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Abstract

The Lez karst spring, located in the Mediterranbasin (southern France), supplies with water the
metropolitan area of Montpellier (France) since 198 century. Since 1981, an intense pumping is being
performed directly in the main conduit with a mawim exploitation flow rate of about 1,700 I/s. Topirave
the understanding of groundwater origins and catboh dynamics in this karst system, as well agrtigact
of three decades of intense water exploitationuggdavater samples have been collected during various
hydrologic conditions since March 2006. The spriraged wells of the Lez karst system as well as
surrounding springs and wells have been monitomad fhysicochemical parameters, major and trace
elements, Total Organic Carbon (TOC), faecal atal twliforms,*?0, ?H, d"*Crpic and®’SrFeSr.

During the first recharge events of autumn, higinemilized waters have been observed at the Lez
spring. This singular behaviour was monitored fima time-lag. A multivariate statistical analysevealed
the existence of different water-types dischargatgthe Lez spring. A coupled approach integrating
geochemistry and isotopes were applied and providsight into the different end-members, associated
lithologies and the main reactions that controlugradwater chemistry. Between the five distinguisheder-
types, the two more contrasting ones are emphasthedfirst one correspond to more geochemically
evolved, long residence-time waters, issued froepdayers where evaporite fingerprinting was idexdi
They are characterized by high mineralization aigth koncentrations in Cl, Na, Mg, Li, B and Br ekemts,
high Sr/Ca, Mg/Ca and Cl/Br ratios and enricl&iCpc and®’SrP°Sr. Between all the studied springs and
wells, this chemical fingerprinting has been unlgusbserved for the Lez spring groundwaters. Treosd
water-type corresponds to low mineralized wateith \lwigh concentrations in NObacteria and TOC, and
represents the flux of rapid infiltration watershely underline the vulnerability of the system toface
infiltration and anthropogenic contamination thrbuthe infiltration of waters by sinkholes and well-
developed fracture networks. Hydrograph deconvahgtiusing multiple tracers were used to estimate th
participation of two or three end-members in theows flood-events that occurred between 2008 &id)2
If we use chloride as tracer, the mean estimateticyation of the different water types are, afidios:
12% for deep waters; 5% for recent waters and 88%n&in aquifer waters.

The comparison between present and former studieied out before the installation of the pumping
plant (1973-1974 dataset), indicates historicahglea in water hydrogeochemistry, evidencing a deeref
the deep compartment participation to the outfloww the Lez spring. This change in water
hydrogeochemistry may be attributed to the integmsmping of the karst system and, in the absence of
noticeable climatic changes, traduces the direcisequences of anthropogenic forcing on the overall
functioning of the aquifer.

The multi-tracers approach combined to hydrodynamippears as a very efficient tool for
characterizing groundwater flows and their origamsl seems to be potentially applicable to otheilaim
complex Mediterranean karst systems that were stdgjdo deep karstification during the Messiniasisr
The features of this crisis seem to play a relevalat on the hydrogeological behaviour of the agu#nd
chemical characteristics of waters by the partibjpaof a deep compartment to the outflow of theska
system.

Key words: hydrogeology, karst, hydrochemistry, hydrodynamniatural tracing, isotopes.

vii



Résumé

La source karstique du Lez, localisée dans le badgiditerranéen (sud-est de la France), fournit de
I'eau potable pour la ville de Montpellier et soggbomération depuis le XIXsiecle. Depuis 1981, un
pompage intensif est effectué directement dansteluit principal au moyen d’une station souterraiee
pompage, avec un débit maximal autorisé de 1,80@\fin de mieux caractériser la dynamique et ore
des eaux souterraines, mais également d’évaluapdct de trois décennies d'un pompage intensif de
l'aquifére, des prélévements ont été réalisés ddfé&yentes conditions hydrologiques depuis ma@62Q.a
source du Lez ainsi que d'autres sources et foragpartenant a ce systeme et aux systémes kasstique
voisins ont été régulierement échantillonnées pmsuivi en continu des paramétres physico-chinggdes
éléments majeurs et en trace, du Carbone Orgailioia (COT), des coliformes fécaux et totaux amnsd
desd™®0, d°H, d**Crp,c et®'SrFosr.

Au moment des crues de reprise qui surviennentsdfirtage, des eaux fortement minéralisées sont
identifiées a la source du Lez. Ce comportemergudier a été étudié a un pas de temps fin. L @tilen
d’analyses statistiques multivariées a permis dactériser les différents types d'eau s’écoulaat source
du Lez. Une approche couplée intégrant les donhgéchimiques et isotopiques a permis de défasr |
différents types d’'eau et les lithologies assogiéassi que les principales réactions qui contriblerchimie
des eaux souterraines. Parmi les cing types d@entifiés, deux correspondant a des péles géochaniq
trés contrastés, et sont & mentionner : le prepdiler correspond & des eaux géochimiquement pluséag
caractérisées par une forte minéralisation, urchissement marqué en Cl, Na, Mg, Li, B et Br, dg®ports
Sr/Ca, Mg/Ca et Cl/Br élevés ainsi que des valemsd™Crpc et ®’SrP®Sr enrichies. Ces eaux, qui
correspondent a une signature évaporitique, soaisemblablement issues d'un réservoir profond, et
associées a un temps moyen de résidence impoRanhi toutes les sources et forages étudiés, cette
signature chimique a été uniquement observée pswedux de la source du Lez.

Le second péle correspond a des eaux faiblemerdradisées, contenant de fortes concentrations en
NOs;, bactéries et COT, représentant le flux d'infiiva rapide. Elles soulignent la vulnérabilité disteme
a linfiltration rapide et a la contamination ardprque via des systemes de pertes et de réseductieres
bien développé. Des déconvolutions d’hydrogrammaide de multiples traceurs ont été réalisées pour
estimer les proportions de participation des deuxtrois pbdles d'eau précédemment définis dans les
multiples événements de crue survenus entre 202816t En considérant les chlorures comme trackur,
participation moyenne des différents types d'edi@é@oulement a la source est la suivante : 12% pesir
eaux profondes, 5% pour les eaux houvellementrigdis et 83% pour les eaux de l'aquifere principal.

La comparaison entre les données obtenues darsttette et les données obtenues avant l'instailatio
de la station souterraine de pompage (données @@-11%74) montre des changements notables dans la
composition chimiqgue des eaux de la source du kazindiquant une diminution de la proportion de
participation du réservoir profond aux écoulememtsette source. Cette maodification de la compasitio
chimique des eaux peut étre attribuée au pompaigasifii du systéme karstique et, en I'absence de
changement climatique perceptible, traduit les équences directes de ce forcage anthropique sur le
fonctionnement général de I'aquifere.

L'approche multi-traceurs combinée a I'hydrodynamigpparait comme un outil tres efficace pour
caractériser les écoulements souterrains et leigimes, et semble étre potentiellement applicabtkautres
systemes karstiques complexes similaires compredast compartiments profonds qui contribuent a
I'écoulement de la source, notamment sur le pour@dditerranéen ou la crise messinienne a pernmisda
en place d’une karstification profonde.

Mots clefs :hydrogéologie, karst, hydrochimie, hydrodynamiduagage naturel, isotopes.
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Résumé etendu en francais

Introduction

Les aquiferes karstiques peuvent renfermer d'ingmbes réserves d’'eau et représentent donc une
importance stratégique en termes de ressourcegouhmissent I'eau potable a 25% de la population
mondiale. En France, 30% de celle-ci provient dgsifares karstiques (Plagnes & Bakalowicz, 2002).
Ainsi, la protection, la gestion et par conséquiétiyde de ces aquiféeres sont nécessaires tastatmpays
industrialisés que dans des pays en développe@ent Action 65, 1995).

La compréhension du comportement des aquiferesidaes (hydrodynamique et hydrochimie), ainsi
gue des processus de recharge, décharge et éooukint d'une importance cruciale pour le dévadopent
d'une gestion efficace de l'eau. Les études ddémgs karstiques visent a caractériser 'origing ftlex
souterrains, a évaluer quantitativement et quadéatent les ressources et enfin a estimer la vabilité de
ces aquiferes aux contaminations anthropiques.

Le Lez est un fleuve cétier d'une longueur de 28 kmapparait au niveau de la source du Lez, qui
constitue I'exutoire principal du systéme karstigtedié. La source du Lez alimente la ville de Mpefiter
en eau potable depuis le XiXiécle. Depuis 1981, un pompage a fort débit (L180en moyenne) a été mis
en place directement dans le conduit principal gr@d’'implantation d’une usine de pompage souteerai
située a -48m sous le niveau de la source du Lem(BIGF). Un débit de restitution au cours d’eaul 6@

I/s a été fixé afin de maintenir I'écoulement larede débit pompé dépasse le débit naturel a lbéveutDes
études antérieures ont montré qu’il s'agit d’'untéyee karstique tres complexe et hétérogéne en sedme
structure, d'organisation et de fonctionnement [Metr & Salado, 1976; Thierry & Bérard, 1983; Jasep
al., 1988; Karam, 1989; Fleust al, 2009). Toutefois, I'origine des eaux souterraieeeurs cheminements
doivent encore étre précises.

L'objectif principal de ce travail est d'étudierdgnamique des circulations souterraines et I'éiaiu
hydrochimigue des eaux au sein de cet aquiférdifaes conjointement a I’hydrodynamique. Dans cg bu
différentes étapes ont été accomplies : (i) Toabdid, la caractérisation de la variabilité temperde la
chimie des eaux de la source du Lez au cours die dygdrologique a partir de la caractérisation
hydrogéochimique des types d’eau s’écoulant a ttwre en relation avec la réponse hydrodynamique de
l'aquifére. Les interactions surface-souterrain égelement été étudiées afin d’estimer la vulnétélde
l'aquifere. (ii) Ensuite, la détermination des orgs de la minéralisation de I'eau, en déterminast
principales lithologies en interaction avec l'eaussi que les principales réactions qui controles |
équilibres chimiques des eaux, afin de proposemadéle conceptuel de circulations des eaux soiriega
drainées vers la source du Lez. (iii) L’étude deddabilité spatiale de la chimie des eaux etdesilations
générales dans le systeme, afin de proposer unlencogceptuel de circulations des eaux souterralaas
le systéme karstique du Lez. (iv) Enfin, la détemtion de I'impact de I'exploitation intensive dedource
du Lez depuis trois décennies sur I'évolution hgtiimique des eaux souterraines.

Il est envisagé que I'approche multi-traceur coepdél'’hydrodynamique, mise en ceuvre dans cette
étude, soit transposable a des études de fonctimmtehydrogéologique concernant d’autres systémes
karstiques Méditerranéens similaires.

Caractéristiques physiques du site étudié

L’aquifere karstique du Lez, localisé a environkllsmeétres au nord de la ville de Montpellier (Sud-
est de la France), a une surface d’alimentatioimésta environ 380 kim(Thierry & Bérard, 1983). Son
exutoire principal, la source du Lez est une sopérenne du type Vauclusien ou I'eau s’écoule depné
vasque située a une altitude de 65m NGF, au nigeda faille de Corconne. Elle, donne naissandécave
cétier du Lez de 28 kilométres de longueur, qu@gete en Méditerranée a Palavas les Flots. Les daux
systeme karstique du Lez sont également drainéed'@atres sources temporaires : Lirou, Restinelier
Fleurettes et Gour Noir. Les galeries qui aboutissela source sont de grande taille (environ %0eb
permettent des pointes de crue de 15 a%6.m

D’un point de vue lithologique, ce systeme karstigest constitué par les calcaires massifs du
Jurassique supérieur (Argovien a Kimmeéridgien)estadbase du Crétacé inférieur (Berriasien). Lae lubes
l'aquifére est constituée des marnes et marno4catcadu Jurassigue moyen (Oxfordien). La limite
supérieure de l'aquifere correspond a la série ewm® et marno-calcaires du Crétacé inférieur
(Valanginien). La source du Lez émerge a la fawBune faille normale mettant en contact les cadsair
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Berriasien avec les marno-calcaires Valanginiemféarant ainsi au systéeme karstique du Lez un
fonctionnement de karst barré. Les formations d@sade la région ont été affectées lors de leectig
Messinien par une Karstification intense pouvanéirdre plusieurs centaines de meétres d'épaisseur,
expliguant en partie la karstification profondeceimplexe de cet aquifére (Ryan, 1976; Cita & Ry#&7Y,3;
Clauzon, 1982).

Le climat de la zone étudiée est de type Médit&ean caractérisé par une pluviométrie annuelle
moyenne d’environ 940mm (1970-2010). La répartitites pluies est trés inégale a I'échelle annudlle e
interannuelle. L’Automne est la période la plusviguse, les événements pluvieux les plus importaiaist
généralement observés en Septembre ou Octobreyamrajnsi le début du cycle hydrologique.

Stratégie d’étude et d’acquisition des données

De 2006 a 2010, des données ponctuelles ont deeigas par un échantillonnage régulier (bimensuel)
et lors des crues (journalier et pluri-journalipgr le laboratoire HydroSciences Montpellier (HSK,
niveau de la source du Lez et des sources tempsraies parametres physico-chimiques : tempéréfjye
pH et Conductivité Electrique (CE) ont été mesws#s le terrain. Les éléments majeurs et en trae, |
coliformes totaux et fécaux, le Carbone Organiqa®ll(COT), ainsi que les isotopes stables de lEconte
d'eau (%0, d®H) ont été analysés & HSM. Le Carbone-13 du Carbwrganique Total Dissous'tCqrp)
et les isotopes de StrontiurfY§rf®Sr), ont respectivement été analysés au Laboratbifgdrogéologie
d’Avignon et Géosciences Rennes. Au total, 234 eilens ont été prélevés dans la source du Lezab5
Lirou, 16 dans a Fleurettes, et 33 & Restinclieres.

De plus, afin de caractériser au mieux la signatydrochimique des eaux de la source du Lez, des
échantillons supplémentaires ont été préleves enle $ois pendant I'étiage 2009, au niveau: (1)fdesges
appartenant au systéme karstique du Lez (Fonthaadpu, Bois Roziers, and Gour Noir); (2) des sesiret
forages du Valanginien (forages de Boinet, OligekLavabre ; sources de Lauret, Lavabre et Dolgtg3)
des systémes voisins karstiqgues potentiellemennemiés au systeme karstique du Lez (sources de
Fontbonne et Sauve).

La T, la turbidité, la CE (I = 25°C) et le niveau piézométrique ont été mesangas de temps horaire
a partir de sondes (CTD diver, SDEC) installéea adurce du Lez (au niveau de la station de pompage
souterraine et a l'arrivée du débit restitué), agee a la source du Lirou. Les données pluviomé&as ont
été obtenues a partir de trois stations météomplmgi de Météo France : Valflaunés, Saint-Martin-de-
Londres, et de Prades. Des échantillons de pluieétn prélevés dans les pluviometres : Viol-le-Fort
Sauteyrargues et Saint Gély du Fesc.

Résultats et discussion

Variabilité temporelle de la chimie des eaux dedarce du Lez au cours du cycle hydrologique

Une caractérisation des différents types d'eawasléat a la source du Lez, basée sur une approche
hydrochimique couplée a I'hydrodynamique, a towtbdrd été mise en ceuvre en fonction des conditions
hydrologiques. Cing types d'eau ont été identifiees eaux drainées a I'exutoire correspondent a un
mélange en proportions variables d’eaux issuesiffierehts compartiments de l'aquifére en fonctias d
conditions hydrologigues : un compartiment supefi¢sol et épikarst), un compartiment correspon@dan
systeme aquifére principal (calcaires du Jurasspircipalement) et un compartiment profond (Marno-
calcaires et dolomies des Jurassiques moyennesres dthologies contenant des évaporites).

La signature chimique de chaque type d’'eau correspaix circuits de circulation, a la lithologie des
compartiments et aux proportions de mélange. Lenjare pble correspond aux eaux profondes, et se
caractérise par des rapports élevés en Sr/Ca, Mef/CHBr, & des™*Crpc enrichies, & de¥SrF°Sr élevés,

a des forts CE et Solides Total Dissous (TDS) &hevec des concentrations élevées en Cl, Na, MgB

et Br. Le deuxieme pble correspond a laquiferengipal (Jurassique), marqué par des eaux tres
minéralisées, mais dont les concentrations regifdrieures au premier péle. Le faciés chimiqueeke eaux

se caractérise par de fortes concentrations etdC@x et en Cl. Enfin, le troisieme pdle correspond & de
eaux d'infiltration rapide, marqués par une faiblméralisation et des fortes concentrations en OX00; et
bactéries. Ce dernier pdle participe a I'écouleméria source, en particulier, lors des événemeats d
recharge. Elles s'infiltrent vers 'aquifére parbliais du réseau de fractures le long de I'épikarstar les
pertes temporaires localisées au niveau du codteessique-Valanginien, en particulier le long dendes
failles tectoniques (réseau de failles CorconneMatelles).
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Origines de la minéralisation dans les eaux souieEs

L'interprétation des concentrations en élément&ungj en trace et des rapports molaires des élément
a mis en évidence que les eaux trés minéraliségdssues d'un compartiment profond, avec des tataps
séjour plus longs. Ces eaux ont été largement mdedifpar la dissolution de minéraux évaporitiques,
dissolution incongruente de dolomite et la préaifn de calcite. Les résultats @iCrpic, Sr and®’Srf°Sr
soutiennent cette hypothese et aident a définirdastions chimiques qui semblent contréler la éhides
eaux a la source du Lez.

La plupart des eaux trés minéralisées en Na-Cldm#t rapports élevés en Sr/Ca et des fortes
concentrations en Sr. Les rapports Sr/Ca augmeaterdison des précipitations de calcite et inditjume
importante évolution de la minéralisation des eainta dissolution incongruente semble controlestienie
des eaux profondes. Les concentrations élevéesr abservées pour les eaux trés minéralisées en ClI
indiguent que la source commune de ces deux éléngentient plus de Sr que la calcite et la dolomée,
qui indique la présence de la dissolution de mimégvaporitiques (plus enrichies en Sr que la ki la
dolomie, en étant également source de ClI).

Les variations significatives observées dans Ippaas en®’SrP®Sr du systéme du Lez suggérent
I'existence d’'une source supplémentaire en Sr.éesugar I'hétérogénéité de la constitution lithiojog de
la matrice rocheuse ainsi que par la complexité @estions de dissolution eau-roche. L'absence de
corrélation entre les rappoftSrf®Sr et 1/Sr pour les eaux trés minéralisées deuacsalu Lez suggére que
les réactions chimiques impliquent I'ajout ou leai de Sr dans les eaux. Le fait que, les eathes en Cl
sont également plus radiogéniques, pourrait sguelipar la signature éSrP°Sr du Trias. Toutefois, une
signature enrichie ef’Srf°Sr pourrait correspondre a des eaux du Jurassitféeeur, ou a des eaux
d'infiltration récente ou encore a des eaux avecgignature granitique. Des investigations comptéeiees
doivent étre mises en ceuvre afin de caractérigantiéement cette origine.

Les proportions des pbles qui participent a I'éemént de la source du Lez varient en accord avec
I'hnydrodynamique. La participation des eaux proimdemble étre permanente a la source du Lez jpuisqu
méme les eaux les plus diluées présentent une dipateaminéralisation par rapport aux autres s
la région. L'étude des proportions de mélange ssdes différents poles de l'aquifere pourrait @tr@é pour
comprendre cette composition complexe. Des décativos d’hydrogramme a l'aide de multiples traceurs
ont été utilisées pour estimer la participationddex ou trois pdles dans des différents événententsue
survenus entre 2008 et 2010. En considérant lewwkels comme traceur, la participation moyenne des
différents types d'eau dans I'écoulement a la st la suivante : 12% pour les eaux profondesp&dn
les eaux nouvellement infiltrées et 83% pour laxate I'aquifére principal.

Variabilité spatiale de la chimie des eaux et clations générales dans le systéme

Des signatures semblables en isotopes stablesaledht été observées pour les différentes sogties
correspondent aux exutoires du systéme karstigueedyLez, Lirou, Restincliéres et Fleurettes),idguént
une méme zone de recharge. Cependant, la grangparithsobservée dans leur hydrochimie indique des
trajets de circulation de I'eau distincts au seitafjuifere. Cela montre que, bien qu'apparteadiaguifere,
les eaux de sources se different par leur masssslate plutdt que par la signature isotopiqueedes eaux.

