares dans les eaux acides (lac et eaux souterraines) du 
district minier de la Basse Lusatia (Allemagne), ont montré que les fortes 
concentrations en REE du lac 111 pouvaient être expliquées par des arrivées d’eau 
souterraine, constituée d’un mélange de l’aquifère quaternaire (ouest du lac) et de 
l’aquifère des déblais miniers (sud du lac) (Bozau et al.,  2004). Par contre, les profils 
des REE des eaux du lac, normalisées au NASC,  ne présentent pas d’enrichissement en 
terres rares moyennes, trait caractéristique des eaux minières acides souvent reporté 
dans la littérature (Figure 11) (Johannesson and Lyons,  1995; Elbaz-Poulichet and 
Dupuy,  1999). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11- Profils normalisés au NASC des REE dans différentes eaux  de drainages miniers acides (Bozau 

et al.,  2004) 
 
- Les stériles de la mine abandonnée de Bournac (Haute vallée de l’Orb, Aude) 

constituent une source diffuse mais permanente d’arsenic et d’antimoine. Ils sont 
libérés, par l’intermédiaire de l’oxydation des sulfures constituant une grande partie des 
déchets abandonnés à ciel ouvert, dans les eaux de ruissellement et dans le réseau 
hydrographique proche de la mine. Nous avons pu mettre en évidence que les oxydes de 
fer transportent principalement ces deux métalloïdes dont le comportement est différent.   
En milieu oxydé, Sb est préférentiellement remis en solution alors que As est  plus 
facilement mobilisé en milieu réducteur (Casiot et al.,  2007). En milieu aérobie, la 
présence de bactéries favorise la mise en solution de ces deux éléments toxiques, même 
s’ils se présentent sous leur forme oxydée la moins dangereuse. En milieu anaérobie, 
elle favorise seulement la mise en solution d’As. 

 
 
Transferts superficiels et souterrains dans les bassins côtiers méditerranéens 

 
Dans la continuité du travail entrepris sur les eaux thermales de la presqu'île de 

Balaruc, j'ai entrepris en collaboration avec Françoise Elbaz-Poulichet (UMR HydroSciences) 
une étude des apports des eaux de surface (principalement la Vène, seule rivière pérenne du 
bassin de Thau) et des eaux souterraines (karstique : source sous-marine de la Vise; thermale : 
rejets de l’établissement balnéaire) à la zone d'échange eau douce-eau salée que représente 
l'étang de Thau. L’étang est un site expérimental pilote d’HSM, dans le cadre du chantier 
Lagunes Méditerranéennes du Programme National "Environnements Côtiers". 
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Parallèlement à l'évolution temporelle de la salinité, nous avons pu quantifier les échanges par 
les variations spatio-temporelles des éléments traces et mieux contraindre les proportions de 
mélange par l'évolution des profils des Terres Rares caractérisant les différents pôles en 
présence (Elbaz-Poulichet et al.,  2002b).  

Les études menées sur l’Etang de Thau, sur la rivière La Vène et sur les rejets des 
principales stations d’épuration du bassin montrent que l’activité anthropique peut modifier la 
distribution des REE. Les anomalies de Gadolinium (Figure 12) sont dues à l’utilisation d’un 
agent contrastant à base de Gd en Imagerie par Résonance Magnétique (IRM). Ce composé, 
très stable et très soluble, n’est pas éliminé par les traitements classiques des eaux usées. 
L’excès de Gd dans les eaux permet d’identifier et de quantifier la réutilisation des eaux usées 
dans les réseaux de distribution d’eau potable (Bau and Dulski,  1996; Moeller et al.,  2000). 

Figure 12- Profils de Terres Rares normalisés au North American Shales Composite(NASC). (a) : eau de mer 
et eaux de l’étang ; (b) symboles pleins : rivière Vène en amont des stations d’épuration de Poussan et 
Montbazin, symboles vides : rivière Vène en aval des rejets des STEP ;(c) effluents des STP de Montbazin 
(cercles), Poussan (carré plein), Pinet(losange) et Mèze (triangle)(Elbaz-Poulichet et al.,  2002b) 
 

. 
 

Cette nouvelle voie d’investigation de la réutilisation accidentelle ou intentionnelle des 
eaux usées par le suivi des anomalies  de Gd a représenté le sujet  principal de la thèse de 
doctorat de M. Rabiet (Rabiet et al.,  2006). La zone d’étude considérée est représentée par le 
bassin d’alimentation du fleuve Hérault (2500 km2), avec des lithologies contrastées du Nord 
au Sud : socle métamorphique et grès permiens, domaine karstique et plaine alluviale. Deux 
campagnes exhaustives de prélèvements (75 échantillons comprenant stations d’épuration, 
captages pour l’AEP et fleuve Hérault) ont été réalisées en  période d’étiage, en Février et 
Juillet 2003 et en période de hautes eaux en 2004 et 2005.  

Treated sewage effluents

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sa
m

pl
es

/S
ha

le

(c)

Vene river

1.E-08

1.E-07

1.E-06

1.E-05

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

S
am

pl
es

/S
ha

le

(b)Thau lagoon

1.E-08

1.E-07

1.E-06

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

S
am

p
le

s/
S

h
al

e

(a)

Coastal Med Sea water



 45 

Les profils des Terres Rares se distinguent suivant les différents domaines 
lithologiques. Les anomalies de Gd existent dans tous les effluents des 23 stations d’épuration 
échantillonnées mais aussi dans plusieurs captages d’alimentation en eau potable ainsi que 
dans les deux affluents les plus au sud du fleuve Hérault, la Peyne et la Thongue (Figure 13) 
(Rabiet et al.,  2005). L’étude des variations saisonnières indique que, malgré les faibles 
débits des rivières en été, l’impact des rejets d’eaux usées est moins marqué durant cette 
période, contrairement à ce que nous avions mis en évidence dans la Vène et l’étang de Thau 
(Elbaz-Poulichet et al., 2002). Ces observations sont attribuées aux stratégies de rejet, qui 
visent à ne pas déverser les effluents de stations d’épuration directement dans le fleuve 
Hérault mais à proximité, dans des fossés ou petits ruisseaux (Rabiet et al.,  2009).  

 
Figure 13- Anomalies de Gd mesurées dans les captages en eau potable et les eaux de surface du 

bassin de l’Hérault(Rabiet et al.,  2005) . 
 

Ce travail de recherche assura la continuité avec le projet « ENIMED » de l’APR 
PNETOXII (2001-2004): Identification et quantification de substances à visée thérapeutique 
ou diagnostique dans les stations d’épuration et évaluation des effets potentiels sur des 
organismes non cibles. Nous avons mis en évidence des anomalies significatives de 
gadolinium d’origine anthropique dans les stations d’épuration (STEP) de Mèze, de 
Montpellier où l’anomalie est la plus importante, ainsi que dans deux STEP de 
l’agglomération lyonnaise : Châtillon/Chalaronne et Pierre Bénite (Figure 14). L’anomalie se 
retrouve même dans l’eau distribuée sur le campus de l’Université Montpellier 2, mais dans 
des proportions moindres, mais qui traduit tout de même un recyclage des eaux usées. 

 

Figure 14- Profils normalisés des REE des effluents de STEP présentant une anomalie de Gd 
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Les travaux de M. Rabiet ont permis de mieux contraindre l’origine des eaux 

présentant des anomalies de Gd par une approche multi-traceurs originale, faisant intervenir à 
la fois le gadolinium, les rapports élémentaires Sr/Ca, B/Sr et Cl/B.  Après évaluation de ces 
différentes contributions, les contaminations par les eaux usées ont été confirmées dans le 
fleuve Hérault et ses deux affluents les plus méridionaux ainsi que dans plusieurs captages 
d’eau potable. Les eaux souterraines sont donc vulnérables aux apports d’eaux usées lors de la 
recharge de l’aquifère, c’est-à-dire en période de fortes précipitations. De plus, cette 
contribution est estimée de 20 à 40% dans deux captages selon la saison. Enfin, ce recyclage 
des eaux usées est confirmée par la présence de contaminants émergents tels que les 
substances pharmaceutiques(principalement caféine, carbamazepine, diclofenac, paracétamol) 
dans les sites exhibant une anomalie de Gadolinium (Rabiet et al.,  2006). Les procédés de 
traitement des eaux des STP n’éliminent pas la totalité des substances pharmaceutiques. La 
présence de ces produits pharmaceutiques ainsi que des anomalies positives de Gd traduit 
l’impact négatif du recyclage des eaux usées en termes de contaminations pharmaceutiques. 
 
 

Mécanisme des émissions et des transferts de micropolluants dans les eaux de surface 
Bassin de la Seine 
En collaboration avec le CEMAGREPH (M.H. Tusseau, QHAN, Antony), j’ai 

participé au projet Bilan de la contamination métallique du réseau hydrographique de la 
Seine dans le cadre du PIREN Seine-2003. Des premiers essais sur la mesure intégrative des 
métaux dissous biodisponibles par la technique des DGT (Diffusive Gradient in  Thin film), 
réalisés en laboratoire et sur site en 2002, ont montré la faisabilité de la mesure sur site. En 
effet, la fraction dissoute métallique, seule vraiment susceptible d’effets éco-toxicologiques 
dans le milieu fluvial, est difficile à mesurer. Nous avons donc proposé et réalisé un suivi 
(Février, Avril, Mai et Juillet 2003) des variations saisonnières de la contamination métallique 
dissoute et labile en deux sites situés en amont et en aval de Paris. Les premiers résultats ont 
été présentés en Septembre 2003. L’ensemble des résultats obtenus durant les campagnes 
réalisées en 2003, 2004 et au printemps 2005 sur la Marne et la Seine ont été synthétisés 
(Elbaz-Poulichet et al.,  2006; Tusseau-Vuillemin et al.,  2007). Les concentrations en 
éléments traces dissous (Li, B, Mn, Cu, As, Rb, Sr, Mo, Cd, Ba, Pb) montrent que les deux 
rivières sont fortement contaminées. Les variations temporelles de Li, B, Rb, Sr et Ba sont 
dues à une simple dilution en fonction du débit. Par contre les concentrations en Mn, Cu, Mo, 
Cd et Pb varient essentiellement en fonction des conditions d’oxydoréduction. 

 

Etang de Thau  
 Cette lagune méditerranéenne est fragilisée par l’urbanisation et l’activité viticole 
intensive. L’étude des métaux traces permet d’évaluer le degré de pollution de la lagune et de 
leur devenir en fonction des apports externes et des variations saisonnières. Les mesures de 
concentration en Pb, Cu, Cd mais aussi en éléments redox (Mo, Mn, As et U) dans l’eau, le 
particulaire, les sédiments de l’étang et dans les principales sources potentielles (rivières, eaux 
souterraines et apports atmosphériques) ont été réalisées pour mieux contraindre les études 
d’écotoxicologie entreprises avec le groupe de C. Casellas (UM1) qui a rejoint notre UMR en 
2003. 

Dans le cadre du projet MICROBENT (ART1  du PNEC 2001-2003),  coordonné par 
le LSCE (Gif/Yvette) et le LGE (Paris 7), les apports en métaux et l’occurrence de périodes 
d’anoxie ont été reconstitués dans la colonne sédimentaire de l’étang (Elbaz-Poulichet et al.,  
2005). Le travail  entrepris dans Microbent a été poursuivi en 2003-2005 au sein de l'atelier  
du PNEC "cycle et spéciation des contaminants chimiques en milieu lagunaire" du 
chantier Lagunes Méditerranéennes du Programme National de l’Environnement Côtier. 
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Nous avons testé et validé en milieu marin et lagunaire la méthode des DGT durant la 
dernière campagne de Microbent sur l’Etang de Thau en Mai 2003. Cinq sites ont été équipés 
durant les campagnes d’Octobre 2003 et du printemps 2004 pour la détermination des 
concentrations des métaux labiles dans la colonne d’eau. En dépit de la mise en évidence 
d’apports anthropiques de métaux dans les sédiments, la colonne d’eau présente des 
concentrations en Ni, Cu, Cd, Pb similaires aux eaux de surface de la Méditerranée à 
l’exception  du cuivre dissous (Metzger et al.,  2007; Kawakami et al.,  2008). Les 
concentrations élevées en Cu (jusqu’à 5.3 pM) reflètent d’une part des apports significatifs 
d’origine anthropique et une plus grande solubilité comparée aux autres métaux. Mais les 
concentrations observées sont toutefois trop faibles pour avoir un effet toxique direct sur les 
coquillages cultivés dans l’étang. 

 
Variabilité hydrologique : analyse, mécanismes et impacts sur les ressources en eau  
 
  Amorcée en 1999, ma collaboration avec l'équipe MEVHYSA de notre UMR (projet 
PNRH : Approches hydrodynamique et géochimique du fonctionnement hydrologique dans la 
dépression piézométrique fermée de Dantiandou, Niger occidental) s’est renforcée au cours 
du temps par ma participation,  en temps que géochimiste des eaux, à plusieurs projets PNRH, 
Tchad et Européen.  
 
 Zone sahélienne : région de Niamey (Niger) 
 
 La remontée constante, au cours de la décennie, du niveau de la nappe du Continental  
Terminal 3 située dans le degré carré de Niamey (Leduc et al., 2001) s’accompagne d’une 
augmentation concomitante de la conductivité et de la minéralisation. Même très faible,  cette 
minéralisation est particulièrement favorable aux investigations géochimiques. Nous avons pu 
définir un état naturel, avant les perturbations climatiques des dernières décennies, et 
comprendre l'augmentation actuelle de la salinité. Elle est une conséquence de l'augmentation 
de la recharge et du lessivage de zones précédemment inertes pour l'infiltration profonde,  
comme en témoignent les hausse et baisse saisonnières de la minéralisation, synchrones de la 
fluctuation piézométrique (Elbaz-Poulichet et al.,  2002a).  
 L'augmentation de la minéralisation de la nappe se manifeste par des concentrations 
anormales en certains éléments, comme Ca, HCO3, Na ou K et des teneurs parfois très 
spectaculaires en nitrate (jusqu'à 100 mg l-1) dans un milieu qui ne connaît pas d'utilisation 
d'engrais artificiels. Les teneurs en δ15N, entre +3 et +8 ‰, indiquent un intervalle cohérent 
avec une origine naturelle des sols (Favreau et al.,  2003) .  Le changement du couvert végétal 
et l'augmentation induite du ruissellement et de la recharge expliquent cet apport important à 
la nappe. Comme pour la piézométrie, on peut s'attendre à une hausse généralisée de la 
minéralisation des eaux souterraines, affectant d'abord les abords des zones de recharge 
principale, les mares et bas-fonds, et se diffusant ensuite à l'ensemble de l'aquifère. 
 

Les petits bassins endoréiques indépendants du degré carré de Niamey subissent une 
très forte anthropisation. Les variations anormales de la concentration des éléments majeurs 
constatées dans certains puits et forages suggèrent une influence anthropique plus marquée 
(déforestation intensive et pratique de l'écobuage) qui favorise durant la période des pluies le 
lessivage des sols enrichis en ces éléments par les aérosols sahariens (Favreau et al.,  2004) .  
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Etude hydrodynamique et géochimique du bassin du lac Tchad 
 
En parallèle aux travaux développés dans la région de Niamey, HSM s’intéresse 

également depuis une décennie au très grand endoréisme du bassin du lac Tchad, plus vaste 
bassin endoréique au monde (2.5x106 km2). Le bassin dans son entier, et tout particulièrement 
le lac, a fait l'objet de très nombreuses investigations hydrologiques de l'ORSTOM dans les 
années 60 et 70.  Milieu bien moins anthropisé que la région de Niamey, le bassin du lac 
Tchad (BLT) nous permet de travailler sur des perturbations essentiellement climatiques de 
l'hydrologie mais nous oblige à considérer des échelles bien plus vastes dans l'espace (jusqu'à 
5x105 km2) et le temps (jusqu’à quelques milliers d'années). L'extension du Mégalac-Tchad, 
comparée à l’actuel, illustre parfaitement l'ampleur des phénomènes à considérer (Figure 15). 

Figure 15- Le lac Tchad « standard » de 25 000 km2 au XXe siècle (SLC) et les contours du Méga Tchad de 
340 000 km2 aux optimums climatiques du Quaternaire (Leblanc et al.,  2006).   
 

Le projet PNRH-ECCO (2003-2005) " Impacts de la variabilité climatique et des 
activités anthropiques sur le fonctionnement hydrologique dans le bassin du lac Tchad", 
coordonné par HSM  visait à étayer et compléter les connaissances déjà acquises sur le 
fonctionnement hydrologique du bassin du lac Tchad en explorant l’évolution de la 
composition chimique de la nappe du quaternaire, plus particulièrement au niveau des 
dépressions piézométriques et des dômes piézométriques. L’identification des flux chimiques 
qui correspondent aux flux hydrologiques entre les différents compartiments a été abordée par 
l’utilisation de traceurs environnementaux (isotopes du strontium, éléments majeurs,   
éléments en trace, isotopes stables de la molécule d’eau) pour mieux contraindre les différents 
termes de flux entre rivière, lac et aquifère (Seidel et al.,  2004) .  

Les diverses observations hydrologiques et hydrogéologiques accumulées depuis des 
décennies avaient souligné l’intervention cruciale des dépressions et dômes piézométriques 
dans les processus de l’écoulement de l’eau dans la nappe libre, dans sa recharge et dans 
l’hétérogénéité de sa réponse spatio-temporelle. La compréhension des mécanismes de mise 
en place et de maintien de ces singularités piézométriques requiert la combinaison 
d’approches variées (hydrodynamique, géochimie, modélisation…).  

En fait, les précédentes investigations hydrochimiques réalisées sur le bassin (1970-
2000) ne s'étalent que sur des périodes relativement courtes. Les prélèvements n’ont été 
effectués que dans des régions particulières de l’aquifère quaternaire et dans quelques zones 
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du lac. Elles sont par conséquent insuffisantes pour représenter la variabilité spatio-temporelle 
des événements géochimiques mais ont tout de même été prises en compte (Lemoalle et al.,  
2005)  

Les premiers résultats obtenus sur deux campagnes (Nov. 2003 et Fév. 2004) nous ont 
suggéré que la minéralisation des eaux de la nappe phréatique est différente de celle mesurée 
pendant les années 70, consécutivement aux sécheresses des années 70 qui ont affecté la 
recharge de la nappe. Avec la thèse de doctorat de R.Zairi, initiée en Septembre 2004 et 
soutenue en Déc. 2008, une double approche géochimique, plus exhaustive, et 
hydrodynamique de l’identification des processus d’acquisition de la minéralisation dans les 
dépressions piézométriques du Kadzell (Niger) et du Bornou (Nigeria) a été considérée (Zairi,  
2008).  

 
Figure 16 - BLT : carte de localisation des points de prélèvement ; + :2003, + : 2004, 2005 et 2006. 
 
Ce travail a apporté des éléments de connaissance essentiels sur le fonctionnement 

hydrologique du BLT, en réponse à l’hydrodynamique actuelles et aux pulsations humides/ 
arides qui se sont succédées au BLT depuis l’Holocène moyen. 

 
L’étude de l’évolution des éléments majeurs et en trace  en fonction des teneurs en 18O 

suivant les directions des flux hydrodynamiques a permis de déceler un processus de mélange 
entre des eaux évaporées à faibles teneurs en chlorures, à proximité des zones de recharge 
actuelle, et une eau chlorurée à faibles teneurs isotopiques au centre de chacune des 
dépressions. A ce processus de mélange s’ajoutent l’altération des aluminosilicates et un 
échange cationique avec la matrice argileuse de l’aquifère.  

 
L’eau au centre des dépressions, isotopiquement appauvrie et riche en chlorure (Figure 

17) représente l’empreinte d’une paléo recharge massive, datant au moins du dernier 
maximum humide holocène. Cette recharge a entraîné et puis piégé les sels accumulés durant 
les phases arides antérieures. L’ancien Mégalac Tchad est le vecteur le plus probable de 
transferts des sels au sein de l’aquifère.  

Bornou 

Kadzell 
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Figure 17 - BLT : distribution spatiale de la concentration en chlorure (meq/L) dans les eaux  souterraines 

et piézométrie de la nappe libre(Zairi,  2008) 
 

 
 
L’étude de la distribution spatiale des éléments dissous délimite différents secteurs : 

les zones où une recharge  par les précipitations et les eaux de la rivière Komadougou Yobé 
est possible sont caractérisées par de faibles conductivités électriques, de faibles teneurs en 
Cl, B, Li, Sr et Rb et des teneurs élevées en Ba. En direction du centre des deux dépressions 
piézométriques, les eaux souterraines acquièrent une minéralisation plus forte (Figure 18). 
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Figure 18 - BLT : Li/Cl vs.Cl  dans les eaux de surface et  souterraines suivant les directions de 
flux rivière-centre des dépressions du Kadzell (Njido Mari) et du Bornou (Zuwo Burari) (Zairi,  

2008). 
 
 La modélisation hydrodynamique entreprise a été calée et validée à partir des données 
piézométriques disponibles depuis 1960. Le modèle montre la nécessité d’une 
évapotranspiration dominante au centre des deux dépressions et des faibles perméabilités pour 
reproduire la nappe en "creux". Il confirme  les résultats isotopiques avec une recharge 
uniquement latérale, des apports réduits depuis la rivière et le lac Tchad. Le régime transitoire 
depuis l’Holocène moyen (6300 B.P.) montre l’évolution de la nappe libre après la disparition 
du Mégalac, tout comme il  fournit les premières caractéristiques du mélange. 
Les résultats acquis depuis 2004 doivent être valorisés et seront très utiles pour la poursuite 
des études du BLT dans le cadre du projet SAHELP,  "Sahara and Sahel vulnerability : 
lessons from the past" du programme Vulnérabilité : milieux et climats de l’ANR (2006-
2009). 
 
 Zone soudano-sahélienne : Bassin de la Donga (Haute Ouémé, Bénin) 
 HydroSciences participe au programme international AMMA (Analyse 
Multidisciplinaire de la Mousson Africaine ; http://www.amma-international.org). Ce 
programme a pour but d'identifier et d'analyser en détails, les processus physiques qui doivent 
permettre de mieux comprendre les mécanismes de la Mousson de l'Afrique de l'Ouest. La 
majorité des expérimentations sont réalisées sur un transect nord-sud du Sahara au Golfe du 
Bénin. Le thème de recherche développé à HSM  vise à caractériser le cycle continental de 
l’eau sur l’ancien degré carré de Niamey (Niger) et sur le haut bassin de l’Ouémé (Bénin) et 
plus particulièrement d’améliorer la connaissances des bilans d’eau terrestre ainsi que 
l’impact sur la ressource en eau des changements climatiques et anthropiques.  

Dans le cadre de l’Observatoire de Recherche en Environnement AMMA-Catch, 3 
sites à méso échelle ont été instrumentés : de la zone soudanienne (la haute vallée de l’Ouémé 
au Bénin à la zone sub-désertique (Gourma au Mali). Je m’intéresse plus particulièrement à la 
caractérisation des écoulements par traçage géochimique (paramètres physico-chimiques, 
éléments majeurs et éléments traces) et isotopique (δ2H et δ18O) afin de hiérarchiser les 
processus majeurs mis en jeu,  à considérer dans la modélisation du fonctionnement 
hydrodynamique et hydrochimique du bassin de la rivière Donga (sous-bassin de l’Ouémé). Il 
s’agit principalement du sujet du doctorat de B. Kamagaté (2002-2006). Une des questions 
majeures a été de quantifier, durant la saison des pluies, les parts des écoulements souterrains 
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et superficiels. Il a fallu localiser les zones les plus contributives au ruissellement de surface 
par d’éventuels faciès géochimiques acquis durant le transfert. Le caractère temporaire des 
eaux de surface, l’asynchronisme entre le tarissement des rivières et la vidange des nappes 
ainsi que la faible minéralisation des écoulements traduisent une origine superficielle des 
débits et une déconnection apparente de la nappe libre du réseau hydrographique (Kamagaté,  
2006).   

Plusieurs campagnes de prélèvements (eaux souterraines et eaux de surface) ont été 
respectivement effectuées en saison sèche (Février 2003) et en saison humide (Juillet-
Septembre 2003 ; Juillet-Octobre 2004). Les analyses, réalisées en 2003, 2004 et 2005 à HSM 
(majeurs, traces) et à Orsay (isotopes de l’eau), montrent que les nappes d’altérites (puits 
villageois) sont en parfaite continuité avec les nappes plus profondes du socle fracturé 
(forages). Les teneurs en éléments dissous mesurées dans la Donga  présentent des valeurs 2 à 
3 fois inférieures à celle des nappes d’altérites (70 µS/cm contre 150 à 250 µS/cm), même en 
période d’étiage. Ces résultats suggèrent une contribution prépondérante à l’écoulement de 
surface de flux hypodermiques à faible temps de résidence (Kamagaté et al.,  2007). 

 A plus large échelle, le substrat géologique contrasté des sous-bassins devrait se 
traduire par des signatures chimiques spécifiques permettant de reconstituer les contributions 
de chaque bassin à l’écoulement général. Les données obtenues sur les éléments en trace sont 
en cours de valorisation (Figure 19). Très peu d‘études, pour ne pas dire aucune, ont présenté 
des données concernant les éléments en trace au Bénin.  
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Figure 19 - Bassin de la Donga (Haute Ouémé, Bénin) : Ba vs Sr dans les pluies(●), la rivière Donga(●), les 

puits villageois(■) et les forages(▲),  de Juillet 2002 à Oct.2003. 
 

Dans le cadre du programme AMMA, un suivi à plus long terme, avec un pas de 
temps régulier, a été réalisé depuis pour mieux préciser l’importance respective du 
ruissellement et des écoulements de sub-surface dans la variabilité interannuelle des débits. 
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III -  PERPECTIVES DE RECHERCHE 
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Lors du projet du plan quadriennal 2007-2010 de notre UMR HydroSciences, j’ai pris 
la responsabilité du thème Fonctionnement des aquifères karstiques littoraux. Traçages 
naturels et artificiels des écoulements au sein de l’Axe 2 Karsts et milieux fissurés : 
Hydrogéologie et Transferts pour développer de nouveaux traceurs géochimiques 
environnementaux, en particulier dans ces systèmes aquifères complexes.  

 Les aquifères karstiques, majoritaires sur le pourtour méditerranéen, se caractérisent 
par une très forte hétérogénéité (variation spatiale importante des propriétés hydrodynamiques 
et hydrochimiques) et une réponse rapide aux épisodes pluvieux, contrairement aux réservoirs 
poreux. Leur étude nécessite donc de combiner différentes approches (géologique, 
hydrodynamique et hydrochimique) pour mieux caractériser leur comportement en liaison 
avec les conditions climatiques (périodes de hautes et basses eaux) et les pressions 
anthropiques, croissantes dans ces zones à l’urbanisation galopante.  

Il m’est apparu que le suivi de traceurs naturels et/ou anthropiques couplé au suivi 
hydrodynamique et physico-chimique (Pression, Température, Conductivité Electrique, pH, 
oxygène dissous) permettrait de mieux définir les écoulements souterrains, leur origine et 
leurs mélanges possibles. Cette démarche devrait aboutir à un modèle conceptuel du 
fonctionnement de ces aquifères et des interactions entre les différents compartiments des 
hydrosystèmes (epikarst, zone non saturée, zone saturée) mais également à une meilleure 
connaissance des relations réseau de surface-réseau souterrain. Les informations ainsi 
obtenues sur le fonctionnement hydrogéologique et hydrogéochimique pourront être ensuite 
utilisées pour la modélisation hydrogéologique du système en vue du développement d’outils 
de gestion et de protection des ressources en eau souterraine dans un cadre de gestion 
intégrée. 
 

Outre les outils classiques de l’hydrogéochimie des aquifères karstiques, je souhaite 
également développer, d’autres traceurs environnementaux non encore mesurables en routine 
à HSM, par l’établissement de collaborations au sein de l’UMR ou extra UMR. Il s’agissait  et 
il s’agit toujours pour le futur quadriennal : 

- des traceurs bactériologiques qui ont déjà montré leur intérêt dans l’étude des flux 
karstiques (Personné et al.,  2004). Au-delà des déterminations classiques de mise en évidence 
de pollutions bactériennes,  les  nouvelles techniques moléculaires permettent de caractériser 
la flore bactérienne d’un site et ses évolutions, notamment au cours d’évènements 
météoriques. Des apports bactériens, anthropiques ou non, signent la vulnérabilité d’un site et 
leur persistance est fonction des capacités de réaction de l’aquifère. Ces aspects sont 
essentiels à l’évaluation de la ressource. Il paraît souhaitable d’explorer les éventuelles 
modifications d’écosystèmes souterrains liées aux pénétrations d’eau de mer. Les techniques 
de biologie moléculaire développées par HSM (Axe 1) et appliquées aux écosystèmes des 
eaux acides d’origine minière permettront de caractériser les microfaunes et d’évaluer leur 
vulnérabilité.  

- des pesticides, notamment en collaboration avec l’Axe 1, lorsque les bassins versants 
sont soumis à l’activité anthropique, puisque les activités viticoles régionales font l’objet 
d’épandages de pesticides. Les pesticides seront ainsi testés en tant que traceurs de 
l’infiltration et indicateurs de  pollutions anthropiques au sein du système. 

- du rapport isotopique du Bore (B11/B10) ou δ B11. Le bore présente un fort degré de 
mobilité dans la nature et possède deux isotopes stables, 10B et 11B, qui sont facilement 
fractionnés par de nombreux processus naturels: changement de phase dans les systèmes 
hydrothermaux, altération hydrothermale des roches, mélange entre différents systèmes 
aquifères (Vengosh et al.,  1994; Pennisi et al.,  2000; Burnett W. C. et al.,  2006; Gonfiantini 
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and Pennisi,  2006), adsorption du bore dissous sur les argiles en suspension, dont l’effet 
principal est l’enrichissement en 11B des eaux marines par rapport à la croûte océanique et à la 
croûte continentale (Mather and Porteous,  2001). Ces nombreux processus ont pour effet de 
provoquer des variations du rapport 11B /10B qui permettent  de tracer l’origine des masses 
d’eau, de suivre l’évolution des saumures (Barth,  2000), d’identifier l’origine des solutés des 
sources thermales ou d’identifier l’origine des évaporites et des eaux souterraines à forte 
salinité (Barth,  2000). Le bore est un élément naturel qui apparaît aussi dans les eaux 
naturelles sous l’action de l’altération des minéraux et la décomposition de la matière 
organique. Il devrait être ainsi directement corrélé avec le carbone organique dissous ou 
particulaire présent dans les eaux de surface et souterraines (Chauveheid and Denis,  2004). 
Le bore intervient dans la composition des détergents et des lessives et constitue ainsi un 
traceur d’éventuelles contaminations d’origine anthropique (Barth,  1998; Gäbler and Bahr,  
1999). 
 Le développement de l’utilisation de ce relativement nouveau traceur environnemental 
est directement lié aux progrès techniques des méthodes de détermination de nombreux 
rapports isotopiques tels que Li7/Li6, B11/B10, Cu65/Cu63, Sr87/Sr86 dans les roches mais aussi 
dans les eaux par l’arrivé des ICP-MS à multi collection (Gonfiantini and et al,  2003; Burnett 
W. C. et al.,  2006).   
 
 L’objectif principal du prochain plan quadriennal des UMR Géosciences Montpellier 
et HydroSciences Montpellier en matière d’équipement est l’acquisition d’un ICP-MS multi 
collecteur dans le cadre de la plate-forme technique mutualisée Analyse des Eléments en 
Trace dans l’Environnement dont je suis le responsable scientifique. AETE est 
principalement subventionnée par l’INSU, le Ministère de l’Enseignement Supérieur et de la 
Recherche ainsi que par la Région Languedoc-Roussillon (http://www.aete-t2e.univ-
montp2.fr).  
 Elle permet la mutualisation et l’optimisation du potentiel analytique de la géochimie 
des éléments en trace de nos UMRs mais aussi del’UM2 et de l’IFR-123 ILEE. Les 
principales applications concernent l’analyse d’éléments en trace dans les eaux, les roches, les 
minéraux et différents types de matériaux organiques et inorganiques. 
 L’organigramme ci-dessous décrit les équipements actuels en service ou en cours 
d’installation (en rouge).  

 
Figure 20 - Organigramme de la plate-forme AETE :  équipements et principales applications développées 

 
 Les programmes envisagés pour le prochain plan quadriennal requièrent 
impérativement l’accès à un ICP-MS multi-collecteur. Dans l’attente de cette acquisition nous 
développons des collaborations scientifiques, sur le plan national ou international, avec des 
institutions ayant déjà accès à ce type d’équipement : Laboratoire de Géologie de l’ENS 
Lyon, LMTG de l’Observatoire Midi-Pyrénées de Toulouse, BRGM Orléans, Université de 

A.E.T.E. 

HR-ICP-MS Element XR 
Ablation Laser Q-ICP-MS 7700X + HMI 

Q-ICP-MS X sérieII + CCTTM 

Couplage CPG et HPLC 

• Analyses in situ 
• Ultra-traces (roches, eaux, 
matériaux) 

• Eléments d’intérêt cosmochimique 

 
 Eléments en trace dans : 
     - roches, minéraux  
     - eaux chargées, sédiments 
     - différents matériaux… 
 

Spéciation métaux et métalloïdes 
dans l’environnement  
    - eau,  
    - sédiments, sols 
    - matériaux biologiques… 
 



 56 

Floride (Gainsville), UFZ Liepzig. Mais les temps d’attente pour avoir accès aux machines ou 
pour l’obtention des résultats nous ont persuadé de la nécessité d’acquérir ce nouvel 
équipement au sein de la plate-forme montpelliéraine. 
 
 La collaboration que j’ai établie avec l’UFZ Leipzig pour le projet de recherche 
interne financé actuellement par l’IFR-123 Institut Languedocien de l’Eau et de 
l’Environnement concernant l’étude de la contamination des petits bassins versants en 
zone méditerranénne m’a permis de mesurer, en plus des éléments majeurs et en trace, et 
des organo-étains, le rapport isotopique du Bore dans les rejets de stations d’épuration, les 
eaux de surface et souterraines soumises à la pression anthropique. Les résultats préliminaires 
obtenus m’ont persuadé de la pertinence de ce nouveau traceur environnemental (Figure 21). 
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Figure  21- Rapport isotopique du bore dans les rejets de STEP(STP), les captages (ATP wells), les eaux de 

surface du bassin versant de l’Hérault (en brun, données de cette étude) 
 

Mon thème de recherche principal pour le prochain plan quadriennal sera de 
développer l’utilisation des rapports isotopiques δLi7, δB11et Sr87/Sr86, comme traceurs 
environementaux pertinents dans les différents compartiments de l’hydrosphère.  Peu de 
résultats utilisant simultanément ces trois traceurs ont encore été publiés mais les informations 
et implications complémentaires qu’ils peuvent fournir me semblent très prometteuses (Hogan 
and Blum,  2003; Pennisi et al.,  2006; Millot et al.,  2007). 

 
Le projet "Gestion multi usages des aquifères karstiques méditerranéens ; Le Lez, 

son bassin versant et son bassin d’alimentation associé au système karstique du Lez",  a 
été accepté dans le cadre du Contrat du Plan Etat-Région 2008-2012. Il a démarré en Juin 
2009. Ce projet de l’Axe 2 d’HSM, en collaboration avec l’unité Eau/RMD du BRGM 
Montpellier, les unités  de recherche G-Eau et Thétys de l’IRD et le bureau d’étude BIOTOP, 
est financé par la ville de Montpellier, la région Languedoc-Roussillon, l’Agence de l’eau 
RMC et la Direction Régionale de l’Environnement.  Ma participation au projet se fera au 
travers de l’application de cette nouvelle méthode de traçage isotopique pour la 
caractérisation des aquifères karstiques littoraux, l’évaluation de la ressource et de sa 
vulnérabilité aux pressions anthropiques.   
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La détermination et le suivi de la variation du rapport isotopique du Bore dans les 
aquifères karstiques (Jarvis et al., 1996) sont récents mais représentent un outil 
complémentaire et indispensable.   

L’application de ces traceurs environmentaux pourra aussi être envisagée dans 
d’autres projets menés au sein d’HSM durant le plan quadriennal 2011-2014: elle permettra 
de mieux contraindre l’origine des eaux thermales (B.V. de Thau par exemple), la 
quantification des sources (évaporites, eau de mer, ….) et des apports aux systèmes côtiers 
méditérranéens (BV Hérault, Etang de Thau, Etang de Salses-Leucate ou pourtour 
méditerranéen) et d’élargir la caractérisation des écoulements dans les aquifères karstiques 
(Aquifère karstique du Causse d’Aumelas-Thau, aquifères superposés en domaine karstique 
du site CEA de Cadarache,…..)., sites d’étude principaux de l’Observatoire MEDYCISS,  
dans le cadre de l’Observatoire des Sciences de l’Univers OREME, nouvellement créé à 
l’Université de Montpellier 2.  

En outre, les mécanismes de la salinisation des eaux souterraines en zones arides et 
semi-arides pourraient être mieux contraints, puisque le lithium et le bore sont des éléments 
en trace discriminants pour l’étude des processus de fonctionnement hydrodynamique et 
hydrochimique de ces grands aquifères libres ou captifs. Je veux m’y investir dans le cadre du 
projet SAHELP (ANR 2006-2010), coordonné par le LSCE ou du Projet Structurant Pilote 
Lac Tchad, de l’IRD, coordonné par HSM.  

- du Radon-222. Depuis quelques années, Rn222 apparaît comme un des  traceurs 
privilégiés des apports d’eau douce en  zones côtières (Purkl and Eisenhauer,  2004; Burnett 
et al. W.C.,  2006; Dulaiova et al.,  2008; Tse and Jiao,  2008; Santos et al.,  2009) car ces 
eaux représentent une importante zone de communication entre la mer et le continent. Elles 
jouent un rôle important dans les bilans biogéochimiques des zônes côtières. Mais elles 
peuvent être sources de pollution de ces mêmes zones par des apports inhabituels de 
nutriments ou de contaminants véhiculés dans les aquifères côtiers.  