Les caractéristiques hydrochimiques des sourcd®edtinclieres et Fleurettes semblent étre assoaiéles
calcaires et marno-calcaires du Jurassique supéstedu Crétacé inférieur, ou encore a des ciriculat
moins profondes. En outre, ils ont une absencéetdia signature évaporitique telle qu'observée solarce

du Lez. Parmi ces sources, le Lirou est une ex@ear ses eaux présentent une minéralisation Igngu
tres faible vis-a-vis des autres sources, caraé@ripar un temps de séjour plus court et une forte
participation des eaux d'infiltration rapide. Lentenu isotopique de ces eaux met en évidence liitapte
réactivité de cette source. Tout ceci indique gukidou est plus sous l'influence des pluies réesmjue les
autres sources.

Un lissage significatif du signal a été observérgdes isotopes stables de I'eau dans toutes lesesou
du systéme karstique, excepté pour la source dwlWn tel lissage indique un temps de résidenaaa@ns
égal a la période d'un cycle hydrologique, soitaim Elle illustre I'existence d'un important conmgrasde
stockage, favorisant un mélange efficace des adiltxées avec les eaux stockées.

La minéralisation de I'eau observée dans les ferdgesysteme karstique du Lez (Fontanés, Laudou,
Bois Roziers et Gour Noir) présente plus de siodlits avec les sources de Restinclieres et Flesirette
gu'avec la source du Lez. Aucun des forages édlmmiés ne présente des eaux souterraines ayant des
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caractéristiques chimiques comparables a cellda deurce du Lez. L’hydrochimie des sources de &taur
Dolgue et du forage de Lavabre sont plus semblablédsydrochimie des eaux des sources du systeme du
Lez (Restincliéres, Fleurettes et forages Lez) wuTarages d’Olivier et Boinet. Ces derniers présendes
propriétés chimiques proches de celle de la sodec&auve, située dans le contact entre les mamnes d
Crétacé et marno-calcaires et calcaires du Jurassiq

Impacts de I'exploitation intensive de la sourcel@z sur 'lhydrodynamique et la chimie des eaux

La comparaison entre les données obtenues damsétatie et les données de la période 1973-1974
(Marjolet & Salado, 1976), montre des changemeantabies dans la composition chimique des eaux de la
source du Lez depuis le début du pompage intensifa@1. L'écoulement des eaux fortement minéradisée
associé a l'occurrence des événements de rechdéeit l'influence du niveau piézométrique sur
I'écoulement des eaux trés minéralisées d'orignodopde a la source du Lez. L'exploitation intemse
entrainé une baisse générale des niveaux piézaguésridans I'aquifére. Les niveaux piézométriquiesras
aprés un événement pluvieux sont beaucoup plutegadujourd’hui que ceux atteints avant la mise en
ceuvre de I'exploitation intensive de l'aquiféere.l&a des conséquences immédiates sur la géomésie d
trajets de circulation au sein de l'aquifére kapsti, et donc sur la contribution relative des edeax
différentes origines.

Actuellement, la circulation des eaux souterraisedait préférentiellement dans des niveaux moins
profonds et semble étre caractérisée par des tdepéjour plus courts, ce qui pourrait avoir urfeiémce
directe sur la vulnérabilité¢ de l'aquifére. Le p@me intensif a également diminué la proportion de
participation du réservoir profond aux écoulements source du Lez. De plus, les valeurs actuehgsCQ
sont en environ 10% plus élevées et induisent wugnantation de la minéralisation en Ca-HCCes
modifications pourraient, a long terme, entrainee @ugmentation de I'épaisseur des conduits dans la
matrice carbonatée et indiquent que les processkamtification sont aujourd'hui plus forts qu’atgvant.

Les modifications de la composition chimique idiési dans les eaux de la source du Lez, en I'alesenc
de changement climatique perceptible, traduisentémséquences directes de ce forcage anthropiqgue s
fonctionnement général de I'aquifere.

Conclusions et perspectives

Les principales contributions de ce travail & lar@issance du systéeme Lez sont : (1) la caradiérisa
des multiples types d’eau et leurs origines; (B)ehtification des eaux d’origine profonde ainsiedeur
caractérisation hydrochimique, dont I'identificatide leur empreinte évaporitique ; (3) la carastédion du
systeme karstique du Lez dans I'ensemble, en intlea principales sources de ce systéme et erogaop
un modeéle conceptuelle de circulation et (4) firadat, I'identification des impacts du pompage isten
dans les caractéristiques chimiques des eauxsimtae du Lez.

L'approche multi-traceurs mise en ceuvre combinébyarodynamique apparait comme un outil tres
pertinent pour caractériser les écoulements s@imsret leurs origines. Il serait intéressant dpgliquer a
d'autres systémes karstiques complexes comparafhegrenant des compartiments profonds, notamment
sur le pourtour méditerranéen ou la crise mesgigiea permis la mise en place d'une Karstification
profonde.

D'autres analyses multi-isotopiques permettrontnélgorer la connaissance des interactions eau-roche
et de préciser I'origine du pdle profond, tels gii®, d*'Cl etd’Li. Les recherches futures devraient intégrer
certains isotopes classiques pour la datation, otentritium €H), le “C, et d'autres traceurs comme les
CFC (chlorofluorocarbones), qui ont recemment élésés dans des systemes karstiques pour évaluer p
précisément I'age des eaux souterraines et leugstde séjour.
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Introduction

Karst aquifers supply about a quarter of the wpdg@ulation with drinking water. They represent over
35% of the French territory and supply up to 30%hef total potable water (Plagnes & Bakalowicz, 200
Fissured carbonate aquifers host huge resourckglofquality groundwater (GW) and optimizing the GW
protection and management is a priority in bothustdalized and developing countries (Cost Actid) 6
1995).

Understanding karst aquifer behaviour (hydrodynangind hydrochemistry) as well as recharge and
discharge processes are of crucial importance Her development of an effective water management
planning. Investigations on karst systems are matgtv by a better assessment of water origins, a
guantitative and qualitative evaluation of resosremd the understanding of karst areas vulnenahigit
contamination. Geochemical and isotopic variatisngroundwaters of karst systems are related t@mwat
rock interactions and water mixing processes, oomyralong flowpaths in the aquifer. The monitoriofy
physicochemical and chemical parameters providseghtful information about aquifer reactivity, its
vulnerability to pollution and water transfer preses.

The Lez spring, the main outlet of the Karst Systerder study, supplies with water the metropolitan
area of Montpellier (France) since thé"I®ntury. Since 1981, an intense pumping (activeagement of
the aquifer) is being performed directly in the maonduit, from an excavated pumping plant loca&t®an
below the Lez spring level, with a maximum pumpiate of 1,700 I/s. The pumping rate sometimes alcee
the natural water discharge but guarantees wapplysall along the year. Former studies have shtvis
karst system to be a complex and heterogeneousnsystterms of structure, organization, and funitig
(Marjolet & Salado, 1976; Thierry & Bérard, 198&sé&phet al, 1988; Karam, 1989; Fleurgt al, 2009).
However, after years of scientific investigations the Lez karst system functioning, the dynamicd an
origin of groundwater remain relatively unknown.

At the Lez spring, high-mineralized waters flow agesponse to extreme hydrological conditions
provoked by intense rainfall. Some recent hydropgichl studies have reported similar behaviour in:
Tennessee (Desmarais & Rojstaczer, 2002), Gernfarpbé & Machel, 2002) and in Mediterranean karst

systems located in France, Egypt, Israel and S¢ainblanchet al, 1999; Lopez-Chicanet al, 2001;
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Blavoux et al, 2004; Rosenthadt al, 2007). Mediterranean karst systems such as theahe the Vaucluse
(South of France) ones, were subjected to intemsstification that reached several hundred of rseter
during the Messinian Salinity Crisis (Ryan, 197@a&. Ryan, 1978; Clauzon, 1982). Indeed, the dlesf
the straits connecting the Mediterranean to thamiit and the evaporation over the sea surfac¢ole¢de
decrease in the sea level exceeding 1,500 m oeeenkire duration of the crisis (Ryan, 1976; Clayzo
1982). This phenomenon induced a deep and hetezogerkarst development and could help explainiag th
existence of high-mineralized waters flow obseraftdr intense rainfall recharge at the Lez spring.

The Lez karst system offers many advantages tleag@atly contributing to the advance of the karst
hydrogeology science, like a large monitoring ne#oelonging to the MEDYCYSS ObservatoryMullti
scale observatory of flood dynamics and hydrodycanm kart¥), which is an experimental field
laboratory that belongs to OSU OREME. The Lez gptias been regularly monitored for chemical and
physicochemical parameters since 2006 by the HyikeoSes-Montpellier Laboratory. The isotopic
monitoring has been performed since 2008 as weheasonitoring of other springs of the Lez kagsttsm.
Moreover, an important historical dataset obtaibefibre the beginning of the intense pumping, regbhty
Marjolet & Salado (1976), is available.

This thesis presents the studies carried out atL#® karst system using hydrogeochemical and
isotopical approaches, which are highly used tesssnformation about water-rock interactions, fgui
lithology, fluid mixing, water residence time andtlaropogenic influence (Mudry, 1990; Lopez-Chicaio
al., 2001; Mcintosh & Walter, 2006; Moot al, 2009). The main objective of this work is to istigate
the circulation dynamics and chemical evolutiorGW over the different hydrological seasons alonthwi

the hydrodynamic responses of the Lez karst sysiesing the following data: (i) Physicochemical

parameters Temperature (T), Electrical Conductivity (E.C.pda Turbidity; (ii) hydrochemical and

bacteriologic concentrationsnajor and trace elements and elemental ratiotal Temd Faecal Coliforms;

Total Organic Carbon (TOC) and (iii) isotopic datsvater stable isotopesfO, d’H), Carbon-13 of the
Total Dissolved Inorganic Carbod™{Crpic) and Strontium®Srf°Sr). This was achieved by investigating:

The temporal variability of groundwater chemistrpupled with hydrodynamics, along the

hydrological year, by the chemical characterizat@nwater-types and their relation with the
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aquifer hydrodynamic responses. This also inclutlesstudy of the relations between the aquifer
and surface waters in order to understand the equifinerability;
The origins of groundwater mineralization, by asses the main lithologies and mineral-solution
reactions associated with water chemistry;
The spatial variability of groundwater chemistrydathe general groundwater flow, by the
comparative study of groundwater chemical propgrtdencerning the Lez spring and the other
springs of the karst system;
The anthropogenic impacts on hydrodynamics andemprences for groundwater chemistry, by the
study of the changes induced in the chemical coitiposof water because of intense water
exploitation during 28 years, comparing recent @ath data collected in 1973-1974.

Finally, it is expected that the multiple traceppeach combined with hydrodynamics used in this

work will be applicable in other similar complex M&rranean karst systems.

This document is structured as follows:

Chapter 1 is dedicated to a brief bibliographic review abkatst hydrology, focusing on groundwater
geochemical tracers, so as to place this workercthirent state of the art.

Chapter 2 presents the physical characteristics of the sawdg, including geological, hydrogeological
and climatic contexts. It also presents a desonptf the different monitoring and sampling methaasl
states the main techniques of data collection,ritboy analyses and data treatment. Finally, isgmés the
results of a hydrodynamic analysis for this kaystem functioning.

Chapters 3 to 5are devoted to the description and interpretatibthe main results obtained in the
present work. IrChapter 3, a preliminary hydrochemical characterisation & tkez spring GW is presented
through the use of statistical methods in orderantify water-types and their characteristicswadl as
their relation with hydrodynamics. The natural \aribility of the system was assessed using antgespo
and recharge infiltration tracers. Finally, a cqrtoal model is proposed, describing the Lez spring
functioning.

On Chapter 4, we pursue the investigation in order to bettetimaithe geochemical evolution of the

waters at the Lez karst system by isotopic studypleml with hydrogeochemistry. Further results are
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presented using additional tracers such as watblesisotopesd!®0, d’H), d"*Crpic, and Strontium isotopes
(®’SrPSr). This chapter aims at understanding the cdivels between the springs of the Lez system and the
main reactions that control the geochemical evotutf the Lez spring waters and at, consequerghtirng
and refining the hypothesis presented in the pettechapter. Hydrograph deconvolutions by geochamic
tracers and mass-balance equations were used tforaéeg end-member participations during the Lez
spring flooding. Finally, a conceptual model ispueed, describing the Lez karst system functioning.

On Chapter 5, the changes in the hydrochemical composition otewgainduced by intense
exploitation for 28 years have been analysed asclidsed by comparing our dataset with data cotle¥fe

years ago (Marjolet & Salado, 1976).
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Chapter 1 - State of the art: Karst systems andugrdwater
geochemical tracers

Karst is an internationally used term for a relief corsgd mainly of carbonate rocks (limestone and
dolomite) and which topography is essentially fodnbg the removal of rock by dissolution. Conseglyeat
specific landscape and hydrologic functioning appeharacterized by unique topographic and subsarf
features, including sinkholes, dolines, springsesaand underground streams (Matlial, 1988).

Karst systems are considered as aquifers becaagentrmally contain groundwater, which can be
used for water supply, and thus generate a ceztainomic interest. According to Ford and Williarh8g9),
carbonate rocks occupy about 12% of the planetideyfree land. They estimate that 7-10% of thegila
surface is covered by karsts. A large proportiooafered carbonate rocks were karstified durindaggcal
times. Consequently, karstic rocks may be one @itlost important aquifer formations in the worlbng
with alluviums (Bakalowicz, 2005).

One of the most efficient approaches for studyiagsksystems is based on springs monitoring because
they contain information about the functioning bétwhole system and consequently the organization o
conduits and storage. This approach is based oanhkysis of springs hydrographs combined with métu
tracing and mass balance obtained using rainfalh d&ord & Williams, 1989; Bakalowicz, 2005).
Piezometric monitoring through observation wellamother approach for studying karst aquifer, aitfg
due to their strong heterogeneity and anisotromllswn karst systems can hardly be connectedeoanrtain
drainage axes of the system (Ford & Williams, 1988ute et al, 1997; Bonacci & Roje-Bonacci, 2000;
Wang et al, 2006); therefore the results obtained througts tpproach may well be inconclusive.
Nevertheless, in spite of all the limitations asatad to this method application, Karam (1989) wers
that information obtained by piezometric network d@ representative considering the specific chseeo
Lez karst system, because of the favourable camditof this system, such as high fracturing andh hig

karstification.
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1.1 - Karst structure

Karst systems are highly discontinuous media, nay @hysically and geometrically, but also
temporally. The spatial distribution of the variodemains of permeability in such an heterogeneamgs a
discontinuous medium is unpredictable, if not costgdy random (Labaet al, 2002). Karst apparent
heterogeneity is not a coincidence and originates fa distribution of voids around a main drainages
that respects a certain hierarchy (Bakalowicz, 19Tfe lithology, the faults distribution, the stture and
the hydraulic potential are very important to gaterand control groundwater flux (Ford & Williani€89;
Milanovic, 2004).

Karsts are classified in three zones: (1) the ugpee or epikarst (<15 m thick), strongly permeable
facilitates rainwater infiltration; (2) the intertiate zone or unsaturated Zone (UZ), located betlosv
epikarst, is characterized by a network of cradkiw-permeability fed by slow infiltration and/aapid
infiltration through preferential flows or sinkhaleand (3) the deeper zone: the saturated Zonew8&je
the conduits transport fluxes from the infiltratipone and slow transfers from depth zone (Milano2@94;

Aquilina et al, 2005; Aquilinaet al, 2006; Perriret al, 2007) (Figure 1).

Infiltration ———  — Underground runoff

Rapid infiltration
Non- karstic surface- 3 Infiltration zone

Slow infiltration
Epikarst zone

with a perched
saturated zone

Piezometric level

Systems connected to the drainage

Base level
Drowned karst

Outiet Drain

Fig. 1 — Karst physical structure scheme (Mangin, 1975).
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The different roles played by the fissured matnx éhe conduits are important to understand thstkar
hydrogeological behaviour. The recharge is conegedrin the conduits and diffuse in the zones wof lo
permeability (Vaute et al., 1997). The storage capais strong in blocks and reduced in conduits.
Furthermore, the flux is faster in the conduits avehker in the low-permeability volumes (Perrinaét
2007). As a consequence, karst spring hydrographsbe separated into a quick conduit flow and & slo
diffuse flow with an intermediate regime mixing cwit and diffuse flows (Denic-Jukic & Jukic, 2003;
Barfield et al, 2004; Schilling & Helmers, 2008).

Karst features are environmentally significant hseathey are directly connected to the groundwater
system, which makes the karst systems extremehgevable and highly susceptible to pollution (Jiabal,
2009). Pollutants can be rapidly drawn into theifequby means of enlarged cavities, especially ruyri
storm events (Drysdale et al., 2001). In this pssceinkholes are especially significant becausg ttan
funnel surface runoff to the groundwater systerrusltpollutants carried by surface runoff through kiarst
have the potential, to reach rapidly the groundwsystem (Mull et al., 1988). In karst springs wiithnsport
velocities of the order of 100 m/hr, recharge andduit flow can result, at springs, in rapid resggmto

rainfall events (Kilroy & Coxon, 2005).

1.2 - Karstification process in carbonate aquifers

The specificity of karst systems is that the stueets formed by the flow itself due to carbonaiekis
solubility. Those rocks are marked by low primangrgsity (intergranular) and high secondary porofite
presence of fissures and fractures), which impiibesr hydrodynamic properties. Moreover, groundwate
circulation causes an increase of secondary pgr{fissures) by the progressive dissolution of cadies.
This process is calleldarstification In this way, slow percolation of water in fisssiieduces a deeper karst
development, being limited to the hydraulic potaihtind its relation with vertical hydraulic conduity
(Bakalowicz, 1977; Ford & Williams, 1989; Milanoyi2g004).

The combined effect of the dissolution capacitywater and groundwater flow is the driving force of
the Kkarstification. Thus, dissolution of carbonatextks by dissolved CQis a key phenomenon in

karstification. Rainwater becomes acid by dissolutbf CQ through the atmosphere (global mean pCO
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0,038 %) (Ford & Williams, 1989) and of biogenic £&ter its infiltration in soil (its concentratiaa about
one hundred time more important than the atmosploere). Consequently, partial pressure ot (C0O,) is
normally controlled by soil horizons on the recleargnes (Drever, 1997).

At equilibrium, carbon dioxide concentration is pootional to pCQ in the gas phase. Once dissolved,
carbon dioxide becomes carbonic acid@8), which forms ions H, HCO; (ion bicarbonate) and carbonate
(COs*) when dissociated. The balance of this dissogiatiepends on the pH of the solution (Figure 2)
(Drever, 1982). The molar fraction of each speales depends on the pH of the solution. On GW wigH
of about 7, HCO; and HCQ are predominant and GOare insignificant (Appelo & Postma, 2005).

Carbonate dissolution system can be used to shewethtions between the three phases: gaseous-
liquid-solid; when they are in contact long enoutjig reversible reactions reach equilibrium. Newsdss,
equilibrium between water and carbonate rocks isrg process and can take months to be reached,
depending on pCQ(which can be reached in a few minutes or a fewr$)p but also on the solid phase and

on the type of prevailing water circulation (Bakaloz, 1994; Gonfiantini & Zuppi, 2003).

[H,CO,], [HCO,], [CO.*]/ Cr (%)
100

80

60

40 1

20 1

Fig. 2— Distribution of carbonates species in pure wasea function of pH at 5°C and 25°C (Stumm & Maorg
1995).
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1.3 - Geochemical tracers of karstic transfers

Hydrochemical characteristics of groundwaters tefudm water-rock interactions determined by
aquifer lithology and residence time within theteys, water circulation conditions, anthropogenituence
and hydrological conditions. Many authors invedigeelations between hydrogeochemical processes and
karst physical characteristics (Bakalowicz, 1994utéet al, 1997; Petelett al, 1998; Perriret al, 2003a;
Perrin et al, 2003b; Barbieriet al, 2005). Temporal variations observed in groundwateemistry are
usually related to the aquifer physical charactiegsand carbonate permeability, and help to identi
hydrodynamic behaviour. Physicochemical and hydzothal parameters are increasingly used to obtain
information about aquifer reactivity, vulnerabilignd water transfer processes, thus contributinghéo
development of hydrodynamic conceptual models.

Natural tracing approach can be extremely usefulhizn assessment of groundwater-surface water
interactions, water dating, quantification of wateck interactions and evaluation of water resource
vulnerability (Emblanchet al, 1998; Katzet al, 1998; Nativet al, 1999; Batiotet al, 2003b; Pulido-
Leboeufet al, 2003; Négrel & Petelet-Giraud, 2005; Hébratdal, 2006; Adinolfi Falconest al, 2008;

Bouchaouet al, 2008; Silva-Filhcet al, 2009).

1.3.1 - Water-rock interaction tracers

The isotopic and hydrochemical compositions of gawater reflect the mineralogical composition of
the aquifer rock, giving information about the citusion of the rock matrix. The matrix determinasd
influences the chemical facies of the water, e.gtevs from dolomite and limestone aquifers areciiby
enriched in calcium, magnesium and bicarbonates.

Evaporitic minerals can be found in karst formasian Europe, associated with carbonates, and
provide elements in groundwater solutes as CIBLiB, Mg, SQ, Ca, K and Sr (Mandia, 1991; Vengosth
al., 2000; Sanchez-Martcet al, 2002). The presence of chloride in groundwaterddcbe related to only
one phenomenon or to the combination of severéihdisprocesses such as sea water intrusion, deep b
rising, evaporite dissolution, geothermal watee risnthropogenic origins and rainwater evapordafiaillat

& Puradimaja, 1995; Kloppmaret al, 2001; Ghabayeat al, 2006; Hébraret al, 2006).
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Bromide is regularly used on investigations of cide origins. Br concentration in waters can be
related to the presence of evaporites and Br/@gsare used to deduce the level of brines devetopmnd
to constraint interpretation of Cl concentratioBslifiunds & Smedley, 2000). Br/Cl ratio is consemetind
is not affected by water-rock interactions (Vengeslal, 1995; Bernasconi, 1999; Kloppmaanal, 2001;
Sanchez-Martost al, 2002; Cartwrighet al, 2006; Farbeet al, 2007; Harringtoret al, 2008).

Strontium is ubiquitous and connected with sevéttablogies like limestones, dolomites, marls, and
evaporites. Since Sr is a divalent cation that shewilar behaviour to Ca, it often participateslimgenetic
reactions and could be related to re-crystallizatibbicarbonates (Bernasconi, 1999).

Magnesium is a good indicator of water residengetin carbonate rocks due to the slower solution
kinetics of dolomite. Numerous studies have docusterthe usefulness of Mg/Ca ratios to trace water
residence times (Plummer, 1977; Plumraeal, 1978; Edmunds & Smedley, 2000; Fairchgidal, 2000;
Lépez-Chicaneet al, 2001; Batiotet al, 2003a; Mcmahoet al, 2004; Moralet al, 2008).

Br, Li, Mg, B and their molar ratio with Cl alsoquide information about evaporite mineralization.
During seawater evaporation, residual brines amicteed with Br, Li, Mg and B; on the contrary, ClI
disappears from the solution because of halite (N@@cipitation. In consequence, Br/Cl, Li/Cl, M&/and
B/Cl ratios increase in the residual brines andptteeipitate is characterized by lower ratio val(@asenave
& Valentin, 1992; Bernasconi, 1999; Vengoshal, 2000; Cartwrightet al, 2006; Farbert al, 2007;

Harringtonet al, 2008).

1.3.2 - Anthropogenic and recharge infiltration ver tracers

Aquifer vulnerability can be assessed through the of contamination water tracers such as bacteria,
organic matter, micro-pollutants such as pesticiggmrmaceutical residues, etc. (Einsiedlal, 2010),
which provide information about the relation betwene surface water and the karst system. Most
anthropogenic pollutants reach groundwaters duramgfall events by rapid infiltration through siniies

and open fractures (Mahlet al, 2000).
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1.3.2.1 - Total Organic Carbon (TOC)

Total Organic Carbon in groundwater originates frorganic matter decomposition due to bacterial
activity in the soil and is a very efficient tracefr seepage waters; its use for karst system iigaiin is
only recent (Emblanckt al, 1998; Batiotet al, 2003a). Once dissolved, its concentration deesedse to
biological degradation and for this reason, seepagters present normally high TOC concentrations.
Coupled with Mg concentration, TOC appears as finiefit tool to differentiate the origins of theaters

taking part in the spring flow (Batiot et al., 2@)Batiot et al., 2003b).

1.3.2.2 - Microbial tracers

The association of rapid chemical and bacteriolgieesponses during floods seems to be a
characteristic of karst aquifers (Persoretéal, 1998). Bacteriological tracers denote a rapichdpart
through the karst of waters issued from surfacitriaion. The transport of microbial pathogensresgnts a
serious threat to public health, mostly becausefaécal bacteria that could be associated to patfiog
species (Josepét al, 1988; Personnét al, 1998; Mahler & Lynch, 1999; Mahlet al, 2000; Personnét
al., 2004; Stuaret al, 2010).

The most relevant indicator of faecal contaminatod possible presence of pathogens is the presence
of Escherichia coli, the only member of thermo-tatig coliforms that is exclusively associatedaecal
matter (Dussart-Baptistat al, 2003). The life duration of those bacteria isatigely short under the
unfavourable conditions of aquatic environment foiet, 1984). Low oxygen and organic carbon leadnith
towards an intense competition and their resultiisgppearance (Dussart-Baptista 2003). The surtimal
of E. coli and enterococciin non-sterile waters is about 8-12 hours and caenceed one week for the
former and few weeks for the latter (Personné.efl8p8).

Generally, a bacterial contamination of faecal iorigs always associated with strong turbidity
(Dussart-Baptista et al., 2003). Turbidity itselfriot a danger for health (Dussart-Baptista 20@8jvever,
by facilitating the transport of micro-organisms;idity is strongly associated with the appearasfcavater
origin diseases (Mahler & Lynch, 1999; Dussart-Baat 2003; Dussart-Baptistat al, 2003). Moving

sediments flushing through the aquifer can playigaificant role in the concentration and transpaoft
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contaminants (Mahler & Lynch, 1999). The nasty &@feof contaminants associated to sediments are mor
potent during the first flood responses (Mahler gnth, 1999).

High bacteria concentrations during floods are roftelated to effluents of sewage treatment plants
(Mahler et al., 2000). During dry season, faecaltamination in groundwaters can be caused by iidga

using residual waters (Mahler et al., 2000).

1.3.3 - Isotopes
1.3.3.1 -**0 and®H

Stable water isotopes (18-Oxygen and Deuterium)agely used for determining sources of water,
flow patterns, mixing processes and for identifyjpgtential evaporation processes. They are alsn oft
employed for evaluating the contribution of raihfalaters to a flood event by the use of a simple bi
component mixing model (Drever, 1982; Kattan, 19G@y et al, 1998; Katzet al, 1998; Beven, 2001;
Ladoucheet al, 2001; Perriret al, 2003a; Perriret al, 2003b; Long & Putnam, 2004; Aquilire al, 2005;
Bouchaouet al, 2009; Ladouchet al, 2009).

Oxygen and Hydrogen isotopic compositions vary tyaiecause of natural variations of the rainfall
compositions and mixing processes with pre-existiuagers. They are also influenced by evaporatiah an
altitude effects (Drever, 1982; Ford & Williams,8® Kattan, 1997; Cegt al, 1998; Nativet al, 1999;
Beven, 2001; Vandenschriak al, 2002; Perriret al, 2003a; Long & Putnam, 2004; Barbieti al, 2005;

Bouchaouwet al, 2009).

1.3.3.2 - Stable carbon isotope

The use oB*Crpc as a natural tracer in karst aquifers can helifferentiate water coming from the
unsaturated zone from water coming from the sagdrabne. In the unsaturated zone, the system bghave
like an open system regards to the biogenig GfQhe soil. While the saturated zone is considetesed to
the biogenic gas phase, where exchanges are naiblgobetween the gas phase and the aquifer (@ark

Fritz, 1997; Emblanclet al, 1998; Katzet al, 1998; Yoshimuraet al, 2001; Batiot, 2002; Desmarais &
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Rojstaczer, 2002; Emblaneh al, 2003; Gonfiantini & Zuppi, 2003; Marfiat al, 2004; Adinolfi Falconest
al., 2008; Bouchaoet al, 2009; Gillonet al, 2009).

d®*Crpic ratios in groundwater are affected by carbonassadition that is linked to the degree of
openness to soil GO The CQ gas/water exchanges are very quick; consequeiitihe chemical
equilibrium within the aquifer is attained undereopconditions (regarding the gaseous phase), tihe so
d"*Cco, determines the'*C of groundwater (Appelo & Postma, 2005). If the epstis closed to soil CQ
TDIC is derived in about equal proportions from thesolution of CQ(g) and from the CaCQveathering
(Appelo & Postma, 2005).

The carbon isotopic composition of groundwate¥Grpc) is composed of carbon from carbonate
rocks and from soil CQJ™C of carbonate rock is about 0 + 2%. (Clark & Frit897). The carbon isotopic

composition of soil C(d"*Ccoy), for the predominant vegetation type in a temigeciimate (C3 vegetation

type), ranges between -21 and-22%. (Deines, 1988yddr 1982; Clark & Fritz, 1997).

1.3.3.3 3'srfosr

Strontium isotopes’(SF°Sr) are measured in hydrochemical studies to déterthe various origins of
Sr in waters and to assess end-member mixing esessotopic abundanc&3F°Sr) in rocks changes
because of the formation of radiogefliSr by radioactive decay of naturally occurriffgb. In natural
waters, ¥’SF°Sr is inherited from minerals and rock contribuoand no isotope fractionation occurs.
(Oetting et al, 1996; Katzet al, 1998; Petelett al, 1998; Kloppmanret al, 2001; Barbieriet al, 2005;
Jacobson & Wasserburg, 2005; Négrel & Petelet-@ird005; Wanget al, 2006; Petelet-Giraud & Negrel,
2007; Nisiet al, 2008). Groundwater acquires dissolved Sr: (iifsrrecharge area, through infiltration and
percolation processes; (ii) along its flow pathptigh dissolution or ion exchange with mineralsr{ieri et
al., 2005; Wang et al., 2006).

Solute chemistry and isotopic composition ratiosairgroundwater system can be regarded as a
chemical mixture from several sources, and theridiscation of the contribution from each geological
formation is a difficult task. Strontium isotopeavie been used for: understanding water circulaition

reservoirs; quantifying water mixing from differemtigins; and examining geochemical interactiornmaein
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water and aquifer rocks (Oettirgg al, 1996; Katzet al, 1998; Petele¢t al, 1998; Kloppmanret al, 2001;
Barbieriet al, 2005; Jacobson & Wasserburg, 2005; Wangl, 2006; Petelet-Giraud & Negrel, 2007; Nisi
et al, 2008). Moreover, major element, mineral saturatitate and Sr/Ca vers¥/$rf°Sr help identify the
reactions that control the evolution of the watgeschemistry, like the presence of incongruentoflis®n
of dolomites and calcite precipitation (Oettiegal, 1996; Dogramaci & Herczeg, 2002).

Sr isotopes represent a powerful tool to betterstrain weathering reactions, weathering rates, flow
pathways and mixing scenarios. Nevertheless, Sopes are more useful when combined with other
hydrogeochemical data to outline models of watekroteraction and mixing as well as geochemical

processes such as ion exchange (Sleaad, 2009; Langman & Ellis, 2010).
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Chapter 2 - Material and methods

2.1 - Geological and hydrogeological settings

The Lez spring is a Vaucluse-type spring, i.e. vatimain conduit developed below the spring level,
and is located on a major regional fault. Thisrepie5m a.s.l.) is the source of the Lez River floats over
28 km to the Mediterranean Sea. This river hasethmain tributaries fed by temporary karst springs
belonging to the Lez karst system.

The Lez spring is one of the main karst spring&riance and is located 15 km north of Montpellier
(France). It used to be a perennial spring; howesiace 1982 water has been directly withdrawn ftbm
main conduit to supply Montpellier and its metrafaol region with water. The pumping rate sometimes
exceeds the natural water discharge in order tarsewater supply throughout the year. Consequently,
during low-water period, the spring dries up. Egidal water discharge at the Lez River is ensunathd
this period by a partial deviation of the pumpedex#o the river.

The Lez karst system discharges also at severabsaboutlets: Lirou, Restincliéres, Fleurettes and
Gour Noir (Figure 3). The Lez spring is the maimgmmial outlet of the system, with groundwater dige
that can reach about 15/ during rainfall events, with an annual averagetwrge of 2,2 fifs. Lirou is a
temporary spring that flows only 4 months in a yéaeurettes is the most ephemeral spring, flovanly a
few weeks a year. Restinclieres spring was perefgifore the pumping, and according to recent field
observations, it seems it remains a perennial glaspite the water exploitation.

The hydrogeological catchment of the Lez spring &asarea of about 380 Kn(Thierry & Bérard,
1983), and is located between the Hérault and Vielaiver valleys (Figure 3). As a large part oéth
hydrogeological catchment is relatively impermealige to the presence of marls and marly-limestafes
the Valanginian, the Lez spring diffuse rechargmarovers only 150 km2 (Marjolet & Salado, 1976).

The diffuse recharge area over the catchment qneis to the Jurassic limestone outcrops located by
the western and northern limits of the basin (FegB). Localized infiltration occurs through fractarand

sinkholes along the basin and through the majotogé®o fault of Corconnes-Les Matelle@ocated in the
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proximity of Claret well), in the northern part thfe basin. A certain number of fractures are atsonn to

exist only just upstream from the Lez spring (DshadQ64).

= * Lez ksa rs_t system Sampled wells
Spri prings
Sauve:Sp )
phg * Fleuréttes < Boinet
*  Gour Noir < Bois Rozier
--------- * Lez Spring 4 Fontanes
: * Lirou @ Gour Noir
™ * Restincliéres © Laudou
/ = o / } & Lavabre
e 7 Vialancinian Cuuince~

Fig. 3 —Hydrogeological map of the Lez karst system with glach springs, wells and rain gauges location.

A perched aquifer is located within the upper Vgliaian layer (marls and marly-limestones),
superposing the Lez aquifer (Pane-Escribe, 199Bpugh, both aquifers are regarded as mostly
hydrogeologically unconnected. The groundwater thatiow from some springs that drain the Valangina
aquifer, notably Lauret, Dolgue and Lavabre spriimgtrate into the Lez karst system through lopadi
infiltration zones along th€orconne-Les Matelleiult (Boinet, 2002).

The cross section of the terminal conduit thatieadhe Lez spring is greater than f0fhe conduits
dimensions result from an intense karstificatioat tteached several hundred of meters during thesikias
Salinity Crisis (Joseph et al., 1988) and affe¢kedlimestone formations during the Plio-Quaternary

The lithology of the Lez karst system correspondsmassive limestone of the Upper Jurassic
(Argovian to Kimmeridgian) and of the lower parttbe Early Cretaceous (Berriasian), with 650 toQL&D
thickness (Figures 4 and 5). The marls and manhgditone of the Middle Jurassic (Oxfordian) congdithe

lower boundary of the aquifer. The marls and mérhestone of the Early Cretaceous (respectively &ow
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and Upper Valanginian) constitute the upper bound#r the aquifer. The major tectonic events that
influenced the Lez aquifer were: the Hercynian/S@ain orogeny, the Pyrenees formation, and the ogeni
of the Lion Golf (Bousquet, 1997). Accordingly, thez karst system is referred to as a partly cewfin

system.

2.1.1.1 - Messinian salinity crisis

The Messinian Salinity Crisis resulted in the dgyiof the Mediterranean Sea caused by a
disconnection from the Atlantic Ocean, between @86 5.33 million years ago. Because of the clostire
the Gibraltar straight, the water flow from the &itic Ocean to the Mediterranean stopped and most
seawater evaporated, which caused the lowerindgpeofsea level and the accumulation of thick evaporit
deposits in the Mediterranean basin (Ryan, 1976 &iRyan, 1978; Clauzon, 1982).

Two features resulted from this event: 1) a sediargnfeature, corresponding to a thick evaporitic
layer composed of carbonate, gypsum and halitex @eomorphological feature with the incision of mlee
fluvial canyons and the occurrence of deep kacstiibn in some karst systems. This crisis endethet
beginning of the Pliocene, with a rapid floodingtleé Mediterranean basin (Mocochainal, 2006).

Fleury (2005) described two types of Mediterrankarsts which great depths can be explained by the
Messinian hypothesis: (i) below sea level springg: €ort-Miou (France), Morain-Toix (Spain), Chekk
(Lebanon), etc.; and (ii) above sea level springaul(France), Vaucluse (France), Lez (France), Téte.
second type of karst was patrtially filled with innpeable Pliocene marine and continental sedimertish
clogged conduits and other geologic features thaaime partially or totally closed to sea intrugieleury et
al., 2007). Those systems were highly karstified Inalytremained uncontaminated by seawater with the
presence of impermeable fillings (Bakalowicz, 206%ury, 2005; Fleury et al., 2007). Such condgion
favour rising karstic flowpaths that can mobilizeportant reserves in depth (Gilli & Audra, 2004heT
reserves are large, with variable flow rates antemeemaining fresh or slightly salty (Fleury et, @007).
The groundwater residence time may increased terakethousand years, while it is usually shortantia

year in well-developed karst aquifers (BakalowRa05).
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Fig. 4 -NW-SE geological cross-section: Les Matelles — k&sGBosser, 2009).
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Fig. 5 —NW-SE simplified geological cross-section, Lez kaystem.
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2.2 - Water exploitation of the Lez spring

In 1965, the intense pumping of the water resowstegted at the Lez spring, where water was
withdrawn directly from the main conduit. Howevby, 1982, exploited discharges became insufficiewt a
the General Company of Water (Compagnie Généraldedax - CGE) determined that the pumping should
be done from the underground. A deep pumping pleastdug (-48 m), located at about 400 m upstream th
Lez spring (Figure 6). From this plant, four 1,800 diameter boreholes were dug, reaching the ratura
conduit leading to the spring. Three boreholes wegaipped with immersed electric pumps, with a
maximum pumping rate of 1,700 I/s. This pumping rebmetimes exceeds the natural water discharge but
guarantees a water supply all through the year.

During low-water conditions, when pumping ratesemd the natural discharge of the karst spring, the
water level in the conduit and in the spring-poap$ below the spring overflow level. Consequerdlyring
low-water period, the spring dries up. Ecologicahtev discharges at the Lez river in this period is
maintained by a deviation of pumped water (Q=18) tbwards the river. During autumn and winter, the

karst system is recharged and the water levelarctimduit rises above the spring overflow level.

/

Fig. 6 —Scheme of the underground pumping plant at the peag (Conroux, 2007).
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2.3 - Hydrological settings: Mediterranean Climate

Mediterranean climate is characterized by dry astdshmmers and wet autumns, winters and springs.
Autumn precipitations are often convective, wittae rainfalls. The hydrological regime is charaizted
by a strong temporal variability. The flood intdgsand frequency vary considerably from one year to
another according to the intensity and frequencyadfifalls but not all the strong events produamds
(Ribolzi et al, 1997; Ferrariet al, 2001; Martiret al, 2006; Wittenbergt al, 2007).

The Mediterranean basin response is usually delbyedudden, and because of that, the hydrological
behaviour of Mediterranean transitory streams mmidated by extreme events. The transitory flow delge
exclusively on rainfalls and is clearly relatedthe characteristics of the basin. In karst zonmestdires and
fissures facilitate infiltration, receiving the dodbution of runoff infiltration coming from a nokarst
watershed, but do not always contribute to the fiawthe river (Latron & Gallart, 1998; Belmonte &
Beltran, 2001; Gaumet al, 2004).

Fleuryet al. (2009) estimated the volume of water needed tharge the aquifer and could predict the
height of rainfall that could cause flooding. Thetetmined volumes represent approximately 100 mm of
infiltration or 150 mm of rainfall at the end ofeHow stage. The precipitation impact on the Lerska
system depends on its level of saturation, whichelated to how the pumping is withdrawing aquifer
reserves and also to previous cumulative rainfatiditions (Jourdest al, 2007; Dorfliger, 2008; Fleurgt
al., 2009).