En domaine karstique,  elles sont  considérées comme une ressource potentielle d’eau 
douce, il existe peu de publications récentes (Smith et al.,  2008) et de modèles de 
fonctionnement. Mais leur exploitation reste encore problématique, suivant leur débit, qui 
n’est pas régulier, leur degré de salinité et les mécanismes de résurgence.  

 
Ayant récement acquis un équipement de terrain qui permet la mesure rapide du radon 

dans les eaux (Aquakit, Genitron®), je compte dans les mois à venir développer le suivi 
régulier mais ponctuel de la source sous-marine karstique de la Vise(Bassin de Thau), en 
parallèle avec le suivi en continu que j’effectue depuis plusieurs années avec une sonde 
Clipperton 2. Cette comparaison me permettra de valider les mesures ponctuelles, dans des 
conditions tout de même pas idéales puisque le débit de la source est très faible (quelques 
dizaines de litres/s au mieux) et varie saisonnièrement. De plus, le captage est effectué  à 30 m 
de profondeur, l’eau est transportée jusqu’au rivage par une canalisation étanche de presque 
200 m de longueur. Nous risquons d’obtenir un signal très atténué et plus influencé par les 
paramètres atmosphériques que par les variations hydrodynamiques. 
 

Dans le cadre du prochain programme SIC-MED de l’INSU, j’envisage de développer 
les mesures de radon dans les sources sous-marines étudiées durant le  projet européen 
MEDITATE, terminé en Déc. 2007.  Je suis resté en contact avec les équipes libanaise, 
syrienne et turque qui gèrent le suivi des sources de Chekka (Liban), Banias (Syrie) et 
Gökova (Turquie). Les captages sont maintenant opérationnels et entretenus. Je suis persuadé 
que ce paramètre supplémentaire apportera de nouvelles informations, utiles à la modélisation 
du fonctionnement de ces sources sous-marines et permettra d’être une aide à la gestion de la 
ressource en eau dans ces zones littorales, souvent déficitaires en eau potable durant les mois 
d’été en particulier.  
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Mesures de radon en relation avec l'activité du Piton de la
Fournaise (Réunion), de 1983 à 1987

Jean-Luc SEIDEL,Alain BONNEVILLEet Jean-François LENAT

Résumé - Un réseau de 8 stations de mesure du radon dans le sol est installé sur le Piton de la
Fournaise (Réunion) depuis jui1Jet 83. Cette longue période d'enregistrement permet de distinguer
les anomalies positives de la concentration liées à l'activité éruptive sommitale de celles dues à
l'influence des précipitations. Pour la crise de juin 85, l'évolution spatiotemporelle de l'émanation
du radon peut être corrélée avec la sismicité, les déformations du sol et les fissures éruptives.
L'anomalie de radon se manifeste le plus rapidement et le plus intensément aux stations les plus
proches de l'intrusion.

Radon measurements related to Piton de la Fournaise (Reunion) from 1983 to 1987
Ahstract - A network of 8 stations for underground radon measurements has been placed on the

Piton de la Fournaise volcano (Reunion) since July 83. This large monitoring period makes it possible
the separation of positive anomalies in radon concentration due to the summit volcanic activity, from
those due to rainfail influence. As concerns the June' 85 crisis, the space and time evolution of
radon emanation can be very precisely correlated with sismicity, ground deformations and eruptive
fissures. Radon anomaly appears the faster and more intense to the closer stations nearing the
intrusion.

Le radon, 222Rn, est un gaz radioactif naturel produit de la chaîne de désintégration

de l'uranium-238. La répartition quasi générale de ce dernier dans l'écorce terrestre
explique l'omniprésence du radon à la surface du globe.

Du fait de sa période relativement longue (3,82 j) le radon peut subir un transport

significatif depuis sa source originelle et peut être ainsi considéré comme un traceur de

phénomènes géophysiques qui induisent des mouvements des fluides interstitiels (liquide
ou gaz) [1].

Le fait que des mesures de concentration de radon-222 dans le sol traduisent des

changements significatifs corrélés avec l'activité volcanique est de plus en plus évident
([2], [3], [4]). C'est pourquoi nous avons installé un réseau de 8 stations de mesures de

radon sur le Piton de la Fournaise (Ile de la Réunion).

TECHNIQUESDE DÉTECTION.- La technique de détection. employée ici est celle des
détecteurs solides de traces nucléaires. Le LR-1l5 type 2 (Kodak-Pathé) est un matériau

sensible aux particules alpha qui proviennent de la désintégration du radon-222. Les
détecteurs sont implantés dans le sol selon le dispositif présenté sur la figure 1 [4].

Une fois irradiés sur le terrain avec une périodicité d'exposition qui varie de 1 à
4 semaines en moyenne, les détecteurs sont traités et analysés en laboratoire. Les

traces sont dénombrées au microscope optique ou par tout autre méthode de comptage
automatique [4].

Le nombre de traces comptées est proportionnel à la concentration en radon et est ici

reporté comme une densité de traces par centimètre carré par semaine. Une densité de
3,0 traces/cm/semaine correspond à une concentration de IpCi/1 selon le parcours des
'particules alpha dans J'air la sensibilité en énergie du LR-115 et en utilisant les relations
de Somogyi [5].

Note présentée par Maurice ROQUES.

0249-6305/88/03060089 S2.00 © Académie des Sciences
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Fig. 1

1 Km

Fig.2
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Fig. 1. - Schéma d'implantation dans le sol d'un détecteur de radon-222 à film LR-1l5. L'enveloppe externe
est composée d'un tube PVC.

Fig. 1. - Implantation scheme of a radon-222 ground detector with a LR-115 film. The external cylinder is
composed of a VPC tube.

Fig. 2. - Réseau de capteurs radon de la somme sommitale, cratères Dolomieu et Bory, du Piton de la
Fournaise. Chaque site est représenté par un cercle avec indication du maximum de détection en traces par
centimètre carré par semaine lors de "eruption de juin 1985 (fissures en trait gras). REF=références;
F57=fissures 57; DW=Dolomieu Ouest; DE=Dolomieu Est; BF=Bory Fissures; B\y=Bory Ouest;
BS=Bory Sud; DS=Dolomieu Sud. (1) Epicentres de la crise sismique pré-éruptive. (2) Epicentres de la
crise sismique intrusive.

Fig. 2. - Radon network of the sommital zone of Piton de la Fournaise volcano (Bory and Dolomieu
craters). Circle indicate measurement site with its maximum of detection in traces per square centimeter per
week during the June 1985 eruption. Heavy lines represent fissure zones. (1) Pre-eruptive crisis
epicenters. (2) Intrusive crisis epicenters.

RÉSEAU IMPLANTÉ. - Le réseau mis en place depuis juillet 83 comprend aujourd'hui

8 stations dans la partie sommitale du volcan (fig. 2).

Il s'intègre dans un réseau plus large de mesures .de la température et de la polarisation
spontanée autour des cratères Bory et Dolomieu [6]. Le choix des sites a été effectué en

fonction de critères volcaniques précis:
zone la plus active sur le plan éruptif et volcanotectonique;

- surveillance sismique et topographique dense;
- présence à faible profondeur d'un réservoir magmatique permanent.

Les capteurs de radon ont été implantés dans des forages dans les coulées massives de

surface ou au fond de fissures majeures affectant la zone. Une station de référence a été
installée en dehors du système fissurai sommital (fig. 2).

ANALYSE DES RÉSULTATS. - L'ensemble des données recueillies est présenté sur la

figure 3. L'intervalle moyen entre deux relevés est de 15 jours.
Lorsque l'on étudie les variations temporelles de l'émanation naturelle du radon dans

le sol, il est indispensable de connaître les circulations d'eau dues aux précipitations. En

effet la concentration en radon est particulièrement sensible à l'humidité du sol. La pluie
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Fig. 3. - Enregistrement des émanations de radon de juillet 1983 à janvier 1987.
Les flèches indiquent les phases èruptives.

Fig. 3. - Radon emanation record Jrom July 1983 to January 1987. Arrows indicate eruptive phases.

Fig. 4. - Influence des précipitations sur le signal radon. Deux anomalies de radon non corrélées
avec la pluie se distinguent pour les périodes précédant les éruptions de décembre 1983 et juin 1985.

Fig. 4. - RainJali influenze on radon signal. Two radon anomalies not correlated with rain
can be distinguished Jor the periods preceding December 1983 and June 1985 eruptions.

favorise d'abord la migration du radon puis lorsque la saturation est atteinte la mobilité
de ce dernier devient nulle [7]. Ce phénomène est encore plus prononcé en domaine

tropical durant la saison cyclonique. Avant toute interprétation il est donc nécessaire
d'estimer ['infuence des facteurs externes.

Nous prenons comme exemple la station Bory Fissure bien que toutes les stations

aient un comportement similaire (fig. 4). Nous lui comparons l'enregistrement des

précipitations effectuées dans la même zone et pour la même période. L'analyse spectrale
de ces deux signaux montre une très forte corrélation aux basses fréquences, notamment
pour une période semi-annuelle de 186 jours. On peut montrer que le signal radon n'est

pas corrélé à la température de l'air et que les variations à grande longueur d'onde

trouvent leur origine dans les variations du régime des précipitations. A plus haute
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fréquence l'analyse est moins claire, et si parfois des anomalies sont liées aux précipitations
comme en février 84, décembre 85, février 86 et août 86 dans une moindre mesure, les

deux plus importantes anomalies (septembre à novembre 83 et juin 85) ne peuvent être
expliquées qu'en liaison avec l'activité volcanique. Ces deux anomalies coïncident avec
deux phases pré-éruptives qui ont débouché sur deux éruptions sommitales, l'une le

03/12/83 et l'autre le 14/06/85. Par contre les nombreuses phases éruptives qui ont affecté

cette même zone de juin 85 à décembre 86 ne semblent pas être marquées par des
anomalies significatives de radon ou ne peuvent être distinguées de celles dues aux

précipitations. La station Référence située pourtant à moins de 1 km du cratère Bory
(jig. 3) montre les mêmes variations mais très amorties, ce qui confirme l'importance du
choix des sites en liaison avec les zones préférentielles d'intrusion.

ANOMALIEDERADONASSOCIÉEA L'ÉRUPTIONDU 14/06/85. - Cette éruption a été précédée

depuis janvier 85 d'un gonflement de la zone sommitale, correspondant à une source de

pression magmatique située à environ 1 km de profondeur sous la bordure NW du
cratère Dolomieu, et d'une crise sismique [9]..

A ucune anomalie de radon n'a été associée à cette longue crise pré-éruptive (fig. 3), à

l'exception de la station Dolomieu NE (fig. 2). Par contre une augmentation considérable
a été enregistrée pour la période du 09 au 15/06/85. Il n'est pas possible de déterminer si
cette anomalie est en partie associée à la crise pré-éruptive ou uniquement liée à l'éruption

du 14 juin (durée 24 h). La répartition spatiale permet de pens~r que l'augmentation des
anomalies de radon est principalement liée à l'intrusion superficielle qui a alimenté
l'éruption.

CONCLUSION.- D'un point de vue méthodologique nous retiendrons:
- la nécessité de filtrer le signal radon des effets dus aux précipitations avant toute

interprétation des résultats (nécessité de longues périodes d'enregistrement);
- l'importance du choix des sites de mesure.
Sur le plan volcanologique, les anomalies indiscutablement corrélées à l'activité éruptive

ne le sont qu'avec les phases intéressant le cône sommital. De plus l'exemple de juin 85
montre que l'anomalie n'apparaît que lorsque l'intrusion magmatique est superficielle.

La période d'intégration du signal, en moyenne 15 jours, est trop longue en comparaison
des constantes de temps de l'activité magmatique. Un progrès important sera réalisé par
l'implantation de sondes automatiques de mesure de radon en continu; c'est l'objectif
que nous nous fixons pour les années à venir.

RE~1ERClE:\1ENTS. - Nous tenons à remercier tout le personj1el de l'observatoire volcanologique du Piton
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Abstract

A field instrument designed for continuous radon measurement is described. It is based on a solid state electronic sensor
that is housed in a rugged casing that also contains its associated electronics. This lightweight device is designed for
selective counting of 222Rn a-decays with recorded count values over specified intervals being stored within the device.
Real time data processing to reject spurious values is automatically performed by the instrument. Data are downloaded by
means of a handheld or a laptop computer. The energy provided by alkaline batteries ensures 2 months of continuous
recording in the field. Example of radon anomalies are exhibited. q 1998 Elsevier Science B.V. All rights reserved.

Keywords: radon; volcanoes; earthquakes; hydrology; environment

1. Introduction

Ž222 .Radon Rn has been recognized for a long
time as a tracer of fluid motion within the
Earth’s crust. Its behaviour in minerals and
rocks grain has been extensively studied
Ž .Tanner, 1980 and some studies suggest that
changes in its concentration in soil gases and in
groundwater could be a precursor of earth-

Žquakes Ulomov and Mavashev, 1968; Fleischer
and Mogro-Campero, 1981; Segovia et al., 1989;
Flores Humanante et al., 1990; Loria et al.,

. Ž1995 and of volcanic eruptions Chirkov, 1975;
.Cox et al., 1980; Seidel et al., 1988 . Radon

) Corresponding author. Fax: q33-467-14-47-74; e-mail:
monnin@dstu.univ-montp2.fr

concentrations also give indications on the cir-
Žculation of underground water Hoehn and Von

Gunten, 1989; Pane et al., 1994; Bertin and
.Bourg, 1994; Grischek et al., 1995 , on the

existence of hidden faults and of uranium or oil
Ž .deposits Fleischer, 1997 . Finally, much atten-

tion has been given to radon movement in the
ground related to the problem of health hazards
in homes from internal irradiation of the inhabi-

Žtants via respiration of radon daughters Thomas
.et al., 1992; Baixeras et al., 1997 .

A variety of techniques, reviewed by Monnin
Ž .and Seidel 1997 have been applied to radon

concentration measurements. Depending on the
problems to be dealt with, the sensitivities re-
quired differ widely: the concentrations to be
measured are of the order of kBq my3 in the
ground, in the Bq ly1 range in groundwater, but

0926-9851r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0926-9851 98 00018-4
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are only in the few Bq my3 range for atmo-
spheric radon contents. Furthermore, in the field
of Earth Sciences, the relative variations of

Ž .radon concentrations or of radon fluxes are of
greater importance than the absolute values of
its radon concentrations. Accordingly, for the
latter studies, one needs a relatively cheap tech-
nique that allows these variations to be followed
with a time interval not too large with respect to
the observed or expected phenomena. Much of
the past work under the topic of soil gas radon
detection has been done using Solid State Nu-

Ž . Žclear Track Detectors SSNTD Fleischer and
Mogro-Campero, 1979; Somogyi et al., 1984;

.Segovia et al., 1989; Seidel et al., 1988 . These
detectors have the great advantage of being very
cheap, they are stable over time, and are not
susceptible to large variations in heat, moisture,
and light. In addition, they can be read with
automatic devices. On the other hand, they suf-
fer from several drawbacks. First of all, for
time-series studies of radon activity, they need

Žto be changed at frequent intervals weekly or
.fortnightly which places a heavy manpower

burden on such studies when sites are remote or
difficult to access. Secondly, since they are
integrating detectors, they provide only an aver-
age value corresponding to the radon activity
over the entire period of exposure. Accordingly,
significant variations in radon concentrations
lasting for hours or even for days are likely to
escape observation. This inability to achieve
‘continuous’ or at least short time discrete mea-
surement is a major drawback of the SSNTD

Žtechnique. Several experimental findings e.g.,
. ŽTeng, 1980 and conceptual models e.g., Mon-

.nin and Seidel, 1988; Thomas, 1989 indicate
the necessity of short time measurements. Al-
though, several other techniques other than SS-
NTD meet the needed requirements of sensitiv-
ity and short time measurements, they are mostly
laboratory techniques, and are not suitable for
field measurements.

With these constraints in mind, the design
and construction of a new automatic radon field
probe was undertaken to allow long-term, re-

mote monitoring of short-term radon variations
Ž .in ambient media air, soil gas, or water .

2. Description

The design of the instrument is based on the
detection of a-particle emissions using a photo-
diode as a pulse generator, with pulse condition-
ing, discrimination, and counting electronics, as
well as timing and data memory circuitry, con-
tained in a single unit. This design has been
field-tested extensively for several years in vari-
ous areas in Europe and from the Indian Ocean
to the Americas. These tests have led to several
improvements and the resulting final version,
named Clipperton, is now a reliable field instru-

Ž .ment which is described below Fig. 1 .
In the Clipperton probe, Rn detection is based

upon direct counting of the 5.49 MeV a-par-
ticles produced by radon when decaying to
218Po. The a-particle sensor is an uncovered
version of silicon photodiode produced by the

Ž .Hamamatsu Hamamatsu S-3590 that allows
the a-particle to reach the upper oxidized Si
surface of the diode. The most common detect-
ing area is 1 cm2 but larger area detectors are
also available. The detector is protected from
moisture effects by means of a waterproof poly-
meric epoxy-layer deposited at the edges of it.
A photodiode type detector has been chosen
because the electron-hole pairs do not require
much energy to be extracted from their funda-
mental state into the conduction and valence
bands, due to the electric field that exists at the
junction between the depleted zone and the
base. Thus, due to the large number of
electron-hole pairs produced by a-particles
along their path in the Si-photodiode, a collect-
ing voltage is not necessary. The detector is
operated without electrical polarization, in order
to lower the energy consumption of the probe
and thus prolong its autonomy in the field. The
electrical pulse resulting from the impingement
of each a-particle is then processed by the
associated electronic circuitry.
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Fig. 1. Schematic view of the Clipperton probe.

The pulse processing electronics includes in-
tegrated preamplification and amplification
sub-units. The amplified pulses are then filtered
by means of a window with low and high
adjustable thresholds. While running the Clip-
perton under normal conditions, the low thresh-
old is set at 0.8 MeV so as to avoid counting
pulses that could possibly be produced by lighter

Ž .particles not sensitive to beta and gamma ,
concomitant or not, and not by alphas. In addi-
tion, below that value, the sensitivity of the
detector drops to only 30%. The higher thresh-
old is set at 5.5 MeV. In this way the a-par-
ticles emitted by some of the radon daughters,
218 Ž . 214 Ž .Po 6 MeV and Po 7.68 MeV , situated

Ž .on the face of the detector plate-out will not
Ž .be counted see Section 3 . The next integrated

sub-unit is a pulse shaper which transforms

every pulse delivered by the preamplifier, the
amplifier and the window into square shaped
pulses with a height of 5 V.

The second set of electronics includes a clock,
a small data processing unit, and a memory
storage unit. The role of the data processing unit
is to reject false counts due to sudden electronic
noise induced by natural or man-made sources
in the environment, such as thunderstorm light-
nings and electrical motors for instance. Typi-
cally, such noise is recorded by the instrument
at a much higher counting rate than the one
normally induced by the radon atmosphere
within the lower part of the instrument. In order
to eliminate it, within a period of time corre-

Žsponding to one measurement interval e.g.,
.2 h , the counting is subdivided into shorter

periods. These shorter periods are selected by
the operator from 10 to 60 s depending on the
duration of the measurement interval. The de-
vice compares the number of counts recorded
during the ith short period to that recorded

Ž .during the iy1 th period with respect to an
acceptance threshold set between 100% and

Ž .10 000%. If from the iy1 th to ith counting
period a deviation larger than the fixed thresh-
old is recorded, it is automatically discarded and
replaced by the mean counting obtained at the
end of the measurement interval. In practice,
setting the threshold at 10 000% with a 10 s
evaluation time is equivalent to accepting the
data in their rawest form. On the contrary,

Ž .setting it at 100% i.e., a factor of 2 and 60 s is
equivalent to placing a strong filtering device in
the system.

The recorded countings are stored in a RAM
memory. The memory can store up to 3250 data
values and their identification labels.

Both the a-particle sensor and the above
described electronics are installed in the body of
the probe which is a cylinder fabricated from
carbon fiber–polyester composite having a di-
ameter of 5 cm and an overall length of 50 cm.
The upper 15 cm of the probe is a watertight
compartment which contains the electronics and
at the bottom of which is fixed the detection
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surface, whereas the lower section of the probe
serves as an air diffusion gap to limit detection

220 Ž .of the short-lived Rn isotope Fig. 1 . The
probe body is very strong and can sustain a
pressure of 2=107 Pa. The total weight of the
instrument is 9.30 N.

A recent design improvement made to the
Ž .instrument is the addition of a thin 0.3 mm

brass housing that surrounds the electronics, the
detector, and the upper section of the detection
volume. The a-particle sensor is fixed onto a
cylindrical brass housing in the shape of a hol-
low cup. All components of the brass housing
are connected to an external conductor which is
grounded when the probe is operated. This
housing protects the probe from sudden and
intense variations of the magnetic and electro-
magnetic fields which could produce a strong
electrical noise that is not filtered by the thresh-
old comparison system. Fig. 2 shows data
records obtained by two probes placed at the
same site, one being protected, the other not.
The efficiency of the shielding is clearly exhib-
ited.

The brass foil used for shielding in the lower
part of the probe plays a second role by serving
as a uniform grounded surface that helps control

plate-out of radon daughters products generated
in the detection volume. Plate-out effect and Rn
daughters contribution are discussed below.

In most soils, radon is transported via diffu-
sion down the concentration gradient from its
equilibrium concentration, at depth in the soil
column, toward a near-zero concentration at the
soil–atmosphere interface. Under some condi-

Žtions e.g., barometric pressure changes or a
.positive gas pressure gradient from the soil

advection transport of radon occurs along with
soil gas movement. When soil gas reaches the
bottom opening of the probe, individual compo-
nents then move up towards the detector by
means of diffusion in stationary air. Those atoms
of radon that undergo radioactive disintegration
in the vicinity of the detector emit a-particles
and that fraction of them whose trajectory inter-
sects the surface of the detector are then de-
tected and counted.

A humidity and rain proof external box is
placed at a location easily reached by the opera-
tor. In the cases of their water immersion or
placement in water saturated soils, a waterproof
box using tightly adjusted o-rings must be used.
The external box contains the energy supply in
the form of 4 alkaline or heavy duty R20 1.5 V

Ž .Fig. 2. Effect of the brass electromagnetic shielding: the dotted line right ordinate scale shows the counting recorded on a
Ž .non-shielded probe, whereas the continuous line left ordinate scale shows counting of a shielded probe. At time 30 min, an

intense electromagnetic noise was produced in the vicinity of the two probes during 30 min.
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Fig. 3. Schematic wiring of the external battery and communication box.

batteries. With such batteries, the probe can be
safely operated in the field for 2 months.

The external box has three external plugs
Ž .Fig. 3 . The P1 plug allows the permanent
supply of energy to the probe through a cable
which also carries the operator instructions at
the beginning of a measuring cycle, and the data
at the end of it which the operator downloads
from the probe. This cable also contains the
grounding wire to the probe.

The P2 plug is internally connected to the
above-mentioned grounding wire. Its external
connection allows the earthing of the device
when it is in operation in the field. When one
needs to retrieve the data, the earthwire is un-
plugged and in its place an additional set of
batteries is connected in parallel to the internal
batteries. In practice, the probe itself consumes

Žvery little energy it operates safely even when
.the batteries are down to 3.5 V but data recov-

ery from the memory unit draws heavily on the
batteries. If the batteries are already somewhat
low, because, for instance, the probe has been
operated for a long time, retrieving the data can
induce a sudden drop of the available voltage.
In this case, a partial or total loss of data may
be experienced. Adding a set of fully charged
batteries in parallel while downloading the
memory avoids that inconvenience.

The plug P3 allows instructions to be given
to the device and the retrieval of data and
operating information from it. This plug can be

Žconnected either to a PSION Organizer II or
.any other type of the PSION series palm com-

puter, or to a PC laptop. The main advantage of
the PSION computer is its lightweight and
ruggedness which are appreciated in the field,
and that data are transferred onto unerasable
Data Pack memory modules. Its main drawback

Ž .is that data transfer is slow 1 datumrs and that
it requires additional subsequent transfer of the
data onto a more powerful PC for data analysis.
The advantages and drawbacks of using a PC
laptop are exactly the contrary of that of the
PSION computer.

3. Discussion of instrument operation

The Clipperton probe only operates in the
field once it has received the initialization in-
structions. By means of the external computer

Žthe operator sets the clock of the device year–
.month–day–hour–minute–second . The dura-

Žtion of each measurement choice of 1 min, 10
.min, 20 min, 1 h, 2 h, 24 h, and 48 h and

sub-counting periods of time must be selected
from 10, 20, 30 s and 1 min. Finally, the
threshold for data comparison must be chosen
as described before. After these parameters are
set, the Clipperton starts measuring and storing
data until it is accessed for data downloading.

When retrieving the data, each set of data
from each probe in the field is recorded with a
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label and the exact time of each measurement
interval that allows further identification of the
time and location of the measurement.

Data can be stored on disk as ASCII files and
further treated by data base and spread sheets
such as QuattroPro, Lotus 1-2-3, and Excel.

3.1. SensitiÕity

The Clipperton probe has been evaluated us-
ing Rn standard sources and chambers. Namely,
the probe has been tested and calibrated in the
radon chamber of the Italian Ente Nazionale per

Ž .le Energie Alternative ENEA and in our own
radon chamber against an Alphaguard radon
measuring instrument produced by the German
‘Genitron Instruments’. On average, the conver-
sion factor has been found to be: 0.007"10y4

count hy1rBq my3. However, each probe re-
ceives its conversion factor after individual test-
ing. The counting background in a Rn free
atmosphere varies between 0 and 2 count dayy1.
The acceptable radon activity levels for which
accurate counting rates can be measured range
from 102 to 106 Bq my3.

3.2. Radon–Thoron differentiation

Two natural radon isotopes can be found in
the environment in measurable quantities: 220Rn
and 222Rn. 220Rn is generally referred to as
Thoron, while the name radon is commonly
attributed to the 222 isotope. Thoron has a
half-life of 54 s and it is also an a-emitter. Its
activity in many soil gases is comparable to that
of radon, yet it does not provide as useful
geologic information as radon and, hence, can
be excluded from measurement without any loss
of useful information. Thoron can be eliminated
by taking advantage of the difference in half-
lives of the 220 and 222 isotopes. As they are
both isotopes of the same element, radon and
thoron have the same diffusion coefficient; if an
appropriate diffusion barrier is placed in their
path to the detector, radon will be able to pass
through without much loss, whereas thoron de-

cays away almost completely. The 30-cm long
bottom tube of the Clipperton is such a diffu-
sion barrier of air. It has been experimentally
demonstrated that it allows the near extinction
Ž .95% of thoron while radon concentration drops

Ž .only by 2% Seidel, 1982 .
Another way of reducing thoron activity in

the detection volume is to place a solid mem-
brane at the bottom of the tube. In that case, one
can also shorten the length of the tube so as to
lower the time lag it induces in the response of
the probe to a variation in radon concentration.
Several membranes have been tested and the
most convenient was found to be a pure latex

Žmembrane provided by the Prophyltex St-Yorre,
.France . It is placed at the bottom of the probe

by means of a small airtight plastic clamping
system.

3.3. Moisture effect

In Earth Science studies, the Clipperton
probes placed in the field find themselves al-
most always in vapour-saturated atmospheres.
Vapour itself is not harmful. However, if it
condenses to form droplets that sit on the sur-
face of the detector, they blind the detector
partly or totally and thus, condensation must be
avoided. Condensation occurs when the temper-
ature of the surface to be considered drops
below the dewpoint. One should consider two
different cases: Clipperton probes placed in the
ground and Clipperton probes placed in water.

In the first situation, the temperature of the
detector itself can drop at night due to the
lowering of the atmosphere temperature. The
probe must thus be insulated from the atmo-
sphere by an efficient thermal blanket. Accord-
ingly, the best way to use the probe is to sheath
it in a plastic pipe previously inserted in the
ground down to a depth of 1 m. The air space
above the probe should then be filled with fluffy
rockwool, glasswool or polyurethane sponge.
These three materials have been found equally
suitable. The top opening of the pipe is then
closed with a cap. When followed carefully, this
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procedure leads to good results and avoids un-
wanted condensation.

Another way to overcome the moisture prob-
lem is to use, for this purpose, the diffusion
membrane as an enclosure which then plays two
different roles. The effect of the latex mem-
brane, when placed on the standard tube, on the
response of the probe is shown in Fig. 4. At
first, two probes, A and B, were placed simulta-
neously in the same Rn atmosphere. Both have
the same sensitivity as demonstrated by curves
shown in Fig. 4i. Then probe A receives a latex
membrane covering its opening. Both are again
placed simultaneously in the same radon atmo-

sphere. Countings are recorded. It is seen that
the latex membrane introduces a change in the

Ž .efficiency of the instrument by 20% Fig. 4ii .
However, the diffusion membrane is not suit-

able for studies in volcanic areas as it is de-
stroyed by the chemically active gases of the
volcano. In addition, such membranes are frag-
ile. If they are accidentally punctured the
vapour-saturated air may enter the detection
volume which is then no longer protected.

The selection of one or the other of the
techniques depends on field and experimental
conditions and of the corresponding risk assess-
ment.

Ž .Fig. 4. Comparison of the efficiency of two probes used to assess the effect of a diffusion membrane. i Probes A and B are
Ž .simultaneously placed in a radon chamber. Radon is admitted at time 0 and pumped out at time 340. ii Probe B is open;

probe A opening is covered with the latex membrane. Radon rich air is admitted around the two probes at time 0.
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When the Clipperton probe is used in water
Ž .river, groundwater, lake, sea the solution is
very simple. It suffices to immerse the probe
down to a minimum depth of 1 m. Under this
condition, the thermal inertia of the water is
high enough to prevent any condensation at the
surface of the detector.

A real problem arises when it is impossible
to set the detector in the field according to one
of the previously described techniques. This
may occur for instance if the top soil is too thin,
or if the water is too shallow. The thermal
insulation of the probe must yet be achieved and
the solution depends on the ingenuity of the
operator. In most cases, building an appropriate
external insulating casing for the probe is suffi-
cient to minimize condensation.

3.4. Response to a Õariation of concentration

In many studies in the field of geoscience,
the absolute value of soil radon concentration is
not of prime importance but accurate measure-
ments of the relative variations are of primary
interest. In order to test the probe’s response to
variations in radon concentration, a probe was
placed in a chamber in which one can introduce

air with different radon concentrations. Before
entering the chamber, the radon-rich air is de-
prived of any radon daughters by means of air
filters.

In this experiment, the bottom diffusion tube
is removed; the chamber is evacuated down to
10y2 Torr; and the signal from the detector
chain is recorded continuously on an oscillo-
scope. Air-rich radon is admitted to the chamber
at time t, marked on the figure by an arrow
Ž .Fig. 5 . The counting starts to increase immedi-
ately without any measurable delay. The experi-
ment demonstrates that the device responds to
radon itself and not only to radon daughters as

Ž .claimed by Chambaudet et al. 1997 .

3.5. Radon daughters and plate-out

The decay of radon produces radon daugh-
ters, which unlike radon, are not gases but
solids. After disintegration of their parent atom,
the daughter atoms, which typically carry a
strong electrostatic charge, wander in the air
atmosphere in front of the detector where a
fraction of them can contribute to the recorded
a counts when they decay. However, most of
them deposit onto the surface of the detector

Fig. 5. Time response of the probe detector. A probe deprived of its RnrTn discriminating tube is placed in an evacuated
radon chamber into which radon is admitted at the time marked by an arrow.
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Fig. 6. Radon anomaly and seismicity recorded on the Piton de la Fournaise volcano: a magmatic intrusion occurred at the
time marked by the arrow.

itself and on the inner walls of the detection
volume in front of the detector. If the walls are
made of an electrical insulator, after a while, it
gets electrically but unevenly charged. There-
fore, the radon daughters are themselves un-
evenly distributed. High local concentrations of

radon daughters can occur and act as point
source for the detector. This plate-out effect
induces a measurement error which cannot be
assessed.

In the Clipperton probe, the electromagnetic
shielding provides a metallic cover of the inner

Ž .Fig. 7. Radon anomaly recorded before an earthquake: a Ms5.1 earthquake arrow was recorded 6 days before the event
on probes located nearby.
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part of the probe. In addition, it is grounded and
thus, the radon daughters deposited onto it are
evenly distributed.

In brief, the radon Clipperton probe is a
well-adapted field device. It has been used in a
variety of conditions. In Section 4, a few exam-
ples of field experiments are presented.

4. Field experiments using the Clipperton
probe

4.1. Volcanic actiÕity

A set of probes have been placed on the
Piton de la Fournaise volcano, on the island of
La Reunion, France. The continuous recording´
of radon measured in the ground at the Dolomieu
main crater and on the Bory crater some 500 m
away are shown in Fig. 6, together with the
seismicity. A magmatic intrusion occurred at
the time indicated by the arrow. One can note
that radon peaks were recorded simultaneously
at the two sites 36 h before the event. In this
case, continuous recording of radon concentra-
tion appears to provide a precursor signal to the
volcanic activity. Further discussion of the envi-
ronmental and geologic conditions occurring

during this episode is soon to be published
elsewhere.

4.2. Seismic actiÕity

A set of probes were set near Acapulco, State
of Guerrero, United States of Mexico. A Ms
5.1 earthquake occurred in October 1994. It was
preceded by a strong, spike-like anomaly of the
radon concentration some 6 days before the

Ž .event Fig. 7 .

4.3. Hydrology studies

Radon is a natural tracer that is found in
underground waters and has been applied to the
study of a karst aquifer at Lamalou, France. Fig.
8 shows a typical recording of the radon activity
in the spring water together with the piezome-
try. It can be seen that radon concentration in
the spring water increases after replenishment of
the aquifer by rainfall. The variation is observed
with a lag time of the order of a few hours
depending on the intensity of the rainfall; which
provides a way to assess the residence time of
the water in the aquifer. Further discussion of

Ž .this study is found in Monnin and Seidel 1992
Ž .and Pane et al. 1994 .

Fig. 8. Radon concentration variations in a spring and related piezometric level. Strong radon increases are associated with
piezometric rises associated with rainfalls.
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5. Conclusion

Radon studies performed in the field of Earth
Sciences have demonstrated the need for contin-
uous measurement in the field over rather large
periods of time. The Clipperton probe is an
instrument especially devised for continuous
radon measurements in underground air, as well
as in groundwaters. Its sensitivity allows mean-
ingful statistical countings in the 102 to 106 Bq
my3 activity range. Its conception allows field
measurements over several weeks. It is self-sup-
ported in terms of energy. Its associated soft-
ware allows real-time data processing and filter-
ing. The instrument has been used over seismic
areas, on volcanoes and in hydrogeology stud-
ies. Several years of field experiments lead to
the conclusion that this instrument is reliable for
the needs of Earth Science studies.
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l .  lntroductiorr

As ladon-222 is nou' r 'ccognizt:rl : is one of the grssible geochenrictrl traccrs ol thir
r,olr:auic lctivity (Seidel 11 1.1., 198t; Thonras, 11)f,l{)), rrkc canr out large rarion snne\,s
o\er rctive volcanocs, pli lciJrallf in North and Oentrit l Arnelica (Mexico and (losta

lt ical anrl on tlrr: lrrnch actir,e volclnoes (l,t Sorrl l ière dc la (iuadcloulxr anrl Lt: I ' i ton

(") I 'npcr Ir!s('nl.cd :i l  1,hc ' l , irrr '1h

Iùrme. October t-10, 1917.

lO Socieio l ro l  ono dl  F ls ic, r

Inlel ntt ioni l l  ( i rnf iucc on Ralc ( ias (:o(xi l lc l l l istrv"

il(i:J

Summary, -- ln-soi l  laclrn-222 moll i t in ing has bcrrn |ondur]terl  on active volcanocs.
in l)ârl icul lr  on the Alenal, Irazu anrl I 'oas volcânocs in ( loslr l l icr anrl  on the l) i ton
dc la Iroutlaist 'rolc:uno, l ,a l l t i rrnion islanrl- Autorrat ic elechl ir ic plobcs bul ir t l  i rr
soi l  r l  one meter'( lepth \fere Lrse(l  to studl ' th( i  sholt lnd lorg lofm l lu(t lrât ions o1
rar|rtr t i:lati:cl to thc cxt(,ll:ll l)âràrna't(ilis rnrli'o| reliLteil \\,ith the vrtciulic {ctivit\.
' l 'htcr: tarion sl. iLl ions iLrc in ol)eral ion on each ( lrsta Ricarr r,ok:ano i lnd l  ldwork 1)l
2l strt ions (\ \ . i th: i  tclotr 'âirslnjt to. l)  is op. 'r ' i r1,crl  on the lr i lon de la l . 'oul.n.r i" t ] .

l )r l .a olr laincrl  since 1!)!):J on ( losta l i ica volc: lnocs:tro l lcscl lrrr l  :rrrr l  radon
aDoÙral ir .s |rx,o|clcd bcl i)rc th. i  l )cccmberr 8, 1991 erul)t ioD of thc lr .azu \.olc: lr lo âlr.
i l iscrrsserl .  The l) i ton r i i ' la Fonluaisc lolc: lno is inacl i le sinre mi( l  199:. Wc could
intclrsiv{rh' sl .rrr l1 Lhc irr l lu|ncr, ol the exte)ral p: i l  âDlctd s on thc ladon bchavio| an<l
indivir luate the t) ' lx, of p(,tulbâtiors inducrr l  on shofl  te|nr meitsurements. Ono
scisÙir cr isis occuD a'( l  or Novcmlxrr:7. l !)96. Ra(lon âl lolnl l l ics àppoâr.ot rrosl.  ol
50' l i  ol '1hc slNtions:l{ i  holrrs l)el ir 'ar tho occurt(rtco ofth{r cr isis.

I 'A(rS 9l.10 Hvrlrolrg\ '  ancl glaciohgr' .
I 'A( S l) l .2i . l - i '  l r lcr lr l . ions betlveen extel iol  soulccs:in(l  intcr irn fropcrl i i 's.
I 'A(lS 01.;10.( lc ( lr) l t f i ' ]1 'nc( '  Irrxl tcdiIgs-
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de la l.'ou rnaisc volcanocs). Thc lirst airn of this study is to figure oul in r':u ious tqrcs of
\:olcanoes the basic relatioDshill between the \,ariation of the in-soil radon
concenlralions ân(l llu.\ars \\,ith thc x)lcanic activity. The âd\:itntàge ol the nc\\,opcratc(l
techniqnes lies upolr the fàct thàt real-lime an{l high-timc resolution plobes âr'e no\v
â\,ailtblc. Thc collecterl datrr have to be correlated lvith geoph.ysical anrl geochemical
data obtained b.y othet's gfoul)s \vorking on the volcanoes in the sâme limc. Thc
atmosphurical l)ârameters also hat e lo be monitored on thc samc ltlacet lirl determiling
their influence on in-soil l i( lon l)chavior and for disclirrinating anornalies rlLrc to
c\ogcnous iiLctols to those oliginating fi 'om enclogenous oncs.

2. - Technique

Sillcc 19{):1, \\1) sul)stitute the I'eal-tirne {letection tcchnitlLrc to thr: Solid State
Nnclear' 'I'r'acks f)etectors (SSNTD) tcchnirluc using labolatory-ma(le llrobes called
Clipperton ptobcs. This ckrctronic automàtic probe is bused on an a\rha sil icorr diode
dctcctor ussociatocl with electronic. data proccrssing and stolage units of lou,
consuml)tion (.1 alkalire battclir:s LR20). The detecting it leâ is 1 on:. Thc tl i :tcctol is

l)rotoctc(l lirim moistule effècts b), r]reiins o{ a watcq)roof ltolvmeric epoxy-la1,er
cleposiled al thc c(lgcs of it. The pulse processing electtonics inclurles integratecl

l)r 'e amplil ication itnd irnrpli l ication an(l disclimination sub-units. The recoldcrl
countings u|c sto|crl in a RAM mernolv.' l 'he meinory ci r sto|c up to i1250 data r.alue
and theil identitication labels. I'iot,h thc rr partickr sensor' ànd the above-tlescribcd
electronics âr'e instàllc(l in thc lxxly of the probe which is a cvlindcr lalrricatcrl lrom
carlxrnlilrcr lx)l-vestel conrposite having a diamctcr ol 5 cln and an overall lergth of
50 cm. A huniditv and rain proof cxtolnal box contains the ,1 batteties and is placcil at a
Iocation t:asil-v leached by the operatof. With such battelies, the probe cln l)e sâl'el),
operaterl in thc lickl 1br tll,o months.'l'he extelnal box lllou,s instructions to be given to
the der.ice anil the letlieval ol dlta anrl ollclating inlirlmation frorrr it. This lllug can bc
connected eithcl to a PSION Organizer l l  (of i ln), olher t.vpc of thc PSION selies)
palm computcr', or to a Pfl laptolt. I.irr the sensitivit.v, thc convelsion tactol hns lteen
firuncl to be: 0.007 r l0 r count h r/[ l i1 m 'i.

3. - I, ' ield experiments

:i1.Iru;:u. ultttrto ((losto l i lr:o). Since 1!)93 rve substitutc thc Oli l4rcrton probes to
the SSNl'D technique. ' l 'he Arcnal, Lazu unrl Poas volcanoes l,ele res1tect,ir,el.v
equipped uith )l prqlls5, gcno|ally krcltecl on stluctu|âl leiltr lres i ls f iru]ts o| coni:s oI
srnall cratuls alignments). 'l'he stirtions ale àct uall"l' ulrct attrl lty thr: stail of the
Volcanological and Seisrnological Obsr:rl.atoly of Costa l l icir lnd the (lati i  are rnonthly
n:trit:r't:tl.

Thc Irazu r,olcano is localizecl on the Clentlal Volcnrric (lorrl i l lcla of (losta Rica. Its
last elupti\.e c1.cle began ir 1962 and linishod in 1!)(i5. lt was chalricterizecl bv snrall
erulrt ions uith somc of Stromboli.rn type. Since Jànuàry 1991, thc scisrnic activit"v
inclcascrl with numelous seisnrs of tectonic origin, lhosc clliccntcrs aret mainlr.
conr:entlated on the Soulh-llast palt of tht: volcano. On L)ecember 9i3, r.e instullerl lhe
Olil4rcrton plibers on the volclro. Station I is locllcrl on tLn E W l).\Toclastic cones
itl ignrnent, stalion j l is localcrl on thr: N10 20W legional t ' lult l ,hich c osses tlre volcâno
and station 5 is locirted ol'er' llrt u,cstcrri lilT of thc r,olcuno, on a pyrnclastic cones
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l , ' ig. i .  Irazu (Oosta Rica); radon t irnc -*uics of suLtions 1, :J lû( l  5 irnd seismici l t  (ùrmber of
events,/( lal ' ) .  Thc l)hrràt ie cl 'ul l t ior is inr l i (aterl  b} ' the arro\\, .

alignrncnt uht:l: thc last lava lloli r,âs emitted. The lolcanu is also uluiplxrl u,ith
seleral seismicr sti i t ions an(l onc rnctcololrgical station. Hourlv râilon time series o[ lhcr
thlcc stations ue lelxlted in fig. 1 togethcr u,ith thc rccorrlcrl seismic rctivity
(nunrbel of seisms lret da.v) l i  orn Jamrar"v 9,1 to April 95. Duling this period, a phreatic
erttption occurlcrl on I)r.cr:mlxl t, 1!)9,1, indicated b1 an allou, on the {igure.

Statirins 1 and 3 raclon concent,râtion averagcs (2.11 r 0.I7 and 1.90 r 0.12 kl3q.rn'j,
tespectir,el.v) arc quitr: similar but much lol.el thân stâlion 5 à\'efage (1:1.59 1
0.i37 kl3q .rn'i.). ' l 'he ulaniunr conlcnt of thc soils, 1 ppm firl stations 1 ancl 5 and 2 pprn
lil station jl, clnnot explain the highel concenlralion ol slalion 5. Thc rlillcrruct: can lxr
attribut,ed to lhe structulal cnvilonmcnt of erach rnonitoled site. I,lven if stations I and
ji arc locatcrl on 1irults, theil radon behar,ior (f ig.2) âpl)eàrs to be principall l, inl lui:nccrl
by the plecipitations arcl the resulting pcmcability changcs of tho soil and indicates a
dil l i tsive gas flux conrlit ions (Baulrron, 1!)91-r). Station 5 is hcated on t.he main r.r 'est,ern
rift of the lr ' :rzu volclno. The ladon bchar,iol oi this sitc (l ig.2) rlocs not shorv any
cot ldalion r,r, ith lainialls. The luclon increase beginnilg on Nrtvernber'7 is correlated
r-ith the seistnic activity (scc ilg.2) rvhich plcculcs the phleatic eruption of December' 94.
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technique itntl ne colrclrtcrl in soil rarlon itnolnaliers u,ith thc volcanic activitrr in 198:1
ând l9ft5 (Scirkl d r/., 1!)t8). In lher l iarnc of ther European Volclnological Pro.jcct thc
opl)()rtunitr\, rvas given us to substitute the tenl-time rleasrlrcmcnt tcchnirlue to the
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rluiescence pl.iuse since 1!)!)2, ue u.ele irble to detelrnine the llâtur'àl variahilit-v of the
Rn-222 acti l i t.v (backglr-runr11 antl to chaluctcr-izc lhc inllucnce ol lhe external l i lctors
(iriurmetlic I)r'essui r.. atrnoslrhrlic tonU)eratule :rnd rainlàlls) with a pr'c(lominant
inl ' luence ol the lrfe(i l) itr l ions (l ' ig.; i). Flven i l lhe volcano remains in a quiet phase. ir
seismic crisis has occrulerd on Nor,e'rnbur' 2(i, 19!Xi and wls prcct:drrl b1,grsitir,u larlon
aroml l i cs  uh ich  appcared: : i6  hours  be lb rc  thc  c r is is  u r  rnore  lhan: i0% o l  lhe  s là t ions
(iig.,1). N"o l i i in wir I egisteleil duling the considelerl period ànd the ladon inclease
can bc inrluccrl l11, a rlecper gas l lorv l ir lccasting the serisrnic ct isis (Ricard r:1 r,,1..
1997) .

-[. - (bnclusion

Radon studir:s pcrlbnlirl in thc tic:ld of r,olcanic sulr,cillancc have rlononstruted
the need lirr cont.inuoLrs lneilsl lferrent. in t.he Iield over l i i ther lurge periocls of t ime.
In soil larlon tirni: sr:r ' ios ulitaincrl in zuncs of volcanic gtis citculation give usell l
inf'rirrnation conteniing the er,olutirin of volcanic :rctivity. Evern if in soil ladon
valialions ale irl lLrenced b1' exogerorrs l irctols, raclorr gas rnonitorinll achievecl irr
con\,cctiv(. z(ùros cân lxr consirlcrr.tl as a gtrichr.rnical lilcrunncr of r,olcanic rctivitl'.
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INTRODT]CTION

Thc study ol rtdon conccntt at ion variat ions in thc soi l
and in horc lrolcs providcs an ldt l i t ionrl  c()nlr ibution to thc
cva lùa l i on  o l  t hc  phys i ca l  cha rac l c | i s t i c s  o l  i r n  aqu i l c r
( l f r c l u ra l i on -  pc rn rcab i l i t y ,  po ros i t y ) ,  on  {hc  wa tc r  f l ow
proccsscs ancl possiblv on thc or- igin o[ thc groundwltcls
(^ndreN's and Wrxrds. 1972). In spi lc o1 i ls relal ivcly short
ha l l - l i l c  ( l . l l 2  d ) .  r ac l r n  and  t he  t i r nc  v i r r i a t i on  o f  i t s  wa tc r
conc! 'nlr i i l ion may al low to l lsscss thc trânsi l  l i rDc ol the
pc rco l l r t i ns  wa tc r s  o r i g i na t i ng  l l rm  thc  r l i n l a l l s  o r  l l r n r  t hc
wii ler l lows ncar by thc considcrcd i iclui ler (Hochn ancl Vrn
( ; un l c r r .  l 9 l l 9 )

Howcvc r .  t l r e  ob ta incd  da t l  l i r r  aqu i l c l s  o f  h i gh l y
lrlcluretl bcdlocks appear 1() bc hludly intcry)rclcd. As â m.ltlcr
o l  l ac l .  t hc  c ( )nccn t ra t i on  va r i ab i l i t y  i t s  a  l unc t i on  o l  l hc
sa r rp l r ng  s i l c s  r c l l c c t s  t hc  sco log i ca l  i n l r i cacv  o l  t hc  s tud i cd
area rrncl thc pctl l rplrvsic l) t | Iarnotcrs mult i l i )n| l i1v (] l6Rll  â!c
ftrgc conlcrl ,  '  Rlr ctnitnation r 'alc ol lhc bcclrock. l i t rctLrrc
s u r l a c c  r n  e l l e c l i v c  c o n l a c l  w i l h  t h c  i n t c t s t i l i i l l  l l u i d s :
' l l r lgcn:cn 

tt  a!. .  l r)()O)

A dccacle ago approxintrtcly. ouf rcscarch group has
attcnlptcd t() translcr i ls cxpctt isc in radon ntcitsurcmcnt in
s r t u  l r o rn  t hc  I i c l d  o l  ca r t hqu i t ke  end  vo l can i c  c rup l i on
prcdict ion 1(} lhî l  ol  l l lc stuclv r i l  aclui lcr lunctionning. l 'hc
s ludy  wûs  i n i t i l t ed  on  a  l i âc tu r cd  aqu i f c l  i n  a  g ran i t i c
cnvlr-onrncnt and wils lolLrwcd hy l t  u,ork on scver al aqui lcrs
i n  a  k l r s l i c  cnv i ronmcn l  w i l h i n  t hc  l i a t t t c  o l  a  Eu ropc ln
Union projcct (Monnin, 1998).  ̂  speci i t l  at lcnrion lras becn
paid to thc rr inlr l ls inf lucnce on rhc rackrn bclnviour in thc
g round l v  t c r  l i r r  t r y i ng  t o  i den t i l y  l hc  l t vd logeo lo la i ca l
phcnonrcna govcrning thc rccltarge ol lhc aclui lcr ' .  thc u,atcr
l lows and evcnlual ly the walcrshcd alca of thc studicci aclui l i r ' .
I ' rcl i rr inirry rcsults on a spcci l ic acluitcr (Lamalou. Hdrarr l{ .
F rancc )  was  pub l i shcd  $ i t h i n  l hc  I ' r ' r r nc  o f  t hc  so -ca l l c r l
COSI65  ac t i on  o l  t hc  Eu lopean  Con l l i s s i on  (Mor rn in  c t
a1.. 1994, [ 'anc. ]995: Panc û ul. .  1994). Approxinratclv ir l
t l l c  samc  t i n re .  qu i l c  i n t c res t i ng  r csu l t s  wc l c  ob lu i ncL l  i n
Switzcrl lnd, l lso on a kîrs1 sys(cm- (SLlrbeck irnd Eiscnloltr .
199 :1 :  E i scn loh r  and  Su rbcck ,  19951  o r  i n  I n t l i a  i n  a  g ran i r i c
t c l . a i n  (Rcd rJy  rnd  Sukh ia .  1996 ) .  S incc  t l r cn ,  scve ra l  pub l i
cutrons rvere lclci lsccl in the l i (craturc |cglrding prccisrlY thc
r() le ol rarkrn as a t lacel (n l ls an in(l ici t t()r ol thc r ' , l l tcr l low
(e.g. Cirrk {, l  rr1..  |  !)99i Hamadl. l (XlOI. Horvcr cr ' .  I  hesc wolks
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l l rc rn()s1ly lcl i l lc( l  to f i lctu|cd such as ir  gl iLni l ic lcrrain anr: l /
of nctascdinrcntl l rv rqrr i lcrs. In lhc ci lsc | lc\cntcd hcfc onc
tlcals rvi th l  karst ie aqui(cr. r \qrr i l i rs ol this lylc hlvc u vcry
( l i s l i ûc l  s l r uc lu r c  i r nc l  I i nc t i onn ing .  Con t i nuous  l cco rd ing  o l '
r l r don  da la  i n  t hc  s l cc i l i c  ac lu i l c l  o l  l - a rn i r l o t r  w i t s  c ( l n l i nucc l
r i n t l  i l  k ccps  go ing  on  hy  t hc  t i r nc  bc ing . ' f h i s  papc r  i n t cnds

1rt l  cport sclcctcd l indirgs gathe|ct l  r lur irg 1lt  i \  fer io(l  ol l i tùc.

FIXPIlI{ lNtEN'l  AL S l ' l 'E

Thc expcrinrcnl l l  si lc ol l -arlaluu (Hér'ault .  Francc) is

l()clr led on thc <citussc dc l  l lor '1us" pl i l letu, J0 krn nurth 0t '
N lon tpc l l i e r '  ( 13 "50  N .  03 "11 '  E ) .  l h i s  ka rs t  r qu i l c r  i s

corstr lulcd by r l lungian l inrcstoncs rvhich prc\cnl a very low

n (x )s ' l ) ,  (  1 .8%)  and  pc rn rcab i l i t y .  r \ c co rd ing l y  l hc i r  con t r i
bu l i on  t o  t hc  w r t c r  c i r cu la t i on  i s  ncg l i g i h l c  con rpa rcd  t o  t l t c
l iactuf i t l ion nctwork. ' l  hi \  l {)0 | ] l  lhick l i )ùnit l ion is isolatccl
fronr decpcr lqui lcrs by bcrr i i tsi i rn marls.

T rvo  ma in  s l r l c l ù r cs  J l r ov i t l c  l l r e  w l t c f  t r i t ns l ( ) 11
(Du r i l nd .  1992  ) :  r ù i c r  o l i s su rcd  b locks  u  i t h  I ow  pc r rncah i l i t y

bLrt hirrhly cirpacit ive on l l le onc hand, l tnd chunncls or Llr i ! i t ls
w  i t l r  a  h i g l r  pc r r r r c r rb i l i l y  bu1  f oo r l y  c l f ac i t i v c .  Thc  su rvcycd

arct bcl lrs ciglr l  unshcl lhcd borc turlcs, fûnting lronl -10 1()
l l0 nrctrcs dccp (mcasurct l  l i rrnr t l rc surfhce.).  I 'wo ol thesc
u,cl ls rcach thc muin clrair ol l l rc klrsl ic aqui ler, rvhi lc othcrs
â f c  l oc . l l cd  s i i l c r v r r ys  l n rn  t h i s  na in  d t t i n  o r  ch rnnc l . ' l ' h c
channcl is in thc l i rnn ol a gal lcly cnclccl by a cavc rvherc
sl i lgn!rnl walcr is plcscnt ancl rvhiclr consti tute â lcûr|()rtry
oul lcl  ol ( lrc aqui lcl  cluring thc largc l loorJs oi l l rc undcr
ground r ivcr throrigh tnc spring which is loca{crl  sor ervhlr l
lnrthcr down l l  orr thc cl lvc. () l ]  thc conlrary. t lur ins sunrrncr,
thr spring outlct shorvs only l  r ivulcl lkru,- u hich cvcn slops

corrplctcly during part icularlv t l ry suûùr.rs.

MIIASIIREN'IENTS

So l i r r  as  th is  papcr  i s  conccrncd,  : : lRn rncasurcn tcn ls
wclc continuously rccofdeil at thc spling lutd in thc F5 rvcll.
' l 'he-sc 

tncasurcrncnls wcrc carricd out usinll rn îutonril l ic
Cliprcrk)n radon prohc clcvised rnd hrri lt in our laboratory
a t  thc  [Jn i l c rs i l y  o l  Montpc l l i c r  (Nf t rnn in  anc l  So i t l c l ,  1998) .
' I  he  C l ippc l ton  probc  is  a  I i c ld  ins t runrcn t  i les igncd l r - r r
continuous long-tcrnr rldon nrclsur-crncnl. lt is bascd on l l-rc
t l c lcc l ion  o l  a lpha-par t i c lc  cmiss i ( rns  us ing  a  so l i r l  s ta lc
clcctronic scnsor. The probc is t lcsigned lirr thc sclcctivc
counling ol rrdon dcclvs rvilh rccordc(l cour)t vtlucs ovc'l
specil ictl t iurc intcrvals. l 'hc coun{in!ls rccor-dccl riuring a
spacc  o l  t imc wh ich  c rn  l rc  sc lcc ted  a t  w i l l  a r r ron ! :  I  .  10 .  10 .
60. 120. I ,1,1{) and 2ii l l{) nrn. iu c s(olctl on IIAM within thc
tlevjcc.' l lrc l iAfvl can slofc up to l l50 nrcasulcnrcnts anti
thc i f  idcn t i l i c l l i on  ln f rc ls .  Br i th  thc  a lphe p l r r ' l i c l c  scnsor  anc l
thc  RAM arc  i r rs t r l l c i l  in  i r  cy l in th i r : t r l  s { l t in lcss  s loc l  tubc
$ r l l r  i rn  ovc l l l l  l cns lh  ( ) l  50  cDr .  opcncd a t  L rnc  cnd in  o r r l c r '
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t o  a l l ou  Rn  to  en l c r  t hc  l ) r obc .  r n ( l  i r  d i i u r c l c l  o l  - 5  cm.  Wr ih

th i s  a l r r  gcn rcn l  l hc  f r obe  r csponds  $ i1h in  l 2  n tn  t ( r  i l n l ,
c l r ange  o l  t hc  Rn  conccn l f a t i on  occu l r i ng  a t  t l r c  l c \ c l  o {  i l s
opcncrl cnd. l 'hc Clippcrton frobc ir l low\ l l t ! '  rrcl \r lret lent

o l  n rdon  t c t i v i t y  l c vc l s  i n  I  r i t ngc  bc twccn  l {X )  Bc1  n t ' anc l
1000  k l l q  r r r ' .  pc rm i t t i ng  i Ln  r ccu r . l c y  o i  l ho l r t  17  5 t  l t s

scns i t i v i l ) '  i s :  I  coun t . h  L  =  t ) 0  l l q . r ) r  
'  l l r c  p robc  i s  opc la t cc l

on :1 I{20 I)C tra{lci ics l  he dîta cxtr lcl ion is cl i fr i ! ]d out ()r l

thc l icld wilh a lup lop r lnrlulcr. Drtu clr be st()rc( l  on ( l isk

as ASC]l l  I i lcs ancl l i r thcr lrcir lc( l  by r l l ta blsc lrnt l  spread
shcc t s  such  r s  l r r cc l .  Qu i r t l r oP ro  ( r f  Lo tus  l - 2  L

' l ' h c  
l a i n l l i l l  i n t c r r r i t y  r v l s  con l i nuous l l \ '  l l cusu rLd  hy

the 
'  rain gaugc" classical tcchnit luc.

RESULTS AND DISCUSSIoN

On Figulc I  ancl 2 ar-c displ i ivcd t lre trtkrn conccnlt i
t i on  va r i a t i ons  i l l  t he  F5  wc l l and  u1  t hc  s f f i n l l  t ( r l l c l hc f  $  i t h

l l lc rr inl i l l l  lccordcd on thc spot. Rn t lala ucrc recordecl cv
cly lurur ' .  Howcvcr. thcy ârc c\hibi le( l  î l icr ir  

"tnor 
ing uvcr,

l t gc  sn r ( ro l hc l i ng  o . , c r  6  hou rs  so  i 1s  l o  l o$ , c r  t hc  c l l c c t  o l
spurious vi l l - i i l { ions anrl lo l i rcus on gcnuinc und signi lrcl tnt
variat ions. The shorvn thta u,cre rccor t lcd l i i )m Januxt y I  !){)6
to l)ccerùhcr 1997.

Qua l i t a t i ve l y  spcak ing  onc  can  makc  t hc  l i ) l l ow iûg  r c
ûl irrks. l  hc Rn rcsponsc cur-vc ût lhc sl l in-q r)Lr1l! ' l  () l  lhc ir( lui
l c r  i \  l r os l l - ' '  l - l r i 1  ( no  f csponsc  1o  l r i n l i l l l )  r l u r i n t  t hc  pc r i o r i
r .r l  t i rr tc prcccdcci hy a krng pcl iocl ol drrught. or * ' l rcn t lrc
r l i rr lhl l  cpisoclcs arc scparatcd by rJly pcrioi ls w i th ntrrclr sun

sh inc  and  hcu l .  t hc  du r i i t i o r r  o l  such  ep i soL l cs  bc ing  o l  t hc
olclcr ol onc wcck al jci tsl .  l ' l r is can bc obscnccl in a *cl l
lnarkcd lùirnncr bclwccn mid-Ma)-� to Norcrrbcr 1996 ani l
I t trvccn rnicl-Fcbrualv and rnid Oclobcr I997. C)n thc con-
1fary. durin!r thc sirmc perirxls ol l intc. l l lc Rn rcsponsc cLlr\ ! ]s
rccor-dcd in thc \ lel l  trc qui lc irnprcssivc. Rainlnl ls u|c l i ' l -
IowcrJ hy a st! 'ef incrcase in thc Rn contcnt. rvi th a clclel

l houg l t  o l  scvc ra l  days  bc lwccn  t hc  bcg inn i rg  o l  i l r c  r i r i n l u l l
c vcn t  r nd  t hc  bcg inn ing  o f  t hc  Rn  i nc rcasc  i n  t hc  n ' c l l .  Scc

l irr insl irncc l l lc rcslonse durin: l  sumrrcr 1996 (^ugusl lo
Octobcr), during sprirg 1997 ( l \ ' lay rnrl  Junc) irnd clLuing
surùnrcr '  l t )97 (Augusl {o lnid C)ctobcr).-fhcsc lucls can bc

iD {c rp rc l cd  i n  t hc  l o l l ow ing  , , vay .  Rcga rd ing  t hc  ' u . l l '  r e

sponsc l i fst:  during sunrnrer ' .  thc ef ikt lsl  syslcl lr  is Void 0l
watcr. The rcry f irst r luanti ty oI wltcf lnLl an apprcciahlc

arnounl ol rvlrat l i r l lorvs is lbsort lei l  in t l rr 'soi lcovcr i tn( l  t l lc
"walcr 

dcnlrndin-_g planls ( intcnsc cvâlo trarspi| i t t ion al this
l inrc ol thc yc4r) rvhich irre grou' ing on i1. I t  is onl l  al icr ' lhc

si l lul ' i r t i ()n ol this uPpc| pitr l  ol  thc svslcrr is uchi.\c( l  lhal
ua t c r  can  t r avc l  l l r t hc r  ( i own .  l n  I hc  p roccss  i t  p i cks  up  t hc
rir( lon ând lakcs ir  downwlrd 1o t l tc l ln prohc lcvcl.  This

exp l i i i n s  r vhy .  on  l hc  M l \ ' - Junc  l 9 t ) 7  c l cn t  l i ) f  i ns l i r ncc .  i l

t akcs  , 110  hou l s  i o l -  t hc  Rn  co l r cc r r l r l t r on  l o  i r r c r c i l \ c  t l l c r
l hc  l i f s t  f i l i r ) l x l l c l en l .  u ' l r c r cas .  t r s  wc  s l l r l l s cc  I a t c ' r .  i t  t l r k cs
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only a lcrv hours t(r fcf l i )rm the srnre.journcy during thc

rr iny scason. Sincc the aquilcr is localcd al 30 rnctrcs hclow

thc suflrcc. this lcads l t t  an rvcl l l lc vert icûl inl i l tmtion vr:-

krcity ol 0.{)7 nr.h .  A sirni iar value is oblaincd l i rr  thc Rn

pcak  uh i c l r  s t a r t s  show ing  up  i n  Augus l  ! 997 .  Th i s  l i nd ing

is contftrdiclolv (o thr{ ol arl i l ical i lnd trxccr cxpcrimcnls
pc r l i r n r c r l  o l  t hc  s r l nc  spo t  un t l c r  s i n r i l a r  c l i n r l t i c  cond i

l ions ( lhkir lowicz. I  (195; ( ' l revit l ier. I  988.1 and u hich yieldccl

r i rcan vcl()ci tv ol - l  rrr.h '  .  l l  norv onc l i rcuscs on t l :c cur vc

o l  Rn  ve l i a t i on  a l t c l  i t  has  l cachc t l  i t s  mxx in rum onc  l i nds

l l l l r t  i t  dùcrci iscs cxi lùl l \  rs l l re r l ldioi lct i !c clecay l lw prc

Dec -  96

dicts (sce f igurc l) .  [n othci rvorls l l rc u,alcr does nol rrovc

sidcu,ays and lras nc) rcrson k) fci loh tho nrain drain. Accord-

ingly, no addil ional radon is introducci l  inlo lhe nl lr in walcr

I lou's ancl 1lr is cxpl i t ins rvhy, clurin-u t lrc ' l l rv scason, thc Rn

responsc i l l  the spring levcl is ni l .

l l - onc  no rv  l i ) cuscs  a l l c l t l i on  on  t hc  
' l i l i n y "  

sc i i sons .

\uch as thc pcriocl . l lnurrry to Malch 1996 and thu( l ionl

Novcmbc r  1 t l  Fcb ru l r y  1997  thc  l unc t i onn ing  i s  d i l l i r cn t .
' l 'hc 

sri i l lnd thc cpikarst arc satureti l .  lhcre is no r lclav antl
1 l ) c  r c \poDsc  a t  t he  ue l l  l c ve l  i s  r nuc l r  l l s l c r ' .  l l p i ca l l _ " -  o l  t hc
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t inte plovidcs Icr l ical vclocit ics ( lui te

comparablc 10 thât f i )und by Cihcval icr 119l ' j8): I  nr.h on
avcri igc. [Jul ûl(nc intcrcst ing is t l lc l i ict thal lhc decrcasc ol '
thc Rn c(rncontrr l ion jn thc wcl l  docs l tot l i ) l low. by f i tr .  t l tc
rai l iorcl ive ciccay curvc. I l  is rnuch l irstcr as cnn bc sccn in
FigLrlc 3 art l  this I i rr  al l  thc et.cl ts. In olhcr wor(ls. l l tc rvatcr
l ab l c  i s  r r r ov ing  i n  a  c l i r - ec l i on  rno rc  o r  l c ss  pc rpcnd i cu la r  t o
l l l i l l  o l  l hc  wc l l  ax i s . ' l ' h i s  wa tc r .  hc rLv i l y  concùn t r l l cd  i n  n l
don, wi l l  l l tus rcach thc main drain ancl 1lrr 'ovir lrs l i ) l  {hc ra-
doD  r c \ l ( )D \c  onc  ca |  ohsc rvc  l t t  t hc  sp r i l t g  ( ) l l { l c t .  I l cncc .
t l l c  \ i i l i l l t i ons  i l ]  r l l ( l on  c ( )nccn t r i L l i o  

 

obscncd  i t t  t ha  \ l ) r i r g
ou t l r t .  

' l  
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llccl ins the làct that thc $.Ller in thc drain is ir  lnixlrrfc ol-
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clrain. by a lactor ol 2 to: i  i tpproxitnit lcly-
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Abstract

This study reports a pronounced positive Gd anomaly in a small river and in the largest French Mediterranean
lagoon. Along the studied catchment, this anomaly is also present in the effluents of the municipal sewage treatment
plants, suggesting an anthropogenic origin for the Gd excess. The anomaly corresponds to a distinct increase of Gd
concentrations (up to 19 pmol/l) in the river and around 5.4 pmol/l in the lagoon. The excess flux of Gd is compatible

with the medical use of water soluble Gd complexes as contrasting agent in magnetic resonance imaging. r 2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction

In water, the rare earth element (REE) signature is
largely inherited from the rocks or sediments with which
water interacts. Hence, these elements may constitute a

useful tracer of water movement [1–3]. Occasionally,
their natural distribution is modified in relationship with
anthropogenic influences. It is especially true in densely

populated and industrialised regions; changes in REE
patterns of surface waters have been reported in
Germany [4] and Japan [5]. These changes, which
consist mainly in a pronounced positive Gd anomaly,

are particularly important in hospital effluents and have
been attributed to the use of Gd complexes such as
gadopentetic acid (Gd(DTPA)2�) in magnetic resonance

imaging (MRI) [4,6].
This study confirms the occurrence of a Gd anomaly

in a small Mediterranean catchment (Southern France),

suggesting that this anomaly is a common feature in the
highly populated regions.

2. Sampling and analysis

The study area is presented in the Fig. 1. In addition
to water from the Thau lagoon which is the largest

shellfish breeding area in Europe (oyster standing stock,
20,000 t), the samples were taken from the Vene river
upstream and downstream of the municipal sewage

treatment plant (STP) discharges. The effluents of four
major STP (Montbazin, Poussan, Pinet, Meze) have
been also analysed as well as Mediterranean sea water.
These STP (stabilisation ponds) receive the domestic

waste of 20,000 inhabitants.
Water samples were filtered through 0.22mm Milli-

pore PVDF membranes and acidified with HNO3
(Merck, Suprapur). REE concentrations were deter-
mined by ICP-MS (VG-Elemental, Fisons, PQ2+).
For the Vene river, the Thau lagoon and the seawater,

a preconcentration procedure was necessary. This
technique, similar to that reported by [7] allows major
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467-144774.
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ion removal, decreases the matrix effects and improves

the sensitivity.
The suspended material recovered on the filters of the

STP effluents consisting mainly of phytoplankton was

dissolved using HNO3 (Merck, Suprapur). This material
and the dissolved fraction of the effluents were analysed
without preconcentration.
Calibration of the ICP-MS was performed by

calibrating peak intensity acquired in peak jump mode
with standard solutions. 115In and 209Bi were used as
internal standards to correct for changes in peak

intensities due to instrumental drift.
The isobaric interferences due to oxide formation, have

been systematically corrected [8] and special care has been

taken to evaluate and to correct the interferences of
PrOH and CeOH on 157Gd. The relative error is less than
10%. The limit of detection (3 times the standard
deviation of the blank) is comprised between 0.5 (Lu)

and 0.8pmol/l (Nd). Owing to the concentration factor
(20–50), this limit of detection is largely convenient for
REE determination in the studied samples.

In seawater, our data display a smooth increase from
Pr to Lu without any apparent Gd anomaly (Fig. 2a).
The pattern is very similar to the data reported by

Greaves et al. [9] for the open Mediterranean Sea,
attesting to the reliability of the measurements presented
in this study.

3. Presentation of data

In the Vene river upstream of the STP discharges, the
shale-normalised REE patterns (Fig. 2b) show a nega-

tive Ce anomaly and a relative enrichment of heavy REE
over light REE. The patterns are characteristic of waters

draining carbonate rocks [10,11]. Downstream, the REE
concentrations are very close to the previous ones
(Fig. 2b) but the REE patterns change as indicated by

a decrease from La to Eu and a relative enrichment of
Gd. The enrichment of Gd is attested by a significant
shale-normalised (suffix SN) positive anomaly
(2.10oGdSN* o5.25). This anomaly is interpolated from
the shale-normalised neighbouring REE (Eu and Tb).

Fig. 1. Sample location and Gd anomalies in the lagoon.

Fig. 2. REE patterns normalised to North American shales

[18]. (a) Lagoon (full symbols) and seawater (open symbols). (b)

Vene river upstream the sewage effluent discharges from

Poussan and Montbazin (full symbols) and downstream (open

symbols). (c) Sewage effluents of the STP of Montbazin

(circles), Poussan (squares), Pinet (diamonds) and Meze

(triangles). Dissolved (o0.22mm) phase (full symbols), parti-
culate phase (open symbols).
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The Thau lagoon waters (Fig. 2a) present a negative
Ce anomaly and a relative enrichment of heavy REE,

with a trend sub-parallel to that of seawater. All
analyses display a positive Gd anomaly (Fig. 2a). These
anomalies are variable according to sample location in
the lagoon (Fig. 1), the highest values (>1.35) being

encountered in the eastern part of the lagoon which
is the most densely populated and where the main
continental input occurs.

In order to check the influence of STP, we have
analysed their effluents. The filtered effluents (Fig. 2c)
display a regular increase from light REE to heavy

REE interrupted by a pronounced Gd anomaly
(9.1oGd*o20.2). The particulate load pattern (Fig. 2c)
is convex with an intermediate REE enrichment
but shows a comparatively small Gd anomaly

(1.29oGd*o1.56).

4. Discussion

In natural waters, the stability constants of the main
REE complexes (carbonate and phosphate) are unable
to predict a positive Gd anomaly [12,13]. This is

corroborated by the numerous REE analyses in rivers
which do not reveal such an anomaly [14], even in
organic-rich rivers [15,16]. The natural occurrence of Gd

anomaly is small (o1.2) and limited to the deep oceanic
waters where they are attributed to the complexation of
REE with organic surface ligands such as polyamino-
carboxylic acid, mono and dicarboxylic acid [12].

Nowadays, a pronounced Gd anomaly is often encoun-
tered in the effluents of STP, in the rivers and coastal
zones of highly developed countries [4–6,17]. In the Vene

river, the Gd anomaly appears clearly downstream the
STP discharges. This constitutes evidence for its
anthropogenic origin. The anomaly is accompanied

neither by a general increase of REE concentrations
nor by a similar anomaly in the suspended load. This

observation indicates that the input concerns exclusively
Gd as a dissolved (o0.22mm) complex.
The Gd anomaly is generated by an increase of Gd

concentrations evaluated at 73 (Meze) to 570 pmol/l
(Montbazin) in the STP effluents, 8–19 pmol/l in the
Vene river and 5.4 pmol/l maximum in the Thau lagoon.

In the Vene river, the calculated increase of concentra-
tion is slightly lower than the average reported for
German rivers (19–70 pmol/l [6]). The quantity of Gd

administrated to a patient for MRI is 7mmol. To absorb
the same quantity it takes 280,000 yr for a consumer
drinking 3 l/day of Vene river water. Nowadays the

human health effects seems negligible.
The calculation (Table 1) indicates that the excess Gd

flux is of 170mmol/yr for the four measured STP
(19,278 inhabitants). Assuming an application of

7mmol of Gd per patient, this corresponds to 0.13%
of the population treated with Gd. Considering the
regional MRI capacity, this percentage is in the range of

that calculated at the regional scale (0.24%).
Finally this calculation suggests that the excess Gd is

compatible with the use of Gd chelates in MRI and

seems to be a common feature in highly developed
countries.
Further studies are needed for checking the conserva-

tive character of the Gd anomaly in water and for
evaluating its use as a tracer in hydrology.
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Abstract

Numerous chemical analyses undertaken during the last 4 a in the Niamey area of the Continental Terminal

groundwaters (SW Niger, Africa) reveal large seasonal variations and high NO3 content (up to 2.87 meq/l). The posi-
tive correlation between conductivity and depth to the water table indicates that the chemical change is associated with
the recharge. In the shallow wells, this highly mineralised recharge reflects the rain composition, variably concentrated

by evaporation processes. # 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

In SW Niger (Africa), groundwater constitutes the
main water resource and most hydrological studies have

been focused on recharge processes. Leduc et al. (1997)
and Desconnets et al. (1997) described the major role of
temporary pools and rivers in recharging the shallow
aquifer. During the last 40 a, a marked rise of the water

table level has been occurring. Between 1992 and 1999,
this rise was about 0.20 m/a and is attributed to
increased runoff and decreased evapotranspiration

(Leduc et al., 2001) in response to the extension of the
cultivated area and land-clearing. Because this shallow
aquifer is the only permanent source of drinking water,

it is important to know if these physical changes are
accompanied by variations of chemical composition.

This paper presents major ion chemistry of ground-

waters in a rural region near Niamey (Niger) where
seasonal fluctuations of water chemistry occur. The

research effort is to understand the chemical processes

causing these variations.