The average annual rainfall calculated over the48syears at Valflaunés raingauge (Météo France)
was 942 mm (Figure 7). The total annual rainfalhighly variable from year to year: 1989 was thestr
year during this period, with 474 mm, and 1972 weswettest year, with 1,620 mm of rainfall. Durithg
studied period, the annual rainfall was 810 mm2@06-2007, 849 mm for 2007-2008, 1,266 mm for 2008-
2009 and 666 mm for 2009-2010. For the 1970-201gethe intra-annual rainfall distribution wasi%
during autumn, 27% during winter, 22% during spramgl 13% during summer (Figure 8). The first reghar
events (rainfall events) of the hydrological cy@de hydrological year: from September to Septembgait

normally between September and October.
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Fig. 7 —Percentage deviation to the average annual racdhdulated from 1970 to 2010 (Valflaunés raingauge

Fig. 8 —Average monthly rainfall calculated from 1970 tdl@QValflaunés raingauge).
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2.4 - Strategy of study and data acquisition

2.4.1 - Continuous monitoring and sampling

Punctual data were obtained by regular samplingsmaplished by HydroSciences Montpellier (HSM)
from 2006 to 2010. Automatic measuring was accashpli by HSM and Veolia. Temperature (T), turbidity,
Electrical Conductivity (EC £=25°C) and Groundwater Level (GW level) were meeduwrsing an hourly
time-step at the Lez spring with an automatic dafgér (CTD diver, SDEC), at the observation well of
Veolia pumping station (Lez well) that is locatedthe proximity of the Lez spring. HSM performedHEC,
and GW level measurements with an hourly time-stefhe Lez spring spillway and at the Lirou spring
(CTD diver, SDEC). Rainfall data were obtained frahmee meteorological stations of Météo France:
Valflaunés, Saint-Martin-de-Londres, and PradegufE 3).

The piezometric network consists of 21 monitoringller where water table measurements were
performed by Veolia, at 14 monitoring wells equigpeith automatic pressure sensors (hourly timejstep
and 7 monitoring wells manually measured at a mgritme-step.

Samples were collected from the Lez spring twigecath, from March 2006 to May 2010, and daily
during the floods that occurred within this periddrou, Restinclieres and Fleurettes springs samgpli
started in October 2008 and lasted until May 2@i@ were carried out during the wet season, whey th
were flowing. A total of 234 samples were collectesin the Lez spring, 65 from the Lirou spring, fiém
Fleurettes, and 33 from Restincliéres.

Additional samples were collected during the loagst period from: 1) surrounding systems that are
potentially connected to the Lez karst system,uidicly Fontbonne and Sauve springs; 2) Valanginian
springs and wells, including Boinet, Olivier andviaare wells and Lauret, Lavabre and Dolgue spriys;
Veolia wells belonging to the Lez karst system: tdaes, Laudou, Bois Roziers, and Gour Noir.

Rainfall waters samples were regularly collected i@ter stable isotopes analysis from a buried
reservoir connected to the rain gauges at Viol$-det, Sauteyrargues and Saint Gély du Fesc. Three
rainwater samples were collected for major elemantdysis. Two samples of surficial runoff watersrev

collected from the infiltration zone close to W@erconne-Les Matellefult (Brestalou) in February 2010.
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Temperature, pH and EC were measured in the figilogua pH meter and conductimeter (WTW 330
i). Total alkalinity was measured within a day, lagid titration with HCI 0,05N. Chemical and
bacteriological analyses were performed at therktboy. Major elements (Br CI, NO3', sQZ, cd, Mg2+,
Na', and K) were analyzed by ionic chromatography (DIONEKS 1000) in filtered samples (0.22pm)
offering an analytical precision with a margin ofcg of less than 5%. Trace elements (Li, B, Al,Gf, Mn,

Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Ba, Pb and Wrevanalyzed using Q-ICPMS X series Il Thermo
Fishef at the AETE technical platform of University of Mipellier 2 in filtered samples (0.22poffering

an analytical precision with a margin of error @4 than 8%. Total and faecal coliforms were aealyzith

the Colilert-18 method (Niemelet al, 2003) after sampling in sterile bottles. Samplese also taken for
Total Organic Carbon (TOC), collected in dark glasstles previously combusted for 6 h at 550°C and
analysed with catalytically aided platinum 680°@ntustion technique (Shimadzu VCSH).

d“Croc and soil d**Cco, samples were analyzed at Avignon Hydrogeology ktaiooy (mass
spectrometer Finnigan Mat Delta S type). Water Istiptopes ¢'®0 andd ?H) were analyzed at LAMA
laboratory, which is part of HSM®Sr£’Sr samples were analyzed at the Geosciences Rennes.

An automatic sampler with 24 bottles (1l, acid-aea polyethylene bottles) was used for water
sampling during floods. For these samples, analysae performed on major and trace elements and on
coliforms. The reliability of the sampler was chedkfor each measured parameter, since values ebitain
from automatic samplings were compared to valudaimdd from manual samplings. The results of this
comparison (Figure 9) show that TOC concentratiotseased by 44% with the automatic sampling
probably due to contamination caused by algaefpration on the inner walls of the sampling tubaeéal
Coliforms decreased by 20% with the automatic sargphhich was probably due to the death of bacteria
between the time of the sampling and the analysilfi In the samples collected using the automatic
sampler, the trace elements that were not considme Al, As, Cd, Pb, Mn, Ni, Mo and U. Neither @rn
calcium-bicarbonate equilibrium indexes were coeitd between the results obtained by automatic
samplings. All the other major and trace elemergsevtaken into consideration on the data interpogta

because of the slight discrepancies observed.
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Fig. 9 —Percent error of measures and concentrations betmaaual and automatic sampling.

2.4.2 - Analytical methods

Aqueous speciation and fluid-mineral equilibriumrevealculated with DIAGRAMS software, version
5.0 (Simler, 2009) .

EC Frequency Distribution (ECFD) was used to idgritie sum of the populations of conductivities
associated with the different GW types that flowotlgh the GW system (Bakalowicz, 1977; Massei ¢t al
2007). EC Probability Density Function (ECPDF) atsdnormally distributed component populations were
assessed with Peakfit v4.12 software (Seasolve3)2b@t automatically finds and fits peaks for @adat.
The assessment of different EC classes at a Karigigsreveals the dynamics of chemically distindvVG
types flowing through the karst, and the averageoE& GW type can be related to its origin anddesce
time (Masseket al, 2007).

Discriminant Factorial Analyses (DFA) were usedirterpret geochemical data sets and also as a
decision method for defining multiple water-typeased on geochemical data sets. The multivariate
statistical technique identifies individual groupssamples and tests the membership of each samgle
defined group, as a function of the values for enber of considered variables. It minimizes intrawgy

variance and maximizes intergroup variance (Dagnel975; Saporta, 1990). The reduced dimension
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achieved by such a statistical technique permitteakching a simplified multi-criteria representation

highlighting the main trends for the datasets.
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2.5 - Hydrodynamic behaviour of the Lez karst syst@

The experience shows that it is possible, in soases, to classify wells by groups with similar
hydrodynamic behaviour; this geographic assembfagenits the selection, for each group, of one well
representative of the hydrodynamic behaviour ofvargregion monitored by many wells (Karam, 1988).
the case of the Lez karst system, previous hydraaijo studies have already proposed to regroup wells
characterise hydrodynamic compartments (Karam, ;1@88roux, 2007).

In the present work, the spatial and temporal hyginamics at the Lez karst system was assessed by
analysing the piezometric levels on a daily basigr a nine year period stretching from 2000 toR@ach
hydrological cycle (from September to Septembegufé 10) has been analysed separately. The first
objective of this analysis is to establish groupsvells that exhibit a common hydrodynamic behaviou
order to identify the hydraulic connectivity betwethe wells with each other and with the Lez wé&he
second objective is to identify the major hydrodyi@abehaviour of the monitored wells as a functidithe
climatic context, assessing the wells connectigdaged on the hydrodynamic response of this kass¢syto
rainfall events. Moreover, this analysis intendsétect some of the most representative wells liengcal
sampling, in order to reduce the number of wellsgsampled, given the high number of availabldsnaid
the difficulty of this kind of sampling operation.

Different criteria were used to choose the hydrag cycles retained for the analysis of the
hydrodynamic response to rainfall events. Thesesyeaust be characterized by the most complete data
series for all the monitored wells, and have cating total annual rainfall between each other. this
reason, 2003-2004 was chosen as a cycle of highogity (annual rainfall of 1,353 mm) and 2004-2Q85
a cycle of low pluviosity (annual rainfall of 796mm).

The average piezometric surface (Figure 11) wasutakd by IDW (Inverse Distance Weighted)
interpolation method using a mean piezometric lesadtulated for the whole dataset (9 years of daily
measures from the 14 monitored wells). Considetimg climatic irregularity of the region and the
heterogeneity of the karst system, it is importanhighlight that this surface interpolation wag osed for
other purpose then to represent the major piezasrggtrdient and the consequent major GW flow dioect

in the system.
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In the current work, four groups of wells were iigished based on their hydrodynamic behaviour
and mean piezometric level. The Group 1 (Bois RoBeis des Avants, Gour Noir, Lez and St Gély) is
constituted by wells that present a very similadroglynamic behaviour to the one of the Lez welthvad
mean GW level of 60 m asl. This good hydraulic @mtivity is attributed to the presence of tberconne-
Les Matellegectonic fault, which plays a role of major drageaaxis along the NE-SW direction (Thierry &
Bérard, 1983; Conroux, 2007).

The Group 2 (Ste Croix de Quintillargues, Bois SatMeu, Fontanés and Mas Martin) has a
hydrodynamic behaviour quite similar to Group 1t buth slightly higher piezometric levels (mean
piezometric level of 62 m). The general water tabdeiations over time observed at the Lez well are
simultaneously observed for the wells of this groegpecially for Ste Croix de Quintillargues.

The Group 3 (Laudou and Les Matelles) correspoodgells where the highest piezometric levels are
observed (mean piezometric level of 85 m). Thelsintiydrodynamic behaviour of these wells may denot
a good hydraulic connectivity, in spite of theistdince to each other. However, they present arelifte in
their constant piezometric level of about 10 m. Megtelles is located in a non-confined Jurassieitane
region, which allows the water table to rise withoestraint in response to rainfall events, unhkells
located in confined areas, such as most of the toveai wells.

Group 4 (Claret and Coutach) also correspond tdsveblaracterized by high piezometric level (mean
piezometric level of 76m). The Coutach well is l@mthon the supposed northeast limit of the Lezngpri
catchment area and is geographically close to theeCwell. Under important recharge events, boghsy
reach similar maximum piezometric levels, which largted to 120 m (Conroux, 2007). The Claret wsll
close to the main drain (major fault 6brconne-Les Matell@¢sand for this reason, this well is much more
subjected to water-head decreasing than Coutach is.

The analysis of the wells behaviour shows a betterlation between these wells during years off hig
rainfall than during years of low rainfall. For emple, we observe a constant piezometric differdrete/een
Laudou and Les Matelles of about 14 m during yehrsigh pluviosity such as 2003-2004, althougksit i
more important (20 m) during years of low pluvigdike 2004-2005 (Figure 10). This illustrates asdical
karst behaviour (Vaute et al., 1997) where the &wiilt connectivity between the aquifer compartmesits

better during recharge events.

46



Fig. 10 —Piezometric variation during years of high pluvipsR2000-2001 and 2008-2009 and years of low plsityo
2004-2005 and 2006-2007 for the Group 3 (Fontavias,de martin, Bois St Mathieu and Sainte Croix de
Quitillargues).
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Fig. 11— Piezometric IDW interpolation of average GW lelgll5 wells over the Lez karst system; wells laoatind
their group classification.

Once the groups were identified, it was possiblesétect four wells representative of the main
hydraulic compartments for the water sampling: laydFontanés, Bois Roziers and Gour Noir. The
described piezometric behaviour shows that hydradyos are associated to two major compartments. The
first one, in the southwest, presents low piezoimé&tvels and high piezometric variability (Groupand 2).

The second one, in the northeast, presents higlomietric levels and low piezometric variability (Bps 3
and 4). The mean difference between the piezomletvils of these two compartments explains the majo
piezometric gradient of the aquifer (Figure 11) aomsequently, the predominant Northeast to Sowghwe

axis of GW flow direction of this system.
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Chapter 3 -Application of the hydrochemistry to understand the
functioning of a karst system

Extracted from Article N°1

Article title:

“Geochemical evidence of water source characterisaind hydrodynamic responses in a karst
system.”

Authors:

Bicalho C.C., Batiot-Guilhe C., Seidel J.L., Vaxt& S., Jourde H.

Journal: Journal of Hydrology

Present Situation Submitted

Abstract

The Lez karst spring, located in the Mediterranbasin (southern France), supplies with water the
metropolitan region of Montpellier (France) sinbe 19" century. Since 1981, intense water exploitation is
being performed directly in the main conduit witmaximum exploitation flow rate of about 1,700 Ta
improve the understanding of groundwater origingd amirculation dynamics in this karst system,
groundwater samples have been collected duringusiydrologic conditions from March 2006 to March
2010, for measuring and analysing: physicochenpeabmeters major and trace elements, Total Organic
Carbon: TOC and faecal and total coliforms.

During the first recharge events of autumn, higinemalized waters have been observed at the Lez
spring. This singular behaviour was monitored fina time-lag. A multivariate statistical analysevealed
the existence of different water-types dischargaigthe Lez spring. During high stage periods, high-
mineralized water initially discharges from theisgr followed by rapid infiltration water. This baWour
suggests that hydrodynamics affect groundwatewleition by soliciting different end-members, such a
geochemically evolved, long residence-time watad surficial recharge water. These characteristiese
observed on a larger scale by monitoring threecsed®verflow springs connected to the Lez karstesy.

A detailed analysis using major and trace elemantselemental ratios provide some insight into the
different water origins, the associated lithologa@sl the mineral-solution reactions related to bglgnamic
responses. Between the five distinguished watezstythe two more contrasting ones are emphasibaed: t
first one correspond to more geochemically evolltedg residence-time waters, issued from deep $ayer
where evaporite fingerprinting have been identifiedey are characterized by high mineralization higth
concentrations in Cl, Na, Mg, Li, B and Br elememigh Sr/Ca, Mg/Ca and CI/Br ratios. The secontewa
type corresponds to little mineralized waters witigh concentrations in N bacteria and TOC, and
represents the flux of rapid infiltration watershely underline the vulnerability of the system toface
infiltration and anthropogenic contamination thrbuthe infiltration of waters by sinkholes and well-
developed fracture networks.

Key words: karst, groundwater, natural tracing, hychemistry, water transit.
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3.1 - Introduction

At the Lez spring, high-mineralized waters flow ithgr extreme hydrological conditions provoked by
intense rainfall. During the same recharge evelots, mineralized groundwater with marked bacterial
contamination and nitrate and TOC concentrationg Heeen also observed. Anthropogenic tracers denote
the rapid migration through the karst of watersiésk from surface infiltration. The association apid
chemical and bacteriological responses during 8osdems also to be a characteristic of karst sgstem
(Personné et al., 1998).

The flow of such different groundwater propertiagidg a same flood event suggests that multiple
end-members with contrasting characteristics alieiteal. In order to identify the different wateyptes that
constitute the Lez spring flow, a multivariate sti¢al method is used for the hydrochemical analgédata
collected from the Lez spring from March 2006 toyV#10. Multivariate statistical methods were used
identify the impact that natural and anthropogamwaters have on the groundwater quality of Nandaargtk
system (China) (Jiang et al., 2009); to evaluat® hwiltiple origins of water and variations in acuiflow
paths affect the chemical characteristics of angpdraining a portion of northern Florida (Mooreadt,
2009); to study the degree of karst development ted importance of the unsaturated zone (Spain)
(Mudarra & Andreo, 2011) and to define genetic iorigf chemical parameters in groundwaters (Algeria)
(Belkhiri et al, 2011).

This study addresses the Lez karst system cironlalynamics in order to better characterize GW
transfers within the Lez karst system by analyzirger chemical and physicochemical variations dutire
different hydrological periods, together with thgdlodynamic response of the Lez system. The sub-
objectives are:

(i) defining the chemical GW characterization andetation with aquifer hydrodynamic responses;

(i) assessing the main lithologies and mineral-soluts@ttions associated with water chemistry;

(iii) identifying the relation between the aquifer aheé tsurface waters, so as to understand aquifer
vulnerability;

(iv) contributing to the improvement of karst system captual modelling with a possible extended

application towards other complex Mediterranearstksystems.
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3.2 - Results

3.2.1 - The Lez spring behaviour during flood event

At the beginning of autumn 2008, the first rainfallents occurring after a long dry period generated
over time high variations of the groundwater phgsieemical parameters (Figure 12). Two major rainfal
events participated to the flood that triggeredltbe spring on October 23, 2008. The first rainf@bmm)
triggered the Lez spring flow on October 20, 20DBe second one occurred on October 22, 2008 (80mm).
Previous conditions were characterized by a loveqigetric level, typical of the end of the low staugeiod,
when waters have stable and elevated EC and Tszalue

Two days after the first rainfall, EC started t@pito 643n5/cm; this phenomenon was concomitant
with T decrease, calcite Sl increase, Cl,Sdg and Sr decrease, but also with a peak in totdl faecal
coliforms concentration.

Three days after the same rainfall event, a higlpefk (8555/cm) was observed, in relation with a T
increase, still lower however than the T concemnabbserved during the low stage period. A de@exds
calcite Sl occurred simultaneously with peaks ofNly, SQ, Sr, and total coliforms concentration.

After the EC peak, a marked decrease of EC, wittiremal value of 6168/cm, could be observed 18
days after the first rainfall event. This secondpsl change was even more abrupt than the first Ase.
previously observed, a decrease of T as well a§QJ, Mg, and Sr concentrations were observed. TOC and
NOj;™ concentrations showed great variability afterekient started, undertaking important peaks. Cafiite
slightly rose and total coliforms concentrationrgesed to maximal values that remained high forveeek
after the flood started. Faecal coliforms, aftéaiatng the first peak, did not experience a sedantktase of

such importance.
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Fig. 12 —Daily rainfall average calculated for the rain gesigPrades, St Martin and Valflaunés. Piezomedxiellat
the pumping well of the Lez spring. T and EC monitioaéthe Lez spring by Veolia and EC measured od bigl
HSM. Time variations for: Cl, SQMg, Sr, TOC, NQ@, Calcite Saturation indexes, total /faecal colifsr(Colony

Forming Units (CFU) per 100 ml) and Turbidity (TU)edRdashed lines indicate the maximum and minimuioregaof
E.C.
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3.2.2 - Characterization of the different groundweattypes flowing at the Lez spring

After underlining the variability of Lez groundwat¢he EC Frequency Distribution (ECDF) was used
so as to identify the different GW types at the kprng over the entire hydrological cycle. Becaoktheir
contrasting annual rainfall, the results were preesk for the hydrological cycles: 2006-2007 and722008
(Figure 13). Four classes were obtained for 200082thd 2 classes for 2006-2007.

The hydrological cycle 2007-2008 was the wettestr yaroughout the whole survey period. On the
contrary, 2006-2007 was a dry year in terms of ahmainfall. The number of classes seems related to
annual pluviosity, as two classes of EC were naeeoked for the years with a low annual precipitatibhis

statistical analysis showed the existence of distBW types contributing to the groundwater flowitsd Lez

spring.

Fig. 13—2006/2007 and 2007/2008 hydrological cycles. Tdpfequency distribution with the correspondingtiiaility Density
Function. Bottom: normally distributed componenpplations.
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Afterwards, once the existence of multiple watgrety have been identified, Discriminant Factor
Analyses (DFA) were used to the data set in ordeddntify the water types flowing at the Lez sgrisnd
for interpreting their chemical characteristicsgifie 14). The qualitative or dependent variabléaily
adopted on the foremost DFA application was deteechby the analysis of temporal variations for cicam
and physicochemical data, pluviosity and groundwbdeel (e.g. Figures 12 and 15). DFA being also a
decision method, furnished suggestions regardieggtielitative variable; each suggestion of modifica
on the groups belonging furnished by the DFAs hadontext carefully verified before being accepbed
not. This procedure permitted to refine the grouaigwtypes previously identified and also to intetghe
groundwaters chemical characteristics.

The explicative or independent variables assume® &€, major ions (Cl Mgz‘“, K*, SQ%, HCO;,

Na" and C&"), trace elements (Li, B, Rb, Ba and Sr), pG@d calcite SI. The qualitative or dependent
variables were: 1) High water$, that discharge during high stage period and associated to high
groundwater level and EC oscillations; 2)oWw waters, that discharge during low stage period and are
associated to low groundwater level and stablehégitl EC; 3) Dropping watery, that discharge during the
transition between high and low stage period ared amsociated to groundwater level decrease and EC
increase. Extremely high or low EC values are reféto as: 4)Piston-flow waters (EC>780 pS/cm) and
5)“Dilution waters (EC< 600 puS/cm).