2. Study area

In the study area, located in the Niamey region, Niger
(Fig. 1), the Precambrian basement composed of exten-

sively weathered and kaolinised gneisses, schists and
granites, outcrops in the Niger Valley and lies at shallow
depths to the NW. The Precambrian basement is over-

lain by the Continental Terminal, a late Tertiary
sequence of sandstones, silty sandstones and siltstones
interbedded with lateritic layers. The Continental term-

inal forms a multilayer system that contains two con-
fined deep aquifers and one shallow aquifer (Le Gal La
Salle et al., 1995). The shallow aquifer, which con-

stitutes the subject of the present study has no hydraulic
connection to the two deeper aquifers (Leduc et al.,
1997) or to the Niger river.

The rainy season extends from June to September with

60% of the annual rainfall in July and August. The rainfall
is highly variable in time and space. In Niamey, the long-
term average precipitation is 565 mm/a with extreme
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values of 281mm in 1951 and 1161 mm in 1998. Potential
evaporation is about 2500 mm/a (Favreau, 2000).

Hydraulic gradients are generally low (less than 1%)
without any preferential direction of flow (Leduc et al.,

1997). The aquifer is recharged by infiltration through
the sandy beds of numerous temporary pools (Descon-
nets et al., 1997) fed by rainfall. Away from the pools,

the infiltration is limited at 3–5 m depth. The thickness
of the saturated zone ranges between 5 and 75 m.

3. Sampling and analysis

The location of the sampled wells is shown in Fig. 1.
Samples were taken manually with a bailer at 1 m below
the water level. It was impossible to pump all the wells
before sampling. However the measurements before and

after pumping in some of the studied wells do not show
major changes of conductivity (Table 1). Moreover, the
coherence of the data set presented in this study suggests

that the water is in a first approximation representative
of the aquifer.

Conductivity, pH and alkalinity, expressed as HCO3
�,

were measured in the field using, respectively, a WTW LF
340 conductimeter, a glass electrode and acid titration.

After filtration in the field with 0.4 mm cellulose mem-
branes and acidification (1 vol.% HNO3) for cations,
Ca2+, Mg2+, Na+, K+ and SO4

2� were determined by
ICP–AES (Vista, VARIAN). NO3

� and Cl� were mea-

sured by colorimetry, using a Technicon autoanalyser. The
precision of major element analysis was about 5%.

4. Chemical composition

Conductivity, pH, depth to the water table and major
element concentrations measured between 1996 and 2000
are reported in Table 2 and in a Piper diagram (Fig. 2).

Most waters are slightly acidic (5<pH<7) with a com-
position dominated by Ca2+, Na+, Cl� and NO3

�

(Fig. 2). Despite the abundance of Ca2+, MINEQL+
(Schecher and McAvoy, 1992) calculations show that the

waters are undersaturated with respect to calcite.
Large physical and chemical variations are reflected

in the range of conductivity (38–857 mS/cm) and total

cation charge (0.38<�+<7.58 meq/l). Individual ele-
ment concentrations also vary and several inter-element
correlations are apparent. The NO3

� concentrations

range between 0.04 and 2.87 meq/l. The highest con-
centrations were recorded at the beginning of the rainy
season with values sometimes higher than the World

Health Organization recommendations (0.81 meq/l).
When NO3

� concentrations are plotted against Cl� con-
centrations (Fig. 3), the data define a notable correlation
for each well, except for the samples with the highest Cl�.

On average, the NO3
�/Cl� ratios are close to the rain

ratio of the study area (Galy-Lacaux and Modi, 1998).
Na++K+ increase with Cl� for each well (Fig. 4).

Overall, Na++K+/Cl� ratios vary over a large range
(2–40). These ratios decrease with increasing of Cl�

concentration and tend to the halite value in the water

which has the highest Cl� content (Fig. 5).
Like alkalis, alkali earths behave differently according

to wells. In the Boktili, Koberi and Maourey wells,
Ca2++Mg2+ are correlated with HCO3

� (Fig. 6) and the

data fit to a straight line with a slope of 1. In the other wells,
a large scattering of Ca2++Mg2+ is apparent for a given
HCO3

� value and the location of the data above the

straight line reflects an excess of alkali earths relative to
HCO3

�. SO4
2� concentrations are overall quite low

(<0.48 meq/l) and display an erratic distribution with-

out correlation with the other chemical components.

5. Relation between conductivity and depth to the

water table

Conductivity and water levels have been monitored

simultaneously for 8 a in each well. The conductivity
data are by far more numerous than chemical analyses
and provide insight into chemical changes related to

Table 1

Conductivity of groundwaters (mS/cm) at the beginning (1) and

at the end (2) of pumping; volume in m3

Well Date 1 2 Duration Initial

volume

Pumped

volume

Kogorou 31/05/1999 146 164 48 h 00 14 900

Maourey KZ 19/05/1999 292 272 48 h 00 3 300

Fig. 1. Sketch map of the square degree of Niamey with loca-

tion of studied wells. BAK=Bani Kossey, BOK=Boktili,

FET=Fetobokki Peul, KOB=Koberi, KOG=Kogorou,

MKZ=Maourey Kouara Zeno. The curves indicate the water

level altitude.
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Table 2

Chemical analysis of groundwaters

Well Date Water

depth (m)

pH Conductivity

(mS/cm)

Cl�

(meq/l)

NO3
�

(meq/l)

SO4
2�

(meq/l)

HCO3
�

(meq/l)

Ca2+

(meq/l)

Mg2+

(meq/l)

K+

(meq/l)

Na+

(meq/l)

Bani Kossey 24/7/1996 �24.64 5.96 319 0.320 1.720 0.090 0.670 0.840 0.290 0.140 1.460

Bani Kossey 25/9/1996 �23.04 – 467 0.550 2.360 0.080 0.820 1.340 0.380 0.180 2.030

Bani Kossey 29/1/1997 �24.04 6.21 366 0.397 1.963 0.084 0.640 1.044 0.455 0.241 1.338

Bani Kossey 3/6/1997 �24.43 5.96 301 0.234 1.625 0.102 0.460 0.645 0.296 0.178 1.433

Bani Kossey 18/8/1997 �24.01 5.82 335 0.278 1.775 0.076 0.480 0.762 0.329 0.125 1.473

Bani Kossey 16/10/1997 �24.65 6.14 296 0.273 1.724 0.087 0.950 1.144 0.312 0.131 1.463

Bani Kossey 30/6/1999 �24.00 5.91 196 0.150 1.290 0.080 0.480 0.550 0.230 0.130 1.000

Bani Kossey 17/8/1999 �23.28 – 343 0.280 1.780 0.080 0.760 1.080 0.430 0.210 1.280

Bani Kossey 4/10/1999 �23.24 6.54 355 0.300 1.850 0.090 0.720 1.230 0.450 0.240 1.340

Bani Kossey 16/11/1999 �23.54 6.28 283 0.240 1.620 0.110 0.660 0.850 0.380 0.170 1.220

Bani Kossey 4/4/2000 �24.56 6.91 180 0.160 1.150 0.210 0.560 0.560 0.280 0.170 0.990

Bani Kossey 4/7/2000 �24.29 6.75 203 0.170 1.050 0.170 0.520 0.530 0.230 0.170 0.970

Bani Kossey 22/7/2000 �24.01 6.66 182 0.160 1.100 0.160 0.520 0.560 0.230 0.150 0.970

Boktili 26/8/1996 �26.30 5.33 113 0.050 0.350 0.040 0.630 0.430 0.040 0.030 0.480

Boktili 9/9/1996 �26.50 6.11 174 0.030 0.360 0.070 1.090 0.960 0.030 0.020 0.470

Boktili 14/10/1996 �26.63 – 131 0.040 0.310 0.050 0.880 0.640 0.030 0.030 0.450

Boktili 31/1/1997 �26.84 5.46 74 0.033 0.245 0.017 0.260 0.141 0.016 0.015 0.380

Boktili 21/8/1997 �26.74 6.13 106 0.040 0.311 0.036 0.510 0.382 0.043 0.019 0.445

Boktili 15/10/1997 �26.47 5.65 118 0.042 0.364 0.036 0.474 0.364 0.037 0.024 0.489

Boktili 30/9/1999 �26.10 6.13 65 0.040 0.360 0.030 1.400 1.140 0.050 0.020 0.470

Boktili 5/11/1999 �26.09 5.94 114 0.060 0.380 0.050 0.540 0.400 0.030 0.030 0.450

Boktili 3/4/2000 �26.14 6.71 59 0.010 0.330 0.070 0.200 0.080 0.010 0.010 0.390

Boktili 3/7/2000 �26.15 6.55 243 0.480 1.180 0.133 0.500 0.920 0.320 0.390 0.740

Boktili 25/7/2000 �26.13 6.77 85 0.030 0.240 0.090 0.700 0.410 0.040 0.050 0.410

Fetobokki Peul 24/7/1996 �10.94 5.54 247 0.370 1.300 0.040 0.400 0.720 0.260 0.190 0.840

Fetobokki Peul 6/6/1997 �11.65 5.76 204 0.364 1.020 0.035 0.300 0.559 0.236 0.161 0.793

Fetobokki Peul 18/7/1997 �10.83 5.87 168 0.470 1.158 0.108 0.460 0.695 0.268 0.494 0.919

Fetobokki Peul 20/8/1997 �9.34 6.91 650 1.384 2.379 0.398 1.310 1.622 0.716 1.394 1.878

Fetobokki Peul 8/9/1997 �9.60 6.63 467 0.733 2.456 0.127 0.690 1.436 0.563 0.595 1.452

Fetobokki Peul 29/9/1997 �10.04 6.00 380 0.526 2.170 0.061 0.550 1.295 0.513 0.289 1.222

Fetobokki Peul 15/10/1997 �9.65 6.04 389 0.526 2.245 0.052 0.410 1.264 0.529 0.282 1.126

Koberi 24/7/1996 �60.72 6.10 95 0.040 0.060 0.030 0.860 0.540 0.050 0.030 0.190

Koberi 10/9/1996 �60.68 6.76 161 0.030 0.180 0.060 1.100 0.980 0.050 0.070 0.200

Koberi 4/11/1996 �60.91 6.75 77 0.090 0.110 0.020 0.650 0.390 0.050 0.070 0.260

Koberi 6/6/1997 �60.72 6.18 82 0.042 0.102 0.026 0.540 0.317 0.041 0.035 0.209

Koberi 18/7/1997 �60.77 6.39 99 0.032 0.045 0.031 0.700 0.489 0.034 0.037 0.188

Koberi 23/7/1999 �59.92 – 271 0.090 0.150 0.030 1.820 1.380 0.150 0.190 0.210

Koberi 19/10/1999 �60.02 6.73 143 0.050 0.180 0.040 0.900 0.760 0.050 0.070 0.150

Koberi 15/11/1999 �60.05 6.53 68 0.040 0.060 0.030 0.700 0.520 0.040 0.050 0.170

Koberi 3/4/2000 �60.58 6.91 38 0.050 0.140 0.040 0.160 0.170 0.030 0.070 0.160

Koberi 22/7/2000 �60.05 6.94 88 0.060 0.040 0.070 0.860 0.660 0.050 0.070 0.210

Kogorou 24/7/1996 �16.91 5.96 144 0.180 0.580 0.040 0.580 0.640 0.190 0.040 0.320

Kogorou 5/11/1996 �15.93 – 212 0.550 0.620 0.080 0.710 0.930 0.240 0.150 0.620

Kogorou 30/1/1997 �16.89 6.00 136 0.221 0.609 0.046 0.300 0.619 0.198 0.044 0.312

Kogorou 6/6/1997 �17.27 5.82 151 0.230 0.544 0.027 0.380 0.629 0.207 0.036 0.332

Kogorou 15/10/1997 �15.88 6.04 183 0.266 0.439 0.072 0.550 0.882 0.223 0.133 0.352

Kogorou 31/5/1999 �16.00 7.12 146 0.200 0.700 0.085 0.280 0.700 0.220 0.100 0.320

Kogorou 2/6/1999 �16.03 6.62 164 0.270 0.880 0.070 0.100 0.620 0.318 0.060 0.410

Kogorou 22/7/1999 �15.84 – 236 0.280 0.700 0.030 0.660 0.930 0.310 0.080 0.410

Kogorou 15/9/1999 �14.48 6.31 396 0.640 1.670 0.080 1.160 2.320 0.600 0.110 0.650

Kogorou 18/10/1999 �13.93 6.73 578 0.810 2.010 0.100 1.780 2.810 0.800 0.180 0.830

Kogorou 3/4/2000 �15.84 6.88 200 0.250 1.080 0.070 0.360 1.090 0.370 0.060 0.410

Kogorou 26/6/2000 �16.25 6.95 279 0.350 1.290 0.080 0.620 1.460 0.490 0.080 0.510

Kogorou 27/7/2000 �14.99 6.77 314 0.600 1.960 0.100 0.660 2.050 0.670 0.090 0.620

Kogorou 27/7/2000 �14.99 6.28 273 0.400 1.960 0.070 0.260 1.560 0.718 0.060 0.540
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recharge. The conductivity displays a clear relation with
depth to the water table (Fig. 7). The deepest water
levels (�60 to �20 m) are accompanied by relatively low

conductivities with a limited range of variation (200–467
mS/cm). In the shallower wells (�20 to �10 m), high and
variable conductivity values (100–980 mS/cm) are recorded.

In the shallower wells, the increase of both conductivity
and water level are concomitant and occur during the
rainy season (Fig. 8), suggesting the recharge has higher

dissolved mineral content. As indicated by the data and
in agreement with previously published studies (Leduc
et al., 1997), the influence of recharge decreases with

Table 2 (continued)

Well Date Water

depth (m)

pH Conductivity

(mS/cm)

Cl�

(meq/l)

NO3
�

(meq/l)

SO4
2�

(meq/l)

HCO3
�

(meq/l)

Ca2+

(meq/l)

Mg2+

(meq/l)

K+

(meq/l)

Na+

(meq/l)

Maourey KZ 1/8/1997 �19.37 5.96 78 0.170 0.060 0.150 0.380 0.230 0.030 0.030 0.500

Maourey KZ 15/9/1998 �13.99 6.05 857 2.870 2.870 0.480 1.050 2.360 0.660 0.810 3.750

Maourey KZ 7/10/1998 �14.98 6.05 450 1.540 2.610 0.080 0.840 1.350 0.300 0.120 3.100

Maourey KZ 27/11/1998 �16.73 6.10 489 1.270 2.610 0.120 0.640 1.120 0.280 0.170 3.150

Maourey KZ 19/5/1999 �17.92 6.61 292 0.680 1.470 0.111 0.380 0.460 0.130 0.090 1.950

Maourey KZ 21/5/1999 �17.92 6.88 272 0.650 1.440 0.100 0.140 0.240 0.110 0.050 1.880

Maourey KZ 4/6/1999 �18.04 6.67 264 0.610 1.330 0.100 0.220 0.320 0.110 0.070 1.840

Maourey KZ 22/7/1999 �18.10 – 320 0.480 1.310 0.070 0.440 0.430 0.110 0.070 1.660

Maourey KZ 31/8/1999 �18.04 6.45 275 0.560 1.250 0.080 0.620 0.520 0.110 0.070 1.620

Maourey KZ 16/11/1999 �18.10 6.17 256 0.460 1.170 0.080 0.500 0.430 0.110 0.080 1.550

Maourey KZ 24/2/2000 �18.70 6.68 235 0.500 1.000 0.100 0.220 0.250 0.090 0.070 1.530

Maourey KZ 18/7/2000 �18.34 6.61 171 0.350 0.690 0.116 0.300 0.300 0.060 0.050 1.170

Maourey KZ 22/7/2000 �18.28 6.63 158 0.340 0.690 0.110 0.380 0.340 0.070 0.050 1.160

Fig. 2. Piper diagram showing the chemical composition of the analysed groundwaters in the study area during the 1996–2000 period.
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depth but also with increasing distance from the infil-
tration zones.

6. Interpretation

The relationship between alkalis or alkali earths with

Cl� or HCO3
� can be used to decipher their origins.

Considering alkali distribution, the plot Na++K+ vs
Cl� (Fig. 5) suggests a mixing process involving two

end-members. The first one is enriched in Cl� and
according to wells has a Na++K+/Cl� ratio close to
the rain (1.67) or halite (1) ratio. This end-member is
also enriched in NO3

�, which is correlated with Cl�. As

NaCl forms as pools dry, subsequent wetting during the
rainy season can dissolve it (Smith and Drever, 1976)
and NO3

� salts may act the same way as they are highly

soluble. In these wells, the excess of Ca2++Mg2+ rela-
tive to HCO3

� is also correlated with NO3
� (Fig. 9), again

suggesting a relation with NO3
�. This component dom-

inates in the shallow wells during the rainy season and
thus probably reflects a surface contribution.

The second end-member is depleted in Cl� and dis-

plays high Na++K+/Cl� ratios. In addition, the sum
Ca2++Mg2+ is balanced by HCO3

� indicating congruent

Fig. 3. NO3
� (in meq/l) vs Cl� (in meq/l) in groundwaters and

total N (NH4
++NO3

�)/Cl� ratio in rain. Rain data are from

Galy-Lacaux and Modi (1998).

Fig. 4. Relationship between Na++K+ (in meq/l) vs Cl� (in

meq/l) in groundwaters sampled during the 1996–2000 period.

Fig. 5. Na++K+/Cl� (in meq/l) vs Cl� (in meq/l) plot in

groundwaters during the 1996–2000 period.

Fig. 6. Ca2+ +Mg2+ (in meq/l) vs HCO3
� (in meq/l) plot for

groundwaters sampled during the 1996–2000 period.
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dissolution of calcite. These waters, which are diluted,
reflect the lithological context of the study area, char-
acterised by an old and highly weathered crust, soluble
minerals containing alkalis and alkali earths remaining

relatively rare. It corresponds to the water in the aquifer
unaffected by current recharge conditions. According to
Favreau (2000), the minimum age of this water calcu-

lated using 14C ranges between 1 and 2.5 ka.
During the recharge, the atmospheric fallout is prob-

ably the most important source for alkalis and alkali

earths. These elements show an increase of concentra-
tion, specially marked in shallow wells. In the Sahelian
zone, numerous studies (Drees et al., 1993; Orange et
al., 1993; Bleich et al., 1994; Galy-Lacaux and Modi,

1998) have reported the presence of Saharan dust con-
taining Ca, Mg, Na and K-rich compounds. This dust is
deposited mainly during the Harmattan wind episodes

frequent at the beginning of the rainy season (Ntchayi
Mbourou et al., 1997) and may contribute to the Ca
loading of the surface waters. In addition, the rain

evaporates before reaching the aquifer and ultimately
may produce an evaporated salt deposit. Dissolution of
such salts influences the chemistry of the Kogorou well,

as indicated by the Na++K+/Cl� ratios close to 1.
Surprisingly, since the concentration of NO3

� in the
aquifer is relatively high (up to 2.87 meq/l) in the
absence of chemical fertilisers different origins must be

considered. Girard and Hillaire-Marcel (1997) have
attributed the elevated NO3 concentrations in the Niamey
aquifer to latrines and deforestation. Although this

Fig. 7. Relationship between conductivity and depth to the water-table in the studied wells. Abbreviations as in Fig. 1.

Fig. 8. Variations of conductivity and water-table depth mea-

sured during the years 1992–2000 in two selected wells.
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hypothesis may also apply to the present data, the simi-

larity between NO3
�/Cl� ratios in wells and rains (Fig. 2)

suggests that the atmospheric fallout contributes to the
ultimate source of NO3

� in wells. In the studied area, the
atmospheric deposition is noticeably enriched in N (Galy-

Lacaux and Modi, 1998), and its concentrations in wet
deposition (total N=25.2 meq/l) are comparable to that of
industrialised regions despite the absence of factories and

the sparse vehicle traffic. Galy-Lacaux and Modi (1998)
attribute these elevated concentrations to NH3 released
by domestic animal excreta, to household fire using wood

and to natural emissions from semi-arid savanna soils.
These Nn containing gases are scavenged by the desert
dust which is abundant in the atmosphere and deposited
with wet deposition (Galy-Lacaux and Modi, 1998).

7. Conclusion

This study has demonstrated that the chemical com-
position of groundwaters differs according to depth of

the water table. The shallower wells (>20 m) display gen-
erally higher conductivities and higher ion (Ca 2+, Mg 2+,
Na2+, Cl� and NO3

�) concentrations indicative of

the increasing influence of highly mineralised recharge.
For example, the conductivity of the Kogorov Well
(KOG) seems to be increasing along with the water-
table rise. This has implications for the long term use of

this aquifer.
Although direct inputs due to anthropogenic activity

cannot be excluded, the mineralisation of the groundwaters

and their high NO3
� content are mainly derived from the

atmosphere.
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aGéosciences Rennes, UMR 6118 CNRS-Univ. Rennes-1, Campus Beaulieu, Bât 15 Ave. Gal Leclerc, 35000 Rennes, France
bService Eau, BRGM, 1039 rue de Pinville, 34000 Montpellier, France

cHydrosciences, CNRS, MSE, 34000 Montpellier, France

Received 25 January 2002; accepted 3 June 2002

Abstract

Thermal fluids in the Balaruc-les-Bains peninsula, on the northeastern edge of the Thau lagoon (southern France), supply

the third largest spa in France. These thermal fluids interact with karst water in the Upper Jurassic aquifer composed of

limestone and dolomite, forming two massifs to the east and north of the lagoon. These calcareous formations extend under

the western end of the Thau lagoon. Geochemical and isotope analyses were carried out in 1996 and 1998 on the thermal

wells of the Balaruc-les-Bains peninsula to determine the origin of the thermal fluids and their interaction with subsurface

karst water.

The thermal fluids are a mixture of karst water and water of marine origin. 3H and NO3 concentrations show that the

proportion of present-day karst water in certain thermal wells is small ( < 5%), thus enabling us to define a ‘‘pure’’ thermal

end-member. The thermal end-member is itself a mixture of seawater and meteoric paleowater. Ca and Sr concentrations

indicate a lengthy interaction with the carbonate substratum of the deep reservoir. Sr isotope signatures are very homogeneous

and associated mainly with the dissolution of Jurassic carbonate, but also to evaporitic minerals. y13C contents indicate that

this dissolution is linked to deep inflow of CO2.
87Sr, trace element and rare earth element (REE) concentrations indicate that

there is also a component, with a systematically minor participation, whose origin is deeper than the Jurassic carbonate and

attributed to the Triassic and/or to the crystalline basement. 36Cl concentrations are extremely low, indicating a residence time

of around a hundred thousand years. The outflow temperature of the thermal fluids reaches 50 jC, and geothermometers

indicate a reservoir temperature of around 80–100 jC, locating this aquifer at a depth of between 2000 and 2500 m.

The geometry of the geological formations indicates a thrust plane associated with major basement faulting that separates

the two calcareous massifs and seems to control the rise of deep thermal fluids from the Jurassic carbonate reservoirs and the

participation of a deeper component from the basement and/or the Triassic.

The present study shows that seawater can infiltrate at great depths and reside for long periods of time compared to the

subsurface groundwater cycle. Compared to other highly saline fluids encountered in basement zones, these waters have a
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relatively well-preserved marine signature, probably due to the carbonate nature of the aquifer in which the fluids resided and

their short residence time.

D 2002 Elsevier Science B.V. All rights reserved.

Keywords: Saline thermal fluids; Residence time; Hydrochemistry; Geothermometers; Trace elements; REE; Stable, C, Sr and Cl isotopes

1. Introduction

The most active and well-known geothermal sys-

tems are associated with volcanic activity. They cor-

respond to convective circulation of recent meteoric

fluids, set in motion by a ‘thermal drive.’ Their

chemistry, for the most part, derives from interaction

at high temperature between meteoric water and rock

(e.g., White et al., 1973; Ellis, 1970; Arnorsson et al.,

1983; Berger and Bethke, 1985). Many lower-temper-

ature geothermal systems also exist in zones not

affected by current volcanic activity, such as the

Massif Central in France (Michard and Roekens,

1983) and near mountain ranges (Vuataz, 1983; Kri-

Fig. 1. Structural and geological setting of the study area.
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Fig. 2. Regional geology of the Thau lagoon: (a) northern and (b) southern cross sections.
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missa et al., 1995). In Europe, such thermal fluids are

tapped for their therapeutic properties, either for spas

or for bottling (Back et al., 1995). Although their

origin and the hydrogeological functioning of the

systems are still poorly understood, they do have a

deep origin in common.

The Balaruc-les-Bains spa, located at the northeast-

ern end of the Thau lagoon near the Mediterranean

coast in the Hérault Department, southern France (Fig.

1), is the third largest spa in France, attractingmore than

30000 curists a year. The thermal fluids are pumped on

the edge of a karst aquifer in Jurassic limestone, the

outlets of which are near the Balaruc peninsula (the

submarine Vise spring, and the Cauvy and Ambressac

springs). These thermal fluids have been known since

antiquity. The highly mineralized springs on the south-

ern edge of the Jurassic limestone have been described

by several authors (Bonnet and Paloc, 1969; Dubois,

1964; Drogue and Bidaux, 1986). However, temper-

atures recorded in shallow wells (100–150 m) rule out

the possibility of simple contamination of the coastal

karst system by seawater (saltwater wedge).

In order to better understand the functioning of the

thermal reservoir, a hydrochemical study was carried

out of the Balaruc-les-Bains thermal well fluids.

Based on this study of an exploited geothermal

system, the present paper provides information on

the origin of the chemical elements and the water,

the residence time in the aquifer and the nature of the

rock surrounding the reservoir.

2. Geological and hydrogeological framework

2.1. Structural context (Fig. 1)

The thermal resource is located at the point of

natural convergence of four different types of water:

Fig. 2 (continued).
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seawater in the lagoon, fresh surface water, karst

groundwater and thermal fluids. This convergence

arises due to the presence of a complex geological

structure.

2.1.1. Hercynian inheritance and Tethyan extension

NE–SW-trending faults, inherited from the Hercy-

nian range, had a controlling effect on part of the

subsequent evolution of the area: the Cevennes Fault

that marks the boundary of the Massif Central (Giot et

al., 1991), and the Nı̂mes Fault that is rooted in the

basement south of the Gardiole Massif where the

thermal spring merges. These two fault systems are

visible over several hundred kilometres and constitute

the basic elements of the regional geological structure.

In the centre of the Villeveyrac-Pézenas Basin, the

Palaeozoic basement is at a depth of more than 4500

m (Valensac well) whereas under the southwestern

end of the Thau lagoon, near the Balaruc peninsula,

the thrust has raised it nearer the surface (1582 m in

the Gardiole well). These two situations are repre-

sented by the cross sections in Fig. 2. Such dishar-

mony, is known as the ‘‘Sete transform’’ (Séranne et

al., 1995; Bénédicto et al., 1996; Séranne, 1999).

2.1.2. Pyrenean collision

The collision of the Iberian microplate towards the

Europe plate along a NWSE direction led to the

formation of the Pyrenees (Choukroune, 1976). Juras-

sic limestone forms the backbone of the study area. It

crops out as two karstified limestone massifs—the

Gardiole Massif and the Aumelas Causse—bound by

Fig. 3. Geological cross section of the Balaruc-les-Bains peninsula and location of the thermal wells (sampling points).

Table 1

General characteristics of the wells

Depth

(m)

Temperature

(jC)
Geological

formation

S12 40 34.6 Malm

F6 63 26.9 Malm

F5 490 33.3 Malm

F9 119 49.9 Malm

F8 407 36.2 Malm
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thrust structures associated with the N–S compression

(Arthaud and Séguret, 1981; Guennoc et al., 1994)

(Fig. 2). They are separated by the Montbazin-Gigean

rift in which Miocene formations more than 200 m

thick lie directly over the Jurassic limestone.

2.1.3. Opening of the Gulf of Lions

During the Oligocene and the end Tertiary, the

region records an essentially extensional phase that

led to the generalized opening of the Gulf of Lion and

the reactivation of compressive Pyrenean faults as

normal faults (Séranne et al., 1995; Bénédicto et al.,

1996; Séranne, 1999). Onshore, this extension is

characterized by the formation of intracontinental

basins such as that of the Hérault River and the filling

of the Montbazin-Gigean rift and the Villeveyrac-

Pézenas Basin.

2.2. Geological formations

The geological succession is made up of (1) a

metamorphic-basement-type substratum (Arthaud

and Séguret, 1981; Bénédicto et al., 1996); (2)

Triassic sandstone and evaporite formations (Tri-

assic and Rhaetian), 200 m thick on average; (3)

Jurassic limestone forming a succession several

hundred meters thick; (4) fluvial deposits of the

end Cretaceous in the Villeveyrac Basin; (5)

Tertiary molasse fill of the Montbazin-Gigean

Basin.

2.3. Hydrogeological characteristics of the aquifer

formations

The calcareous formations form two major aquifer

layers in the Middle and Late Jurassic. The aquifers

are highly karstified, notably the Late Jurassic one.

The thermal fluids, which originally flowed out

through an artesian spring of the Balaruc peninsula,

are now tapped from the Jurassic limestone within a

radius of several hundred meters around the ancient

spring. The wells are between 40 and 490 m deep

(Table 1), but the productive levels have been deter-

mined by well logs to be less than 150 m deep. The

Table 2

Major and trace element concentrations, Isotope ratios, 14C activities and tritium concentrations (1996)

Thermal Date Depth Physicochemistry Major elements (mg/l)

well (m)
pH Eh

(mV)

T

(jC)
O2 Cl SO4 Na K Ca Mg SiO2 HCO3 NO3

F6 31/07/96 63 6.7 123 26.9 5.9 759 116 402 15.2 138 60 9.1 333 3.8

F5 31/07/96 490 6.6 126 33.3 4.8 2493 354 1371 44.4 288 157 16.4 423 2.2

S12 31/07/96 40 6.5 29 34.6 2.0 3597 582 2094 70.4 449.5 227.5 22.4 519 8.3

F9 31/07/96 119 6.3 63 49.9 1.0 5744 807 3105 95.9 589 290 24.7 501 nd

F9 03/06/97 119 6.2 120 50.3 0.15 5757 853 3358 111.9 624 333 31 438 nd

F8 31/07/96 407 6.5 � 23 36.2 2 7044 1001 3883 116.3 684 457.5 17.2 526 nd

Thermal Trace elements (Ag/l) Isotopes

well
B Sr Br 18O

(xvs.

SMOW)

D

(xvs.

SMOW)

3H

(TU)

87Sr/86Sr 36Cl/Cl

(� 1015)

13C

(xvs.

SMOW)

14C

(% pmc)

F6 245 430 2100 � 6.2 � 36.4 8 0.708721 nm � 9.5 65.6

F5 464 1800 7900 � 5.7 � 32.2 6 0.708555 12.3F 4.18 � 7.8 37.2

S12 973 3000 12,200 � 5.1 � 30.2 3 0.708513 nm � 5 27.2

F9 727 4600 18,400 � 4.6 � 27.7 < 1 0.708496 3.3F 5.23 � 2.8 6.1

F9 nm 4800 21,800 � 4.9 � 24.1 nm nm nm nm nm

F8 834 4600 22,400 � 3.8 � 22.6 2 0.708577 2.0F 4.65 � 3.7 7.7

nd: < 0.1 mg/l.

nm: not measured.
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Table 3

(a) Major and trace-element concentrations (1998 campaign)

Waters Physicochemistry Major elements (mg/l)

T (jC) pH Cl SO4 HCO3 Na Ca Mg K

Thermal

F6 a 26.4 7.05 496 73 359 282 124 52.5 4

F6 b 27.4 6.78 1278 188 403 677 189 83.5 21.5

S 12 45.6 6.21 5715 851 578 3173 570 258 88

F9 a 45.8 6.11 5893 769 586 3385 595 300 93

F9 b 50.7 6.15 5893 794 571 3348 589 282 90

F8 36.9 6.29 8165 1108 560 4582 650 549.5 116

Karst

FJ 16.8 7.18 23 22 359 10.6 120 12 3

Lagoon

E3 12.7 8.1 20,986 – 161 12,785 312 886 n.d.

E2 9.5 8.1 21,700 3197 146 13,200 388 1051 n.d.

E1 9.6 8.3 21,900 2825 135 13,023 390 1205 n.d.

Waters Trace elements (Ag/l)

Li B Mn Rb Sr Mo Cs Ba U

Thermal

F6 a 12.2 98.5 0.1 3.2 409 1.5 0.21 10.6 0.76

F6 b 32 192.8 0.2 7.1 888 1.8 0.46 22 0.95

S 12 143 753 30 43.3 4372 5.5 4.79 76.8 1.78

F9 a 142.6 748.6 52 45.2 4216 4.8 4.49 76 1.91

F9 b 145.4 785.3 34 45.4 4226 5.1 4.77 76.6 1.79

F8 163.2 1086.8 112 50.6 4663 6.0 2.83 59.4 2.33

Karst

FJ 1.3 21.5 0.2 0.5 100 0.2 0.01 9.8 0.44

Lagoon

E3 178.1 3806 9.3 121 7981 20.6 0.37 12.9 4.02

E2 189.3 3552 8.9 136 7864 32.3 0.78 14.1 3.89

E1 197.5 3665 8.5 134 7866 29.1 0.57 13.6 3.77

Standard

SLRS-3 0.5 4.49 3.7 1.6 29 0.2 0.01 13.0 0.04

(b) Rare-earth element concentrations (1998 campaign) (ng/l)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Thermal

F6 a 76 19 7.8 34 6.6 1.9 11 1.7 123 3.4 9.8 1.5 8.7 1.7

F6 b 225 149 21 84 14 4.0 25 3.4 24 5.9 16.9 2.5 14.5 2.3

S 12 432 189 36 148 25 6.3 41 5.4 36 8.4 24.1 3.1 16.4 2.6

F9 a 433 234 40 168 28 7.7 50 6.8 44 10.3 27.3 3.3 17.4 2.6

F9 b 466 317 53 216 35.5 9.7 61 8.7 53 12.8 32.5 5.3 21.2 4.5

F8 74 36 9.6 58 28 8.0 37 5.6 35 6.7 24.1 4.6 25.3 3.9

(continued on next page)
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thermal inflows are located in the upper part of the

Jurassic (Fig. 3).

3. Sampling and analyses

Five thermal wells of the Balaruc-les-Bains spa

were sampled in 1996 (Table 1). pH, Eh, temperature,

conductivity, dissolved oxygen and alkalinity were

measured on site in raw water samples. O and H

isotope analyses were carried out on raw water sam-

ples. Samples for cation, trace element and Sr isotope

analysis were filtered through 0.45-Am millipore

membrane filters and acidified (with ultrapure HNO3

to pH 2). Major and trace elements, strontium, oxygen

and hydrogen isotopes were analysed in the BRGM

laboratory (Table 2). Anions were determined by ion

chromatography, cations and trace elements by ICP-

MS, isotopes (2H,18O, 87Sr) by mass spectrometry,

and 14C by accelerator mass spectrometry. The uncer-

tainties of measurement for major and trace elements

are 5% and 10%, respectively. The uncertainty of

measurement for water isotopes is 0.8xfor deute-

rium, 0.1xfor oxygen 18 and carbon 13, and F 1

TU for tritium. While the analyses were being carried

out, 28 determinations of the Sr standard NBS987

gave a value of 0.710239. 36Cl isotope analysis was

done in the Department of Physics and Astronomy of

Western Kentucky University by George Vourvopou-

los.

A sampling campaign for trace element and rare

earth element (REE) determination was undertaken in

1998. In addition to sampling in four thermal wells,

one sample of karst water and three samples of sea-

water from the Thau lagoon were collected in order to

compare trace element and REE contents. At each

sampling site, two samples were taken using acid-

washed polyethylene bottles—one for major element

and the other for trace element determination. pH,

temperature and alkalinity were measured on site. All

samples were filtered through 0.4-Am millipore mem-

brane filters and acidified with ultrapure HNO3 to pH

2 for cations and trace elements in a clean room on the

same day. Major elements were analysed with capil-

lary ion electrophoresis with an accuracy of more than

5% (Table 3a). Trace elements (Li, B, Mn, Rb, Sr, Mo,

Cs, Ba, and U) and REEs were analysed by ICP-MS

using a VG Elemental PQ2 Turbo Plus apparatus. A

preconcentration technique was used for REE deter-

minations. The method used for REE separation

(Shabani et al., 1992) enables the removal of almost

all major salt cations and anions. Internal standards

(indium-115 and bismuth-209) were added to each

sample for instrumental drift corrections. Blanks

composed of 18 MV deionized water and the acid

used in sample preparation were run with each set of

analyses to monitor the extent of any contamination.

The average blank signal was subtracted before cor-

rection for sample dilution. Detection limits are given

in Table 3b for REEs. The accuracy of the measure-

ment is between 3% and 5% for trace elements and

from 7% to 12% for REEs (depending on the con-

centration of the different REEs). The International

SLRS-3 trace element standard (National Research

Table 3 (continued )

(b) Rare-earth element concentrations (1998 campaign) (ng/l)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Karst

FJ 23 16 4.8 21 5.4 1.5 6.4 1.0 6.1 1.5 0.4 0.6 4.1 0.7

Lagoon

E3 91 32 7.3 20 8.9 1.5 4.7 0.9 6.6 2.8 8.8 1.3 7.3 1.3

E2 65 35 5.3 22 4.7 1.1 7.4 1.1 7.7 2.1 6.6 1.1 6.4 1.2

E1 71 16 2.8 12 3.3 0.9 4.8 0.7 4.5 1.2 4.1 0.6 3.3 0.6

Standard

SLRS-3 232 278 56 229 42 6.5 32 4.0 20 4.2 12.5 1.6 11 1.8

DL 2.2 0.3 0.5 2.3 0.7 0.2 1.3 0.2 0.6 0.3 0.8 0.1 0.4 0.1

a and b refer to duplication of sampling at the beginning and end of pumping.

DL= detection limit.
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Fig. 4. Correlation of Na, Br, Ca, Sr, SO4 and NO3 and Cl concentrations. Triangle: thermal well; square: karst water. The dotted grey line is the

dilution line of seawater and fresh water. The two end-members were defined using present-day seawater concentration values (Michard, 1989)

and the average value of the Balaruc karst water (Aquilina et al., 2002). In the Na–Cl diagram, the dashed line indicates the NaCl dissolution

line. It corresponds to a molar Na/Cl ratio = 1/1. The dashed black line is the correlation line obtained for the parameters measured in the thermal

well fluids.
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Council of Canada) was run for quality control

purposes (Table 3a).

4. Results

4.1. Major elements and isotopes

The thermal well fluids range in temperature from

26.9 to 49.9 jC and are slightly acidic (pH 6.2 to

7.05). Eh values and dissolved oxygen contents are

generally lower than those of the karst aquifers

through which the thermal fluids circulate (Table 2

and Aquilina et al., 2002). Conductivity values

(2630 to 21,300 AS/cm) and Cl contents (759 to

7044 mg/l) are much higher than those of the fluids

in the surrounding karst systems (17 to 317 mg/l).

The highest values were measured in wells F8 and

F9.

The analytical results of water sampled in the

thermal wells were compared with those of water

points in the karst system (springs and wells in the

Aumelas Causse and the Gardiole Massif) (Table 3

and Aquilina et al., 2002). Fig. 4 gives the correlation

between Na, Br, Sr, NO3 and SO4 concentrations and

the Cl concentrations for all the sampling points. A

good correlation is observed between Na, Br, Ca, SO4

and Cl concentrations. For Na, Br and SO4, the

correlation line obtained for the thermal well fluids

coincides with a mixing line defined for seawater and

karst meteoric water (Aquilina et al., 2002). However,

no correlation exists for NO3 and Cl in the thermal

wells, although the lowest NO3 concentrations are

measured in wells F8 and F9.

The isotopic analysis results of the waters in the

karst formations and the thermal fluids around the Thau

lagoon (Fig. 5) show that the former belong to the

domain of regionalmeteoricwater (yD=8� y18O + 14;

Ladouche et al., 1998), whereas the latter coincide

with the karst water–seawater mixing line (dashed

line). The lowest 14C activity was measured in the

water from wells F8 and F9, for which the highest

y13C values were also recorded.

4.2. Trace elements and REEs

Li, Rb, B, Sr, Mo and U contents in the thermal

fluids are intermediate between those of karst and

lagoon waters, whereas Cs, Mn and Ba contents tend

to be higher in most of the thermal fluids (Table 3).

REE contents also vary considerably, with the

lowest contents in karst and seawaters (Fig. 6). For

the thermal fluids, the highest contents are measured

in wells F9a and b and S12, and the lowest in F6a and

b. The patterns are relatively flat, similar to those for

chloride-rich groundwater in the Palo Duro Basin

(Gosselin et al., 1992), but are marked by a negative

Ce anomaly (Fig. 6a) characteristic of seawater and

indicative of the presence of relatively insoluble Ce4 +.

The patterns are almost parallel—their shape resem-

bles that of several phosphorites (Mc Arthur and

Walsh, 1985) and of some pore waters from reducing

nearshore marine sediments (Elderfield and Sholko-

vitz, 1987). The F6 and F8 samples are exceptions.

The patterns of the F6 sample resemble those of karst

groundwater, whereas the F8 sample (Fig. 6) differs

from the others by a relative decrease in light REEs

and its pattern is similar to that of deep seawater

(Greaves et al., 1991). For the lagoon waters, the REE

Fig. 5. Isotope composition (O–D) of the water samples. Black

triangle: thermal well; white square: karst water. The dashed line is

the seawater– fresh water dilution line. The two end-members were

defined using the SMOW value and the average value of the

Balaruc karst water (Aquilina et al., 2002). The solid line is Local

Meteoric Water Line (yD=8� y18O+ 14; Ladouche et al., 1998).
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patterns are similar to that of surface seawater but

their contents are 10 times greater. Phosphate is also

enriched (PO4 = 0.15 mg/l; B. Picot, personal commu-

nication) and, due to its high capacity in complexing

REEs (Lee and Byrne, 1992), this higher concentra-

tion may partly account for the enrichment of REEs in

the lagoon waters.

5. Discussion

5.1. Origin of the thermal well fluids

5.1.1. Conservative elements

The alignment of points for the thermal well fluids

in the Na, Br, SO4, Ca versus Cl diagrams (Fig. 4)

indicates that there is mixing between the deep

thermal reservoir water and the karst surface water.

This means that at least two circulation systems

exist—namely a shallow system (karst water) and a

deep system (thermal fluid)—as well as two distinct

hydrological processes, namely (1) convection linked

to a thermal gradient, causing hot fluids in the thermal

reservoir to rise and (2) gravity flow of karst water in

the upper part of the Jurassic.

The concordance between the thermal fluid regres-

sion line and the seawater–karst water mixing line for

several chemical elements and stable isotopes sug-

gests a marine origin for the thermal end-member. To

test the validity of this hypothesis, we compare the

calculated proportions of meteoric water (end-member

1) and seawater (end-member 2) using three different

tracers: isotope (2H, 18O) and chloride concentrations.

The percentages calculated using these three tracers

for a given well are similar, taking into account the

uncertainties of measurement (Table 4). This result,

obtained with independent tracers, confirms the

marine origin of the thermal fluids. In wells F8 and

F9, the proportion of seawater is around 30% and

40%, respectively.

Fig. 6. Shale-normalized REE patterns for the studied waters, Mediterranean seawater values (MNS= near surface, MD= deep), from Greaves et

al., 1991.
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This calculation does not account for the residence

time of the fluids in the system and assumes that the

parameter concentrations do not change with time (no

change in isotope ratios due to interaction with the

surrounding rock, no dissolution of NaCl). It does not,

therefore, enable us to determine whether the marine

end-member is ancient, diagenetically evolved or

present-day seawater. Likewise, it is not possible to

distinguish between present-day and ancient meteoric

water.

5.1.2. Nonconservative elements

The deep thermal fluids contain no NO3 or
3H due

to their long residence time in a reducing environment

(O2 content below the detection limit). In fact, the

overall decrease in these elements is negatively corre-

lated with an increase in salinity. This is associated

with the mixing process. The very low NO3 and 3H

concentrations in wells F8 and F9 show that the water

in these wells contains only a very small proportion of

present-day karst water. The 3H value—measured in

well F8 despite this well having much higher Cl

contents than F9—might be linked to an inflow of

present-day seawater from the lagoon in the upper

part of the Late Jurassic limestone where thermal-

karst mixing occurs. Although the high variability of

NO3 and
3H concentrations in the karst water prevents

us from precisely calculating the percentages of

present-day karst water in the samples, we can never-

theless obtain an estimated range. If we consider that

the NO3 values in the karst end-member vary between

1 and 20 mg/l (Table 3 and Aquilina et al., 2002),

wells F8 and F9 would contain, at the most, 0.5% to

10% karst water. Similarly, for 3H contents in the

karst water of between 8 and 13 TU (Aquilina et al.,

2002), the same wells would contain, at the most, 8%

to 13% karst water.

The difference between the results calculated for

the quantity of meteoric water in the thermal wells

Fig. 7. Diagram of mixing between marine, paleometeoric and

present-day meteoric (karst) end-members in the thermal fluids.

Table 4

Calculation of the percentage of seawater (X) in the thermal wells based on the chloride concentrations and isotope ratios of the fluids

End-members Computation with y18O Computation with y2H Computation with Cl

E-M 1 karst � 6.4F 0.4 � 38.3F 4 17.4F 5

E-M 2 seawater 0F 0.4 2F 0.8 19,600F 970

Sample y18O F 0.1 X y2H F 0.8 X Cl F 5% X

(% SW) F (%) (% SW) F (%) (% SW) F (%)

F6 � 6.2 3 8 � 36.4 5 12 759 4 0.4

F5 � 5.7 11 7 � 32.2 16 11 2493 13 1

S12 � 5.1 20 7 � 30.2 21 11 3597 18 2

F9 (1996) � 4.6 28 6 � 27.7 28 10 5744 30 3

F9 (1997) � 4.9 23 7 � 24.1 37 9 5757 30 3

F8 � 3.8 41 6 � 22.6 41 9 7044 36 4

Seawater: measurement inside and outside the Thau lagoon, which is largely open to the sea and has seawater-type composition.
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based on Cl concentrations and stable isotope com-

positions, and those for the percentage of karst

meteoric water based on NO3 and 3H concentrations

is due to the fact that in one case we consider the

percentages of seawater and meteoric water, regard-

less of any notion of age, whereas in the other, we

consider only the percentage of present-day meteoric

water. Indeed, a meteoric water having had a suffi-

ciently long residence time will have lost NO3 and
3H.

The conclusions of these mixing calculations (Fig.

7) are that well F9 is a thermal end-member containing

very little recent karst water, as confirmed by steady Cl

concentrations with time ( <F 5% variation, Bem-

Barek, personal communication). This thermal end-

member is made up of a mixture (mixture 1) of sea-

water (c 30% for F9) and meteoric water at least

several tens of years old (c 70%). When the thermal

fluids rise to the surface, they mix with present-day

karst water (mixture 2) (and possibly, for well F8, with

seawater infiltrating from the lagoon). The concentra-

tions of karst water decrease in the wells in the follow-

ing order: F6>F5>S12>F8 and F9. These two mixing

processes (1 and 2) indicate two different levels of

hydrogeological functioning in space and time.

5.2. Residence time of the thermal fluids and water–

rock interaction

5.2.1. Residence time

The 36Cl is produced by spallation and neutron

activation in the atmosphere. Surface water has 36Cl/

Cl ratios ranging from around 20� 10� 15 along the

coast to (200–600)� 10� 15 inland (Bentley et al.,

1986a). The 36Cl/Cl of seawater is very low. In order

to estimate the residence time of the thermal fluids, 36Cl

activity was measured, as well as tritium activity for

certain samples. When interpreting these data, the two

types of mixing described above were taken into

account. The 36Cl/Cl ratios were plotted as a function

of the inverse of chloride concentration (Fig. 8). The

three measured values fall on a mixing line, again

confirming the presence of a mixture of karst meteoric

water and ancient saline thermal fluids. Although we

Fig. 8. 36Cl activity as a function of the inverse of the chloride concentration. Mixture 2: between F9 and a meteoric end-member made up of (a)

Cl = 15 mg/l and 36Cl/Cl = 1500.10� 15, (b) Cl = 70 mg/l and 36Cl/Cl = 350.10� 15. Mixture 1: between seawater and a meteoric end-member

made up of (a) Cl = 15 mg/l and 36Cl/Cl = 2500.10� 15, (b) Cl = 70 mg/l and 36Cl/Cl = 600.10� 15. Mixture 3: between seawater and a meteoric

end-member made up of (a) Cl = 15 mg/l and 36Cl/Cl = 20.10� 15, (b) Cl = 70 mg/l and 36Cl/Cl = 60.10� 15.
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did not measure the 36Cl/Cl ratio in the Balaruc karst

water, it can be deduced from the observed correlation

between wells F8, F9 and F5 (mixture 2 in Fig. 8). Cl

concentrations in the water table aquifer vary between

70 mg/l near the coast (Gardiole Massif) and 15 mg/l

farther inland (Aumelas Causse). These concentrations

and the F8–F9–F5 mixing line suggest 36Cl/Cl ratios

of 600� 10� 15 to 2500� 10� 15. Since these values

are too high for present-day ratios, they can be inter-

preted as indicating the presence of a component

containing the bomb-pulse (i.e., recent water dating

back to 1950–1970) (Bentley et al., 1982). This

component is associated with samples collected in the

karst system at a depth of 150 m below sea level.

The composition of F8 and F9 well waters (i.e., the

‘‘pure’’ thermal component) have to be explained by a

mixture (paleomixture) of seawater and meteoric

water from before 1950, as indicated by the 3H

concentrations and the chemically stable and highly

evolved character of the thermal end-member. Using

the seawater end-member and karstic meteoric Cl

concentrations of 70 to 15 mg/l in order to bracket

the F9 composition (mixture 1 in Fig. 8) requires 36Cl/

Cl ratios of 350� 10� 15 to 1500� 10� 15, which is

clearly too high for prebomb meteoric waters. This

indicates that the initial 36Cl/Cl ratios (defined as

mixing between seawater and nonanthropogenic

meteroric karstic water: mixture 3 in Fig. 8) evolved

within a deep aquifer (36Cl ingrowth in Fig. 8). When

water is isolated from the atmosphere and resides in a

reservoir, its 36Cl concentration decreases due to

disintegration. This continues until the decay rate is

compensated for by neutron activation of 35Cl within

its geological host rock. This production is directly

related to the U and Th concentrations of the rock

(Feige et al., 1968). The 36Cl/Cl ratio thereby reaches

a so-called steady-state value. This value is high for

crystalline rocks (30� 0� 15 to 60� 0� 15, Bentley et

al., 1986a) and lower for sedimentary rocks such as

carbonate (around 11� 0� 1510� 15). In a deep envi-

ronment, the evolution with time of the 36Cl/Cl ratio is

given as:

36Rt ¼36Roexp
ð�ktÞ þ36Rse½1� expð�ktÞ�

where 36Rt is the
36Cl/Cl ratio at the sampling time; k

is the decay constant; 36Rse is the secular equilibrium

ratio.

These data have been used to determine the resi-

dence times of water confined in deep sedimentary

(Bentley et al.,1986b; Phillips et al., 1986) and crystal-

line (Andrews et al., 1986; Louvat et al., 1999; Aqui-

lina et al., 2000) formations. In our case, we estimated

the time necessary to raise the ratios of the seawater–

meteoric water mixture (of around 2� 10 � 17 to

5� 10� 16; mixture 3 in Fig. 8) to the values measured

in wells F8 and F9 (2� 10� 15 to 3.3� 10� 15) using a

steady-state value of 11�10� 15. The order of magni-

tude is 100000 to 150000 years. Although the steady-

state value is only an estimation, the calculation gives

an order of magnitude for fluid residence times in the

deep aquifer.

5.2.2. Water–rock interaction

The data for stable water isotopes and Cl concen-

trations clearly indicate a marine origin for these

elements. This is also true for Na. Sr and Ca are

enriched compared to seawater (Fig. 4) due to dissolu-

tion, for which two minerals could be responsible—

calcite and anhydrite. It is important to differentiate

between these two minerals because calcite is derived

from Jurassic carbonate whereas anhydrite comes from

Triassic formations. Anhydrite dissolution would also

affect SO4 concentrations. The relationship observed

between Cl and SO4 (r
2=.991) is not concordant with

the marine ratio and gives a value (at equal Cl) of

around 100 mg of SO4 more than seawater.

In order to remove this ambiguity, we used Sr

isotope ratios (Fig. 9). In the 87Sr/86Sr versus 1/Sr

diagram (Fig. 9a) we have represented the thermal

fluids and their two associated carbonate aquifers, as

well as a set of regional data from other studies of karst

systems (Plagnes, 1997; Pételet, 1998; Pételet et al.,

1999; Ladouche et al., 1999). We also added values

from a well in the Triassic sulphate formations (CaSO4

in the graphs). The thermal fluid data points are located

outside this system and are extremely well grouped,

plotting between seawater and the point representing

the evaporite domain. A similar situation can be seen in

a 87Sr/86Sr versus Ca/Sr diagram (not shown here),

although the thermal data points are less well grouped.

Nevertheless, in the 87Sr/86Sr versus SO4/Sr diagram

(Fig. 9b), the thermal data points are spread between

the limestone domain and the seawater end-member,

which indicates that all of the sulphate does not come

from the sea. Furthermore, in the last diagram (Fig. 9c),
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Fig. 9. Correlation between the 87Sr/86Sr ratio and the 1/Sr (a) and SO4/Sr (b) ratios. Correlation between the SO4/Ca and Mg/Ca ratios (c).

Triangle: thermal well; white square and diamond: karstic systems around the Thau basin.
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we have normalized the SO4 and Mg concentrations to

Ca concentrations in order to better differentiate the

seawater and evaporite end-members; a variation of

thermal fluids is observed that seems to spread

between the three domains.

It is therefore difficult to draw any clear conclusions.

While Sr concentrations seem to indicate the influence

of anhydrite dissolution, SO4, Ca and Mg data suggest

that this origin does not explain all the observed

chemistry. Carbon isotope analyses provide additional

information. The relationship between y13C and 14C

activity is linear (Fig. 10) and can again be principally

explained by the effect of mixing of thermal and karst

water, although isotopic exchange processes might also

influence the isotopic compositions of water. The karst

end-member is characterized by y13C from organic

matter (Mook, 1980) and a 14C activity near 100%,

these two elements being common to surface water.

Thermal fluids from wells F8 and F9 are characterized

by y13C of � 2.8xto � 3.7xand a 14C activity of

6.1% to 7.7%. 14C activity can be explained by con-

tamination from present-day karst water of around 6%,

this percentage being deduced from 3H and NO3

contents, which can be as high as 10% to 13%. We

cannot, therefore, determine whether the measured

activity values come from the mixture, thermal fluids

containing no 14C (residence time >40 kyr), or thermal

fluids that still contain residual 14C. 14C cannot, there-

fore, be used precisely as a chronometer. However,

y13C values indicate that the organic source of carbon

in the karst water is masked by a higher y13C source.

This signature confirms the effect of dissolution of

marine carbonate, the y13C of which is near zero, by

CO2 whose
13C should not be very different from the

measured values since the dissolution mainly occurs

mole to mole between CO2 and CaCO3. A deep CO2

component (mantle or deep crustal CO2 source) of this

type has already been described in the region (Grillot

and Schoeller, 1989; Barbecot et al., 1999). From a

geological and geochemical standpoint, it is difficult to

attribute the fluid reservoir to any formation other than

the Jurassic limestone, but the data do not exclude the

participation of water circulating through the Triassic

formations and/or the basement, or a phase of circu-

lation in this formation, before residing in the Jurassic

limestone.

5.2.3. Depth of the reservoir

To determine the depth of the thermal fluid reser-

voir, the temperature was calculated using various

geothermometers (Table 5). Calculations using silica

data give temperatures ranging from 40 to 86 jC. Four
of the temperatures calculated with this geothermom-

eter are similar to spring temperatures, indicating an

effect associated with the rise of fluids. Na/K geo-

thermometer (Arnorsson et al., 1983) indicates homo-

geneous aquifer temperatures ranging from 95 to 111

jC. Although Na/K temperatures are globally higher

than SiO2 temperatures, there is little difference

between the SiO2 value and Na/K values for well F9.

We can therefore estimate the reservoir temperature to

Fig. 10. Carbon isotope ratio versus the carbon 14 activity. Black

circle: thermal well; white square: karst water.

Table 5

Temperature of the thermal fluids calculated using geothermometers

Thermal Current Quartz Calcedony Na/K Na–K–

well temperature

(jC)
(1) (2) (3) (4) (5)

Ca(6)

S12 34.6 73 73 16 16 103 68

F6 26.9 41 40 � 13 � 13 111 � 5

F5 33.3 61 61 5 5 100 47

F9 (1996) 49.9 77 77 20 20 97 87

F9 (1997) 50.3 86 86 28 28 102 99

F8 36.2 63 63 7 7 95 102

(1) Mazor et al., 1980; (2) D’Amore and Panichi, 1987; (3) Fournier

and Rowe, 1966; (4) Michard, 1979; (5) Arnorsson et al., 1983; (6)

Kharaka and Mariner, 1989.
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be around 80–100 jC. The depth associated with this

temperature, determined using a regional geothermal

gradient of about 3 jC/100m, is 2000 to 2500m.While

its use is not recommended in sedimentary rock, the

Na/K/Ca geothermometer gives temperatures that are

very consistent with those of the Na/K geothermom-

eter. On the other hand, if we seek to apply a correction

with Mg defined for sedimentary rock (Kharaka and

Mariner, 1989), the values become nonsensical. The

geothermometers show that the water has reached a

state of equilibrium with the silicate minerals.

Given the point-specific character of the thermal

springs and their location in an area marked by major

tectonism, it seems logical to consider the role of faults

in the rise of deep thermal fluids. The Balaruc-les-

Bains area is the site of convergence between the

Nı̂mes Fault, well known and deeply rooted in the

basement, and the Sète transform, which is the expres-

sion of a large basement structure (Séranne, 1999; Fig.

1). This specific tectonic framework might well explain

the local hydrogeological and geothermal behaviour.

The Nı̂mes Fault, rooted in the basement, might also be

the origin of the presence of CO2 implied by the

dissolution of carbonate (Aquilina et al., 1998; Barbe-

cot et al., 1999).

5.3. Influence of deep geological formations

The y13C of CO2 deduced from the isotope compo-

sition of the thermal fluids indicates the presence of a

deep component. This is confirmed by trace element

analyses carried out during a second campaign in 1998.

The strong correlation between Cl and all the other

major ions suggests a mixing process involving two

components, one being the karst groundwater and the

other possibly a lagoon water that is more or less

identical to seawater. However, as mentioned above,

the Ca/Cl and HCO3/Cl ratios, higher than those of

Fig. 11. Li, B, Sr and Ba (Ag/l) versus chloride (mg/l) (1998 campaign), Black circle: thermal well; white square: karst water; cross: seawater

from the Thau lagoon.
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seawater, imply an additional water–rock interaction

process. This situation is further complicated by the

distribution of trace elements. Although they are corre-

lated with chloride, the ratios (Li/Cl, Sr/Cl, Ba/Cl, etc.)

are higher than those of seawater (Fig. 11). This

invalidates the hypothesis of simple binary mixing to

explain the trace element variations and implies a third

end-member. Because of the major elements, wells F8

and F9 are considered to be the most saline and there-

fore closest to the thermal end-member. Tritium meas-

urements, however, give higher values for well F8,

which is the most saline, and allow us to suspect the

presence of present-day seawater. The plotting of trace

elements versus Cl confirms this observation. Two

linear trends are observed on Fig. 11—one related to

the mixing of karst and F9 thermal fluids, the other

links the thermal end-member F9 to present-day sea-

water from the Thau lagoon and includes well F8. This

is also deduced from the REE comparison (Fig. 6). It

can be concluded, therefore, that (1) there is a strong

indication of water–rock interaction in the thermal

fluids of well F9 and (2) present-day seawater is present

in well F8. Although a contribution from the carbonate

phase cannot be completely ruled out, the origin of

elements such as Cs, Li, Ba is rather an indication of

interaction with silicates or evaporitic minerals.

Although Cl, Na and Br indicate a marine origin,

this marine origin cannot explain the chemical com-

position of the F9-type Balaruc fluids, which would

require further diagenetic reactions. In Balaruc, sev-

eral materials (basement rock, Triassic sandstone and

evaporite, Jurassic limestone) might have contributed

to the marine component. Trace element and REE

analyses of the karst water show that the amount of

Jurassic limestone dissolution required to explain the

Ca, Sr and y13C trends is insufficient to explain the

trace element enrichments and ratios. As for the

CO2, an additional deep component (basement or

Triassic rock) is required. However, since the major

elements and stable isotopes show a very clear

marine signature, Triassic evaporite dissolution can-

not entirely explain the origin of the salinity. The

contribution of Triassic and/or basement rock is

indicated by the trace and rare-earth elements, the

chemical equilibrium deduced from geothermometers

and, in part, by the 87Sr, but it remains a secondary

source compared to seawater and carbonate from the

Jurassic limestone.

5.4. Comparison with deep fluids

The comparison between the fluids studied here and

deep fluids studied in other systems (Grigsby et al.,

1983, 1989; Edmunds et al., 1985; Frape and Fritz,

1987; Nurmi et al., 1988; Nordstrom et al., 1989a,b;

Grimaud et al., 1990; Bottomley et al., 1990, 1994;

Pearson et al., 1991; Michard et al., 1996; Möller et al.,

1997; Aquilina et al., 1997b,c; Fritz, 1997) leads to the

following findings:

(1) The marine origin of the Balaruc-les-Bains

thermal fluids remains apparent, although trace ele-

ments and REEs enable us to distinguish between

present-day and diagenetically evolved ‘‘fossil’’ sea-

waters.

(2) Several elements, including SO4 and Na, seem

to have undergone little evolution, since they are still

well correlated with Cl. This is only true in a first

approach for Na, since geothermometers indicate

coherent values.

(3) The elements that have evolved most are Ca,

Mg and Sr. Their evolution is associated mainly with

the influence of carbonate minerals.

(4) The residence time of the Balaruc-les-Bains

thermal fluids seems to be very long (c 100000

years), but it is much shorter than that of some other

fluids in Canada (Bottomley et al., 1999), Switzerland

(Michard et al., 1996) or the Rhine Graben (Aquilina et

al., 2000) for which residence times of several tens to

several hundreds of millions of years have been

reported.

The Balaruc-les-Bains thermal system, while un-

doubtedly a deep system with a long residence time,

seems to be relatively young compared to other

study sites. The sedimentary carbonate environment

in which the water resided seems less favourable to

a chemical modification of fluids than the basal

silicate rock of other study sites. However, the

comparison is still of interest for it reveals that

seawater can infiltrate from the continental shelf

and that water can reside at great depth. Further-

more, the transfer of fluids from the deep continen-

tal margin has also been suggested in subduction

zones (Aquilina et al., 1997a). This study, therefore,

emphasises the possibility of fluid migration within

the continental crust, which several authors believe

could play a major role and participate in the fluid’s

evolution (Kelly et al., 1986; Cathles, 1990;

L. Aquilina et al. / Chemical Geology 192 (2002) 1–2118



Deming, 1994 Bottomley et al., 1999; Gleeson et

al., 2000).
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Abstract

In order to further document the relation between redox conditions and the sedimentary record of Mn, U and Mo in a

transitory anoxic water basin, their distribution has been studied along two profiles in the Thau lagoon (France). Sediments and

pore-water have been sampled at two contrasting sites located, respectively, in the shellfish-farming area and in the centre of the

lagoon. In the shellfish-farming area, the particulate organic carbon (POC) data indicate amore rapid organic matter mineralisation

compared to the centre of the lagoon. This results in a sharper redox gradient characterized by the appearance of H2S in pore-water

a few millimetres below the sediment–water interface. In the centre of the lagoon, H2S appears at a depth of 35 cm.

In both cores, sedimentary Mn is relatively depleted through out the whole sedimentary column and varies with the

proportion of clay minerals. After an initial release into solution at the sediment–water interface in relation to Mn-oxide

reductive dissolution, authigenic U is immobilized when sulphides appear. Despite the occurrence of anoxic conditions at the

sediment–water interface at the site influenced by shellfish farming, the burial of U is reduced by bioturbation, which raises

reducing sediments to the surface. In the centre of the lagoon, Mo profiles reflect continuous diffusion into pore water and

immobilization at 15 cm probably in anoxic microenvironments. At shellfish farms, dissolved Mo undergoes removal with

sulphides but contrary to U, sedimentary Mo does not appear to be strongly affected by bioturbation. The profile indicates an

increase in the frequency of anoxia crises during the second half of the 20th century.
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1. Introduction

The solubility of the redox sensitive elements (U,

Mo, Mn) varies as a function of redox potential. Above

the redox transition zone, Mn precipitates as MnOx

incorporating MoO4
2�, whereas U occurs as soluble

U(VI) carbonato-complexes. In anoxic conditions, not

only complexation of U and Mo by dissolved organic

matter has been reported (Albéric et al., 2000) but also

reduced U (U(IV)) that generally absorbs strongly onto

particles or forms UO2 (s) (Anderson, 1982; Anderson

et al., 1989; Barnes and Cochran, 1990; Barnes and

Cochran, 1993; Langmuir, 1978).

When reduced MnOx releases Mn2+ and MoO4
2�, it

leads to an increased concentration in the overlying

waters. The latter diffuses into sediment layers and

transforms into MoS4
� (Erickson and Helz, 2000). Mo

then forms Mo–Fe–S cuboRdal clusters on pyrite

followed by the reduction of Mo(VI) to stabilize this

structure (Vorlicek et al., 2004), possibly induced by

polysulphides or by direct precipitation as Mo-

sulphide depending on sulphide concentration (Zheng

et al., 2000).

Due to these properties, U and Mo are generally

enriched relative to crustal values in anoxic sediments

(e.g. Taylor and McLennan, 1985). Inversely, Mn is

enriched in oxic sediments (Froelich et al., 1979;

Thomson et al., 2001).

Their sedimentary record potentially reflects the

conditions prevailing in the water column at the time

of sediment deposition. Therefore, the three elements

can be used for reconstructing the redox conditions in

various depositional environments (Adelson et al.,

2001; Brown et al., 2000; Calvert and Pedersen, 1996;

Crusius et al., 1996; Lepland and Stevens, 1998;

Mangini et al., 2001; Morford and Emerson, 1999;

Thomson et al., 2001; Zheng et al., 2000; Nameroff et

al., 2002; Zheng et al., 2002).

The objective of this study was to improve our

knowledge of the relationship between Mn, Mo and U

and water column redox conditions in a coastal

system, which undergoes transient anoxic conditions.

The Thau lagoon, which suffers from anoxia during

summer due to intensive shellfish farming (Chapelle

et al., 2001; Souchu et al., 1998b) was selected for this

study. The distribution of Mn, U and Mo has been

studied in the sediments and pore-water. Although the

latter are not necessarily in equilibrium with sedi-
ments, their study is required for constraining the

ongoing biogeochemical processes. For the same

reason, the study has also involved the determination

of alkalinity,
P

H2S,
P

NH3, organic and inorganic

carbon, Fe, Mn and Th, in pore-water or sediment.
2. Study site

The Thau lagoon (75 km2, mean depth 4 m) is one

of the largest lagoons located along the French

Mediterranean coast (Fig. 1). Its drainage basin covers

around 280 km2.

This lagoon is fed by seawater mainly through the

Sete Canal (Fig. 1). In addition, it receives minor

quantities of freshwater through a submarine karstic

spring, sewage treatment plants (Ben Othman et al.,

1997; Elbaz-Poulichet et al., 2002) and the Vene river,

which has a highly variable seasonal discharge (0.2–

30 m3 s�1).

In the absence of treatment of domestic sewage

effluents, high quantities of phosphate were intro-

duced until 1975. Phosphorus release from sediment

is still active and nitrogen is the nutrient-limiting

primary production in the lagoon (Picot et al., 1990).

The lagoon suffers regularly from severe anoxia crises

with H2S emission in the atmosphere (Souchu et al.,

1998a). The resulting mollusc mortality severely

affects the economy around the lagoon which is also

one of the most important shellfish-breeding areas in

Europe with a density of 40 oysters m�2 (Souchu et

al., 1998a). The anoxia appears generally in July–

August along the coast or at the bottom of the

shellfish farming area (Fig. 1). Anoxia is primarily

driven by the important deposition of organic-rich

material caused by oyster farming and accentuated by

the high density of oyster tables which limits the

circulation of water (Chapelle et al., 2001). In

addition, anoxia is further fostered by high temper-

atures and absence of wind (Chapelle et al., 2001) and

thus possibly also related to climate oscillation

(Harzallah and Chapelle, 2002).
3. Sample collection and analytical methods

Sediment cores were carefully sampled by divers in

December 2001 (C4) and June 2002 (C5), at two



Fig. 1. Sketch map of the Thau lagoon showing the location of sampling stations.
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locations (Fig. 1). PVC tubes were used. The core C5

was taken nearby the shellfish tables where anoxia in

surface and subsurface water has been frequently

reported in summer (Souchu et al., 1998a). The core

C4 was drilled outside the shellfish production zone in

the centre of the lagoon.

The cores were sectioned every 1 (C4) or 2 cm

(C5). After freeze-drying and discarding of the shell

debris visible to the naked eye, the sediments were

ground in an agate mortar.

The particulate organic carbon (POC) and the total

inorganic carbon (TIC) were analysed according to

Etcheber et al. (1999). The total carbon content

(organic+inorganic) was determined in dry weight

sediment by combustion in a LECO CS 125 analyser.

In order to get the POC concentration, samples were

acidified with 2 N HCl to destroy the carbonates, then
dried to 60 8C to remove remaining inorganic C, acid

and water. The analyses were performed by direct

combustion in an induction furnace and the CO2

formed was determined quantitatively by infrared

absorption with a standard deviation of 2–4%. The

total inorganic carbon was calculated by subtraction

from the total carbon and the POC.
210Pb measurements were taken using a low

background noise X-ray spectrometer (Intertechnique

EGSP 2200-25) equipped with a semi-planar Germa-

nium detector coupled to a multichannel analyser.

Sedimentation rates were derived from the unsup-

ported 210Pb (210Pbexc) which was obtained from the

total 210Pb activity at 46.5 keV by subtracting the
226Ra activity, estimated from 214Pb (at 295.2 and

352.0 keV) and 214Bi activities (at 609.3 keV).

Measurements were carried out at least 2 months



Table 1

Analysis of the standards from the national research council Canada

Measured

valueF1 S.D.

Recommended

valueF1 S.D.

MESS-3 (n=7)

Mn 315F17 324F12

Mo 2.85F0.10 2.78F0.07

U 3.2F0.4 4

SLRS-4 (n=28)

Mn 58.4F2.7 61.3F3.3

Mo 2.08F0.21 2.19F0.21

U 0.20F0.01 0.21F0.01

MESS-3: river sediment (ppm); SLRS-4: river water (nmol L�1).

S.D.: standard deviation, n: number of replicates.
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after packing of samples, to allow the secular

equilibrium to be established between 226Ra and its

grandaughters 214Pb and 214Bi.

For metal analysis, the sediments were digested

under a laminar air-flow clean cabinet in sealed Teflon

beakers using successively a mixture of HNO3–H2O2

and HF (Merck Suprapur). Then, the solution was

evaporated to near dryness. The residue was dissolved

in HNO3 and diluted with Milli-Q water prior to ICP-

MS or ICP-AES analysis. Blanks were less than

0.01% of sample concentrations.

Pore-water was sampled in December 2001 and

January 2002 using the peeper technique (Carignan et

al., 1985; Hesslein, 1976). Dissolved compounds
Fig. 2. Excess 210Pb as a
diffuse from water through a porous membrane (0.2

Am porosity Nylon 6-6 membrane, Pall Biodyne A) to

7 or 20 mL compartments initially filled with

deionized and water deoxygenated by nitrogen bub-

bling. Depending on peeper design, the profile

resolution is 10 mm around the interface and 22 mm

deeper in the sediment, or 25 mm for all the profile.

Peeper deployments were carried out by divers; for

each site, at least three peepers were set at a distance

of some meters from each others.

Four weeks later (the minimum equilibration time

is 3 weeks), the peepers were retrieved and immedi-

ately introduced into a nitrogen filled polyethylene

(PE) bag to prevent oxidation. The water was quickly

sampled through the porous membrane with PE

syringes equipped with PP pipette tips.

Subsamples (500 AL) were pipetted into tubes

containing a formic acid and bromophenol blue

reagent in which the blue coloration is proportional

to the alkalinity, absorption was measured at 590 nm

(Podda and Michard, 1994; Sarazin et al., 1999). A

sample (200 AL) was pipetted into pre-acidified tubes

(HCl normapur, 10�2 mol L�1). BaCl and gelatin

were added in order to precipitate and maintain

sulphates in suspension. Absorption of the precipitate

was measured at 440 nm (Tabatabai, 1974). The

sample fraction for H2S analysis (200 AL) was

immediately transferred to a tube containing 3 mL

of a Ttrapr solution made of zinc chloride (1.5 10�2
function of depth.
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mol L�1) and gelatin (3 g L�1) in order to prevent

oxidation. Total hydrogen sulphide
P

H2S was

measured by the methylene blue method (Merck

SpectroquantR 14779) at 660 nm.P
NH4

+ and
P

PO4
3� analysis were carried out

using the Merck SpectroquantR 14752 and 14848

methods, respectively, after acidification with hydro-

chloric acid, degassing by nitrogen bubbling and

finally neutralization by sodium hydroxide.
Fig. 3. Sedimentary (full symbols) and pore-water (open symbols) profiles

line. Authigenic U and Mo (Uauth and Moauth) concentrations: dashed lines.

measured concentrations and the detrital background levels estimated fro

member Mo/Th ratio of 0.15 and U/Th of 0.26 (Taylor and McLennan, 1
ICP-AES (Optima 3000, Perkin-Elmer) was used

for analysis of Fe (digested sediments and pore-water)

and Mn (pore-water). The determination of Mn and Th

(digested sediments), Mo and U (digested sediments

and 100 times diluted pore-water) was performed by

ICP-MS (VG-PlasmaQuad-PQ2+). Concentrations

were established by calibrating peak intensity acquired

in peak jump mode with external standard solutions.
115In and 205Tl or 209Bi were used as internal standards
of TIC, POC, Mn, U and Mo. Water–sediment interface: horizontal

Uauth and Moauth have been calculated as the difference between the

m the Th concentrations in the sediment assuming a detrital end

985).