The F1-axis for the first DFA (major elements) esgents the mineralization with Cl, Na and Mg. The
F2-axis is defined positively by Ca and partially 0, (Figure 14). Piston-flow watersand “Low waters
present a good discrimination. However, there oasiderable overlapping betweeHigh water§ and
“Dilution waters$ in the negative part of the F1-axis and betweldigh water$ and “Dropping water$ in
the positive part of the Fl-axis. Mixing processethe karst system could explain this overlappibgring
transition periods, when two GW types succeed, mybeffects are even more pronounced. Accordingly,
during those transition periods, some samples gpeesentative of more than one GW type because of

important mixing indexes.
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Fig. 14— Top: DFA for the Lez spring data using majonaets. Left: sample space; right: variable spacttoB: DFA of the Lez
spring data using major and trace elements. Laftypde space; right: variable space.
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The second DFA (major and trace elements) shovestartdiscrimination between the five GW types.
A remaining zone of overlapping betweddigh water§ and “Dropping waters is still observed (Figure
14). The Fl-axis is positively weighted by EC, b, Mg, Ba, K, Rb and Li. The F2- axis is negatyvel
weighted by Sr and SOThe trace elements help better characterize Bigtdh-flow water§ associated
with a marked mineralization in Cl, Na, Li, Mg, (Rb and Ba. Thel'ow water$ are the second high-
mineralized waters compared to those elementsSOuand Sr concentrations are lower thanRiston-flow
waters. The “Dilution waters remain the less mineralized waters.

Once identified, the water-types for the whole gtpériod are displayed on Figure 15, where we can
observe the variability of those “regime” periodwaughout the years. Table 1 presents the average
concentrations and the range of variation for tive GW types identified at the Lez (spill water rfro
pumping), Lirou, Restincliéeres and Fleurettes gmjmas well as specific data for other springs aetls

sampled during the 2009 low stage period (Figude 15

56



Fig. 15 —Daily precipitation calculated from Prades, St Ma&nd Valflaunés stations average, GW levels gn)at “Lez spring”
and “Gour Noir” wells; EC measured in the pumpingiMay Veolia, time variations for Cl, SONO;, Sr and Mg concentrations.
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Table 1 Mean concentrations and range of variations foh ggoundwater-type identified within the Lez kasgstem (March
2006-August 2009) and other regularly monitored kawst system springs. One sampling for other ggrand wells belonging to
Lez karst system, Valanginian and surrounding karstem (summer 2009).
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3.3 - Discussion

3.3.1 - Water-rock interactions: assessing deepexsend-member

Statistical analysis helped deciphering the mudtiphter types flowing at the Lez spring according t
their chemical composition throughout the hydrobadiyear. The water-types result from the mixing of
variable proportions of different end-members. Dmiirpretation using major and trace elements and
elemental ratios can provide some insight intoedéft end-members associated with water origingtasid
lithologies.

ClI concentrations are notably higher at the Leingpin comparison with other springs of the karst
system and of surrounding systems, being partigukagh for the ‘Piston-flow groundwaters (Figure 16).
Given the geological context of the Lez spring, tpassible origins can explain Na-Cl mineralizatian;
shallow origin from the soil/epikarst compartmenhere the flushed water had interacted or equiidara
within the soil zone, having possibly resided inainpores or fractures near the land surface (Metrj&
Salado, 1976; Josemt al, 1988); and a deep origin from a specific comparthwithin the saturated zone.

The high correlation between Cl and Na conceninatifFigure 16) suggests the existence of halite
dissolution (Vengoslet al, 1995; Bernasconi, 1999). The good correlationsenled for elements such as
Cl, Mg®, K*, SQ%, Na', C&", Li, B, Rb and Sr (Figure 14) provide indicatioaf evaporitic mineral
fingerprinting (Pulido-Leboeuf et al., 2003).

Bromide is commonly used with chloride to identifige origin of salinity of groundwaters in
sedimentary basins and is fundamentally used oestigations focusing on chloride origins related to
evaporitic rock dissolution (Bernasconi, 1999; Klomnn et al, 2001; Sanchez-Martost al, 2002;
Cartwrightet al, 2006). CI/Br ratios (Figure 16) of the “pistommi” waters (1300 <CI/Br<1700) indicate an
extra source of Br for those waters like halitesdigtion which can provoke a CI/Br ratio increasef 200
(rain waters) up to 1600 (Cartwright et al., 20@8)Br ratio data reinforce the hypothesis thateMd Cl are
possibly originated from deep-seated formationgaiaing evaporite minerals which rise through thedf

transport provided by means of the major tectondents.
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Fig. 16— Na vs. Cl (meq/l); CI/Br vs. Cl (mg/l) for alléh_ez karst system springs and wells, and for gpfimells belonging to the
surrounding karst system.

Figure 17 shows evidence for potentially differentirces of Sr or Mg, which could be controlled by
lithology and stratigraphy; e.qg., different flowpatcan contribute with water of different initiat/Ga and

Mg/Ca ratio, but differences can also be displaygdin a single stratigraphic unit.
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Fig. 17-Sr/Ca vs. Mg/Ca and Cl vs. Mg/Ca for all the Lazsk system springs and wells, and for springsséamlonging to the
surrounding karst system.

Mg/Ca ratio depends on proportion of calcite antbishite present in the aquifer rock (White, 1988).
However, even very pure limestones can give risectatively high Mg/Ca ratios in waters with a long
residence time in the aquifer. Numerous studies ldocumented the usefulness of Mg/Ca ratios teetrac
water residence times (Plummer, 1977; Plumeateal, 1978; Edmunds & Smedley, 2000; Fairchéidal,

2000; Lopez-Chicanet al, 2001; Batiotet al, 2003a; Mcmahoet al, 2004; Moralet al, 2008). Therefore,
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Mg/Ca ratios depend on the presence of dolomiteéoarf chemical kinetics. For example, Mg/Ca ratio
seem to be related to lithology at Sauve springn®&oand Olivier wells (Figure 17). In dolomitednic
bedrocks Mg concentrations can reach saturation emder quick flow conditions (Fairchild et al.,(). In
contrast, Mg/Ca for the Lez waters seems to béeet® long residence time and chemically evolvetevs,
with a potential deep Cl source that was not olexein the case of Boinet, Olivier and Sauve (Fidufe

The Lez spring Mg/Ca ratios seem to be functionthe distribution coefficient of Mg during
progressive calcite recrystallization leading to gmrongruent dissolution of dolomite. Incongruent
dissolution is common in aquifers constituted ofidstones and dolomites with the presence of gypsum,
anhydride or halite dissolution (Lopez-Chicaab al, 2001; Marfiaet al, 2004; Barbieriet al, 2005;
Jacobson & Wasserburg, 2005; Mcintosh & Walter,&@®osenthakt al, 2007; Frondini, 2008; Moradt
al.,, 2008). Excess of Ca in water solution inducescitalprecipitation. As a consequence, HCO
concentrations decrease, producing calcite subatain and additional dolomite dissolution and Mg
concentration increase. Once calcite saturatioratiained, only dolomite can dissolve. Mg/Ca rises
significantly between calcite saturation and dolemsaturation (Fairchild et al., 2000). A consitidza
increase in Sr concentrations is a side effecinduincongruent dissolution because this elemergtgutes
Ca, which explains also the Sr/Ca ratios incre&serchild et al, 2000; Dogramaci & Herczeg, 2002;

Samborska & Halas, 2010) (Figure 17).

3.3.2 - Surficial waters end-member and its imglimns on aquifer vulnerability

During the first recharge event, notably the ewenOctober 2008, high bacteria (Total and Faecal
coliforms), nitrate and TOC concentrations wereeobsd. Bacteriological tracers denote the rapidspart
through karst of waters issued from surface idilon (Mahler & Lynch, 1999; Mahleet al, 2000;
Personnét al, 2004).

The origin of faecal bacterial contamination in thasin is mostly related to the presence of seveerag
treatment stations, of which residues are diredibgharged in the basin (Josegthal, 1988; Cadieket al,
2010). Over the basin area, there exist more tlfageivage treatment-plants (Figure 18) that pernibnen

release effluents on temporary rivers. These eithiestay on the bed of temporary rivers until been
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remobilized by the first recharge events of aututitrey are directly injected with other pollutaritsaugh

sinkholes or fractures potentially connected whté aquifer (Joseph et al., 1988).

Fig. 18— Spatial distribution of H.E. (Habitant Equivalen®ferring about Final effluent Discharge of wasiéw Treatment Plants
and of Faecal Coliforms.

Participation of rapid surficial infiltrating waterto the spring flow is responsible for mineralized
waters dilution (EC decrease) during recharge evéltie Dilution-waters water-type is characterised by
the most important participation of the surficiabemember.

Turbidity seems to be associated with bacteriatamnimation (Figure 19). The effect of contaminants
combined with suspended solids are known to be migréficant during the first flood responses (Mah&
Lynch, 1999). Generally, strong turbidity is alwagssociated with bacterial contamination of faecajin.
However, the opposite is not always valid: low tdity does not imply low bacterial concentrationud3art-

Baptista 2003).
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Fig. 19— Log faecal coliforms vs. Log turbidity for the Lepring.

3.4 - Conclusion

The Lez spring groundwaters flow results from aingxof various groundwater types, issued from
different compartments of the aquifer: a surfictaimpartment (surface and epikarst infiltration)alkiw
compartments (Berriasian and Valanginian), a deeppartment (middle and lower Jurassic and Triassic
deposits: limestones, dolomites and evaporitic nailsg¢ and a main aquifer compartment (upper Juwassi
limestones). Hydrological conditions influence timeixing proportions of water issued from those
compartments that constitute the water that flothatLez spring (Figure 20).

At the beginning of the high stage, high mineralizeaters with high concentrations in Cl, $S®Ig,

Na, Br, Li, Sr, and high T flow at the Lez sprir&fterwards, rapid infiltration waters reach theisgrand

cause a dilution of mineralized waters and an m®eeof TOC, N@and faecal bacteria.
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Fig. 20— Conceptual model of Lez karst system functioning.

The high mineralization identified at the Lez spriis probably associated with groundwater issued
from deep formations which rise by fractures andt$a where interactions with evaporitic minerate a
hypothesized. The participation of this deep grovatér end-member has been regularly observed in the
mixing that constitutes the outflow waters of thezLspring. For the reason that even the most dilute
groundwater exhibit a high mineralization (6@)cm). Deep groundwater participation increasegeaibly
during the first autumn flood events, when the hwlic head within the karst system is high enough t
mobilize deep and long-residence-time waters tosvtrd Lez spring.

Rapid infiltration waters reach the spring flow hese of the existence of fractures, sinkholes and
cavities, provoking dilution of the Lez mineralizegloundwaters. Bacterial and organic contaminations
suggest the participation of surficial waters te ttez spring flow during rainfall events and poumt the

aquifer vulnerability.
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Abstract

The Lez karst spring, located in the Mediterranbasin (southern France), supplies with water the
metropolitan area of Montpellier (France) since 188 century. Since 1981, an intense pumping is being
performed directly in the main conduit with a maxim exploitation flow rate of about 1,700 I/s. Irder to
contribute to the advances already acquired by dorstudies on understanding the circulation dynaraic
the Lez karst system, this study aims at contindlreggstudies about this system by enlarging thedaf
analysis towards the other springs composing tystem, and by searching for a better constrainintp®
chemical evolution of the Lez spring waters by tiee of complementary tracers such as water stable
isotopes O and ?H), Strontium isotopes®{Srf°Sr) and Total Dissolved Inorganic Carbon isotopic
composition ("*Crpic), in a foremost application on this karst syst@mundwater samples were collected
from the Lez spring and surrounding springs andswahder a wide range of hydrologic conditions dgri
three and half-year period.

A coupled approach integrating geochemistry antbjses have been applied and provided insight into
the different end-members, associated lithologiesthe main reactions that control groundwater ¢ty
long residence-time waters, issued from deep laydrasre evaporite fingerprinting have been iderdifie
They are characterized by high mineralization aigth soncentrations in Cl, Na, Mg, Li, B and Br elemts,
high Sr/Ca, Mg/Ca and Cl/Br ratios and enricl&iC:pc and®’SrP®Sr. Between all the studied springs and
wells, this chemical fingerprinting has been unigubserved for the Lez spring groundwaters.

This approach allowed to better characterize thatioms of the Lez system springs with one another
and with other system springs, as well as to uhghg main reactions that control the chemical @ah of
Lez spring waters. The estimation of end-memberhdigge proportions at the Lez spring was obtained b
hydrograph deconvolutions. Hydrograph deconvolgiosing multiple tracers were used to estimate the
participation of two or three end-members in theows flood-events that occurred between 2008 &id2
If we use chloride as tracer, the mean estimateticimation of the different water types are, afidfos:
12% for deep waters; 5% for recent waters and 83%mnkin aquifer waters.

The multi-tracers approach combined to hydrodynamippears as a very efficient tool for
characterizing groundwater flows and their origimal seems to be potentially applicable to otheilaim
complex Mediterranean karst systems that were stdgj¢o deep karstification during the Messiniaingg
crisis. The features of this crisis seem to plaglavant role on the hydrogeological behaviourhef aquifer
and chemical characteristics of waters by the gipgtion of a deep compartment to the outflow & karst
system.

Key words: karst, hydrogeology, natural tracing,rBan isotopes, Strontium isotopes, water stabltoses.
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4.1 - Introduction

The Lez spring has the highest mineralization bfre system springs. Nevertheless Temperature (T)
is lowest than Restincliéres and Fleurettes tempa@rings. This behaviour delineates a contraaficin the
chemical evolution of those springs GW. Uncertamicould be clarified by a better understandinghef
water transfers, the mixing proportions and thholibgical context concerning these springs andr thei
interrelation.

We extend the investigations to the Lez karst sydtenctioning by implementing geochemical natural
tracers, like stable water isotopé¥ and®H), Strontium isotope<{SrF°Sr) and Total Dissolved Inorganic
Carbon (TDIC) isotopic composition'Crpic). The main objectives are: (i) a better charaz#gion of the
relations of the Lez system springs with one arrodéimel with other system springs (ii) the uneartrohghe
main reactions that control the chemical evolutidrihe Lez spring waters; (iii) an estimation oé tend-
member discharge proportions at the Lez spring ygrdgraph deconvolutions and to (iv) propose a
circulation model for this karst system.

The integrated monitoring technique adopted in tkisdy offers clues for a more in-depth
understanding of the regional hydrodynamics, basethe changes observed in monitored tracers ower t

and space.
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4.2 - Results and discussion

4.2.1 - Springs correlation using major and tracements

This study considered multiple sampling pointsifggs and wells) from the Lez system and from other
systems. The complete collected dataset used erstidly is presented on Table 2. A first analy$ithe
springs of the Lez system (Lez, Restincliéres, felées and Lirou) is accomplished (Figures 21 a2)d o
as to obtain a preliminary view of the main chagastics of the Lez systems in a regional context.

EC and T indicate contradictory information abouatevs mineralization at the Lez spring in
comparison with the other springs of the systergyfé 21). EC indicates higher chemical evolutiothat
Lez spring, however, Restinclieres and Fleuretfgings present higher T than the Lez spring. Those
differences could be related to mixing proporti@msl/or mineralization origins, related to the assed
lithologies. The understanding of the relation kesw those springs starts through a better desurijoti
their hydrochemical properties by using DFA. Thiethod was applied in order to simplify the
interpretation, due to the large number of samptesparameters to be analysed and interpretedq Pabl

The considered qualitative variables (dependentewige monitored springs of the Lez system. The
assumed explicative (independent) variables wererigjor ions (C| NO;, Mg*, K*, SQ%, HCO;, N&a'
and C4") and trace elements (Li, B, Rb, Ba and Sr). F2 aspresents the mineralization iri, ®ig**, K*,
SO Li, B, Rb and Sr, characteristic of the Lez sprinmeralization. Restincliéres and Fleurettes spring
are characterized by Ba concentrations and are ofemecterized by NQ HCO; and C&' than the Lez is,
despite their low representativeness. The Lithaalgorigin of Ba could be associated with Barita$&)),
which could be present in dolomites of Cretaceayer (Petelet et al., 1998). Ba quickly reachegration
near to outcrop and therefore cannot be used @sidence time indicator (Edmunds & Smedley, 2000).

This analysis indicates similarities between Re$itnes and Fleurettes springs mineralization, Wwhic
is mostly attributed to limestones and dolomitesrfrthe Jurassic and Cretaceous. However, they tlo no
present the evaporitic fingerprinting that is cleéeastic of the Lez spring (Bicalhet al, submitted). Lirou
spring has the less mineralized waters with a shesidence time and important surficial waters
participation. Despite their physical proximity etthez karst system springs seem to be relatedstonch

GW flowpaths.
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Fig. 21- Arithmetic average daily rainfall calculated fraainfall data at Prades, St Martin and Valflaurais gauges,
piezometric level at the Lez spring in the pumpirgjiyat the Gour Noir and at the Lirou spring. T &f@ monitored
at the Lez spring by Veolia and EC and T measuredetthfy HSM at Lez, Lirou, Fleurettes and Restirmeg@springs.

Fig. 22—DFA of the Lez spring data using major and traeengints. Left: sample space; right: variable spaee (125 samples),
Lirou (32 samples), Restincliéres (21 samples)Fadrettes (10 samples).
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Table 2— T, EC, pH, major and trace element concentratEomkisotopic ratios for Lez, Lirou, Restinclieraad Fleurettes springs and other sampling points.