Table 2

Concentrations of Fe, particulate organic carbon (POC), total

inorganic carbon (TIC) and trace elements (TE) in the sediments

Depth

(cm)

Fe POC TIC Mn Mo Th U

C4

0–2 2.9 4.14 1.27 302 1.7 8.3 2.5

4–6 2.9 3.33 0.44 274 4.3 8.9 6.8

8–10 3.66 3.66 270 9.5 8.6 7.7

10–12 2.9 3.66 0.79 306 10.6 10.0 10.4

12–14 3.0 243 5.2 8.5 4.8

14–16 3.0 3.48 0.50 170 7.6 6.2 5.6

16–18 2.9 333 23.6 8.8 7.0

18–20 2.9 274 19.5 8.7 9.0

20–22 2.9 4.07 1.20 316 23.8 8.4 8.5

22–24 2.9 3.86 0.93 195 15.1 5.7 5.2

24–26 3.0 3.43 0.45 371 25.1 9.9 8.0

26–28 3.0 3.20 0.20 378 32.4 8.7 8.7

28–30 3.61 3.61 278 11.4 9.5

30–32 4.22 4.22 337 34.4 8.1 9.1

32–34 3.33 3.33 734 18.0 12.8 6.7

34–36 3.24 3.24 350 18.5 8.5 5.9

36–38 3.17 3.17 446 24.1 11.4 8.2

38–40 3.51 3.51 501 24.9 10.6 8.1

40–42 3.20 3.20 577 21.8 11.7 7.5

44–46 2.68 2.68 380 13.4 10.9 4.9

46–48 392 14.7 10.7 5.3

48–50 314 13.9 9.1 4.6

50–52 3.10 3.10 511 10.7 9.7 4.7

52–54 2.77 2.77 374 9.7 8.3 4.0

54–56 529 8.1 10.6 4.0

58–60 2.56 2.56 727 8.9 12.1 4.8

62–64 322 10.2 9.2 4.1

64–66 553 13.6 12.2 4.6

66–68 349 12.0 10.1 4.8

68–70 2.88 2.88 485 14.7 10.7 5.1

70–72 393 24.9 7.8 6.6

C5

0–1 2.5 6.1 2.5 236 9.1 5.8 3.7

1–2 2.6 5.9 2.5 225 9.4 5.6 4.1

3–4 170 11.7 4.7 4.0

4–5 2.7 5.2 2.8 249 15.0 6.0 4.8

5–6 2.7 5.5 2.2 270 13.1 6.1 4.8

6–7 2.8 5.1 2.7 277 12.9 6.3 4.4

7–8 275 12.9 6.7 5.1

8–9 2.6 4.8 3.0 286 11.2 5.3 4.3

9–10 2.6 5.2 2.4 281 12.0 6.0 4.5

10–11 2.7 3.5 3.9 328 11.3 6.8 4.9

11–12 2.7 4.1 3.2 312 8.8 6.7 4.5

12–13 2.6 3.8 3.5 303 8.3 6.8 4.2

13–14 2.4 4.7 2.4 293 7.0 6.5 4.6

14–15 226 8.8 5.7 4.9

15–16 2.3 3.5 4.2 319 7.7 6.7 5.9

17–18 2.1 2.7 5.3 381 8.2 6.5 5.8

Table 2 (continued)

Depth

(cm)

Fe POC TIC Mn Mo Th U

18–19 340 10.5 7.6 6.8

19–20 2.2 3.3 4.1 364 11.1 7.4 6.3

20–21 326 11.7 7.3 6.7

22–23 295 10.6 7.0 6.1

23–24 356 14.3 8.2 7.8

24–25 2.6 3.8 3.2 360 10.8 7.0 6.5

25–26 262 8.3 6.0 5.1

26–27 340 10.9 7.9 7.1

27–28 2.2 2.2 5.4 366 9.5 6.8 6.4

29–30 2.4 3.2 3.8 403 9.5 7.2 5.8

31–32 2.4 3.3 3.8 414 9.8 7.4 5.8

32–33 383 11.6 7.8 5.9

33–34 2.6 3.4 3.6 402 12.6 7.0 5.0

Concentrations are expressed as percents dry weight for Fe, POC

and TIC and as ppm dry weight for TE.
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to correct changes in peak intensities due to instru-

mental drift and matrix suppression.

The accuracy and the precision of methods has

been tested using the marine sediment MESS-3 and

undiluted river water SLRS-4 standards, certified by

the National Research Council, Canada. The generally

close correlation between our data and the certified

values (Table 1) indicates that isobaric interferences

are negligible for the studied elements including for
55Mn, for which the determination could be biased by

the formation of 15N40Ar in the plasma.
4. Results

4.1. Main sedimentary features

The sediments consist of a dark brown or green

mud containing numerous shell debris. Scanning

Electron Microscopy observations indicate the pres-

ence of framboRdal pyrite, throughout the whole

sequence in both cores.

Whereas unsupported 210Pb decreases regularly

with increasing depth in the core C4, it remains

constant over the first 10 cm in the core C5 (Fig. 2),

suggesting a mixing related to bioturbation (Duport et

al., submitted for publication). Below this level,

unsupported 210Pb decreases and the calculated

sedimentation rate is 0.16 cm year�1. In the core

C4, the sedimentation rate is 0.33 cm year�1 (Fig. 2).



F. Elbaz-Poulichet et al. / Marine Chemistry 95 (2005) 271–281 277
The corresponding burial fluxes may be evaluated to

0.12 and to 0.15 g cm�2 year�1 for the cores C5 and

C4, respectively, in agreement with the previous

values of Monna et al. (1997).

The main differences between the cores C4 and C5

are reflected by the distribution of POC, TIC as a

function of depth (Fig. 3). The two parameters remain

relatively constant in the core C4. In the core C5, POC

decreases with depth whereas the TIC increases. In the

core C4, Th displays an erratic distribution with higher

values compared to C5. This is in agreement with

previous studies, which also indicate a higher propor-

tion of clay minerals in the centre of the lagoon (Penna

and Picot, 1991; Guelorget et al., 1994). The core C5 is

characterized by a relatively small but regular increase

of Th as a function of depth (Table 2). In both cores, Mn

is positively correlated with Th (Fig. 4). In the core C5,

it is negatively correlated with POC (Fig. 4). In the core

C4, U and Mo are relatively depleted in surface

sediment compared to C5. Both elements display a

picky distribution characterized by maximum concen-

trations between 5 and 45 cm for U and between 17 and

41 cm forMo (Fig. 3). In the core C5, the U distribution

is characterized by relatively constant values down to

14.5 cm and a maximum at 20–25 cm. The Mo profile

(Fig. 3) is marked by the occurrence of two peaks, at a

depth of 5 and 24 cm, respectively.

4.2. Pore-water data

In both pore-water profiles, the maximum concen-

tration of dissolved Fe (Fig. 5) is close to the
Fig. 4. Mn vs. Th (a) at C4 (full squares) and
maximum oxygen penetration depth evaluated at less

than 1.5 mm in C5 and less than 3.5 mm in C4 in

winter conditions (Dedieu and Rabouille, personal

communication).
P

H2S build-up in pore-water (Fig.

5) indicates a very intense sulphate reduction at C5

site compared to C4 site. At C5 site,
P

H2S is

detected immediately below the sediment interface

and reaches 70 Amol L�1 at a depth of 2.5 cm. In the

site C4,
P

H2S appears only below 25 cm. The

appearance of alkalinity,
P

PO4
3� and

P
NH4

+ is

concomitant with that of
P

H2S (Fig. 5) and thus

occurs much deeper in C4 sediments.

Whereas in C4 pore-water, Mn behaves like Fe, in

C5 its depletion is complete even at the sediment–

water interface. Throughout the peeper C5, U is

depleted relative to the water column. On the contrary,

U is enriched in C4 pore-water between the surface

and 9.5 cm. Below this depth, it decreases progres-

sively, with values passing from 11.5 nmol L�1 at 9.5

cm to 7 nmol L�1 at 39 cm. In the same manner,

dissolved Mo depletion is more accentuated at the C5

station (Fig. 3), where Mo removal is completed in the

first centimetre. At station C4, removal is progressive

between the sediment–water interface and 16 cm

where Mo concentrations reach a plateau value close

to 20 nmol L�1.
5. Discussion

Redox conditions in the sediments are closely

related to the intensity of organic matter oxidation.
C5 (open circles) and POC (b) at C5.



Fig. 5. Pore-water alkalinity,
P

H2S,
P

NH4
+,

P
PO4

3� vs. depth at C4 (full symbols) and C5 (open symbols) stations.
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Fig. 6. Moauth vs. depth and date of deposition in the core C5.
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The reaction consumes POC and oxygen and releases

alkalinity,
P

NH4
+ and

P
PO4

3� (Redfield et al., 1963;

Stumm and Morgan, 1995). The sharper increase of

alkalinity,
P

NH4
+,

P
PO4

3� associated with the

decrease of POC with depth denotes a higher

mineralisation rate in the shellfish production area as

also suggested by Chapelle et al. (2001). Correla-

tively, the redox gradient is higher and sulphides

appear in detectable amounts in pore-water directly

under the sediment–water interface just below the

dissolved Fe production (due to reductive dissolution)

zone, identified by a Fe peak (Fig. 5). At C4, the Fe

production zone is also located just under the

sediment–water interface as in C5 pore-water, but

sulphides appear much deeper.

In the site C4, the MnOx/Mn2+ transition is located

just below the sediment–water interface as indicated

by the Mn2+ peak and is concomitant to that of Fe3+/

Fe2+. Pore-water Mo profile (Fig. 3) suggests the

diffusion of MoO4
2� from the water column into the

pore-water and a removal, which occurs before the

detection of H2S in pore-water. Indeed, the minimum

sulphide concentration required for Mo removal is

H2S=11 AM H2S (aq) as proposed by Erickson and

Helz (2000). Zheng et al. (2000) suggests a threshold

of 0.1 AM of belectroactiveQ sulphide. Both values are

below the detection limits of our analytical method.

The presence of sulphide is confirmed indirectly by

the occurrence of framboRdal pyrite throughout the

whole sedimentary column as frequently reported

before the detection of sulphide in pore-water of

organic-rich microenvironments (Bruchert, 1998;

Canfield et al., 1998; Francois, 1987; Urban et al.,

1999; Wakekam et al., 1995).

At site C4, U is released into solution at the

sediment–water interface probably in relation to the

reduction of Mn-oxides as also observed by Swar-

zenski et al. (1999) in the redox transition zone of the

Framvaren fjord or in relation to the reduction of

authigenic Fe(III) solids in the sediment of the Bay of

Biscay (Chaillou et al., 2002).

In sediments, Mn, U and Mo behave differently

also according to cores. In C4 sediments, Mn

remains nearly constant as a function of depth while

U and Mo increase smoothly reflecting their diffu-

sion in suboxic (absence of O2 and
P

H2S) pore-

water and progressive removal related to sulphate

reduction.
At C5, the regular increase of sedimentary Mn with

depth is more likely due to changes in the relative

proportions of alumino-silicate and organic matter

rather than to authigenic phase precipitation. This is

supported by the very low level of pore-water Mn

throughout the core and by the correlation between

Mn and Th or POC (Fig. 4). Authigenic U is present

at the sediment–water interface as expected in such

strongly reducing conditions. However, the relative

depletion of U to a depth of 10 cm compared with

deeper levels suggests a deficient preservation. This

may be due to bioturbation, which mixes the sedi-

ments over a depth of 10 cm as indicated by the

unsupported 210Pb profile (Fig. 2). This process which

raises reducing sediments at the sediment–water

interface may lead to U remobilization as shown by

Zheng et al. (2002). As for U, the presence of

authigenic Mo is shown throughout the core C5.

However, the Mo profile differs strongly from that of

U. It is characterized by a prominent maximum

around a depth of 5 cm and a secondary peak at 24

cm corresponding respectively to the second half of

the 20th century and the year 1854 (Fig. 6). The

profile resembles the Mo profile recorded in the Bay

of Chesapeake by Adelson et al. (2001) and inter-

preted as reflecting the rise of bottom water anoxia. In

the Thau lagoon, the shallower Mo maximum
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probably corresponds to the severe anoxia crises

which took place around 1970 (Harzallah and

Chapelle, 2002; Souchu et al., 1998a). Finally, Fig.

6 indicates that the frequency of anoxia crises has

increased since 1920 when intensive shellfish pro-

duction was introduced.
6. Conclusion

The distribution of the redox sensitive elements

(Mn, U and Mo) in relation to major components

(TIC, alkalinity,
P

H2S) has been studied in the

Thau lagoon within and outside the shellfish-farm-

ing area. At both sites, the maximum oxygen

penetration depth does not exceed a few millimeters,

however in the oyster production zone, the intense

organic matter oxidation promotes a steeper redox

gradient, which is characterized by the appearance

of sulphides immediately under the sediment–water

interface.

In the centre of the lagoon, the behaviour of Mn

and U is controlled by redox reactions. Mn-oxides are

reduced at the sediment–water interface releasing

associated U. The sedimentary profile of U and Mo

does not reflect transient redox changes in the water

column but their diffusion in pore-waters and their

immobilization when sulphides occur.

In the shellfish-farming area, authigenic U and Mo

are present right at the sediment–water interface

concurrently with the appearance of sulphides at the

sediment–water interface. Unlike Mo, buried U is not

well preserved in the sediments and is released into

solution probably due to bioturbation.

The sedimentary Mo profile indicates an increase

of the frequency of anoxia episodes in the lagoon in

relation to intensive shellfish farming which was

introduced in 1920.
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Bilan du phénomène et perspectives. IFREMER, p. 33.

Souchu, P., Gasc, A., Collos, Y., Vaquer, A., Tournier, H., Bibent,

B., Deslous-Paol, J.M., 1998b. Biogeochemical aspects of

bottom anoxia in a Mediterranean lagoon (Thau, France).

Marine Ecology Progress Series 164, 135–146.

Stumm,W., Morgan, J.J., 1995. Aquatic Chemistry. Wiley and Sons.

Swarzenski, P.W., McKee, B.A., Skei, J.M., Todd, J.F., 1999.

Uranium biogeochemistry across the redox transition zone of a

permanently stratified fjord: Framvaren, Norway. Marine

Chemistry 67, 181–198.

Tabatabai, M.A., 1974. A rapid method for determination of sulfate

in water samples. Environmental Letters 7 (3), 237–242.

Taylor, S.R., McLennan, S.M., 1985. The Composition of the

Continental Crust. Blackwell Scientific Publications. (312 pp.).

Thomson, J., Nixon, S., Croudace, I.W., Pedersen, T.F., Brown, L.,

Cook, G.T., MacKenzie, A.B., 2001. Redox-sensitive element

uptake in north-east Atlantic Ocean sediments (Benthic Boundary

Layer Experiment sites). Earth and Planetary Science Letters 184

(2), 535–547.

Urban, N.R., Ernst, K., Bernasconi, S., 1999. Addition of sulfur to

organic matter during early diagenesis of lake sediments.

Geochim. Cosmochim. Acta 63, 837–853.

Vorlicek, T.P., Kahn, M.D., Kasuya, Y., Helz, G.R., 2004. Capture of

molybdenum in pyrite-forming sediments: role of ligand-induced

reduction by polysulfides. Geochimica et Cosmochimica Acta 68

(3), 547–566.

Wakekam, S.G., Damste, J.S.S., Kohen, M.E.L., DeLeeuw, J.W.,

1995. Organic sulfur compounds formed during early dia-

genesis in Black Sea sediments. Geochim. Cosmochim. Acta

59, 521–533.

Zheng, Y., Anderson, R.F., van Geen, A., Kuwabara, J., 2000.

Authigenic molybdenum formation in marine sediments: a link

to pore water sulfide in the Santa Barbara Basin. Geochimica et

Cosmochimica Acta 64 (24), 4165–4178.

Zheng, Y., Anderson, R.F., Van Geen, A., Fleisher, M.Q., 2002.

Remobilization of authigenic uranium in marine sediments by

bioturbation. Geochimica et Cosmochimica Acta 66 (10),

1759–1772.



 



Consequences of Treated Water
Recycling as Regards
Pharmaceuticals and Drugs in
Surface and Ground Waters of a
Medium-sized Mediterranean
Catchment
M A R I O N R A B I E T , † A N N E T O G O L A , ‡

F R A N C O I S B R I S S A U D , †

J E A N - L U C S E I D E L , †
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In Mediterranean regions where the population is rapidly
growing, the risk of water resource contamination by
wastewater is likely to increase. This is the case of the
Hérault watershed (south of France), where the presence
of treated wastewater in surface and ground waters
has been shown in a previous study. To assess the
consequence of these wastewater contaminations as
regards pharmaceuticals and other organic compounds,
16 common pharmaceuticals (amitryptilin, acetylsalicylic acid,
carbamazepine, clenbuterol, diazepam, diclofenac,
doxepin, gemfibrozil, ibuprofen, imipramine, ketoprofen,
naproxen, nordiazepam, paracetamol, salbutamol, and
terbutalin) as well as wastewater related pollutants (caffeine,
gadolinium anomaly, and boron) were analyzed in wells
pumped for potable water supply and in two wastewater
treatment plant (WWTP) effluents. In addition, a monitoring
along the Lergue River (the main tributary of the Hérault
River) was achieved to assess pharmaceutical behavior in
surface waters. Pharmaceuticals and other wastewater-
related contaminants are present in several reservoirs tapped
for drinking water, confirming wastewater contamination;
paracetamol, caffeine, and diclofenac are the most
frequently detected. Paracetamol is present at rather high
concentrations (up to 11 µg/L and 211 ng/L, respectively,
in a wastewater effluent and in a drinking water sample).
Though degradable in WWTP, caffeine is commonly
encountered in surface waters and detected in highly
polluted groundwater. On the contrary, acetylsalicylic acid
concentrations are generally low despite a large
consumption in France; this is related to its metabolism in
humans and rapid degradation in the aquatic environment.

The monitoring of pharmaceuticals along the Lergue River
shows that dilution is sufficient to decrease pharmaceuti-
cal values.

Introduction
The presence of pharmaceuticals as well as other organic
wastewater contaminants in the aquatic environment has
become a subject of growing concern worldwide. First results
dealing with environmental occurrence of pharmaceuticals
were reported by Garrison et al. (1) and Hignite and Azaznoff
(2) who revealed the presence of the clofibric acid, a
pharmaceutical largely used to reduce cholesterol levels in
blood, in wastewater effluents in the United States. Soon
after, pharmaceutical concentrations up to 1 µg/L in several
UK water bodies were reported (3-5). Later on, pharma-
ceuticals such as psychiatric drugs, analgesics, antibiotics,
and IRM contrast agents were found in treated wastewater
in Europe (6-11), in the U.S. (12) or in Asia (13). In 2002,
more than 80 compounds, pharmaceuticals and several drug
metabolites have been detected in the aquatic environment
(7).

Pharmaceuticals or their metabolites mostly conjugated
to polar molecules are excreted via feces and urine (6). They
are biologically active substances since they have been
especially designed for having an effect on living organisms.
Therefore, they present a potential risk for the ecosystem
and eventually for humans. Moreover, owing to their polar
structure, several pharmaceuticals are not significantly
adsorbed in the subsoil (14-16); thus they may reach the
ground waters, which constitute a major source of drinking
water. Actually, concentrations of pharmaceuticals in the
range of several hundreds of ng/l have been reported in the
drinking water of several large European cities as Berlin (8,
15, 17, 18), Prague (19). or Milano (20). Although these levels
are much lower than those used in medical applications, the
related potential toxic effects are still poorly known and
cannot be discarded (21).

In Mediterranean regions where the population is rapidly
growing, the risk of contamination of the water resource is
likely to increase. This is the case of the Hérault watershed
(Southern France) subjected to an intensive urbanization
leading to the increase of drinking water consumption and
treated wastewater discharge. In this basin, we have evalu-
ated, in 2003, the impact of treated wastewater discharge in
streams and aquifers tapped for drinking water supply (22).
Using a battery of wastewater tracers including nitrate,
chloride, boron, and the gadolinium anomaly, the presence
of treated wastewater was detected in two tributaries of the
Hérault River and in few wells supplying drinking water. For
two of them, recycled wastewater constitutes between 20
and 30% of the drinking water supplied (23).

The aim of the present study is to validate the multi-
tracer approach and assess the consequences of this un-
planned water recycling as regards to pharmaceuticals and
other drugs. A better understanding of the behavior of
pharmaceuticals in the aquatic environment was also
expected.

Boron (present in detergent formulation) and often used
as a wastewater tracer (22, 24)), the gadolinium (Gd) anomaly
(Gd is a rare earth element used as a contrast agent in
Magnetic Resonance Imaging), caffeine (stimulant found in
some drinks, coffee, tea, and in pharmaceuticals preparation),
and pharmaceuticals (amitryptilin, acetylsalicylic acid, car-
bamazepine, clenbuterol, diazepam, diclofenac, doxepin,
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gemfibrozil, ibuprofen, imipramine, ketoprofen, naproxen,
nordiazepam, paracetamol, salbutamol, and terbutalin) have
been determined in wells and tributaries which were found
to be contaminated by treated wastewater in 2003 (22). In
addition, a monitoring was achieved along the Lergue River,
the main tributary of the Hérault River, to assess the fate of
pharmaceuticals discharged by a WWTP in the river.

Materials and Methods
The Hérault River Basin. The Hérault watershed is located
in the south of France (Figure 1). The River Hérault is 150
km long and drains a medium-sized basin of 2500 km2 at its
outlet in the Mediterranean Sea. The watershed has two main
aquifers, one is alluvial and the other karstic. Intensive
urbanization of the alluvial valley leads to a tremendous
increase of the demand for potable water. As a consequence,
the alluvial aquifer, in the south of the watershed, is
extensively exploited for drinking water. It supplies 24.2 Mm3

of drinking water per year.
The Hérault River and its nine tributaries receive the

effluents of 96 wastewater treatment plants (WWTP) corre-
sponding to 194 000 population equivalents. The main type
of treatment encountered is extended aeration activated
sludge without denitrification process. The basin includes
very few industries and hospitals or clinics. It is mainly
dedicated to agriculture, notably vineyards.

Sampling. Sampling was carried out at the beginning of
April 2004 during the spring high water stage for a river flow
rate at the outlet of the basin of 80 m3/s. The location of the
sampling stations is given in Figure 1. Water samples have
been collected from the following:

(1) Seven in wells supplying drinking water, W1 to W7,
where clues of contamination have been previously detected.

(2) Two WWTP effluents, WWTP1 and WWTP2. Grab
samples were collected from the outfall of the WWTP.

(3) Seven surface waters taken from the Hérault (H1 and
H2), Lergue (T2a to T2d) and Thongue (T1) Rivers. In the
Lergue River, samples were collected upstream and down-
stream WWTP2 discharge, along the river and upstream and
downstream the confluence with the Hérault River.

The well, W1 (St Thibery-Astian) is located in the Southern
part of the Herault watershed in the alluvial plain near the
confluence between the Hérault and the Thongue Rivers. It
taps the Astian semi-confined aquifer. The wells W2 (St
Thibéry-Alluvial) and W4 (Nézignan l′Evêque) tap directly
the alluvial aquifer of the Hérault River whereas the well W3
(Servian) is located in the alluvial plain of the Thongue River.
The well W5 (Paulhan) is located in Tertiary aquifer, in
Miocene molasse (sandstones, marls, and clay minerals). The
well W6 (Le Pouget) is located in the Hérault River alluvial
plain at a few meters from the river. It receives water from
the Hérault River and from infiltration through the old alluvial
terraces which border the river. The well, W7 (Brignac) taps
the Lergue River alluvial aquifer. The only treatment applied
to the water pumped from wells prior supply to the potable
water network is chlorination. All wells are situated in regions
where the vine culture is the dominant agricultural activity.

The Thongue River (T1) is the Southeast tributary of the
Hérault River. It is 32 km long and drains a basin of 156 km2.
Its discharge is comprised between 0.1 and 1 m3/s. The lowest
part of the watershed is strongly affected by human activity.
Eight WWTPs, with an overall capacity of 10 000 p.e.,

FIGURE 1. Location of sampling stations in the Hérault watershed.
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discharge their effluents in the river or at close distance with
a total flow of 0.02 m3/s.

The Lergue River (T2) is 40 km long and drains a watershed
of 410 km2. It is located in the western part of the Hérault
watershed. When sampling was carried out, the Lergue River
discharge was 14 m3/s. The wastewater treatment plant
(WWTP2) of Lodève (6900 inhabitants) discharges its effluent
to the river in the north of the basin. The plant which has
a capacity of 13 300 p.e., is an activated sludge plant with
nitrification and denitrification. Before being released into
the Hérault River, the effluents pass through a small reed
area. Samples were taken at station T2a, just before WWTP2
discharge, and at T2b beside the effluent discharge plume
before its complete mixing with the main flow (Figure 2).
The activated sludge WWTP1 serves the village supplied by
wells W1 and W2. It is designed for 3600 p.e. and discharges
the treated wastewater in the Hérault River.

Sample Pretreatment and Analysis. Samples for rare earth
elements (REE) and boron analysis were collected in acid-
cleaned polyethylene bottles. Then they were filtered through
previously acid-washed 0.22 µm-pore size PVDF Millipore
membranes fitted on polycarbonate Nalgene filtration units.
The filtration was carried out less than 10 h after collection
under a class 100 laminar flow hood. Filtered samples
acidified (pH 2) with Merck Suprapur HNO3 were stored in
acid pre-cleaned polyethylene bottles until analysis. Boron
and REE were determined using an inductively-coupled
plasma mass spectrometer VG Plasmaquad Turbo 2+ (ICP-
MS). For REE, a preconcentration procedure was used (9).
This technique, similar but slightly modified from Shabani
et al. (25), allows major ion removal, decreases the matrix
effects and improves the sensitivity. The relative error is less
than 10%. To delineate REE distribution, it is conventional
to normalize REE abundance against a reference standard,
representing the average REE composition of the earth’s
upper crust. The reference standard used in this study is the
North American Shale Composite (NASC) (26). The Gd

anomaly has been interpolated from the shale-normalized
concentrations of its two neighboring REE (Sm et Tb) using
the following equation:

For pharmaceuticals and caffeine analysis, water samples
were filtered through heated (450 °C, 6h) GF/F glass fiber
filters, spiked with internal standards (diazepam d5, nor-
diazepam d5 and amitriptylin d6), and pH was adjusted at
2 with diluted hydrochloric acid. Extraction of the analytes
was then performed using MCX Oasis cartridges (Waters,
Saint Quentin en Yvelines, France) (water samples eluted at
flow rate: 12-18 mL.min-1) previously conditioned with ethyl
acetate and water at pH 2. The sorbent was then dried under
vacuum during 1 h. The elution of target compounds was
obtained by using various successive mixtures of ethyl acetate
and acetone (ethyl acetate (100), ethyl acetate/acetone (50:
50; v:v), ethyl acetate/acetone:NH4OH (49:49:2; v:v:v)). The
final extracts were taken to dryness, at 50 °C under a nitrogen
stream and redissolved in ethyl acetate prior to GC/MS
analysis. The final samples were directly analyzed for neutral
pharmaceuticals then sylilated (with MSTFA) for the analysis
of acidic pharmaceuticals. The protocol was validated on
spiked water. Recoveries for the entire protocol were
comprised between 74 and 115% for all the compounds with
RSDs below 15%. Linearity of the GC/MS response was
validated between 2 and 5000 injected pg with correlation
coefficients between 0.9916 (doxepine) and 1 (acetyl salicylic
acid). Detection limits were below or in the range of few
ng/L (Table 1).

Results
Pharmaceutical and other wastewater-related pollutant
concentrations are reported in Table 2. In WWTP effluents,
the total drug concentration (pharmaceuticals plus caffeine)
in dissolved phase varies over a large range (1028-15 800

FIGURE 2. Sample locations in the Lergue River.

Gd* ) GdN/(0.33 × SmN + 0.67 × TbN)
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ng/L). In river and aquifer waters (Figure 3), the concentra-
tions are lower and vary according to the water bodies. The
well W3 displays the lowest concentration (7.7 ng/L) whereas
the highest concentration (300 ng/L) is observed in the Lergue
River in the vicinity of the effluent discharge of WWTP2. The
total drug concentration is higher than 50 ng/L in two wells
and two samples of the Thongue and Lergue River. The
Hérault River displays relatively low values (26-30 ng/L).

Boron concentrations in the two WWTP effluents are of
the same order of magnitude with 112 and 143 µg/L,
respectively, in WWTP1 and WWTP2. In river and aquifer
waters, B concentrations range from 7 µg/L (H1) to 125 µg/L
(W7). Boron and pharmaceutical concentrations are not
correlated. Nevertheless, the highest boron concentration is
observed in wells W6 and W7, which both display total drug

concentrations higher than 50 ng/L. Several pharmaceuticals
(doxepin, salbutamol, terbutalin, diazepam, amitryptilin) are
not detected whatever the water. Clenbuterol, diazepam, and
nordiazepam are present only in treated wastewater. Acet-
ylsalicylic acid, which is the most consumed pharmaceutical
worldwide (880 tons/year in France, 27), is present in
wastewater effluents at relatively low concentration. It is
detected only in wells W2 and W3 with one value very close
to the detection limit (0.2 ng/L). Ibuprofen is a non steroidal
antiinflammatory (NSAI) analgesic, with a relatively high
therapeutic dose (600-1200 mg/day) (27) and its consump-
tion is around 166 tons/year in France, (28). It is present in
WWTP1 effluent with quite a high concentration (219 ng/L).
It comparatively displays low concentration levels (ranging
between 0.2 and 4.5 ng/L) in surface and ground waters.

TABLE 1. Detection Limits for Pharmaceuticals and Caffeine in Waters

drugs therapeutic class ground waters surface waters waste waters

detection limit (ng/L)

nonsteroidal antiinflammatory
(NSAI)

acetylsalicylic acid 0.2 2.1 7.8
diclofenac 0.9 0.7 4.5
ibuprofen 0.0 0.1 2.4
ketoprofen 0.3 0.7 5.8
naproxen 0.3 1.0 3.1
paracetamol 5.3 8.5 17.5

antidepressant
amitryptilin 0.7 2.2 3.4
doxepin 0.7 2.1 8.3
imipramin 0.7 1.2 6.9

sympatomimetic agent
clenbuterol 0.6 0.3 2.0
salbutamol 0.6 0.5 3.9
terbutalin 0.6 0.3 3.5

psychiatric drug
diazepam 0.4 1.4 6.9
carbamazepine 0.8 1.4 11.6
nordiazepam 0.4 1.4 6.9

caffeine psychomotor stimulant 1.5 2.5 14.3

gemfibrozil lipid regulating agent 0.1 0.3 1.6

TABLE 2. Boron (µg/L), Gadolinium Anomalies and Drug Concentrations (ng/L).a

wells supplying drinking water tributaries Hérault River WWTP effluents

parameters units W1 W2 W3 W4 W5 W6 W7 T1 T2a T2b T2c T2d H1 H2 WWTP1 WWTP2

boron µg/L 68.9 19.5 72.3 49.5 26.3 121.5 125.4 57.1 17.7 42.3 39.7 37.1 6.6 12.9 112.3 143.3
Gd*b - 1.1 1.4 1.2 1.1 1.1 2.3 1.5 1.4 1.1 1.1 1.1 1.1 0.9 1.1 0.9 1.5
Gd*c 1.2 - 1.3 1.2 1.2 2.4 1.4 3.0 - - 1.2 - 1.2 1.2 3.2 291
amitryptilin ng/L < < < < < < < < < < < < < < < 6.0
acetylsalicylic acid ng/L < 1.4 0.3 < < < < < < < < < < < 23 51
caffeine ng/L 1.5 < 5.1 < < 4.1 22.9 103.1 58.2 107.2 17.9 13.0 25.3 24.6 2213 255
carbamazepine ng/L < < < < < 43.2 13.9 23.6 < 56.3 < < < < 157 293
clenbuterol ng/L < < < < < < < < < < < < < < 6 <
diazepam ng/L < < < < < < < < < < < < < < < <
diclofenac ng/L 2.1 2.4 2.3 1.4 2.5 < 2.1 10.5 1.9 33.2 1.7 2.2 1.4 1.7 486 211
doxepin ng/L < < < < < < < < < < < < < < < <
gemfibrozil ng/L < < < < < < < 1.0 < 2.3 < < < < 17 13
ibuprofen ng/L < < < < 0.2 0.6 0.2 3.5 1.2 4.5 < < 0.3 < 219 18
imipramine ng/L < < < < < < < < < < < < < < < <
ketoprofen ng/L < 0.6 < < < 3.0 0.31 2.8 < 14.5 < < 3.3 < 1081 22
naproxen ng/L 0.15 < < < 0.1 0.2 < 7.2 < 9.1 < < < < 289 42
nordiazepam ng/L < < < < < < < < < 2.4 < < < < < 8
paracetamol ng/L 8.3 11.2 < 9.9 42.5 9.6 211 68.1 < 72.3 10.6 < < < 11300 108
salbutamol ng/L < < < < < < < < < < < < < < < <
terbutalin ng/L < < < < < < < < < < < < < < < <
sum of drugs ng/L 12 15.6 7.7 11.3 45.3 60.7 249 219.8 61.3 302 30.2 15.2 30.3 26.3 15800 1028

a < indicates the sample was below the detection limit b This study. c From Rabiet et al. (22).

VOL. 40, NO. 17, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 5285



Organically complexed Gd is used as a contrast agent in
magnetic resonance imaging. This use generates a Gd
anomaly which is frequently observed in waters of densely
populated and industrialized regions (29, 30). During this
study, only the well W6 exhibited a significant Gd anomaly
(>1.5). The corresponding Gd excess concentration is 1.6
ng/L. However, the anomaly was present during previous
surveys in well W6 and in the Thongue river (T1), reflecting
contamination by treated wastewaters (22). The drugs that
are dominant are paracetamol, caffeine, diclofenac, and
carbamazepine (Figure 4). Paracetamol represents a major
contribution to the total drug concentration in WWTP1 with
a concentration of 11.3 ng/L, which should be related to the
extensive consumption of this drug in France where 2294
tons/year of it are sold, prescribed or used (27). To our
knowledge, this is the highest paracetamol concentration
ever reported in WWTP effluents. Paracetamol is also
dominant in aquifer water except in wells W3 and W6.
Caffeine is a stimulant found in coffee, tea, and soft drinks.
It is also used in numerous prescription and nonprescription
pharmaceutical preparations (31). It is found at very high
concentrations in WWTP effluents, reaching 2213 ng/L in
WWTP1. Caffeine represents up to 95% of the total drug
concentrations in surface water. It is present in minor
percentages in wells except in W7. Diclofenac is a NSAI agent
largely used for anti-inflammatory, analgesic, and antipyretic
activity. It is present at high values in WWTP effluents (486
and 211 ng/L in WWTP1 and WWTP2, respectively). Car-
bamazepine is commonly used for the treatment of several
neuronal system diseases, epilepsy, pediatric seizure disor-
ders, schizophrenia, bipolar disorder, ... (32). Its contribution
to the total drug content reaches 71% in well W6. This is also
the major drug found in the effluent of WWTP2.

Discussion
Total drug concentrations in WWTP1 effluent are 15 times
higher than in WWTP2 effluent (Table 2). This difference is
reflected by all drug concentrations except for carbam-
azepine. In conventional wastewater treatment plants,
pharmaceuticals can be removed by sorption to particles
followed by settling and/or by biotransformation (33).
Whatever the mechanism involved, its efficiency is strongly
dependent on the physical-chemical properties of drugs
and on the functioning of the WWTP itself. For example,
Clara et al. (34) showed that increasing the sludge age allows
generally a better pharmaceutical removal because this gives
the microbial population a longer time for adaptation to a
given substance, except carbamazepine which is not removed
by conventionnal water treatments (35). In WWTP1, sludge
age is between 2 and 8 days, whereas it is higher than 15 days
in WWTP2, which performs nitrification and denitrification.
Therefore, more favorable conditions in WWTP2 are likely
accounting for the generally lower pharmaceutical concen-
trations in WWTP2 effluent compared to WWTP1.

The discharge of WWTP2 effluent in the Lergue River
induces an increase of total pharmaceutical concentrations
from 61.3 to 302 ng/L. However, several compounds that are
present in the WWTP effluents are not detected at station
T2b. For some pharmaceuticals, for example amitryptilin,
this can be attributed to the dilution which lowers the
concentration below the detection limit of the analytical
method. For acetylsalicylic acid, degradation may take place
since other compounds (gemfibrozil, ibuprofen, ketoprofen,
naxoprofen, and nordiazepam), although present at lower
concentrations in effluent water, are detected in the river
immediately downstream the discharge point.

Despite the important dilution of the WWTP2 effluent
plume between stations T2b and T2c, boron, caffeine,
paracetamol, and to a lesser extent, diclofenac are found in
the river 17 km downstream the discharge from WWTP2.
The persistence of B is expected since inorganic compounds
are not biodegradable. Moreover it has been shown that
lithological B sources are present in the Lergue Basin (21).
Although caffeine has been shown to be biodegradable during
sewage treatment (5, 36, 37), it is detected at the T2a station,
which is located far from a WWTP discharge, suggesting that
it was not submitted to complete degradation neither in the
WWTP nor in the river. In addition, its high consumption
may result in detectable inputs of the effluents of the WWTP’s
discharging between T2b and T2d despite their small capacity.
Such inputs probably also account for the presence of
paracetamol at station T2c.

The Thongue River (station T1) displays a significant
contamination by pharmaceuticals and drugs except Gd*
which was present during the previous survey but did not
show any excess during this study. The presence of phar-
maceuticals reflects significant proportions of treated waste-
water as suggested by Rabiet et al. (22).

In the same manner, the presence of pharmaceuticals
and caffeine in wells W6 and W7 confirms their significant
contamination by wastewater. The detection of caffeine,
diclofenac, and paracetamol in wells W1, W2, W3, and W4
also attests to their contamination by treated wastewater.
However, the low concentrations compared to wells W6 and
W7, indicate a much lower proportion of treated wastewater.
Assuming that the WWTP in the vicinity of wells W6 is similar
to WWTP1 and a proportion of 20-30% of recycled waste-
water (23), the well W6 would be expected to exhibit higher

FIGURE 3. Total drugs and B concentrations in wells and surface
waters of the Hérault basin.

FIGURE 4. Relative contribution of individual drug to total drugs
concentration. Axis values: percent of total drugs concentration.
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paracetamol and caffeine concentrations than those actually
observed, close to the detection limits of the analytical
method. This means that the conditions are met to achieve
the degradation of these two pharmaceuticals during the
transport of effluents from the nearby WWTP to well W6.
The same remark applies, though to a lesser degree, to well
W7 where caffeine and paracetamol concentrations represent
1-2% of the concentrations measured in WWTP1, though
the wastewater recycling rate estimated using chloride and
boron concentrations, is about 20%. This suggests a closer
connection between the WWTP of the village and well W7.
No explanation was found for the paracetamol content
measured in well W5. Carbamazepine is not as extensively
used as paracetamol and caffeine; its concentration in
wastewater varies with the community and the period
considered. Although it is hardly degraded in the environ-
ment, it is found only in wells W6 and W7 at concentrations
which are consistent with the wastewater recycling rates.

Despite their presence indicating a wastewater contami-
nation, the concentrations of drugs measured in wells are
low in comparison to those required for pharmacological
effects in humans. For example, the therapeutic dose for
paracetamol is about 1200 mg/day. Considering the highest
concentration of paracetamol (211 ng/L found in the well
W7), it would be necessary to drink 5687 m3 of water to
produce a pharmacological effect.