TC EC HCO & cr NO; | so” | ca® | Mg | Na' K* TOC Li Br B Sr Ba dH | d®0 | d®C
Lez spring pH 87sr/%sr
(C) | ((B.cm) (mg/l) | (mg/) |(mg/l) |(mg/l) |(mg/l) (mg/) (mg/) oy | (mg/l) | (mo/l) | (mg/) | (mo/l) | (moll) | (np/)) | (%) | (%) | (%)
07/07/08 1 161 | 747 |7.16 | 3720 | 49.2 46 29.7 | 1274 | 83 26.2 1.3 1.0 -31.70 | -5.67
21/07/08 2 164 | 746 |7.05| 3543 | 507 47 28.1 | 1328 | 8.2 28.4 1.4 1.1 4.0 4265 | 16.9 | -32.36 | -5.63
04/06/09 3 16 728 | 7.29 | 383.8 | 415 3.7 242 | 1197 | 7.7 25.3 1.1 0.6 4.0 17.7 | 4542 | 16.4 | -37.27 | -6.06 | -10.06
09/06/09 4 159 | 725 |6.99 | 366.1 | 43.7 35 243 | 1214 | 7.8 26.3 1.6 0.6 3.9 17.6 | 4395 | 16.3 | -37.15 | -5.91 | -13.60
11/06/09 5 16.1 | 732 | 7.15| 363.7 | 454 37 251 | 1215 | 80 28.7 1.6 1.5 4.2 184 | 439.4 | 16.8 | -36.83 | -5.93 | -13.72
23/06/09 6 162 | 729 7.1 | 3568 | 16.3 55 219 | 1245 | 9.9 8.9 0.6 0.9 3.7 202 | 4149 | 17.3 | -36.00 | -5.79 | -13.85
05/08/08 7 167 | 763 |7.15| 3681 | 56.0 55 291 | 1257 | 97 33.6 1.7 1.2 4.2 3889 | 17.7 | -32.71 | -5.73
26/08/08 8 169 | 756 |7.19| 3613 | 56.3 48 278 | 1239 | 101 | 342 1.7 0.4 4.1 3739 | 185 | -31.12 | -5.16
10/09/08 9 172 | 761 | 7.14 | 3651 | 56.9 5.0 267 | 1283 | 10.1 | 36.2 1.9 0.6 4.1 369.1 | 19.0 | -34.27 | -5.98 | -12.70
22/09/08 10 |172| 753 |6.97| 3657 | 53.2 6.1 263 | 1211 | 9.0 30.6 1.2 0.4 3.9 3589 | 18.7 | -34.42 | -5.89 | -12.39
07/10/08 11 |173| 762 |7.05| 3688 | 558 6.7 261 | 1202 | 9.3 32.0 1.3 0.3 42 6.2 356.4 | 18.9 | -33.99 | -5.94
16/07/09 12 |167| 761 |7.08| 3783 | 50.0 38 230 | 1272 | 85 31.3 1.7 2.0 45 | 1180 | 21.6 | 3829 | 18.0 | -35.42 | -5.73 | -13.21 | 0.707859
03/08/09 13 17 771 3746 | 532 4.0 260 | 1237 | 9.9 35.0 1.8 0.4 43 223 | 3969 | 189 | -35.22 | -6.27 | -13.42
25/08/09 14 |172| 787 | 729 | 369.8 | 58.0 3.9 258 | 1284 | 10.4 | 37.3 1.9 0.8 3.7 254 | 4163 | 205 | -35.29 | -6.07 | -13.15
02/09/09 15 |172| 771 | 734 | 3734 | 573 4.2 257 | 1230 | 9.0 34.8 1.7 2.2 43 | 1700 | 21.3 | 3856 | 195 | -35.29 | -6.14 | -13.07
17/09/09 16 |172| 765 |7.04| 4003 | 52.2 4.1 230 | 1275 | 9.9 32.9 1.7 0.5 40 0.0 205 | 3639 | 19.0 -13.06
07/10/09 17 |173| 776 |6.98| 2782 | 57.0 35 237 | 1186 | 9.1 33.7 1.4 1.4 41 214 | 4030 | 19.3 | -35.08 | -6.14
22/10/09 18 | 172 | 749 7 361.2 | 52.7 35 231 | 1155 | 89 31.2 1.4 0.4 42 | 889 | 205 | 367.3 | 195 | -35.71 | -6.28 | -13.62
13/10/08 19 |173| 763 |7.14| 3651 | 63.3 6.6 26.7 | 1165 | 9.2 33.3 1.3 0.6 41 5.9 3526 | 18.3 | -34.26 | -5.91
21/10/08 N2 20 |16.7 | 643 |7.24 | 283.0 | 37.3 55 209 | 1059 | 5.9 21.3 1.0 3.6 31 | 1072 | 128 | 3264 | 139 | -31.05 | -5.58
22/10/08 N1 21 |166 | 682 7.1 | 3440 | 367 6.2 222 | 1117 | 6.2 20.9 1.2 2.9 02 | 1125 | 0.0 62.1 6.7 | -31.62 | -5.51
26/10/08 22 |159| 645 |7.02| 3343 | 264 4.7 205 | 1130 | 6.3 14.4 0.9 1.8 105.9 -30.58 | -5.23
27/10/08 23 17 656 | 7.46 | 341.6 | 27.2 55 215 | 1128 | 65 15.1 0.9 2.1 29 | 1061 | 121 | 4303 | 16.6 | -29.39 | -5.20
07/11/08 24 | 154 | 644 |6.95| 351.4 | 21.3 7.2 205 | 119.9 | 4.9 11.4 0.9 3.0 26 | 1030 | 138 | 3942 | 151 |-27.24 | -5.18 | -14.73
29/10/09 25 |165| 705 |6.97 | 349.0 | 40.3 41 29.0 | 1119 | 101 | 235 1.4 42 249 | 5850 | 19.5 | -35.45 | -6.20 | -13.22
05/11/09 26 |162| 698 |6.97 | 3466 | 37.4 5.6 246 | 1134 | 85 22.0 1.6 0.8 7.3 26.6 | 6259 | 239 | -34.56 | -5.94 | -13.58
01/12/09 27 | 168 | 636 6.9 | 360.0 | 56.1 55 253 | 1165 | 8.4 33.4 15 -34.48 | -5.96 | -13.62
16/12/09 28 17 639 | 7.18 | 363.7 | 41.8 3.9 189 | 1127 | 9.3 33.2 1.6 0.6 -34.92 | -5.98 | -13.47
21/10/08 N°L 29 |166 | 704 |7.26 | 339.0 | 43.0 4.8 229 | 1205 | 6.9 24.2 1.2 2.2 32 | 1091 | 137 | 3205 | 155 |-31.51 |-5.63
21/10/08 N3 30 17 748 | 7.14 | 358.7 | 50.0 4.3 237 | 1148 | 80 29.4 1.3 5.3 38 | 1176 | 147 | 3463 | 17.3 | -34.08 | -5.75
21/10/08 N% 31 17 748 | 7.11 | 339.2 | 49.8 35 238 | 1153 | 8.1 29.4 1.2 4.4 38 | 121.4 | 145 | 3473 | 175 | -27.06 | -3.16
22/10/08 N2 32 |167 | 681 |6.89 | 3489 | 35.7 6.8 211 | 1134 | 6.4 20.6 1.2 27 30 | 109.2 | 17.3 | 3245 | 16.3 | -31.40 | -5.57 | -13.34
24/10/2008 N1 33 |16.7 | 739 |7.01 | 3526 | 46.2 5.7 28.9 | 1134 | 8.9 26.7 1.4 1.7 46 | 1176 | 166 | 537.6 | 19.8 | -31.10 | -5.55 | -13.06
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TC EC HCO & cr NO; | so” | ca® | Mg | Na' K* TOC Li Br B Sr Ba dH | d®0 | d®C
Lez spring (C) | (6B.cm) P (mg/l) | (mg/) |(mg/l) |(mg/l) |(mg/l) (mgl) (mgl) oy | (mg/l) | (mo/l) | (me/) | (mo/l) | (moll) | (np/)) | (%) | (%) | (%) Tt
24/10/2008 N2 34 |165 | 707 |6.93 | 3489 | 36.6 6.1 265 | 1158 | 8.1 20.3 1.2 1.6 41 | 1123 | 151 | 5192 | 187 | -31.11 | -5.48
29/10/08 35 |159 | 683 |7.04| 3562 | 304 6.3 228 | 1157 | 6.7 16.9 1.2 1.7 33 | 1127 | 156 | 4665 | 17.9 | -29.45 | -5.43
31/10/08 3 | 159 | 705 7 356.2 | 345 6.8 235 | 1180 | 6.6 19.1 1.4 1.6 35 | 1139 | 17.1 | 480.2 | 17.8 | -29.93 | -5.36
03/11/08 37 |159| 699 |7.09| 3392 | 373 6.3 243 | 1169 | 6.0 20.8 15 1.7 36 | 1096 | 17.8 | 462.1 | 16.7 | -28.83 | -5.26
05/11/08 38 | 157 | 650 |7.13| 3416 | 243 6.8 211 | 1173 | 5.0 13.3 1.0 2.8 28 | 101.0 | 148 | 3944 | 157 |-28.41 |-5.14 | -12.13 | 0,707622
12/11/08 39 |155| 705 |7.07| 3733 | 356 7.0 236 | 1220 | 58 19.0 1.1 5.6 35 | 107.8 | 151 | 4318 | 15.4 |-29.82 | -5.28
14/11/08 40 | 155 | 722 |7.18| 3936 | 426 75 26.6 | 1326 | 6.9 23.6 1.3 4.0 37 | 1101 | 131 | 4644 | 159 |-29.69 | -5.37
18/11/08 41 | 155 | 721 71 | 3625 | 40.0 6.6 26.0 | 1290 | 7.2 22.7 1.2 4.6 37 | 1069 | 140 | 4603 | 15.3 | -28.76 | -5.28
21/11/08 42 | 155 | 721 |7.15| 3460 | 422 6.8 273 | 1249 | 6.8 22.7 1.2 1.7 3.9 0.0 13.1 | 486.8 | 155 | -29.76 | -5.38
05/12/08 43 | 158 | 741 |7.35| 3551 | 45.0 5.0 273 | 1275 | 80 26.2 1.3 1.2 39 | 1158 | 19.4 | 4821 | 16.4 | -30.57 |-5.56 | -14.33
16/12/08 44 | 151 | 661 |7.23| 3722 | 282 6.3 279 | 1249 | 7.2 15.8 1.1 1.1 3.4 0.0 19.9 | 528.0 | 15.8 | -32.06 | -5.44
09/01/09 45 | 149 | 721 72 | 3686 | 415 6.9 270 | 1301 | 7.2 235 1.2 1.0 36 | 1106 | 17.3 | 4724 | 14.7 | -35.13 | -5.73
28/01/09 46 | 148 | 689 |728| 3612 | 289 5.4 275 | 1246 | 6.8 16.4 0.9 1.4 33 | 731 | 166 | 5023 | 153 | -35.34 | -5.69
02/02/09 47 |145| 673 |735| 3551 | 27.8 5.4 246 | 1186 | 5.7 16.1 0.9 1.9 29 | 1032 | 153 | 4289 | 136 |-37.58 | -5.95
09/02/09 48 14 599 | 7.39 | 361.2 | 34.2 5.2 238 | 1233 | 6.1 19.5 1.0 1.3 31 | 996 | 148 | 4204 | 135 | -39.62 | -6.26
12/03/09 49 | 153 | 707 |739| 3490 | 333 4.0 251 | 1151 | 8.7 225 1.2 0.9 38 | 1036 | 155 | 4804 | 152 |-37.75 | -5.98
27/03/09 50 |155 | 723 |7.11| 2715 | 432 4.1 315 | 1306 | 86 26.8 1.1 2.2 49 | 1121 | 115 | 5105 | 158 | -37.28 | -5.96 | -13.75
09/04/09 51 |154 | 661 |7.24| 3478 | 323 4.6 29.1 | 1136 | 3.8 17.6 15 43 | 1331 | 103 | 530.7 | 15.8 | -37.44 | -5.93
22/04/09 52 15 710 | 752 | 3551 | 37.1 4.9 273 | 1173 | 6.6 22.0 1.0 2.0 46 | 1260 | 6.2 517.8 | 15.0 | -38.68 | -6.01 | -13.87
06/05/09 53 |152 | 706 | 753 | 3551 | 34.2 3.8 262 | 1227 | 6.8 21.0 0.8 1.6 41 225 | 516.7 | 155 | -38.06 | -6.05
13/05/09 54 |154 | 708 |7.22| 3552 | 36.6 3.1 250 | 1180 | 7.5 25.0 0.8 1.2 3.9 185 | 509.9 | 16.3 | -37.52 | -6.09
25/05/09 55 16 721 | 7.18 | 361.2 | 406 3.6 255 | 1211 | 7.7 26.1 1.2 15 41 182 | 499.9 | 154 | -37.59 | -5.91
27/05/09 56 |158 | 723 |7.17| 361.2 | 40.8 3.6 254 | 1238 | 7.7 25.0 1.1 0.9 41 186 | 489.7 | 17.9 | -37.80 | -5.88 | -13.98
03/06/09 57 16 727 | 7.18 | 3614 | 412 3.6 243 | 1198 | 7.8 25.1 1.1 0.8 3.9 17.6 | 446.3 | 16.4 | -37.20 | -5.94 | -13.91
07/01/10 58 |158 | 702 |7.17| 3368 | 414 8.6 264 | 1079 | 7.8 24.3 1.8 1.3 37 | 500 | 220 | 637.6 | 17.5 | -35.08 | -5.79 | -13.74
25/01/10 59 15 712 | 7.24 | 3503 | 421 8.3 26.7 | 1237 | 6.0 24.4 1.6 1.3 3.3 184 | 548.8 | 14.4 | -36.10 | -6.18 | -14.32
11/03/10 60 | 147 | 629 7.1 | 339.2 | 340 5.1 280 | 1261 | 6.2 20.1 1.2 1.6 3.8 21.3 | 536.1 | 145 | -37.18 | -6.38 | -14.04
22/03/10 61 |149| 699 |7.09| 3587 | 365 45 278 | 1224 | 65 215 1.2 1.1 38 209 | 4737 | 143 | -36.67 | -6.24
07/04/10 62 | 149 | 631 72 | 3709 | 335 4.6 274 | 1267 | 6.9 20.2 1.1 1.4 3.6 20.0 | 5186 | 14.0 | -36.34 | -6.20
20/04/10 63 |153 | 706 |7.03| 3551 | 40.1 4.0 276 | 1251 | 7.3 23.9 1.4 0.9 40 189 | 511.8 | 14.4 | -3581 | -6.23
03/05/10 64 | 154 | 717 |7.01| 3538 | 39.4 4.9 296 | 1278 | 6.7 24.8 1.5 1.3 4.1 253 | 491.7 | 156 | -36.19 | -5.87
27/05/10 65 |155| 692 |7.23| 356.4 | 355 35 270 | 1212 | 65 19.6 1.1 0.9 3.9 20.8 | 5016 | 14.8 -14.03
13/06/08 66 773 379.2 | 505 5.6 324 | 1432 | 7.7 25.1 1.1 1.2 3.4 18.8 | 442.4 | 13.1 | -30.40 | -5.11
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TC EC HCOsy | CI' | NOy | SO | ca® | Mg* | Na' K* | TOC | Li Br B Sr Ba o’H d®o d°c
Lez spring pH 87g/85gy
(C) | (6B.cm) (mg/l) | (mg/l) | (mgll) | (mg/l) | (mg/l) |(mg/l) | (mg/l) | (mg/l) | (mg/l) | (mo/l) | (mg/l) | (mg/l) | (mo/l) | (mg/l) | (%) (%o) (%)
24/10/08 69 741 3489 | 479 | 58 | 294 | 1146 | 90 | 280 | 15 | 16 | 45 174 | 4877 | 204 | -30.92| 553
24/10/08 70 706 3416 | 385 | 51 | 270 | 1137 | 81 | 213 | 15 | 16 | 42 16.6 | 5130 | 198 | -31.22| 522
24/10/08 71 692 339.2 | 362 | 64 | 263 | 1149 | 7.9 | 194 | 26 | 24 | 39 | 1097 | 17.7 | 467.6 | 19.3 | -31.48 | -5.44
23/10/08 72 847 336.7 | 784 | 53 | 36.1 | 1106 | 109 | 486 | 21 | 13 | 62 186 | 5411 | 21.7 | -30.58 | -5.23
2310008 N°L | 73 | 16.9| 855 |6.94| 3367 | 800 | 53 | 373 | 1122 | 110 | 49.7 | 22 | 22 | 65 | 1369 | 191 | 5436 | 22.1 | 31.91| 550 | -12.24
23710008 N2 | 74 |16.9| 859 |7.08| 3392 | 801 | 50 | 372 | 1129 | 110 | 502 | 22 | 20 | 63 | 1342 | 18.7 | 5409 | 22.4 | 31.12| 552 | -11.95
23/10/08 75 842 339.2 | 784 | 54 | 365 | 111.1 | 108 | 488 | 22 | 30 | 62 | 1036 | 185 | 5419 | 212 |-3148| -5.53
26/10/09 76 | 17 | 898 |6.98| 3429 | 986 | 42 | 404 | 1104 | 129 | 589 | 25 | 16 | 50 | 1180 | 25.2 | 649.1 | 21.1 | -34.74| 622 | -12.08 | 0.707921
24/10/09 77 | 15 | 811 |7.15| 3417 | 745 | 49 | 325 | 1114 | 108 | 445 | 21 | 00 | 54 258 | 5140 | 21.8 | 34.90| -6.12
25/10/09 78 | 15 | 844 |7.13| 3429 | 847 | 47 | 360 | 109.8 | 115 | 49.7 | 23 59 | 1180 | 255 | 5557 | 22.4 | 3451 | -6.11
TC EC HCOs | CI' | NOs | SO | ca® | Mg® | Na' K* toc Li Br B Sr Ba dH d®o d“c 7sr/%sr
Lirou spring pH
(C) | (6B.cm) (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) |(mg/l) | (mg/l) | (mg/l) | (mg/l) | (mo/l) | (mg/l) | (mg/l) | (mo/l) | (mo/l) | (%) (%o) (%)
02/06/08 1 |143| 630 |707| 3711 | 124 | 14 | 101 | 1292 | 12 | 48 | o1 | 12 | 03 107 | 746 | 61 |-2873| -4.77
05/06/08 2 |141| 646 |7.65| 4015 | 138 | 14 | 87 | 1327 | 09 | 48 17 | 03 88 | 647 | 6.6 |-30.36| -5.33
09/04/09 3 15 | 556 |6.99| 3490 | 93 | 35 | 81 | 1116 | 00 | 47 16 | 05 | 1004 | 04 | 837 | 71 1575
13/05/09 4 |143]| 593 |711]| 3734 | 87 | 13 | 82 | 1217 | 38 | 51 10 | 04 97 | 791 | 71 -15.86
24/06/08 5 710 | 3769 | 117 | 28 | 84 | 1274 | 17 | 48 | 01 | 15 30.76 | 5.35
21’1,\%2008 6 |148| 613 |707| 3758 | 111 | 27 | 107 | 1127 | 103 | 57 | 05 | 32 | 11 1389 | 88 |-3414| 580
21’1,\?122008 149| 624 |7.14| 3709 | 114 | 22 | 121 | 1107 | 126 | 64 | 06 | 20 | 12 | 970 1572 | 92 |-3456| -5.89
22/10/08 146| 544 |7.09| 3270 | 102 | 42 | 72 |1093| 13 | 50 | 05 | 41 | 04 | 1038 795 | 6.1 |-26.08| -474 | -15.04
23/10/08 N°L 145| 517 |7.04| 3001 | 77 | 20 | 60 | 1074 | 07 | 43 | 04 | 27 | 02 | 922 643 | 6.2 |-2330| -4.28
2310008 N2 | 10 |144| 522 |7.00| 3148 | 80 | 24 | 60 |1077| 07 | 43 | 04 | 39 | 02 | 889 69.1 | 6.2 |-2330| -428 | -14.94
24/10/08 11 | 144| 543 |720| 3392 | 84 | 22 | 62 |1128| 08 | 46 | 04 | 22 | 03 | 881 | 92 | 665 | 68 |-2455| -421
27/10/08 12 |144| 561 |711| 3440 | 85 | 28 | 64 |1165| 08 | 45 | 04 | 64 | 03 | 953 68.1 | 6.9 |-24.25| -454
20/10/08 13 | 143| 565 |7.08| 3514 | 86 | 30 | 64 |1178| 09 | 45 | 03 | 30 | 03 | 00 717 | 6.6 | -2486| -459
03/11/08 14 |143| 552 |730| 3392 | 90 | 18 | 65 |1161| 07 | 45 | 03 | 15 | 02 | 967 69.6 | 6.4 |-25.12| -4.44
05/11/08 15 |143| 590 |7.15| 3636 | 107 | 1.7 | 75 | 1247 | 09 | 50 | 02 | 28 | 02 | 940 738 | 6.2 | 26.11| -4.68
07/11/08 16 |141| 618 |704| 3782 | 114 | 15 | 75 |1310| 08 | 53 | 02 | 120 | 31 | 995 | 171 | 3642 | 17.1 | 2819 | -492 | -1352 | 0.7079
12/11/08 17 |142| 622 |711| 3880 | 109 | 16 | 77 |1313| 13 | 52 | 02 | 85 | 03 | 00 659 | 7.4 |-20.46| -5.09
14/11/08 18 | 14 | 631 |718| 3881 | 117 | 20 | 90 | 1318 | 17 | 53 | 02 | 25 1014 29.72 | -4.99
18/11/08 19 |142| 619 |712| 3698 | 114 | 18 | 82 | 1366 | 24 | 54 | 02 | 15 96.9 2933 | 517
21/11/08 20 |142| 631 |714| 3753 | 111 | 21 | 87 | 1321 | 24 | 53 | 01 | 09 0.0 29.80| 5.07 | -16.20
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TC EC HCOsy | CI' | NOy | SO | ca® | Mg* | Na' K* | TOC | Li Br B Sr Ba o’H d®o d°c 8Sr/%sr
Lirou spring pH
(T) | (6B.cm) (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) |(mg/l) | (mg/l) | (mg/l) | (mg/l) | (mo/l) | (mg/l) | (m/l) | (o) | (o) | (%) (%o) (%0)
09/01/09 21 |141| 617 |715| 3924 | 108 | 22 | 93 |1352| 32 | 54 | 03 | 05 | 04 | 997 | 70 | 658 | 7.0 |-3549| 591 | -1584
16/01/09 22 500 |7.20] 3875 | 104 | 19 | 83 |1331] 36 | 53 | 02 | 04 | 03 |1049| 69 | 616 | 68 [-35.26| -5.84
28/01/09 23 14 | 593 |730| 3673 | 89 | 18 | 76 |1260| 15 | 52 | 02 | 13 | 02 | 886 | 66 | 642 | 65 |-3473| 620
02/02/09 24 |133| 522 |783| 3246 | 75 | 11 | 70 |1064| 09 | 45 | 02 | 21 | 02 | 803 | 72 | 601 | 60 |-4029| -6.92
09/02/09 25 14 | 599 |7.39] 3744 | 89 | 11 | 60 [1287] 18 | 51 18 | 03 | 886 | 59 | 506 | 66 |-38.05| -6.53
25/01/10 26 |141| 579 |7.08| 3600 | 105 | 35 | 75 |[1243| 10 | 50 | 04 | 09 | 02 82 | 650 | 59 |-37.24| -6.42
22/02/10 27 14 | 577 |7.40] 3625 13 | 02 6.9 | 549 | 59 |-37.97| -654
05/03/10 28 15 | 517 [7.20] 3587 | 90 | 09 | 80 |1130] 29 | 50 | 04 | 08 | 05 102 | 810 | 7.1 [-37.42| -6.55
07/04/10 20 |141| 544 |710| 3745 | 98 | 13 | 86 |1312| 26 | 52 | 03 | 11 | 04 91 | 742 | 65 |-37.86| -6.63
03/05/10 30 |144| 627 |695| 3880 | 90 | 1.8 | 127 |1350| 55 | 55 | 03 | 13 | 08 124 | 1180 | 69 |-35.46| -5.57
27/05/10 31 |145| 600 |7.15| 3759 | 92 | 17 | 83 |[1271| 27 | 50 | 03 | 05 | 04 100 | 827 | 6.9 -15.90
TC EC HCOs | CI NO; | so,” | ca* | mMg® | Na' K* TOC Li Br B Sr Ba dH | d°0 | d°c
Fleurettes spring (T) | (¢B.cm) PH (mg/l) [(mg/l) | (mg/l) | (mg/l) |(mg/l) |[(mg/l) [mg/l) (mg/l) [mg/l) (moll sl
. mo/l) | (moll) | (mp/) | (mol) | (/) | (%) | (%) | (%)
05/11/08 1 155 | 649 | 698 | 3855 | 115 | 34 | 210 | 1322 | 23 5.1 0.2 3.3 15 | 89.0 | 127 | 2316 | 102 | -28.79 | -5.00
07/11/08 2 14 677 | 698 | 4050 | 124 | 51 | 201 | 1381 | 33 5.7 0.3 2.3 19 | 1024 | 135 | 3024 | 157 | -29.97 | -5.13 | -15.20
09/11/08 3 163 | 672 |7.04]| 3806 | 133 | 69 | 192 | 1347 | 44 6.0 0.3 1.9 22 | 1030 | 152 | 3745 | 248 | 3172|521
12/11/08 4 166 | 668 |7.08| 3004 | 136 | 61 | 203 | 1328 | 50 6.1 0.4 5.1 24 | 1046 | 158 | 399.9 | 32.2 | -32.02 | -5.31
14/11/08 5 166 | 669 7 | 3881 | 149 | 61 | 226 | 1439 | 58 7.0 0.5 5.6 24 | 1027 | 160 | 3901 | 334 | -31.93 | -5.19
18/11/08 6 164 | 680 |855| 3809 | 146 | 57 | 217 | 1408 | 59 7.1 0.5 15 24 | 1004 | 158 | 3908 | 33.5 | -31.64 | -5.28 | -14.54
09/01/09 7 164 | 662 |7.06| 3564 | 146 | 6.0 | 225 | 1405 | 59 7.2 0.4 11 2.4 160 | 397.9 | 314 |-34.22 | -5.08
02/02/09 8 15 568 |7.22| 3368 | 78 | 25 | 168 | 1144 | 17 4.9 0.4 2.1 11 | 843 | 120 | 1851 | 99 |-43.99 |-7.35
22/04/09 9 161 | 668 |7.47| 3857 | 132 | 47 | 233 | 1200 | 54 6.7 0.4 18 30 | 1022 | 16 | 4189 | 311 |-39.30 | -6.55 | -14.21
09/02/09 10 16 651 | 747 | 3795 | 134 | 47 | 208 | 1311 | 58 7.1 0.4 18 23 | 3580 | 146 | 3500 | 256 | -37.00 | -6.24
08/02/10 11 164 | 678 |6.97| 3869 | 130 | 72 | 2290 | 1368 | 32 6.3 0.4 15 2.3 172 | 4190 | 206 |-36.08 | -6.25
22/02/10 12 157 | 646 |6.91| 3783 17 1.9 159 | 357.3 | 207 | -38.38 | -6.40
11/03/10 13 155 | 608 |6.92| 3806 | 139 | 51 | 250 | 1402 | 54 7.2 0.6 15 2.5 184 | 3511 | 280 |-37.74 | -6.25
07/04/10 14 163 | 628 |7.00| 4026 | 148 | 55 | 248 | 1437 | 65 75 0.5 2.1 2.7 18.9 | 4456 | 326 | -37.07 | -6.01
03/05/10 15 168 | 678 7 | 3880 | 143 | 48 | 286 | 1415 | 69 7.9 05 2.2 3.2 203 | 4500 | 329 | -35.74 | -5.90
20/05/10 16 16 673 |6.99 | 4015 | 127 | 49 | 236 | 1506 | 6.1 7.0 0.5 17 2.7 17.8 | 407.8 | 204
16/07/09 Ssg‘rll‘r‘]’g 142 | 518 |7.33| 2868 | 90 | 27 | 366 | 829 | 166 | 69 17 1.6 2.1 17.9 | 2446 | 288 | -34.82 | -5.79 | -13.93 | 0.708537
16/07/09 FO:;?;’;”E 18 629 |7.43| 3666 | 113 | 54 | 166 | 1204 | 50 5.2 0.2 1.0 1.9 130 | 2772 | 91 |-35.82 |-5.69 | -13.16 | 0.707640
21/07/09 | Boinetwell | 157 | 859 |7.08| 4882 | 254 | 192 | 339 | 14907 | 195 | 93 0.4 18 79 | 1924 | 540 | 32660 | 16.0 | -32.61 | -6.26 | -14.25 | 0.707333
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TC EC HCOs | CI NO; | SO/~ | ca®™ | Mg® | Na' K* TOC Li Br B Sr Ba dH | d®0 | d*c
pH 87sy/%esr
() | (6B.cm) (mg/l) [(mg/l) | (mg/l) | (mg/l) |(mg/l) |(mg/l) |(mg/l) (mg/l) (mgll) (mo/l) | (mo/l) | (mll) (mg/l) | (moll) | (%) (%o) (%o)
21/07/09 Ff:;‘rgf 138 | 583 |751| 3791 | 5.7 1.0 | 105 | 1194 | 4.0 4.0 0.4 13 09 | 833 | 108 | 4567 | 7.5 |-3851 |-5.98 | -15.00 | 0.707451
21/07/09 Eg'r?n”ge 132 | 708 |732| 4265 | 139 | 1.0 | 268 | 1404 | 82 5.8 0.2 17 35 | 1770 | 217 | 8626 | 13.5 | -35.57 | -5.96 | -16.04 | 0.707440
21/07/09 Ls;’ﬁr?g’e 14 637 | 7.38| 4033 | 80 143 | 1202 | 6.0 5.0 0.1 12 22 | 1519 | 186 | 8210 | 93 |-36.76 | -5.93 | -16.42 | 0.707422
21/07/09 La\)\’gﬁre 185 | 640 |7.16| 4240 | 108 190 | 1261 | 65 6.0 0.7 1.0 25 | 1400 | 156 | 6665 | 9.4 |-35.87 |-6.01| -16.25
31/08/09 Fo'lerl‘es 153 | 649 |7.01| 4015 | 104 | 67 | 212 | 1332 | 54 55 0.5 0.6 3.9 | 1600 | 196 | 4102 | 10.7 | -34.05 | -5.76 | -13.50 | 0.707602
31/08/09 Lawugl‘l’“ 149 | 661 |6.99 | 4223 | 11.6 112 | 1322 | 07 4.8 0.9 5.0 1.3 | 2400 | 11.9 | 327.1 | 13.0 | -36.24 | -6.17 | -15.76 | 0.707564
Bois
31/08/09 | Roziers | 158 | 605 |7.07 | 3759 | 104 | 35 | 160 | 1282 | 3.1 6.5 0.6 1.0 16 | 150.0 | 13.8 | 3294 | 9.2 |-35.63 |-6.02 | -14.28 | 0.707605
well
02/09/09 GOUW'e’l\I‘O“ 174 | 664 |7.23| 4076 | 130 | 3.4 | 148 | 1375 | 34 75 0.8 18 2.2 16.2 | 296.8 | 153 | -35.66 | -5.91 | -14.69 | 0.707645
TC EC HCOs | CI NO; | SO | ca® | mMg® | Na' K* toc Li Br B Sr Ba dH | d°0 | d°c
Restincliéres spring pH 87gr/%gr
() | (6B.cm) (mg/l) [(mg/l) | (mg/l) | (mg/l) |(mg/l) |(mg/l) |(mg/l) (mg/l) (mgll) (mo/l) | (mo/l) | (moll) (mo/l) | (moll) | (%) (%o) (%o)
12/11/08 1 176 | 669 |6.61| 3953 | 133 | 73 | 167 | 1301 | 5.2 6.0 0.3 5.2 2.4 153 | 4064 | 256 | -29.77 | 5.16 | -14.63
14/11/08 2 171 | 674 |705| 3758 | 149 | 78 | 191 | 1316 | 58 6.8 0.4 4.8 25 | 1015 | 158 | 3988 | 26.6 | -31.40 | -5.13 0.707564
18/11/08 3 172 | 669 |7.06| 3826 | 166 | 84 | 216 | 13907 | 66 7.9 0.5 5.9 25 | 1099 | 161 | 4000 | 277 | -31.14 | -5.24
21/11/08 4 167 | 655 |7.17 | 3606 | 179 | 86 | 224 | 1295 | 6.8 8.8 0.6 13 24 | 1104 | 153 | 3486 | 21.1 | -30.28 | -5.34
05/12/08 5 166 | 634 |7.17 | 3625 | 165 | 6.9 | 199 | 1218 | 65 8.3 05 2.3 22 | 1144 | 140 | 306.4 | 19.0 | -30.02 | -5.25 | -13.84
16/12/08 6 176 | 719 | 72 | 4302 | 277 | 94 | 277 | 1339 | 85 | 147 | 10 12 3.2 214 | 4202 | 247 | 3220 5.14
09/01/09 7 171 | 670 |692| 4162 | 143 | 81 | 1907 | 1371 | 65 7.1 0.4 11 2.5 170 | 4157 | 263 | -33.19 | -5.56
16/01/09 8 165 | 673 |7.00| 3930 | 154 | 81 | 218 | 1395 | 6.6 7.6 0.4 0.9 2.4 16.1 | 3868 | 25.2 |-34.03 |-5.91
28/01/09 9 159 | 611 |7.29| 3368 | 163 | 68 | 213 | 1285 | 7.0 8.4 0.4 2.2 141 | 3137 | 193 | -3351 | -5.87
02/02/09 10 168 | 675 |7.07| 3979 | 125 | 68 | 177 | 1323 | 54 6.5 0.3 17 2.1 134 | 3572 | 231 | -35.85 | -6.10 | -14.99
09/02/09 11 162 | 673 | 722 3979 | 124 | 51 | 183 | 1327 | 49 6.5 0.2 17 20 | 1062 | 131 | 3550 | 264 | -35.83 | -6.08
26/02/09 12 165 | 669 | 711 | 3918 | 131 | 61 | 199 | 1360 | 56 6.7 0.3 12 22 | 1038 | 139 | 3527 | 242 | -38.18 | -6.47
12/03/09 13 165 | 649 |7.38| 3612 | 158 | 85 | 229 | 1253 | 66 8.3 0.4 12 2.4 148 | 3173 | 231
27/03/09 14 17 706 |738| 3734 | 219 | 70 | 252 [ 1382 | 93 | 124 | 10 18 27 | 1160 | 183 | 3895 | 246 | -35.83 | -6.14
09/04/09 15 175 | 706 |7.07| 3734 | 200 | 58 | 2509 | 1332 | 55 9.2 11 16 47 | 1161 | 138 | 5178 | 275 | -35.46 | -6.16
22/04/09 16 171 | 620 |[701| 3673 | 150 | 58 | 227 | 1160 | 39 7.4 16 3.3 6.3 | 4002 | 229 | -36.12 | -6.06
06/05/09 17 16,7 | 658 |742| 3734 | 140 | 58 | 225 | 1227 | 59 7.2 0.3 2.1 32 | 3605 | 24 | 4136 | 251 | -36.86 | -6.18 | -13.80
13/05/09 18 165 | 614 | 754 3551 | 149 | 43 | 108 | 1180 | 6.2 7.4 0.2 2.0 2.5 189 | 3434 | 202 | -36.38 | -6.16
25/05/09 19 172 | 637 [712| 3612 | 138 | 57 | 208 | 1201 | 74 8.2 0.1 12 2.8 17.9 | 367.0 | 225 | -36.49 | 6.14
27/05/09 20 175 | 702 | 714 3795 | 268 | 53 | 245 | 1232 | 86 | 157 | o8 0.9 3.8 18.7 | 4714 | 253 | -36.03 | 5.84
03/06/09 21 175 | 697 |712| 3795 | 269 | 52 | 244 | 1231 | 84 | 157 | o8 0.9 3.7 184 | 4693 | 255 | -36.22 | -6.08