In summary, the study confirms the presence of waste-
water contamination in several wells supplying drinking water
to inhabitants of the Hérault valley. This wastewater disposal
results in the contamination of several wells tapped for
drinking water and of surface waters by pharmaceutical
substances and caffeine. The pharmaceutical and caffeine
concentrations remain very low compared to therapeutic
doses and do not represent any acute risk for the consumer,
although this does not preclude the possibility of other risks
through continuous exposure. In the Hérault River, the
dilution of recycled water is still important and the phar-
maceutical and drug content is generally undetectable except
in the immediate vicinity of the WWTP discharge point. This
may not be the case in densely populated areas with limited
water resources where the rate of water recycling is expected
to be higher.
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(21) Farré, M.; Ferrer, I.; Ginebreda, A.; Figueras, M.; Olivella, L.;
Tirapu, L.; Vilanova, M.; Barceló, D. Determination of drugs in
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que par reconnaissance géophysique de subsurface, a permis de déterminer les processus et le bilan des flux hydriques sur deux

années à pluviométrie contrastée. La recharge de la nappe phréatique s’effectue par infiltration directe des précipitations et
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Introduction

In West Africa, the rainfall deficit of about 20 to 30%

observed since the early 1970s [18,21] has led to a

higher decrease in river discharge [23]. This implicitly

non-linear relationship was mainly studied for large

river basins, by indirect or conceptual methods [23,24];

the rationale is that lower rainfall resulted in lower

groundwater discharge into the rivers. However, studies

performed at a finer scale (e.g., [6]) suggested more

complex surface–subsurface flow processes.

The AMMA project (African Monsoon Multidisci-

plinary Analysis, http://amma-international.org) was

designed to better understand the African monsoon, and

its hydrological impacts. For this goal, surveys have

been performed since 2003 in a 586-km2 catchment in

central Benin (Fig. 1), a key-region for understanding

the impact of climate [19], and land-use changes [14] on

the regional hydrological cycle.

This paper presents the first 2-year hydrodynamic,

geochemical, and subsurface geophysical surveys

performed within this basin. A first estimate of the

water balance is obtained for these two years, for which

contrasting rainfall amounts were recorded.

Study area

The Donga River (Fig. 1) is an affluent of the Ouémé

River (523 km), in central Benin [17]. The tropical

climate is characterized by a dry and a rainy season,

with a mean annual rainfall measured at Djougou of

1195 mm (1950–2004). The potential evapotranspira-

tion (ETP, Penman–Monteith [10]) is of 1390 mm yr�1

(2002–2005).

Altitude ranges from 520 to 340 m for a river slope of

1.7 m km�1. Outcropping siliceous rocks are of

metamorphic origin [1,5]. The weathered bedrock has

a thickness of 10 to 25 m, and represents the matrix of

the phreatic aquifer. In depth, some faults also contain

deeper groundwater, in hydraulic continuity with the

overlaying reservoir [16]. The soils are classified as

polycyclic ferruginous soils [12], but some details may

change depending on the topography, rock type, or land

use [11]. The natural wooded savannah has been largely

cleared, and most of the land is now covered by rain-fed

crop fields; a forest gallery of a few tens of metres runs

along most of the streams.

The population density is of 30 inhab km�2, and has

increased recently by 4.9% yr�1 (1992–2002). Most of

the domestic water comes from wells scattered in the
basin. Our surveys indicate a water use of 21 L

inhab day�1, a value close to the 17 L inhab day�1

estimated at a regional scale [15]. Considering the

population density, this implies a human-induced

discharge from the aquifer close to 0.2 mm yr�1.

Data

Electrical resistivity data were obtained in May 2003,

with a view to characterize the weathered substratum;

changes were expected for differences in rock type, clay,

and/or water content [8]. The electrical tomography

method [22] was implemented at a scale of several

hundred meters on few representative slopes; a geolo-

gical survey helped in constraining the interpretation.

Hydrodynamics data records were obtained on 16

rain gauges (each 0.5 mm) and 26 wells (each 30 min

or three times a day). Additional data from an upstream

site were obtained in 2004 from nine piezometers

screened at different depths (2, 10, and 20 m; Fig. 1). For

surface waters, three limnimetric records (time steps of 5

or 30 min) represent catchments of respectively 13, 105,

and 586 km2 (Fig. 1). A differential GPS campaign was

also performed to characterize the hydraulic potentials

[16].

Hydrochemical data (temperature, pH, EC 25 8C)

were obtained monthly or quarterly on 20 wells; some

measurements were also performed on bulk rainfall

events. Measurements on surface waters were made for

springs, tributaries and on the Donga River. The

limnimetric station K was equipped in June 2003 with

an EC recorder (time step of 30 min). Other EC recorders

with the same time step were settled in April 2004 on the

nested piezometers on the Ara sub-catchment. Chemical

analysis (Ca2+, Mg2+, Na+, K+ for cations, HCO3
�,

SO4
2�, NO3

�, Cl� for anions) were performed on

samples from rainwater (18 analyses), groundwater (23

wells and 15 boreholes), seasonal springs (8 analyses),

and water from the Donga River (a dozen of analyses for

each station); in addition, three main flood events were

surveyed by sequential sampling in 2003. All the samples

were filtered in the field and subsequently analysed by

capillary electrophoresis (cations and SO4
2�, NO3

�, Cl�)

or acidic titration (HCO3
�), with a precision of about 5%.

Results

Subsurface geophysics

A typical example of the resistivity profiles performed

within the limits of the basin [8,16] is displayed in Fig. 2;

it reveals an important heterogeneity of the resistivity at

the hectometric scale. The bedrock lies from 15 to 25 m

http://amma-international.org/
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below the soil surface. Clayey materials (electrically

conductive) and/or indurated covers, or quartzite out-

crops (both resistive) occur at surface and may locally

outcrop; the clayey layers act as preferential places for

the formation of perched groundwaters.

Hydrodynamics

The total rainfall amount was of 25% lower in 2004

than in 2003, but the difference is even higher for total

runoff, with a decrease of 64% (Table 1). The river flow

shows rapid changes, with daily discharge reaching a

maximum of 140 m3 s�1 at the basin outlet; at the

seasonal scale, the discharge period was shorter in 2004

than in 2003, under the influence of the seasonal rainfall

distribution (Fig. 3).

The depth-to-water table ranges from less than 1 m

(rainy season) up to 15 m (dry season), without any

spatial relationship within the basin. The potentiometric

levels are always higher than the riverbed; this

observation is also valid for the more densely monitored

Ara subcatchment (Fig. 1), where seasonal perched

groundwater was recognized. The water table peak is

reached in August, and the drop begins simultaneously

with the rainfall (Fig. 3C). The water table fluctuations

range between 3.3 and 12.5 m in 2003 and between 2.4

and 10.0 m in 2004, and appear synchronous at the

catchment scale.

Hydrochemistry

Sampled waters are slightly acidic (pH 5–7), present a

low mineralization (<400 mS cm�1; Fig. 4), and are of

HCO3–Ca, Mg type (some groundwaters enriched in Cl

and NO3 near villages were considered polluted). The

lowest EC is observed in rainfall waters (10 � 2 mS

cm�1). Except for the very first flood events that may

flush the salt accumulated for the dry season, EC

measured in river waters is low (<70 mS cm�1). The EC

displays typical changes during flood events, with low

values at the peak flow, followed by a recovery of the

initial value (Fig. 5A). The phreatic groundwater EC is of

155 � 70 mS cm�1, but EC is higher for the deeper

fractured bedrock (288 � 80 mS cm�1). Perched

groundwaters show lower EC, within the range of 30

to 130 mS cm�1 (Fig. 4).

Ionic ratios show little changes through time and, for

river waters, elements related to chemical weathering

(Si, Ca, Mg, Na, and HCO3) vary proportionally to EC

(Fig. 5A); potassium is an exception, probably because

of its sensitivity to biochemical cycles [4]. Changes in

ionic fluxes appear to mimic the peak flow with a time

lag of a few hours (Fig. 5B), a possible consequence of

subcatchments with different weathering rates.
Discussion

Hydrological processes

Hydrodynamics, hydrochemical, and geophysical

data were crossed to decipher the natural processes in

play in the basin (Fig. 6).

For groundwater flow, the water table is always in a

higher position than the drainage network. The

weathered bedrock acts as a storage reservoir, with a

weak transmissivity (estimated of the order of

10�4 m2 s�1, [16]). During the rainy season, a water

table rise is observed in each point, thus indicating that

recharge occurs mainly by vertical infiltration of

rainfall.

The seasonal discharge of poorly mineralized river

waters suggests that most of the river water originates

from the subsurface. Observations of springs on

hillslopes and the occurrence of perched groundwaters

both suggest important subsurface flow. The river

discharge may therefore be considered as a mixing of

surface runoff (Hortonian runoff and flow over saturated

soils) with subsurface flow from the upper metres of the

soil (Fig. 6). The aquifer discharge may occur mainly

through evapotranspiration processes, although locally,

groundwater discharge could also occur through some

deep fractures of higher porosity [1].

Water balance

Two methods were applied to constrain the hydro-

logical balance. The first one considers natural water

table fluctuation induced from rainfall events over a

short period [7]: R = h � n, where R represents recharge

(L T�1), h the water table rise (L T�1), and n the specific

yield (%). For our study case, h is the average seasonal

rise of the water table (Fig. 3C). The calculated recharge

for an n value therefore represents a minimum estimate,

considering that discharge may occur during the rainy

season. A range of values of 1 to 5% [9,13] was

considered to quantify the influence of n on R (Table 1).

The estimated recharge ranges between 5 to 24% of the

total rainfall amount, in agreement with other regional

estimates [13]. These recharge rates are compatible with

discharge by evapotranspiration during the dry season.

At slope scale, an estimate of groundwater discharge

using Darcy’s law (T of 10�4 m2 s�1, piezometric

gradients of 2–3%) shows that ETP rates of about 15–

20 mm day�1 for forest galleries would be necessary to

prevent any inflow to the river (Fig. 6). Although this

range appears to be higher than the computed ETP (5–

6 mm/day�1), clothesline and oasis effects are known to

increase ETP rates in forest gallery, possibly at a factor

higher than 2 [10]; further research would however be
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Fig. 1. Localisation du bassin versant de la Donga au Bénin (encart,

symbole étoilé) et détails du dispositif de suivi hydrologique (2003–

2004).

Fig. 1. Location of the Donga watershed in Benin (black star symbol,

small inset) and details of the hydrological survey network (2003–

2004).
needed to better constrain surface water–groundwater

relationships.

The second approach, based on hydrograph decom-

position [2], was used to discriminate direct runoff and

subsurface flow in river discharge. A two-component,

one-tracer (EC) hydrograph separation model was

considered (EC being representative of the ionic load:

e.g., R2 of 0.91 between EC and Ca, Fig. 5A). The

different signatures were assumed roughly constant in

time and space; computations were done for the K station

(Fig. 1). The end-members values (direct runoff and sub-

surface flux) were estimated to be of 10 and 55 mS cm�1,

with a standard-deviation of 2 and 6, respectively. A

Monte Carlo approach was used to estimate the

uncertainty; sub-surface flux makes up to 68 � 13 and

83 � 13% of the stream flow in 2003 and 2004,

respectively. This suggests that the river flow deficit

has not a single origin, but results in a decrease in both

surface and subsurface flows. This conclusion differs

from those of other studies performed in the Sahel, where

Hortonian runoff was shown to have increased following

soil crusting (e.g., [26]).

Conclusion

In central tropical Benin, at the 586-km2 Donga

basin’s scale, runoff and subsurface flow are the main

contributors to stream flow, with little or no input from

the aquifer. This result supplements previous studies

performed in smaller (30 km2) neighbouring catch-

ments [14], where land clearance was shown to have

increased surface runoff, in accordance with the global

trend [25]. These results will first help in improving the

relevancy of the regional hydrological models

[3,20,27]; on a broader perspective, they will also

contribute to a better understanding of the origin of the

decrease in river discharge observed for the past

decades in West Africa [18,23].

1. Introduction

En Afrique de l’Ouest, sous régime de mousson, la

sécheresse en cours depuis le début des années 1970,

caractérisée par une diminution de l’ordre de 20 à 30 % de

la pluviométrie [18,21], a engendré une diminution

encore plus importante des débits [23]. Au centre du

Bénin, sur la zone d’étude considérée, le déficit des

écoulements, de l’ordre de 40 %, correspond à une

diminution de la pluviométrie de 15 à 20 % [18]. Cette

relation implicitement non linéaire entre pluie et débit,

ainsi que sa variabilité spatiotemporelle, sont encore mal

comprises à l’échelle régionale ; les principales études
ont jusqu’à présent été menées à partir de données

hydrodynamiques acquises sur de grands bassins versants

(de l’ordre de 10 000 à 100 000 km2), par des approches

indirecte ou conceptuelle (tests statistiques ; calculs de

coefficients de tarissement [23,24]). L’explication

proposée est que la diminution relativement plus

importante des débits trouve son origine dans une

réduction durable des apports en eau souterraine. Si la

validation de cette hypothèse nécessite d’être effectuée

par une analyse des processus physiques, à une échelle

comparable à celle des observations de surface (données

piézométriques disponibles sur plusieurs milliers de

kilomètres carrés, sur la période pluridécennale des

observations de débits), des éléments de réponse peuvent

cependant être apportés par la caractérisation des

processus physiques affectant les différents réservoirs

hydriques d’un bassin versant représentatif, étudié sur

des années à pluviométrie et écoulements contrastés. En

Afrique subsaharienne, les rares études existant à fine

échelle (bassins versants expérimentaux de l’ordre du

kilomètre carré (e.g. [6]), montrent que la discrimination

des écoulements est améliorée par une approche

pluridisciplinaire des différents termes du bilan.

Le programme international AMMA (Analyse

multidisciplinaire de la mousson africaine ; http://

amma-international.org) a été initié en vue d’améliorer

les connaissances sur la mousson ouest-africaine et de

son impact hydrologique. Différents sites instrumentés

font l’objet, depuis 2003, de suivis renforcés, dont celui

du bassin versant de la Donga (Ouémé supérieur) au

Bénin (Fig. 1). Sa superficie (586 km2) en fait un objet

http://amma-international.org/
http://amma-international.org/
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hydrologique intermédiaire entre les grands bassins

régionaux et les bassins expérimentaux ; cette échelle

rend possible une caractérisation des processus hydro-

logiques tout en permettant, en terme de bilan, une

intégration suffisamment représentative des variations

spatiotemporelles naturelles. À l’échelle régionale, de

même que l’analyse de la variation spatiotemporelle de

la pluviométrie [19] ou de la caractérisation spatiale des

sols [14], la connaissance des processus surface–

souterrain est un élément fondamental pour appréhen-

der la variabilité temporelle des ressources hydriques.

Dans cette note, nous présentons les premiers

résultats des suivis hydrodynamiques (piézométrie et

débits) et hydrochimiques (physicochimie et ions

majeurs) réalisés sur le bassin versant de la Donga au

cours de deux années à pluviométrie contrastée

(1514 mm en 2003, 1140 mm en 2004). L’analyse

des processus en jeu sur le bassin, appuyée par des

mesures de géophysique de subsurface (résistivité),

permet d’obtenir une première estimation du bilan

hydrologique. Le schéma des flux hydriques proposé

relativise, à l’échelle de l’étude, l’impact de l’aquifère

sur les flux de surface et suggère une importance

prépondérante des écoulements de surface et de

subsurface comme facteurs de la variabilité interan-

nuelle des débits observés à l’exutoire.

2. Zone d’étude

Le bassin de la rivière Donga est un affluent de

l’Ouémé, le plus grand fleuve du Bénin (523 km), dont la

haute vallée couvre une superficie de 14 300 km2 [17]. Il

se situe au Centre-Ouest du Bénin (Fig. 1), sous climat

tropical de type soudano-guinéen, à saisons contrastées

(alternance d’une saison sèche et d’une saison plu-

vieuse). Sur ce bassin versant, la pluviométrie moyenne

annuelle observée à la station météorologique de

Djougou, sur la période 1950–2004, est de 1195 mm

(1280 mm de 1950 à 1969, 1150 mm de 1970 à 2004) ;

l’essentiel des pluies (60 %) se concentre entre juillet et

septembre. L’évapotranspiration potentielle (ETP) cal-

culée par la méthode de Penman–Monteith [10] est de

1390 mm an�1 (2002–2005) ; à l’échelle mensuelle, elle

montre une faible variabilité saisonnière, avec un

maximum de 5 à 6 mm j�1 en saison sèche et un

minimum de 3 à 4 mm j�1 en saison des pluies.

La topographie du bassin est vallonnée, avec des

altitudes comprises entre 520 m à l’amont (ouest) et

340 m à l’exutoire (est), avec une pente moyenne de la

rivière de 1,7 m km�1. Les roches sont essentiellement

des formations métamorphiques de la bordure est

du craton Ouest-Africain, datées du Protérozoı̈que
supérieur et constituées de granites, de granito-gneiss et

de schistes [1,5]. Les altérites, principalement silteuses

et argileuses sur une épaisseur de 10 à 25 m, constituent

l’aquifère de la nappe libre. Localement et plus en

profondeur, des fractures du socle peuvent constituer un

réservoir pérenne, en continuité hydraulique avec la

couverture altérée du socle [16].

Les sols régionaux, de type « ferrugineux tropicaux

lessivés » [12] sont de nature variable en fonction de leur

position topographique, de la nature des roches sous-

jacentes ou de l’anthropisation du site (sols localement

hydromorphes, indurés, peu lessivés ou lessivés [11]). La

végétation climacique est constituée d’une savane à

Isoberlinia sp. à couvert herbacé continu (Andropogon

sp., Hypparhenia sp.). Cette végétation naturelle est

aujourd’hui largement dégradée en une mosaı̈que de

champs (igname, manioc, sorgho, maı̈s, coton). À l’aval

des versants, les principaux axes de drainage sont bordés

sur 10 à 20 m par une dense forêt-galerie.

L’activité socio-économique, hormis la ville de

Djougou (20 000 habitants) est essentiellement rurale

et basée sur des cultures pluviales (absence d’irrigation).

La densité de la population, proche de 30 hab km�2,

connaı̂t une croissance annuelle de 4,9 % par an (1992–

2002) ; l’essentiel des ressources en eau à usage

domestique provient d’une multitude de puits villageois,

disséminés sur l’ensemble du bassin. Des suivis de terrain

des puisages quotidiens, effectués en 2003 dans six

villages représentatifs, indiquent une consommation

domestique de l’ordre de 21 L hab�1 j�1, proche de celle

de 17 L hab�1 j�1 estimée pour l’ensemble du haut

Ouémé [15]. Compte tenu de la population du bassin de la

Donga, cela implique des prélèvements anthropiques

faibles, de l’ordre de 0,2 mm an�1.

3. Données

Des données préliminaires sur l’organisation de la

couverture d’altération ont été obtenues en mai 2003 par

des prospections géophysiques basées sur la résistivité

électrique [8]. Dans ce type de milieu, ce paramètre

présente des contrastes importants en fonction de la

nature des roches, des teneurs en eau ou en argile. La

méthode de la tomographie électrique [22] a été mise en

œuvre sur plusieurs versants du bassin, à une échelle

pluri-hectométrique. En parallèle aux mesures, des

relevés géologiques ont été effectués pour contraindre

l’interprétation.

Les données hydrodynamiques sont issues de 16

pluviomètres, de 26 puits suivis en piézométrie et de

trois stations limnimétriques ; ces stations représentent,

d’amont en aval, des bassins emboı̂tés, de superficies
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croissantes (Ara-pont (A), 13 km2 ; Donga-Kolokondé

(K), 105 km2 ; et Donga-pont BV, 586 km2 ; Fig. 1). En

complément, à plus fine échelle, des données issues

d’un site à l’amont du bassin où neuf piézomètres ont

été crépinés à différentes profondeurs (2, 10 et 20 m)

sont disponibles depuis 2004 (Fig. 1). Les pluviomètres

enregistreurs permettent de discriminer les événements

par cumuls de 0,5 mm. Les niveaux de la nappe libre ont

été enregistrés à des pas de temps de 30 min (13 sites)

et/ou par lectures tri-journalières (23 sites). Les trois

stations limnimétriques considérées, étalonnées, ont

bénéficié d’enregistrements au pas de temps de 5 min

pour les deux stations à l’amont (A, K) et de 30 min

pour la station à l’aval (exutoire). L’ensemble des

piézomètres et des échelles limnimétriques ont été

nivelés par GPS différentiel pour caractériser la

distribution spatiale des potentiels hydrauliques [16].

Les données hydrochimiques sont constituées de

suivis mensuels à trimestriels des paramètres physico-

chimiques – température, pH, conductivité électrique

(CE, à 25 8C) – sur une vingtaine de puits et forages. Des

mesures ont également été effectuées sur le cumul d’une

dizaine d’événements pluvieux sur cinq pluviomètres de

l’amont du bassin, ainsi que dans les eaux de surface, en

divers points du bassin (sources, affluents et cours

principal de la Donga). La station limnimétrique de

Donga-Kolokondé (K, Fig. 1) fait l’objet depuis juin

2003 d’un suivi automatique de la CE à des pas de temps

de 30 min ; sur les piézomètres du site expérimental de

l’amont du bassin, des enregistrements de la CE à pas de

temps de 30 min sont également effectués depuis avril

2004. En parallèle à ces mesures, des analyses de la

chimie des ions majeurs (Ca2+, Mg2+, Na+, K+ pour les

cations, HCO3
�, SO4

2�, NO3
�, Cl� pour les anions) ont
Fig. 2. Coupe de distribution des résistivités sur un versant représentatif du s

entre résistivité et type de terrain est proposée sur la base de mesures de r

Fig. 2. Resistivity cross-section in the Ara watershed in May 2003 (located a

measurements made on different outcropping surfaces.
été réalisées sur des eaux de pluie (18 analyses), de la

nappe (23 puits et 15 forages), de sources temporaires (8

analyses) et du cours principal de la Donga (une douzaine

d’analyses par station limnimétrique). Pour les eaux de la

Donga, un échantillonnage à haute fréquence a égale-

ment pu être effectué sur trois crues majeures en 2003.

L’ensemble des échantillons, filtrés in situ, a été analysé

avec une précision de 5 % par électrophorèse capillaire

(cations et SO4
2�, NO3

�, Cl�) ou titration acide

(HCO3
�) au laboratoire HydroSciences de Montpellier

(France).

4. Résultats

4.1. Géophysique de subsurface

Plusieurs profils de résistivité électrique transversaux

aux talwegs ont été réalisés par tomographie en différents

points du bassin [8,16]. Un exemple typique de profil de

résistivité, obtenu en amont du bassin, est présenté sur la

Fig. 2 ; ce profil montre une hétérogénéité importante

de l’altération à une échelle hectométrique. Les

formations argileuses et/ou argilo-sableuses électrique-

ment conductrices sont organisées en lentilles parfois

affleurantes ; cette distribution suggère que des nappes

perchées peuvent se mettre en place, les formations

argileuses constituant des niveaux imperméables. Des

cuirasses superficielles se notent par de fortes résistivités

électriques. Le socle, électriquement résistant, se

rencontre entre 15 et 25 m sous la surface. Son modelé

présente de faibles ondulations sans relation avec la

topographie. Localement, des formations massives de

plus forte résistance (par exemple, des quartzites),

propices au ruissellement, affleurent (Fig. 2).
ous-bassin d’Ara, mai 2003 (localisée à « PG », Fig. 1). L’équivalence

ésistivité sur affleurement.

s ‘‘PG’’ in Fig. 1). The geological interpretation is based on resistivity
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Fig. 3. Lames journalières précipitées (A), lames journalières écou-

lées à l’exutoire du bassin (B) et profondeur moyenne journalière de la

nappe (C) pour les années 2003 et 2004.

Fig. 3. Daily rainfall (A), daily runoff at the watershed outlet (B), and

mean daily water table depth (C) for years 2003 and 2004.
4.2. Hydrodynamique

Pour les deux années suivies, les pluies présentent

une saisonnalité similaire, avec un pic mensuel en

juillet–août (Fig. 3A). La pluviométrie présente une

diminution du cumul de 25 % (1514 mm en 2003,

1140 mm en 2004, Tableau 1). Cette différence se

trouve accentuée (64 %) dans les écoulements de

surface à l’exutoire (429 mm en 2003, 156 mm en

2004), avec des coefficients d’écoulement à l’exutoire
Tableau 1

Bilan hydrologique pour les deux années de suivi à l’échelle du bassin versant

autres exutoires intermédiaires (A et K, cf. Fig. 1)

Table 1

Water balance for the two surveyed years at the basin scale (BV); rainfall (P) a

K, cf. Fig. 1)

P (mm) Q (mm), [Q/P] (%)

A K BV A K

2003 1634 1580 1514 480 437

[29.4] [27.7]

2004 1066 1095 1140 158 106

[14.8] [9.6]

La recharge de la nappe (R) est estimée par la méthode des fluctuations p

l’aquifère (n = 1 %, n = 5 %) ; l’évapotranspiration réelle (ETR) est déduit

négligeant le stockage interannuel dans l’aquifère (absence de tendance pi

Groundwater recharge (R) is estimated by the water table fluctuation method f

evapotranspiration (ETR) is deducted from the external terms of the balance

and neglecting the human water consumption (0.2 mm yr�1).
respectivement de 28,3 et 13,7 % (Tableau 1). Les

mêmes conclusions peuvent être apportées pour les

sous-bassins emboı̂tés A et K (Tableau 1). En terme de

processus, l’écoulement présente une dynamique

rapide, avec des crues journalières pouvant atteindre

140 m3 s�1 (Fig. 3B). À l’échelle saisonnière, la durée

de l’écoulement apparaı̂t plus courte en 2004 qu’en

2003 (120 contre 210 jours), tributaire de l’occurrence

de pluies rapprochées.

La profondeur de la nappe est comprise entre 15 m

(saison sèche) et moins de 1 m sous le sol (saison des

pluies), en relative indépendance par rapport à la

position dans le bassin. À cette échelle, la piézométrie

de la nappe est toujours en position haute par rapport au

lit de la rivière. Cette observation est également valable

à l’échelle du sous-bassin versant d’Ara, plus densé-

ment équipé. Sur ce site, les piézomètres crépinés à 10

et 20 m montrent une piézométrie identique (nappe

phréatique pérenne des altérites), tandis que ceux

crépinés à 2 m captent un niveau saturé à potentiel plus

élevé (nappe perchée temporaire). Le maximum

piézométrique de la nappe phréatique est atteint en

août–septembre, après une hausse plurimétrique des

niveaux, sans répartition particulière des amplitudes de

fluctuation sur le bassin. De même que les écoulements

de surface, la décrue piézométrique s’amorce dès la fin

des précipitations régulières, pour atteindre un mini-

mum en mars–avril (Fig. 3C). Ces fluctuations piézo-

métriques montrent, en comparaison interannuelle, une

différence moindre que celle des débits (Fig. 3B) :

l’amplitude des chroniques varie de 3,3 à 12,5 m

(moyenne : 7,4 � 2,8 m) en 2003 et de 2,4 à 10,0 m

(moyenne : 5,3 � 2,3 m) en 2004. La nappe phréatique
(BV) ; la pluie (P) et le débit (Q) sont également calculés pour les deux

nd outflow (Q) are also reported for the two intermediate outlets (A and

R (mm), [R/P]% ETR (mm)

BV BV, n = 1 % BV, n = 5 % BV

429 74 370 1085

[28.3] [4.9] [24.4]

156 53 265 984

[13.7] [4.6] [23.2]

iézométriques pour deux valeurs possibles de la porosité efficace de

e par soustraction aux termes du bilan externe du bassin (P � Q), en

ézométrique) et les prélèvements anthropiques (0,2 mm an�1).

or two possible values of the specific yield (n = 1 %, n = 5 %); effective

(P � Q), considering no groundwater storage at the interannual scale
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Fig. 4. Suivis des fluctuations de la conductivité électrique (CE) des

eaux.

Fig. 4. Seasonal EC surveys of surface and groundwaters.

Fig. 5. Fluctuations typiques de la chimie des eaux mesurées à

l’exutoire au cours de la crue composite du 1er août 2003. A :

concentrations (mequiv L�1), B : flux (equiv s�1).

Fig. 5. Typical changes in surface water chemistry during the com-

posite flood of 1st August 2003 at the watershed outlet. A: ionic

content (mequiv L�1), B: flux (equiv s�1).
des altérites apparaı̂t donc de dynamique synchrone à

l’échelle du bassin, avec une continuité hydraulique

effective à l’échelle des versants.

4.3. Hydrochimie

Les eaux échantillonnées sont peu minéralisées

(hormis quelques sites pollués enrichis en NO3 et Cl),

avec des CE généralement inférieures à 400 mS cm�1

(Fig. 4). Les eaux sont à tendance acide (pH 5–7) et de

faciès chimique majoritairement bicarbonaté calco-

magnésien, en accord avec la nature silicatée des roches.

La température des eaux de la nappe (27 à 28 8C) est

légèrement supérieure à la température moyenne

interannuelle à la station de Djougou (26,4 8C).

Les pluies montrent des CE faibles, de l’ordre de

10 mS cm�1. Ces valeurs sont logiquement inférieures à

celles des eaux de surface (Donga et affluents) dont la

CE, hormis les tout premiers événements lessivants de

la saison, reste faible en valeur absolue (<70 mS cm�1).

En valeur relative, la CE montre des fluctuations

systématiques en cours de crue : à une chute de CE en

début d’hydrogramme, succède un recouvrement lent

(quelques jours) de la CE initiale (la Fig. 5A représente

une crue composite à l’exutoire). En termes de flux

ioniques, la dynamique géochimique montre des

variations similaires, mais retardées de quelques heures

par rapport au débit (Fig. 5B) ; cette diachronie peut

s’expliquer par des contributions variables de sous-

bassins aux taux d’érosion chimique différents.

D’amont en aval du bassin, en période d’inter-crue,

une faible augmentation de la CE est perceptible (de

39 � 5 à 65 � 7 mS cm�1 pour A et BV) ; l’explication

la plus probable réside dans une augmentation de la

longueur moyenne des versants et donc du temps de

transit de l’écoulement de subsurface. À l’échelle

saisonnière comme à l’interannuel pour les deux années
suivies, aucune tendance à l’augmentation de la CE des

eaux de la rivière n’est observée (Fig. 4).

La nappe phréatique (altérites) montre des valeurs

nettement supérieures, en moyenne de 155� 70 mS

cm�1 ; plus en profondeur, les eaux des forages (socle)

montrent des valeurs encore plus élevées (288 �
80 mS cm�1) ; cela témoigne d’un temps de résidence

probablement plus important. Sur le site de plus fine

investigation, à l’amont du bassin, les suivis hydro-

chimiques effectués en 2004 permettent de préciser ces

observations. La nappe perchée (2 m) montre des CE

fluctuant entre 30 et 130 mS cm�1 (moyenne de

75 � 30 mS cm�1), alors que celles relatives aux piézo-

mètres crépinés à 10 et 20 m sont respectivement de

l’ordre de 200 et 250 mS cm�1 (Fig. 4).

En termes de minéralisation, les rapports ioniques

montrent une grande constance dans le temps et

l’espace. Pour les eaux de la rivière (Fig. 5A), les

éléments majeurs liés à l’altération (Si, Ca, Mg, Na et

HCO3) fluctuent proportionnellement à la CE ; l’ion K

fait exception et montre un comportement variable,

vraisemblablement en raison d’une sensibilité plus

grande aux cycles biogéochimiques [4]. Au final, les

eaux issues de différentes profondeurs (subsurface,

nappe des altérites et socle profond) montrent des

rapports ioniques peu différenciés, reflet de l’homo-

généité d’ensemble des faciès chimiques des eaux du

bassin.
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5. Discussion

5.1. Processus hydrologiques

Le croisement d’informations de la géophysique, de

l’hydrodynamique et de la géochimie permet de

reconstituer un schéma cohérent des processus en jeu

sur le bassin (Fig. 6).

La nappe phréatique, libre, est, sur tout le bassin, en

position haute par rapport au réseau hydrographique.

Elle occupe les versants en continuité hydraulique,

comme en témoignent les mesures piézométriques. Les

coupes géophysiques montrent qu’elle baigne différents

terrains organisés en lentilles silto-argileuses ou

sableuses. Au cours de la saison des pluies, elle montre

en tout point des fluctuations saisonnières, d’amplitude

variable et sans organisation spatiale particulière ; la

recharge apparaı̂t donc principalement de type direct,

par percolation des eaux de pluie et infiltration à travers

la zone non saturée ; en certains points du bassin

cependant, l’existence de sols indurés (cuirasse) et/ou

d’affleurements du socle peut induire un ruissellement

localisé avant infiltration. La nature silto-argileuse à

sablo-argileuse du manteau altéritique milite pour un

rôle essentiellement capacitif du réservoir ; cette

interprétation a été confirmée par essais de pompage,
Fig. 6. Schéma conceptuel des flux hydriques à l’échelle d’un versant,

d’après les observations hydrologiques, géochimiques et géophysi-

ques réalisées sur le bassin de la Donga. P : Pluie, E : évapotranspira-

tion, If : infiltration, R : recharge, RR : ruissellement rapide

(ruissellement Hortonien et sur surface saturée), SS : flux de subsur-

face, Fp : flux profond. Les niveaux saisonniers minimum et maximum

de la nappe phréatique sont indiqués en tiretés.

Fig. 6. Conceptual cross-section of the water flux at a hillslope scale,

according to the hydrological, geochemical, and geophysical observa-

tions made in the Donga catchment. P: rainfall, E: evapotranspiration,

If: infiltration, R: recharge, RR, runoff (Hortonian runoff and runoff on

saturated surface), SS: subsurface flow, Fp: deep groundwater flow.

Dotted lines represent minimum and maximum seasonal levels of the

water table.
avec des débits spécifiques de l’ordre de 1 m3 h�1 m�1

et des perméabilités de l’ordre de 10�5 m s�1 [16].

Le caractère temporaire des eaux de la Donga

(absence de « débit de base ») traduit une origine

superficielle des écoulements. Lors des pics de crue, les

eaux présentent une minéralisation très faible, proche de

celle des pluies ; en période d’inter-crue, les écoulements

sont de faible minéralisation, de chimisme voisin de celui

des nappes perchées saisonnières, tel qu’observé à leurs

émergences en de multiples points du bassin [16].

L’écoulement à l’exutoire peut donc être considéré

comme composé d’un flux rapide (ruissellement

Hortonien sur les surfaces indurées et écoulement sur

surfaces saturées) et d’un flux retardé de subsurface

(vidange des nappes perchées), sans contribution

significative de la nappe des altérites à l’écoulement.

La vidange de la nappe semble donc s’effectuer

essentiellement par des transferts verticaux par évapo-

transpiration (strate arborée) et éventuellement, vers des

fractures du socle plus en profondeur, via des brèches

tectoniques à forte porosité [1] ; cependant, à une échelle

de 10 000 km2, le haut Ouémé présente un tarissement

annuel, ce qui milite plutôt pour des circulations dans le

socle faibles, ou d’extension limitée.

5.2. Bilan hydrologique

Deux méthodes sont appliquées pour contraindre le

bilan hydrologique du bassin. La première est basée sur

les fluctuations piézométriques de la nappe libre et a pour

objetuneestimation de la rechargeannuelle. Ladeuxième

est basée sur une décomposition des hydrogrammes de

crue et a pour objet de discriminer la part des écoule-

ments rapides et de subsurface dans les flux à l’exutoire.

L’estimation de la recharge par la méthode des

fluctuations piézométriques suppose une nappe libre,

rechargée par les précipitations en un temps court [7] ;

elle peut s’exprimer selon l’équation R = h � n, où R

représente la recharge (L T�1), h l’amplitude piézo-

métrique observée sur la période considérée (L T�1) et n

la porosité efficace (%, adimensionnel). Pour notre cas

d’étude où la recharge s’effectue en quelques mois,

l’amplitude piézométrique considérée est la valeur

moyenne entre le minimum de saison sèche et le

maximum de la saison des pluies (Fig. 3C). L’estimation

obtenue pour une valeur n considérée représente alors, du

fait (1) d’une probable vidange concomitante à la

recharge et (2) d’une amplitude de fluctuation parfois

limitée par le niveau du sol, une estimation a minima de la

recharge effective. Les prélèvements villageois, suscep-

tibles d’induire un rabattement local de la nappe, ont

probablement une influence minime, les fluctuations
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mesurées dans les piézomètres expérimentaux présentant

des amplitudes similaires à celles obtenues dans les puits.

L’influence des flux souterrains provenant de l’amont des

points de mesure est considérée comme négligeable, les

observations réalisées sur des transects piézométriques le

long de versants montrant de faibles différences de

fluctuation saisonnière (<15 %). Pour quantifier l’impact

du choix de n sur la recharge estimée, une gamme de 1 à

5 % a été retenue pour la porosité efficace (Tableau 1), en

accord avec les valeurs généralement admises pour les

altérites de socle en Afrique de l’Ouest [9,13]. La

recharge déduite est de 74 à 370 mm an�1 (2003) et de 53

à 265 mm an�1 (2004), soit de 5 à 24 % du total

pluviométrique. Ces coefficients de recharge sont

compatibles avec la gamme de 20 à 30 % obtenue pour

des aquifères en zone de socle et sous climat soudanien

[13]. À l’échelle du bassin, ces chiffres apparaissent

compatibles avec des flux d’exfiltration par évapotrans-

piration pendant les cinq à six mois de la saison sèche. À

l’échelle des versants (Fig. 6), une estimation des flux

souterrains peut être effectuée par l’application de la loi

de Darcy : sur la base des paramètres de l’aquifère

(perméabilité de 10�5 m s�1, épaisseur saturée de 10 à

20 m, gradients hydrauliques de l’ordre de 2 à 3 %), les

flux parvenant aux talwegs sont de l’ordre de

0,3 m3 m�1 j�1. En considérant une largeur de forêts-

galeries de 20 m, un flux d’évapotranspiration de l’ordre

de 15 à 20 mm j�1 serait alors suffisant pour empêcher

toute contribution du souterrain au réseau hydrographi-

que. Selon [10], en raison de l’effet d’oasis et de leur

organisation linéaire, l’ETP des forêts galeries peut être

d’au moins un facteur 2 supérieure à l’ETP de 5 à

6 mm j�1 en saison sèche, calculée selon les seuls

paramètres atmosphériques. En première approche,

l’ordre de grandeur des flux souterrains apparaı̂t donc

compatible avec des flux d’exfiltration gouvernés par

évapotranspiration ; des études complémentaires seraient

cependant nécessaires pour mieux quantifier les flux

hydriques à l’aval des versants.