Restinliéres spring TC EC oH HCOs | CI' | NOs | SO/ | ca® | Mg*® | Na* K* TOC Li Br B Sr Ba dH | d°0 | d°C 7, b
(C) | (6¢8.cm) (mg/) [(mg/l) | (mg/) | (mg/l) |(mg/l) |(mg/l) (mg/) ([mg/l) (mg/l) (mg/t) | (mg/) | (mg/l) | (mg/l) | (mg/)) | (%) | (%) | (%)
09/06/09 22 18 704 |7.16| 3782 | 27.8 | 53 255 | 1245 | 9.0 16.2 0.8 0.9 3.9 18.2 | 479.4 | 275 | -36.14 | -6.21
23/06/09 23 183 | 693 |[6.92| 3911 | 219 | 59 255 | 1272 | 91 12.6 0.6 0.8 3.8 19.4 | 4939 | 317 |-36.31|-6.12 | -13.71
25/01/10 24 186 | 706 | 7.06| 3757 | 165 | 5.6 221 | 1258 | 10.0 9.0 0.6 0.8 3.2 184 | 4338 | 335 | -35.00 | -5.75 | -13.28
08/02/10 25 164 | 628 |7.26| 3454 | 165 | 8.2 207 | 1240 | 6.1 8.2 0.7 1.1 1.6 133 | 3285 | 17.0 | -35.82 | -6.19
22/02/10 26 169 | 681 |691| 3905 | 133 | 7.3 19.8 | 1424 | 56 7.4 0.5 1.4 1.9 149 | 4547 | 214
11/03/10 27 166 | 656 |6.96 | 386.7 21 2.3 16.4 | 4223 | 245 | -37.97 | -6.20
22/03/10 28 164 | 594 |698| 3673 | 152 | 57 233 | 1313 | 59 7.8 0.6 1.1 2.7 188 | 3742 | 238 | -37.91 | -6.21
07/04/10 29 162 | 616 352.6 | 149 | 53 211 | 1258 | 65 8.1 0.6 0.8 2.3 182 | 3083 | 19.0 | -37.19 | -6.03
20/04/10 30 162 | 580 |7.18| 3611 | 154 | 57 237 | 1275 | 65 8.2 0.6 1.1 25 184 | 360.3 | 21.0 | -35.95 | -5.94
03/05/10 31 17 665 |7.02| 3600 | 21.1 | 84 276 | 1292 | 7.7 11.3 1.0 15 31 239 | 4205 | 243 | -35.63 | -5.98
20/05/10 32 171 | 683 |691| 3745 | 229 | 6.3 278 | 1318 | 82 13.2 0.8 1.4 3.7 225 | 4646 | 238 | -35.69 | -5.77
27/05/10 33 166 | 624 7 357.6 | 153 | 5.1 243 | 1342 | 6.9 8.4 0.6 1.4 2.7 19.0 | 3555 | 21.2
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4.2.2 - Study of seasonal recharge by using watabk isotopes

Oxygen and Hydrogen isotopes are largely useddtarthining sources of water, flow patterns, mixing
processes and to identify eventual evaporation gases. They are also often used to determine the
contribution of rainfall waters in a flood eventing a simple mixing bi-component model (Drever, 298
Ford & Williams, 1989; Kattan, 1997; Cest al, 1998; Katzet al, 1998; Beven, 2001; Ladoucle al,
2001; Perriret al, 2003a; Perriret al, 2003b; Long & Putnam, 2004).

Water stable isotope compositions change mainlyalse of natural variations in the rainfall
compositions, mixing with pre-existing waters, ahé influence of evaporation (Cet al, 1998; Beven,
2001; Perriret al, 2003a; Long & Putnam, 2004).

Isotopic input signal was studied from the threi@ gauges distributed over the basin (Figure 3). To
complete the lack of data at the beginning of tluelys period, the Montpellier rain gauge was usea as
reference for the input signal, in spite of thefai#nces in the rainfall isotopic composition betwe
Montpellier and the karst system recharge areaehh@tess, the interpretation considered the lifoitat of
this consideration.

Groundwater samples show a small variabilid30 andd®H signatures when compared to rainwater
inputs (Table 3). Information about storing chagastics can be obtained by comparing the isotopat
signal to the isotopic output signal at the sprifipe rainwater samples present ladféO variations
amplitudes; on the other hand, seasonal variagoastrongly reduced at the springs, especialthatl ez
spring, with a complete attenuation of the sigiaspite the dampening of the signal and a low it
d"®0 varied by 1%. during the first floods of autumr08Q(Figure 23). This variation is subtle but i$ $tigh
enough to suggest that rapid infiltration waterstipigate to the Lez spring flow, even if only iow
proportions. Deconvolution results presented bel@scribe better mixing phenomena between rain snput

and aquifer waters at the Lez spring during floods.
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Table 3 —Water stable isotope range for the sampled spangsaingauges.

Spring / raingauges  N°of samples | d"°O range (%o vs. SMOW) | &’H range (%o vs. SMOW)
Lez 235 -6.38 to -4.94 -39.62 to -30.08
Lirou 64 -6.92 to -4.21 -40.29 to -23.29
Restincliéres 29 -6.47 10 -5.13 -38.20t0 -29.77
Fleurettes 16 -7.35t0 -5.00 -43.98 to -28.79
Viols le Fort raingauge 12 -12.27 t0 -2.88 -53.6 t0 -14.2
Sauteyrargues 8 -10.59 to -3.44 -63.4t0-14.5
Montpellier 34 -9.05 to -1.97 -65.9t0 -12.9

Fig. 23 —Rainfall (Montpellier, Viols le Fort and Sauteyragg stations); E.Cd*®0 (%.); zoomedi'®0 (%0) and
Deuterium-excess for the whole samples of the Letesy springs (Lez, Lirou, Fleurettes and Restinesigr



The other springs also present a manif#80 signal dampening, with the exception of the Lirou
spring. Such a dampening in the signal denotesidaece-time at least equal to the period of thitin
function, i.e. one year. It illustrates the existerof an important storage component favouring fécient
mixing of infiltrated waters with stocked water (Re et al, 2003a; Négrel & Petelet-Giraud, 2005).
Systems that have a predominantly autogenic reehbaye normally well mixed waters flowing on the
springs, and seasonal behaviours and rechargedifacelt to identify (Ford & Williams, 1989; Longk
Putnam, 2004; Barbies&t al, 2005).

Unlike the other springs, the Lirou spring showseaarkable variation of®0-d°H signatures,
observed during the storms of October 2008 (Fi@3)e The same signature is observed in rainfalewat
the Montpellier station in October 2008. This flowds caused by important storms that marked tméathi
of October 2008, where the “Saint Martin” rain gauggistered 121 mm the first day of storm. Such an
important input should have provoked an immediagtion from the Lirou spring. This behaviour shows
the great reactivity of this one spring compareth®mother springs, indicating that Lirou is effeely under
a stronger influence of recent rainfalls than ttleepsprings.

In the d®H vs. d'®0 diagram (Figure 24), rainwater shows a wide rasigeomposition. Most of the
samples are distributed between the Global Metadioeld Line (GMWL) and the Mediterranean Meteoric
World Line (MMWL), indicating they originated as teeric recharge (Grobe & Machel, 2002; Mcintosh &
Walter, 2006).