En accord avec les processus identifiés, une décom-

position de l’hydrogramme en deux écoulements

(ruissellement, RR, et flux de subsurface, SS) a été

retenue. Les hypothèses classiques [2] suivantes ont été

adoptées : (1) on a invariance spatiotemporelle de la

signature des réservoirs contributeurs ; (2) la CE

représente une valeur représentative de la charge ionique

issuede l’altération. Pour notre cas d’étude, desvariations

temporelles du chimisme sont cependant notées en

subsurface (Fig. 4) et K+ évolue indépendamment de la

CE (Fig. 5A) ; ces écarts restent suffisamment mineurs

(par exemple, R2 de 0,91 entre CE et Ca, Fig. 5A) pour

justifier, en première approche, les hypothèses. Des
observations réalisées à la station « A » montrent des CE

proches de celles de l’eau de pluie durant les pics de

crue (8 < CE < 17 mS cm�1), ce qui peut justifier de

l’assimilation de la CE des pluies (10� 2 mS cm�1) au

pôle RR. En considérant les valeurs de CE mesurées aux

trois stations en période d’inter-crue, une valeur de

55 � 6 mS cm�1 a été fixée au pôle SS ; cette valeur est

dans la gamme de celles observées pour les nappes

perchées (75� 30 mS cm�1). Les calculs se rapportent à

la station K (Fig. 1), équipée d’un enregistreur de CE sur

les deux années considérées, aux valeurs de CE proches

de celles de l’exutoire (53� 8 et 65 � 7 mS cm�1

respectivement, en période d’inter-crue). Pour tenir

compte de l’incertitude sur les pôles, une simulation a

été réalisée par la méthode de Monte Carlo (tirage des

valeurs des pôles dans des lois normales de moyenne et

écart-type précédemment donnés). Les flux de subsurface

représentent 68 � 13 % et 83 � 13 % de l’écoulement

total, respectivement en 2003 et 2004 ; à l’échelle intra-

saisonnière, aucune évolution significative des contribu-

tions n’est observée. Sur cette partie du bassinversant, les

sommes des écoulements rapides et de subsurface

peuvent donc être estimées respectivement à 140 et

297 mm en 2003, et à 18 et 88 mm en 2004. Pour ces deux

années à écoulement contrasté, ces calculs suggèrent que

la baisse des écoulements n’a pas une origine unique,

mais résulte d’un déficit combiné des flux de surface et de

subsurface. Ce processus s’avère donc distinct de celui

observé plus au nord au Sahel, où le déficit pluviomé-

trique combiné au déboisement a provoqué la seule

augmentation du ruissellement Hortonien sur surfaces

encroûtées (par exemple, [26]) ; en zone soudanienne, un

sol plus développé favorise l’infiltration locale et les flux

de subsurface, dont la réponse au déficit pluviométrique

peut être différente, en amplitude, de celle du ruisselle-

ment.

6. Conclusion

Cette étude, basée sur une approche couplée

hydrodynamique et hydrochimique des flux hydriques,

montre que l’origine des écoulements sur le bassin

versant de la Donga est à dominante superficielle. Ce

résultat précise et complète, pour le haut Ouémé, des

études antérieures sur un sous-bassin moins étendu

(30 km2), où l’impact de la mise en culture a engendré

une augmentation du ruissellement et une réduction de

l’évapotranspiration [14], en accord avec la tendance

observée à l’échelle globale [25]. À terme, par une

meilleure prise en compte des processus hydrologiques

et de la variabilité interannuelle des flux, une

amélioration des modèles hydrologiques établis pour
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le haut Ouémé [3,20,27] est attendue ; en retour, ces

modèles permettront de valider la cohérence des

gammes de valeurs estimées pour les différents

paramètres du bilan hydrologique du bassin.

Ces résultats constituent une première étape dans

l’étude hydrologique de ce bassin versant. Dans le cadre

du programme AMMA, un suivi à plus long terme

permettra de préciser encore davantage l’importance

respective du ruissellement et des écoulements de

subsurface dans la variabilité interannuelle des débits.

Dans une perspective plus large, cette étude représente

également une contribution à une meilleure connais-

sance de la variabilité spatiotemporelle des flux surface-

souterrain et de son impact sur l’hydrologie de l’Afrique

tropicale [18,23].
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terrain a été assurée par S. Afouda, M. Arjounin, J.-M.

Bouchez, F. Jacquin, F. Malinur et T. Ouani, techniciens

de l’IRD au Bénin. Les traitements des données

pluviométriques et hydrométriques ont été coordonnés
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[21] Y. L’Hôte, G. Mahé, B. Some, J.-P. Triboulet, Analysis of a

Sahelian annual rainfall index from 1896 to 2000; the drought

continues, J. Sci. Hydrol. 47 (2002) 563–572.

[22] M.H. Loke, Electrical imaging surveys for environmental and

engineering studies. Technical note of Geotomo Software, 2000.

Available online at: http://www.geoelectrical.com.

http://www.fao.org/docrep/X0490E/X0490E00.htm
http://www.fao.org/docrep/X0490E/X0490E00.htm
http://www.geoelectrical.com/
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Abstract

Diffusive Gradient in Thin Films (DGT) and Semi-Permeable Membrane Devices (SPMDs) were deployed in the Seine river
basin in order to assess labile metals and truly dissolved Polycyclic Aromatic Hydrocarbons. We show that the tools are reliable in
aquatic environments to assess the speciation of dissolved contaminants and hence provide a good insight into the potential
bioavailability of contaminants. The deployment of the DGT and SPMDs in contrasting environments in the Seine river basin
allowed distinction to be made of availability of contaminants between headwater streams and much more impacted river reaches
and an assessment of bioavailability. At the stations under urban influence, the impact of dissolved organic matter on both copper
and PAHs bioavailability is less pronounced than at upstream stations, where humic substances dominate.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Metals; Polycyclic aromatic hydrocarbons; Bioavailability; Speciation; DGT; SPMD; Seine
1. Introduction

The European water framework directive recently led
to consider the chemical contamination of water bodies
through its possible threat to the ecosystem (Chave,
2001). Moreover, because of the increasing analytical
capacity of detecting trace levels of contaminants, people
progressively become more aware of the spreading of
both trace metals and organic compounds. Much less is
known, however, on their capacity of entering the food
chain and eventually impacting human health, i.e. on
⁎ Corresponding author. Tel.: +33 1 40 96 61 98; fax: +33 1 40 96 61 99.
E-mail address: marie-helene.tusseau@cemagref.fr

(M.-H. Tusseau-Vuillemin).

0048-9697/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2006.12.018
their bioavailability. Even though the major part of most
contaminants is bound onto sediments and suspended
matter, dissolved contaminants only are directly avail-
able to organisms. However, a number of studies
demonstrated that total dissolved metal concentration
was poorly correlated to observed effects on biological
organisms (Campbell, 1995; Batley et al., 2004).
According to the Free Ion Activity Model (FIAM,
Morel, 1983), the biological effect induced by a metal is
related to its free ionic concentration. Electrochemical
methods (e.g. voltametry or ion selective electrodes)
have been widely used to determine metal speciation in
natural systems (Xue et al., 1996; Meylan et al., 2004).
However, these techniques are delicate and cannot be
used regardless the environmental matrix (Meylan et al.,

mailto:marie-helene.tusseau@cemagref.fr
http://dx.doi.org/10.1016/j.scitotenv.2006.12.018
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2004). The Diffusion Gradient in Thin Films (DGT)
technique was proposed by Davison and Zhang (1994)
as a robust way to quantitatively measure free and labile
metal species in aquatic environments. Because the
technique provides in situ preconcentration of metals, it
allows to avoid most contamination problems. More-
over, because the measurement is performed in the acidic
elluent of the binding resin, DGT considerably reduces
the analytical difficulties linked to complex chemical
matrices and was recently shown to be usable in
wastewater (Buzier et al., 2006a). The labile fraction of
dissolved metal sampled by DGT includes free ions, all
inorganic complexes and part of the organic complexes
(Davison, 1978; Tusseau-Vuillemin et al., 2003).
Meylan et al. (2004) and Tusseau-Vuillemin et al.
(2004) have shown that DGT labile copper allowed to
predict the bioavailability and the toxicity of natural or
artificial copper solutions.

The reactivity of hydrophobic organic contaminants
is also strongly influenced by the chemical environment.
Indeed, a large fraction of organic contaminants binds to
organic matter (Schwarzenbach et al., 1993), which
affects their bioavailability. Most studies report the so-
called protective effect of organic matter, namely that
the presence of Dissolved Organic Matter (DOM) in
water reduces the bioconcentration of organic contami-
Fig. 1. Location of the sampling stations: Theil (Theil river), Guérard (on th
Chatou and Andrésy (on the Seine river).
nants in numerous aquatic organisms (Haitzer et al.,
1998). The generally-accepted assumption is that only
the truly dissolved fraction of the chemical (also referred
to as the “free fraction”) is bioavailable to these
organisms who concentrate pollutants from water
through direct contact and respiration (Landrum et al.,
1985). Semi-Permeable Membrane Devices (SPMD)
have been developed in the 90's in order to sample truly
dissolved hydrophobic organic contaminants in aquatic
ecosystems and mimic accumulation in organisms
(Huckins et al., 1990). As DGTs, SPMDs concentrate
the contaminants and simplify detection limit problems.
Various in situ experiments compared bioaccumulation
in organisms and accumulation in SPMDs (Peven et al.,
1996; Axelman et al., 1999; Granmo et al., 2000). Well
controlled experiments (Gourlay et al., 2005a,b) dem-
onstrated a similar protective effect of DOM toward PAH
accumulation in SPMDs and in bioaccumulation in
daphnids. Themain environmental factor influencing the
speciation and eventually the bioavailability of dissolved
contaminants is the DOM. The intensity of the protecting
effect depends on its concentration and chemical
characteristics (Akkanen et al., 2001; Schwartz et al.,
2004; Luider et al., 2004).

In this paper, three main issues are addressed: (i)
some methodological issues specifically related to the in
e Grand Morin river), Meaux and Saint-Maurice (on the Marne river),
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situ measurement of labile forms of trace metals and
truly dissolved Polycyclic Aromatic Hydrocarbons
(PAHs), (ii) the distribution of the so-called “labile”
trace metals and PAHs found in rivers (iii) the influence
of dissolved organic matter on the lability of Cu, Cd and
PAHs. For the work, a case study was used based on the
Seine catchment. The Seine was chosen as it is a major
river of France and has major contrasting influences
from rural, urban, industrial and agricultural vectors.
Further, it is likely that DOM is very variable along the
catchment area, both in abundance and in properties.
Hence, the present study examines the speciation of
contaminants as a first step towards the prediction of
bioavailability of this important French river.

2. Material and methods

2.1. Sampling stations

Six sampling stations with increasing catchment scales
and land-uses were selected (Fig. 1). At Theil (Strahler
order 3), the basin is mostly forested. Guérard basin is
agricultural, forested and domestic (Strahler: 5). The
Meaux and Saint Maurice (Strahler: 6) catchment areas
are mainly agricultural, with some urban impact. The first
four stations are located upstream of the Parisian urban
area. Downstream of Paris, Chatou (Strahler: 7) is situated
inside an industrial area. Andrésy station (Strahler: 8) is
located a few kilometres downstream the effluent
discharge from the wastewater treatment plant Seine-
Aval that receives most of Paris wastewaters (nominal
capacity 8×106 inhabitants, flow 24 m3/s). At the Theil
and Guérard stations, the water was shallower than 1 m
and the sampling devices were deployed near the bottom.
At all other stations, they were deployed from embank-
ments at approximately 5 m from the bank and 1 m deep.
Sampling campaigns were scheduled over the 2002–2004
period, according to Table 1.

2.2. River samplings

2.2.1. Trace metals

2.2.1.1. Sampling and deployment. River water was
collected for trace metal analysis in acid washed
containers and filtered using Millipore 0.22 μm PVDF
filters, at least two times during every DGT deployment.
The filtration was carried out under a class 100 laminar
flow clean bench providing a clean environment. The
filtered samples, acidified (pH=2) with Merck Suprapur
HNO3, were stored in acid pre-cleaned polyethylene
bottles until analysis.
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Labile trace metals were monitored in situ bymeans of
Diffusion Gradient in Thin films devices (DGT, Davison
and Zhang, 1994). All DGT holders, resins and diffusive
gels (restricted gels of 0.8 mm thickness) were purchased
from DGT research (Lancaster, UK). DGT systems were
assembled at the laboratory under a laminar flow hood
before deployment. A polycarbonate membrane (Milli-
pore 0.4 μm) was placed at the water interface, so as to
prevent biofouling inside the gel. DGTwere deployed for
two different durations of exposure (typically three and
seven days). Three replicates were used for each exposure
and temperature was continuously monitored. An addi-
tional DGTwas assembled and carried to the site without
deployment in order to record possible contamination.
After the system retrieval, the resins were eluted in 2 mL
of 1 M nitric acid (prepared from Merck 65% suprapur
nitric acid). Cd, Cu, Co and Ni were analysed in DGT
eluates and filtrated water samples by ICP-MS (VG-
PlasmaQuad-PQ 2+) with 115In and 209Bi as internal
standards to correct for changes in peak intensities due to
instrumental drift and matrix suppression. The accuracy
and the precision of methods have been tested using the
river water SLRS-4 standard, certified by the National
Research Council, Canada. Analytical details are given in
Elbaz-Poulichet et al. (2006).

2.2.1.2. Data treatment. The mass of metal accumu-
lated on the resin was calculated using an elution yield
of 80% (Zhang and Davison, 1995). Labile metal
concentration in the river Clab in μg/L was calculated on
the basis of Davison and Zhang (1994):

Clab ¼ s
Dg
DD

ð1Þ

Δg is the diffusive gel thickness (0.08 cm), A is the
exposure area (3.14 cm2) and D is the diffusion
coefficient of the metal (in cm2 s−1 provided by DGT
Research1, Lancaster, UK), s the accumulation rate of
metals in the DGT (in ng s−1). Restricted diffusive gels
were used. These gels were shown to minimize the
sampling of humic metal complexes and possibly of
other organic macro-molecules (Zhang and Davison,
2000; Tusseau-Vuillemin et al., 2003).
2.2.2. Polycyclic aromatic hydrocarbons

2.2.2.1. Sampling and deployments. At three different
dates during SPMD deployment, three 2 L water
samples were collected in amber glass bottles, and
1 www.dgtresearch.com.
filtrated through pre-combusted 0.7 μm-glass-fiber
filters (GF/F Whatmann®, Kent, UK) for dissolved
PAHs analysis. Five deuterated PAHs (naphthalene-D8,
acenaphtene-D10, phenanthrene-D10, chrysene-D12,
perylene-D12) were immediately added to the filtered
samples as internal standards. The following day, 2 L-
water samples were extracted by Solid Phase Extraction,
using C18 cartridges (C18ec, 6 mL, 2 g sorbent,
Macherey-Nagel, Hoerdt, France) at a flow rate of 1 mL/
min. Three cartridges were used for each 6 L sample.
The three eluted fractions were pooled and evaporated to
50 μL before analysis.

Labile PAHs were collected in river water using
standard SPMDs (Exposmeter AB, Trehôrningen,
Sweden) consisting of a 91.4 cm long, 2.5 cm wide
and 75–90 μm thick layflat tube of low-density
polyethylene, filled with 1 mL of N95% pure triolein
(neutral lipid). Before exposure, triolein in each SPMD
was spiked in the lab with 5 deuterated PAH standards
(acenaphtylene-D8, fluorene-D10, anthracene-D10,
fluoranthene-D10, benzo[g,h,i]perylene-D12). These
components were used as Performance Reference
Compounds (PRC). At each station, two SPMDs,
were deployed inside a protective aluminium tube
(50 cm length, 15 cm diameter) for an accumulation
period of two weeks. The aluminium reduced photo-
degradation of PAHs as demonstrated by the quantita-
tive recovery of deuterated benzo[g,h,i]perylene. They
were positioned horizontally, following the direction of
flow. At Theil, Meaux, Saint-Maurice and Andresy
stations (Table 1), an accumulation kinetic experiment
was performed: 10 to 12 SPMDs were deployed and
retrieved regularly in duplicates all along a three weeks
period. After sampling, the SPMDs were quickly
washed in water to remove biofilm, excess water was
wiped out, they were separately placed in solvent-
cleaned tin cans, transported on ice and extracted within
few hours back to the laboratory. After addition of
internal standards in the dialysis medium, PAHs were
extracted in 200 mL of heptane (Picograde, LGC
Promochem) during 48 h under constant shaking.
Then, the extract was purified, and the sample volume
was reduced to 50 μL under nitrogen stream before
analysis.

The analyses of PAHs in SPMD and water extracts
were performed on a Gaz-Chromatograph-Mass spec-
trometer (GC-MS, GCD 1800A, Hewlett Packard),
operating in Selected Ion Monitoring mode. The GC
was equipped with a RTX-5 SilMS (Restek) fused silica
capillary column (60 m length, 0.25 mm ID and 0.25 μm
film thickness), the gas carrier was helium. The
molecules were detected by a quadrupole mass analyser

http://www.dgtresearch.com


Fig. 2. Co and Cu accumulated per DGT in ng during deployments in the Seine river, July 2002, Andresy.
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following ionisation by electronic impact. Each PAH
was corrected according to the recovery of the internal
standards and the overall calibration was verified with a
calibration check standard analysis every 12 samples.
The 16 PAHs in the EPA list were determined except for
naphthalene.

2.2.2.2. Data treatment. Huckins et al. (1999) pro-
posed a one-compartment model to simulate the
diffusion and accumulation of hydrophobic contami-
nants in SPMD in the case of a constant external
concentration in water:

dCSPMD

dt
¼ kuCw−SPMD−keCSPMD ð2Þ

CSPMD is the contaminant concentration in the SPMD
(ng/g), CW-SPMD the concentration in water available for
accumulation in SPMD (ng/L), ku the accumulation rate
constant in L kg−1 d−1, and ke the elimination/exchange
rate constant in d−1. Temperature, flow velocity, fouling
on membrane and other external physical factors
influence ku and ke that also depend on the accumulated
molecule. Eq. (3) is derived from Eq. (2) and provides a
mean to compute, an assumed constant “SPMD-
available” concentration in water:

CW−SPMD ¼
CSPMD

KSPMDð1−expð−ke � tÞÞ ð3Þ

KSPMD is the equilibrium constant (KSPMD=ku /ke) in
L kg−1.

During exposure, PRC that are initially present in the
SPMD diffuse to the water, where their concentration is
almost zero. Their kinetics is given by:

CSPMD ¼ CSPMD0expð−ke � tÞ ð4Þ
This equation can be used to compute ke for the PRC
from field data. Because the same diffusive processes
apply to all contaminants (diffusion into the membrane
or diffusion through the external diffusive boundary
layer for components with higher KOW), measured ke
data for PRC can be used to compute the in situ kinetic
parameters for all components. Here, the model
presented by Booij et al. (2003) was used. Values of
KSPMD are computed by a regression against KOW·ku
(or ke) values are computed following a model which
describes in details the physics of the diffusion in the
membrane (parameter BM) and the diffusive water
boundary layer (parameter BW). BM is expected to be
membrane dependent only. A regression of the few
theoretical and estimated values presented by Booij
et al. (2003) against temperature was attempted to define
BM. The remaining unknown parameter, BW, which
mainly depends on the hydraulic conditions during
deployment was estimated by adjusting the ke value
estimated from PRC data. The higher the ke value, the
higher the turbulence around the SPMD, and the higher
was BW. BW was much sensitive to the final ku or ke
estimates for all PAHs and deployment conditions,
while BM was not, Therefore, the poor estimation of BM

was not a problem.

2.3. Dissolved organic matter and other water quality
parameters

Dissolved organic matter was quantified by means
of dissolved organic carbon (DOC). Samples were
filtered on pre-combusted GF/F filters and DOC
concentrations were measured using a Carbon Ana-
lyzer (O.I. Analytical, College Station, TX, USA). The
absorbance at 254 nm (A254) of the filtrate was
measured and the Specific Ultra-Violet Absorbance
(SUVA) was calculated as SUVA=A254 /DOC in



Fig. 3. Left: Relation between in situ exchange rate constants ke and ke estimated by (Huckins et al., 1999) for all PRCs. Right: relationship between
Fluorene-D10 and Anthracene-D10 ke. Data shown are the ones collected in August 2004.
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cm−1.g−1.L. According to Traina et al. (1990), SUVA
can be considered as an indicator of the aromaticity of
DOM. Chlorophyll a concentration was measured in
river samples colorimetrically after filtration and
extraction of the filter in acetone. pH, temperature
and conductivity were regularly measured at all
sampling stations.

3. Results and discussion

3.1. Validation of passive samplers in river deployments

3.1.1. Diffusion gradient in thin films
The labile metal concentration was computed on the

basis of the linear regression of the data. Hence, the
standard deviation can be evaluated, that takes into
account possible contamination (concentration recorded
with no deployment), the variability of the triplicates and
the goodness of the linearity (possible variations of the
environment). In the case illustrated by Fig. 2, cobalt
triplicates were very close, while the slope tended to
slightly decrease at the end of exposure. This might be
either due to changes in diffusion properties (e.g.
biofouling) or to a variation of the labile cobalt fraction
in the river. Indeed, the comparison with the other metals
Fig. 4. Acenaphtene and benzo[a]pyrene concentration in SPMD (open circles
ng/L) against time of exposure. Data from August 2004 kinetic study at And
sampled with the same DGT device allows to confirm (or
not) possible variations in the diffusion layer during
deployment. During the whole study, we never observed
such a variation in the diffusion properties. Conversely, in
Fig. 2, copper triplicates are rather dispersed, while there
is no evident variation in the slope. The corresponding
labile concentrations are: CoDGT=0.23 μg/L with
σ=0.03 μg/L and CuDGT=2.12 μg/L with σ=0.49 μg/
L. The standard deviation associated to the labile copper
concentration reflects the relative dispersion of the data.

3.1.2. Practical use of PRC and accumulation kinetic in
SPMD

In situ ke for PRCs are well correlated to the reference
values obtained in the laboratory (Huckins et al., 1999)
but they appear three times higher (Fig. 3). SPMDswith a
higher ke for one PRC also exhibited higher ke for all other
PRCs. Therefore, a common factor probably determines
the escape rate of all PAHs in situ. Unlike previous
experiments (Vrana and Shüürmann, 2002), here it is
argued that the hydrodynamic control (depth of the
aqueous diffusion boundary layer) dominates over the
whole range of contaminants studied. Indeed, if diffusion
in the membrane had been the control factor for less
hydrophobic PAHs (fluorene-D10 and acenaphtylene-
, in ng/g) and SPMD-available concentration in water (black squares, in
résy.



Table 2
Total dissolved concentrations of Ni (ng/L), Co (ng/L), Cu (μg/L) and Cd (ng/L), in the Seine river basin (Marne and Seine) and other carbonated
European rivers

River Marne Seine Rhône Thames Krka

Thévenot
et al.
(1998)

This study Saint-maurice Thévenot
et al.
(1998)

Chiffoleau
et al.
(1999)

This study, Andresy Elbaz-
Poulichet
et al. (1986)

Neal
et al.
(2000)

Elbaz-
Poulichet
et al. (1991)

Range Mean Range Mean
labile
fraction

Range Range Mean Range Mean
labile
fraction

Zhang and
Wollast
(1991)

(Mean DOC=2.4 mgC/L) (Mean DOC=4.2 mgC/L)

Ni ng/
L

1080 40–2114 52% 1694 338–3760 42% 460 840 42

Co ng/
L

300 113–625 20% 366 144–1039 29% 66 600

Cu μg/
L

1.07–1.72 1,66 0.75–2.91 25% 1.08–2.73 1.27–2.54 2,19 0.49–3.03 25% 2,22 4,3 0.2–0.6

Cd ng/
L

7–19 23 12–44 37% 9–70 11–67 37 8–111 29% 33

The mean labile fraction measured in this study is given in percentages with the corresponding average dissolved organic carbon concentration in
mgC/L.

250 M.-H. Tusseau-Vuillemin et al. / Science of the Total Environment 375 (2007) 244–256
D8), their escape rates would have been constant (other
environmental factors such as temperature or ionic
strength were very similar at all stations during a single
campaign) and similar to the values obtained in the
Fig. 5. Mean total dissolved and labile trace metal concentrations recorded o
Andrésy: n=12; Chatou: n=5). Standard deviations are indicative of the tem
with the same letter (α=0.05). The stations are displayed according to Strah
laboratory (Huckins et al., 1993), and would not have
been correlatedwith the escape rates ofmore hydrophobic
PAHs. The control by hydrodynamic conditions is fully
coherent with the fact that BW was the only sensitive
n the Seine river basin (Theil, Guérard, Meaux: n=9; Saint-Maurice,
poral variability. Means that are not significantly different are labelled
ler order.
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parameter. In order to reliably estimate an in situ ke, when
PRC dissipation should neither be too small (N20%) nor
too large (b80%). We observed that among the tested
compounds, anthracene-D10 was the best candidate as
already suggested by Booij et al. (1998): after a two-
week-exposure, 22 to 70% remained inside the SPMD
(depending on exposure conditions).

The theoretical kinetic behaviour of PAHs in SPMD
was confirmed during implementation in the Seine basin
(Fig. 4). For the more hydrophobic PAHs, (e.g. benzo[a]
pyrene) the accumulation was linear over the three
weeks, whereas a plateau was reached within few days
for the less hydrophobic ones (acenaphtene Fig. 4).
Consequently, SPMDs only have a real cumulative
function for the more hydrophobic compounds, while
the estimated concentrations for lower compounds only
reflect the last days of exposure.

3.2. Dissolved and labile contaminants

3.2.1. Trace metals
Average total dissolved concentrations and range of

Ni, Co, Cu and Cd found in the Marne river (Saint-
Maurice station) and in the Seine river (Andresy station)
are displayed in Table 2, together with the mean labile
fraction (expressed as percentage of the dissolved
concentration). The Marne and Seine data are compared
with data from other carbonated European rivers. Ni and
Cu average dissolved concentrations were far above the
Krka concentrations that are considered to be pristine
level, but in the higher range of the Thames and Rhône
river records. Cobalt average dissolved concentrations
Fig. 6. Total dissolved water concentration. Average concentration and stand
campaign in Chatou were discarded.
were about the same as those encountered in the
Thames. A detailed analysis of the short-term variability
of dissolved copper and cadmium can be found in
Elbaz-Poulichet et al. (in press), where the possible role
of redox processes has been underlined. This variability
is probably also partly transferred to the labile fractions,
which depend not only on the total dissolved concentra-
tions, but also on the variability of organic ligands (see
Section 3.3). However, labile concentrations appear less
variable than the total dissolved ones, because of time
integrated sampling (Fig. 5).

Averages of the total dissolved and labile metal
concentrations recorded on the Seine river basin are
displayed on Fig. 5, from up to downstream stations.
Chatou station was lately added to the sampling program
and was sampled only five times for total dissolved
metals. Hence, the Chatou average is not as representative
of the temporal variability as the other stations are.
Nevertheless, our data show that the contamination level
generally and progressively increases according to the
Strahler order of the rivers. This probably reflects the
accumulation of both point source discharges (industrial
and domestic raw or treated wastewaters) and diffuse
water runoff. Indeed, Buzier et al. (2006b) recently
estimated that 7.9 kg copper and 13 kg Ni were released
from the “Seine-Aval” treatment plant in the river per day
as total dissolved metals. Among these, 3 kg Cu and
9,5 kg Ni would be labile in the effluent. Even though
there is evidence that the mixing processes of wastewater
treatment plant discharge in river water are not conser-
vative (Bubb and Lester, 1991), we note that such daily
fluxes of labile Cu and Ni might account respectively for
ard deviation of the three 2004 campaigns. Data from the May 2004
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5% to 66% and 23% to 360% of the river flux depending
on the period of the year. Conversely, labile Co and total
dissolved Cd concentrations were below the quantifica-
tion level (respectively 0.4 μg L−1 and 0.2 μg L−1) in
Seine-Aval effluents (Buzier et al. (2005) used ICP-AES
for the analysis). Therefore, Co and Cd river contamina-
tion might rather be linked to diffuse sources.

Except for nickel, the results indicate a significant
complexation of trace metals, the labile concentrations
being always significantly lower than the total dissolved
concentrations. Because we used restrictive gels in
DGT, the difference between total dissolved and labile
fractions accounts not only for chemically inert metal
complexes, but also for metal complexes formed with
humic acids (Zhang and Davison, 2000; Tusseau-
Vuillemin et al., 2003). On average, nickel was found
as labile species by 43% of total dissolved Ni. This is
consistent with Buzier et al. (2006) observations on
nickel speciation in raw and treated wastewaters, as
compared to copper and cadmium.

3.2.2. Polycyclic aromatic hydrocarbons
Concentrations of total dissolved PAHs also increase

from headwaters to downstream of Paris (Fig. 6) with a
stronger trend for light than for heavy compounds
(Fig. 7). Water from Chatou station was the most
polluted, which can be explained by its surrounding
industrial area. Data collected at this station on May
2004 are not included in Fig. 6, because of a huge
contamination in the water sample by light PAHs,
probably due to a recent spill: the dissolved water
concentration of 3–4 ring-PAHs was 3.9 μg/L; the
contamination was also visible but less dramatic in the
SPMDs deployed during the same period at the station,
because of the averaging effect of passive samplers. No
Fig. 7. Total dissolved and SPMD-available concentrations of PAHs. Average
⁎Total dissolved and SPMD-available concentrations are significantly differ
temporal trend could be observed between sampling
campaigns. For Fig. 6, the very high standard deviations
are outstanding. This illustrates the variability of PAH
water concentrations among three series of grab
samples.

As shown on Fig. 7, the fraction of dissolved PAHs
which can be extracted by SPMD is high for 3–4 cycles
PAHs: this fraction is not significantly different from the
total dissolved concentrations (t-test, pb0.05). Howev-
er, it becomes much lower for more hydrophobic
compounds at all stations. This strongly suggests that
a higher fraction of the more hydrophobic PAHs is
retained in the dissolved fraction, likely by natural
dissolved organic matter, which would act as an
additional hydrophobic phase in the system, retaining
hydrophobic components.

3.3. Impact of dissolved organic matter on contaminant
availability

Dissolved organic matter is likely to quantitatively
and qualitatively vary within the Seine river basin,
probably according to a gradient of biodegradable,
urban and autochthonous organic matter. Stable, humic-
like organic matter dominates in the headwater stream
basin, whereas the Seine river and its tributaries receive
all along the catchment area treated or raw urban
effluents that contain mineral nutrients and organic
matter to be further biodegraded (Tusseau-Vuillemin
and Le Réveillé, 2001). Eutrophication also occurs in
some regions of the basin (Garnier et al., 1998) and
produces large amounts of autochthonous algal dis-
solved organic matter in the river. Downstream the
Parisian area, organic matter in the Seine river is mainly
allochthonous of urban origin.
and standard deviation of 3 surveys in 2004. All concentrations in ng/l.
ent (t-test, pN0.05).
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Numerous in vitro studies pointed out that organic
matter of different types strongly influenced the
speciation of organic and metallic contaminants
(Schwartz et al., 2004; Sarathy and Allen, 2005), and
hence, strongly influenced the mitigation of their
bioavailability (Paquin et al., 2002; Haitzer et al.,
1998). More specifically, it was recently observed in
laboratory experiments that the biodegradability and
“aging” of DOM could be correlated to its protecting
effect. For example, Buzier et al. (2006) and Gourlay
et al. (2005a,b) showed that after biodegradation and
humification process, DOM limits the toxicity of copper
and the bioaccumulation of benzo[a]pyrene to D.
magna more than fresh substrates do. Similarly, humic
substances were shown to reduce the bioavailability of
copper and benzo[a]pyrene to D. magna more efficient-
ly than fresh algae exudates do (Gourlay et al., 2003;
Tusseau-Vuillemin et al., 2004).

In view of extrapolating these in vitro observations to
the natural waters sampled in this study, we analyzed the
characteristics of DOM as tracers of its algal or humic
origin. At downstream stations, urban DOM constitutes
an additional and much more variable compartment.
The Specific Ultra-Violet Absorbance indicates aroma-
ticity, which is characteristic of humic substances.
Fig. 8. a) and b) Labile copper fraction measured at five different stations of th
concentration. c) and d): data from Theil, Guérard and Meaux or Theil only
Conversely, the chlorophyll a concentrations provide
an indication whether the environmental DOMmight be
of algal origin or not.

3.3.1. Metals
The labile copper fractions taken as a whole neither

display any obvious correlationwith the aromaticity of the
DOM, nor with the chlorophyll a concentrations (Fig. 8),
except that they were generally higher in the downstream
stations. However, restricting the analysis to upstream
stations (Theil, Guérard andMeaux), we observed that the
labile copper fraction significantly decreased with the
aromaticity (Fig. 8). Moreover, the labile copper fraction
at Theil increased with the chlorophyll a concentrations
(Dissolved Organic Carbon varying by less than 20% in
each station). These last results confirm the in vitro
experiments according to which copper complexes
formed with humic, aromatic substances are inert and
not toxic (Schwartz et al., 2004), whereas those formed
with algal exudates are labile. The predominance of DOM
of either humic or algal origin is less and less observable
as the river gets anthropized, and as a mixture of organic
molecules of urban origin progressively dominates. We
hypothesize that those potential (and poorly known)
ligands are responsible for the rather erratic variations of
e Seine river basin as a function of SUVA (cm−1 L g−1) and chlorophyll
. Standard deviations are indicated when greater than the symbol size.



254 M.-H. Tusseau-Vuillemin et al. / Science of the Total Environment 375 (2007) 244–256
the labile copper fraction at Andresy and Saint-Maurice
stations. Taking labile copper as representative of
bioavailable copper, this means that bioavailable copper
shall be lower in the upper part of the Seine river basin,
where humic substances dominate in DOM. Conversely,
copper bioavailability might be increased during phyto-
planktonic blooms or in reaches under urban pressure.

3.3.2. Impact on PAH SPMD-availability
In situ, under the hypothesis that DOM is the major

hydrophobic phase retaining PAHs, and that bound
PAHs may not cross polyethylene membranes, the
SPMD-available concentration can be used to compute a
partitioning constant KDOC between bound and truly
dissolved PAHs following:

KDOC ¼
Ctotal−CSPMD−avail

CSPMD−avail � ðDOCÞ

These computations are only rough estimations
because the concentrations in the river were not constant
during the sampling periods, which introduce several
biases asmentioned earlier. Results are presented in Fig. 9
for the August 2004 survey. A number of in vitro studies
have been performed with B[a]P (log(KOW)=6.04)
and several natural riverine DOM samples (Gourlay,
et al., 2005a,b), The in situ KDOC computed in the
study (5–30×104 L/kg), are well in the range where
most KDOC obtained in vitro were found.

As many other properties connected to the hydro-
phobic character of molecules, a relation between KDOC

and KOW is expected. Indeed, a positive relation can be
drawn once the PAHs with the very lower KOW are
Fig. 9. Estimated in situ KDOC during August 2004 survey. The dotted line fi
because the difference between Ctotal and CSPMD-available is less than 20%. KDO

than SPMD-available concentrations.
excluded (namely acenaphtene and fluorene — Fig. 9).
Because accumulation kinetics depend on contaminants,
KSPMD is the major control parameter for the less
hydrophobic compounds, while ku is the control param-
eter in the case ofmore hydrophobic ones. Fig. 9 indicates
that the KSPMD versus KOW regression we used should be
somehow revised.

According to laboratory experiments, lower KDOC

should be found for the stations situated downstream of
urban discharges with fresher DOM (Gourlay et al.,
2005a,b). This hypothesis is confirmed by Fig. 9, where
the stations under urban influence (namely Andresy,
downstream of the larger Parisian WWTP, Chatou,
inside Paris conurbation under influence of many
combined sewer overflows and Guérard, downstream
of the city of Coulommiers) display the lower KDOC for
the more hydrophobic PAHs. At Chatou, for less
hydrophobic PAHs, the already noted influence of spills
might explain the very high and unexpected KDOC.

Although less precise than laboratory data, because
of additional sampling errors, non-stationary conditions
and much lower concentrations, field data confirm the
strong influence of DOM in the availability of the more
hydrophobic PAHs. Moreover it is confirmed that a
significant range of KDOCs can be obtained for a single
component, and that fresher (urban) organic matter
exhibits a lower affinity for hydrophobic compounds.

4. Conclusions

DGT is shown here to be a reliable tool to monitor
labile trace metals, in river waters of various composi-
tions. The theoretical comportment of SPMD was also in
gures out the limit below which the estimated KDOC are poorly defined

C were computed only when total dissolved concentrations were higher
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situ verified, with addition of Performance Reference
Compounds: SPMD-available concentrations are repre-
sentative of rather short time frame for light PAHs
(typically a few days), whereas they are integrated over a
much larger time frame for heavy compounds (up to
several weeks). Besides these technical restrictions, the in
situ deployment in the Seine river basin, along an urban/
industrial gradient provided good validation and showed
the predominant role of DOM in mitigating the
contaminants bioavailability. Humic DOM appeared as
more protective than the DOM typically found in
downstream waters, where the urban pressure dominates.
This first step in relating bioavailability of various
contaminants to the nature of dissolved organic matter is
important and a key starting point to examine the fate and
bioavailability of contaminants in biogeochemical
models.
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