The first local meteoric water line calculated froamwater samples watD= 7.28* d*®0+7.76%.. The
low Deuterium-excess (d &°H - 8*d'?0) observed (d= +7.76%c) suggests that partial enajom of
raindrops has a significant influence on the atemd@uche et al., 2009). Another Local Meteoric Line
(LML) was calculated without evaporated waters sasygD= 7.5*d"®0+12.5%.. The average Deuterium-
excess of this precipitation line is d = +12.5%gligating that rainfall waters in the Lez basin tesifrom a
mixing of rainwaters which vapours had both Med#aean (d = 22%.) (Ladouche et al., 2009) and Attant
origins (d = 10%o).

The Deuterium excess observed in rainwaters of tfdednean origin is generally relatively high. This
is caused by the strong kinetic isotopic effectuodng during the evaporation that takes placd@édummer

over the Mediterranean Sea, due to the low reldiivmidity of the atmosphere. Precipitations origjima
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from the Atlantic Ocean are more depleted in D thia® ones originating from the Mediterranean Sea

(Vandenschrick et al., 2002)

Fig. 24 —Top: d’H (Deuterium) vsd180 (%) for the whole samples of the Lez systenmgpriLez, Lirou, Fleurettes
and Restinclieres) and the rainwater samples 08 tlaéngauges (Saint Gély du Fesc, Viols le Fodt 8auteyrargues).
Bottom: the same as top zoomed for showing spriegsglts in detail.

The low correlation ofl ®0 with altitude that can be observed on the stuthesin shows that the
orographic effect is not present in precipitati@rgver, 1982; Ford & Williams, 1989; Kattan, 19%ativ
et al, 1999; Vandenschrickt al, 2002; Barbieriet al, 2005; Bouchaowet al, 2009). The total orographic

variation in the study zone (in average about 2p@mot high enough to induce a visible orogragdffect.

79



4.2.3 - Reactions controlling water chemistry

d“Croic of waters and soit**Cco, were analysed so as to verify the levels of wedek- interaction.
The use ofd*Crpic as a natural tracer in karst systems can helpfterehtiate water coming from the
unsaturated zone from water coming from the sadrabne (Emblanch et al., 2003). In the unsaturated
zone, the system behaves like an open system andeg the biogenic C{of the soil (Clark & Fritz, 1997;
Emblanchet al, 1998; Katzet al, 1998; Yoshimuraet al, 2001; Batiot, 2002; Desmarais & Rojstaczer,
2002; Emblanclet al, 2003; Gonfiantini & Zuppi, 2003; Adinolfi Falcoret al, 2008; Gillonet al, 2009).

Three measures ai*Cco, on soil covers were carried out in April 2010, owhe Lez system
catchment area, in order to characterize the magetal and pedogenic covers: (1) vineyards devdlope
Quaternary deposits -22.28%.; (2) garrigues overashic limestones: -21.69%. and (3) olive grove
developed on Tertiary deposits: -20.42 %.. The v@present few variations from a site to anotherpamed
to the differences between the covers. Studies tnweMediterranean karst basin of Vaucluse showed |
seasonal variations aif*Ccq, in soil covers (Batiot, 2002; Emblanch et al., 200Thus, the input**Cco,
signal can be considered constant and close to 22%eard*Cco, value of about -21.06 %o was used as a
local biogenic C@value.

The Lez spring presents remarkable variations'i€roc values (Figure 25). The most®Crpc-
enriched waters correspond to the period of highreQctober 2008 and 2009. A slat’Crpic enrichment
is observed during the dry season, from the midélge wet season until the first recharge ever2Qffo.
The most negative values are observed during telmif the wet season, whet€Crp,c as well as E.C,
go through a sudden decrease. The variability @HtfCrpc in the Lez spring indicates that compartments
with different properties contribute to the flowjthvthe participation of waters with a high wateck
interaction during specific hydrological situations

d“*Crpic vs. Mg/Ca and vs. Sr/Ca (Figure 26) indicates miging lines: one for the Lez system and
another for Valanginian sample&B>Crp,c is more positive in the Lez system samples thahérValanginian
ones, with the exception of Lauret. The same behavs observed for Sr/Ca (Figure 26). Mg/Ca an@€&r
ratios for the Lez system and for the Valanginignngs are not associated with the same processes o

origins:
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(i)

(ii)

The high levels of Mg/Ca and Sr/Ca and the conamiincrease with*Crpic observed for
the Lez spring show that waters possibly evolve imizongruent dissolution of carbonate
minerals under closed system conditions (Dograr&akierczeg, 2002; Marfiaet al, 2004).
This reflects the isolation of those waters from aative flow in shallow GW and longer
residence times (Marfiat al, 2004; Mcintosh & Walter, 2006).

The high Mg/Ca and Sr/Ca ratios observed for Vakiag samples are most likely due to their
lithogy: the marls and marly-limestones of the @cebus layer are richer in Mg than the

Jurassic limestones (Bicalled al, submitted).

Fig. 25— Rainfall, E.C., water discharge a(di'&CTmc at the Lez spring.
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Fig. 26- Mg and Sr/Cars. d**Crp,c for all the Lez karst system springs and wells, fandprings/wells belonging to
the surrounding karst systems.

Sr isotopes were used to confirm those hypothdsading to a better understanding of the reactions
that control water chemistry at the Lez system,levfocusing on the high-mineralized waters of thez L
spring. The Lez spring presents the higher Sr gunaon of the Lez system. Sr has a good cormelatiith
SO, B and Li. A good correlation with Cl was only epged for the waters with the highest ClI

concentrations, indicating a common origin for betaments in this specific case. Several possibte e
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members can contribute to &ncentration of the waters, which complicate thentification of Sr sources
in groundwaters (Mcintosh & Walter, 2006; Nedi al, 2008; Wuet al, 2009). Moreover, Sr concentration
could be influenced by multiple reactions, e.g.cmgstallization reactions, incongruent dissolution
celestite precipitation (Tellam, 1995; Bernascdgi99).

The chemical reactions that seem to determinehbkeistry of the high-mineralized waters of the Lez
spring could influence Sr concentrations in twdet#nt ways:

(i) The incongruent dolomite dissolution and ca&girecipitation led by evaporite salts dissolution
enriches the fluids in both Sr and Mg. During tladcite recrystallization, the Sr/Ca increases bseahe
calcite lattice favours Ca and Mg over Sr during finecipitation (Jacobsast al, 2002; Négrel & Petelet-
Giraud, 2005; Mcintosh & Walter, 2006; Nist al, 2008; Stuaret al, 2010). Consequently, high Sr/Ca
ratios indicate that waters have been extensivédyea by the incongruent dissolution of carbomaieerals
and the dissolution of evaporites (Jacobson & Whssg, 2005; Mcintosh & Walter, 2006; Samborska &
Halas, 2010).

(i) The evaporite dissolution may enrich fluids $n because they contain more Sr than calcite and
dolomite (Petelett al, 1998; Grobe & Machel, 2002; Jacobson & Wasser2085; Mcintosh & Walter,
2006; Wuet al, 2009). As Sr concentrations increase, Mg/Ca saticrease also, suggesting progressive
water-rock interactions (Mcintosh & Walter, 2006).

Jacobson and Wasserburg (2005) findings suggestfiiiare researches about the evolution of
dissolved Sr in carbonate aquifers should congfgerole that relatively common but few abundamerals
should exert under the overall chemistry of watakrinteractions. Their observations showed thaydrite
dissolution seemed to be the governing factor otlitg the evolution of dissolved 8r the aquifer. Thus,
carbonate dissolution could possibly not be thenmagchanism for Sr addition in aquifer groundwaters

Solute chemistry and isotopic composition ratiosailgroundwater system can be regarded as a
chemical mixture from several sources, and theridigcation of the contribution from each geological
formation is a difficult task. Strontium isotopeavie been used for understanding water circulation i
reservoirs, quantifying water mixing from differemtigins and examining geochemical interaction leemv
water and aquifer rocks (Oettirgg al, 1996; Katzet al, 1998; Petele¢t al, 1998; Kloppmanret al, 2001;
Barbieriet al, 2005; Jacobson & Wasserburg, 2005; Wangl, 2006; Petelet-Giraud & Negrel, 2007; Nisi

et al, 2008). Moreover, major elements, mineral satarasitate and Sr/Ca versti$rf°Sr help identifying
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the reactions that control the evolution of theessitchemistry, like the presence of incongruergadigion
of dolomites and calcite precipitation (Oettingakt 1996).

87SrP°sr ratios at the Lez spring range from 0.70762D.%07921. For the whole Lez system (Lez,
Restincliéres, Fleurettes and Veolia welt&rf°Sr ranges from 0.70564 to 0.707921. The maximum
variation for Sr isotope ratio for the Lez karsst®m is 5,84.16 and is quite significant (Négrel & Petelet-
Giraud, 2005). This range suggests the existencexgf-formational source(s) of Sr caused by the
heterogeneity of the matrix as well as complex wetek interactions and/or anthropogenic input (Dgt
et al, 1996; Négrel & Petelet-Giraud, 2005).

Carbonate rocks usually present I8rP’Sr ratio and a high Sr concentration. Meteoric veatave
high 8’Srf°Sr ratio and low Sr concentration (Oettiagal, 1996; Négrel & Petelet-Giraud, 2005). Most of
the water samples presented on Figure 27 are ghdségound a mixing line on the plot. The excesiare
the “Piston-flow water samples at the Lez spring, which presdatively enriched’SrF°Sr ratios with high
Sr concentrations. When a sample is located abbgentixing line, there should be other sources of
Strontium with different Sr isotope ratio along ftmv path. The lack of correlation betwe¥8rF°Sr ratios
with 1/Sr suggests that chemical reactions invghvt addition or removal occurred, i.e. the simpiging
from different S¥ origins cannot explain this behaviour (Grobe & Melgi2002).

This same Piston-flow water sample has also a particular behaviour riégg 2’SrP°Sr versus Cl
concentrations (Figure 27), presenting the higl#stoncentrations and the more enricRé&tf°Sr ratios.
For the Valanginian samples, an inverse situationkiserved, with loW’Srf°Sr ratios. Enriched’SrP°sr
observed at the Sauve spring is probably associ@mtegranitic fingerprinting. The trend of increagin
8’SrF°sr ratio with increasing Cl suggests: (i) a mixinigsaline®’Sr-enriched water with a less saline and
8’Sr-enriched water component, or (i) indicates tiw& Cl rich waters are also mot&rFSr radiogenic
(Kloppmann et al., 2001). The geologic context drelwater chemistry attributes of the Lez sprimgjdate
that this behaviour is related to the first hypstadi). Oettinget al. (1996) also found high&fSrF°Sr ratios
for waters from carbonate and evaporite aquifeticeting a source of Sr from underlying units.

The Triassi¢’SrP®Sr ratio signature is more radiogenic than theshiceone. During the Jurassic, the
8'SrfeSr varied from high values during the Late Triasticlow values during the Late Cretaceous
(Koepnicket al, 1990). However, an enrich@rf°Sr signature could correspond to either lower dicas

waters, or recent infiltration waters or again targte fingerprinted water.
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Fig. 27 =% Srf°Sr ratio vs 1/Sr antfl Sr°Sr ratio vs Cl for all the Lez karst system spriagd wells, and for
springs/wells belonging to the surrounding karstem. 8 SrP°Sr ratio typical range for Triassic, late Cretaceand
Jurassic (Koepnick et al., 1990) and granite aeshfwaters (Kloppmann et al., 2001).
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4.2.4 - Hydrograph deconvolution using various tr&as

The hydrograph deconvolution approach is often usmdrepresent the multiple end-members
participation in floods at the outlets through thee of natural tracers. Mixing models based on mass
conservation describe water quantities using isotopchemical tracers from rainfall water, pre-etvevater
and flow hydrograph. Many authors used water stabl®pes ¢'*0 andd”H) on hydrograph deconvolutions
for determining the multiple (2 or 3) componentsnpmsing the mixing of the spring water (Drever, 298
Beven, 2001; Ladouchet al, 2001; Long & Putnam, 2004; Aquiliret al, 2006). Other used Sr (Petelet-
Giraud & Negrel, 2007) or Sr isotope€SrF°Sr) (Katz et al., 1998; Wang et al., 2006)*Crpic (Batiot,
2002; Emblanch et al., 2003); TOC (Garry, 2007 6r(Ribolzi et al., 1997), etc.

In the present work, mass balance calculations &tgesnpted using the following tracers: T, EC, CI

and Mg concentrations antfO; and assuming a simple mixture of old and nevengq. 1 to 5).

QspringCspring = Qoid Cora + QnenCrew @
Qspring = Qg * Xoig * Qnew ™ Xnew (2
Xog T Xpew =1 ©)
Qspring = Qoia * €= Xnew) * Qrew™ Xnew (4)

_ Qspring = Quig )

Xnew
Qnew - Qold

The geochemical signatures of the main compartnadrttse system were used to define end-members
signatures (Table 4). These ones should be weditined for a more precise deconvolution atteinpthis
work, the multiple end-members signatures wereneefibased on the hydrogeochemical characterization
and on the end-members identification reportedigalBo et al. (submitted). The considered end-members
were:main aquifer which was defined as the average of the low stegsonPeep watersdefined as the
average of high-mineralized waters; ardently infiltratedor “new” waters, which could be considered as
rainfall waters or surface waters, depending oratrelable data.

Three end-members deconvolutions were carriedauthe tracers: EC, Cl, Mg and T, for which the
input data were available through rainfall or rdrss#mpling. Deconvolutions using three end-meminene

achieved by two successive hydrograph separatitmes.first one distinguished rainfall or surficiahters
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from aquifer waters. The second one decomposedeaguaters into main aquifer and deep waters (Table
4).

The effectiveness of the various tracers in qugntif the mixing between the different sources of
water is related to the difference between the reedabers tracers and the reactions that may occilein
groundwaters. Oxygen and Hydrogen isotopes arehyhigfficient tracers because oxygen and hydrogen
constitute conservatives tracers, which are efficas waters origin tracers. However, tracers domstl of
elements that are potentially subjected to reastiare more efficient as solute tracers, quantifytimeg
interaction between surficial water and groundwétatz et al, 1998; Emblanclet al, 2003).

Deconvolution using water stable isotopes consiién® end-members: rainfall waters and pre-event
water. Due to the large temporal variability of feetopical composition of rainfall water, the appriate
isotopic composition for hydrograph separation Itamed by the “cumulative incremental weighting”,
based on the rainfall heights (Eq. 6), where it wlaimined a'®0 weighted input signal of -4.53%, at Viols-
le-Fort station. Those deconvolutions indicatedgheicipation of 13% of rainfall water in the hudrseason

of 2008-2009, being 38% in autumn and 13% in wiated 3.3% in 2009-2010 (Table 4).

n

0118 O — =1 I (6)

event water n

Table 4 presents the results carried out for meltifpod events between 2008 and 2010. The mean
participation of the three analysed water end-memise 84% for the main aquifer; 6.2% for “new” \wet
(rainfall or surficial waters) and 9.8% for deeptera. The winters are characterised by the lowest
participation of deep waters, about 5% against 1@%he springs and 16% for the autumns. Duringngpr

we observe a “new” waters participation of 2.6%ewlit is 5% during autumn and 5.7% during winters.
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Table 4 —End-members definition and participation proporsiamthe flood events: Spring 2008, Autumn 2008,
Winter 2008-2009, Spring 2009 and winter 2009-2@t@he Lez spring using the tracers: EC, Cl (my1,(mg/l),T
(°C), andd*®0. 3 and 2 mixing components considered.

End-members proportions of participation on
End- floods - Lez sprin
Tracers End-members members
definition Spring Autumn Winter Spring Winter Average
2008 2008 | 2008/2009 | 2009 | 2009/2010
z| Ran@l 45 3.4% 8.2% 9.5% 8.5% 11.1% 8.1%
o g water
Z5
S £ | Main aquifer 750 90.6% | 86.2% | 90.5% | 91.3% | 88.9% 89.5%
E.C. @ | Deep water 900 6.0% 5.7% 0.0% 0.2% 0.0% 2.4%
(mB.cm) . .
2 S\Ll’vrggf' 440 77% | 185% | 21.6% | 19.4% | 253% | 18.5%
N O
> £
S 2 | Main aquifer 750 86.3% | 75.8% | 78.4% | 80.4% | T74.7% 79.1%
8 5
oc
2| Deep water 900 6.0% 5.7% 0.0% 0.2% 0.0% 2.4%
? Rvi‘;f;" 2.2 01% | 6.6% 3.5% 0.0% 2.3% 2.5%
—
25
§ € | Main aquifer 30 74.6% 76.7% 89.3% 91.5% 89.2% 84.3%
a2
o © | Deep water ) 253% | 16.7% 7.2% 8.5% 8.5% 13.2%
(mg/l) — ici
p| Sufcel 85 0.2% | 8.6% 45% | 0.0% | 3.0% 3.3%
8 £ | Main aquifer 30 745% | 747% | 88.3% | 91.5% | 88.5% 83.5%
02
® | Deep water 90 253% | 16.7% 7.2% 8.5% 8.5% 13.2%
A Rﬁ;ﬁ" 05 0.0% 5.1% 0.9% 0.0% 2.4% 1.7%
— Q
> £
§ 2 | Main aquifer 6 80.3% | 826% | 86.9% | 77.6% | 89.7% 83.4%
85
ac
Mg o | Deep water 14 197% | 12.3% | 122% | 22.4% 7.9% 14.9%
(mg/l) —~ i
g S\‘jv':gf" 4.8 0.0% 5.2% 3.9% 0.0% 11.1% 4.0%
N
25
§ E Main aquifer 6 80.3% 82.5% 83.8% 77.6% 81.0% 81.0%
o c
é Deep water 14 19.7% 12.3% 12.2% 22.4% 7.9% 14.9%
g | Suical 8 55% | 00% | 7.0% | 35% | 91% 5.0%
T | §
(C) € | Main aquifer 15 945% | 68.1% | 925% | 92.9% | 88.4% 87.3%
e}
c
o | Deep water 17 00% | 31.9% 0.5% 3.6% 2.5% 7.7%
Rainfall -4.53 (2008)
L0 - 38.1% | 132% | 2.0% 3.3% 14.2%
5 t -4.93 (2009
d°0 (%) gg water ( )
[} -
“ E| Deep water _5'983 ((228898)) ; 61.9% | 86.8% | 98.0% | 96.7% | 85.9%
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Figure 28 presents the three end-member deconeolaithieved with Cl concentrations. At the Lez
spring, Cl should be an efficient solute tracerth@sorigin attributed to Cl at this spring is migifithologic.

Deconvolution points out the larger deep watersigpation to the flow at the beginning of the ftho

Fig. 28— Hydrograph deconvolution of the floods from 2@68010 using Cl, where: the end-member “rainfatevs” has Cl=2.2
mg/I and mixing proportion of 5%; end-member “aguiivaters” has Cl=30mg/l and mixing proportion 88 and end-member
“deep waters” has ClI=90mg/l and mixing proportidria%.

The original T of the deep end-member can finaky dalculated with a deep-water dilution factor
estimated at about 8%. Considering the temperatfirdhe high mineralized waters at the Lez spring
(17.4°C) and the average air temperature of theystwea (16.1°C) (Hérault, 2009), by applicatioregf 5,
we obtain a T of deep waters equivalent to 34.C@hsidering an average geothermic gradient of 131G/3
we obtain a depth of 613 meters. Therefore, itripdrtant to highlight that the “deep” water end-nbem
considered in this study was obtained in the spitimg, and, even though it is equivalent to theduat of a
mixing, it does not represent a “pure” deep end-tmEmsignature. Anyhow, this hydrograph deconvotutio

is useful to show the temporal distribution of endmbers under a wide range of hydrological conalitio
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4.3 - Conclusion: Conceptual model for groundwatecirculation at the Lez karst

system

The isotopical monitoring along multiple springs thie Lez karst system allowed a considerable
advance on the comprehension of this system. Téusmnceptual model of groundwater circulation was
currently proposed (Figure 29), suggesting the iptesgiroundwater origins and flowpaths for eachthad
main springs of this system.

The results obtained in this work complement tlguarentation presented by Bicalbbal (submitted)
suggesting that the Lez spring has a small prapoif groundwater that is issued from evaporitigela.
Apparently, a shallow buffering zone or reservéilg(re 29) allows the accumulation of rising wateosn
deep origin. The water from this zone participateshe outflow on the Lez spring during high redear
events. This behaviour was evidenced by: (i) hegrels of Mg/Ca and Sr/Ca and the concomitant irserea
with d®Crpic, possibly evolved via incongruent dissolution @frlonate minerals under closed system
conditions. This reflects the isolation of thoseteva from an active flow in shallow GW and longer
residence times; (ii) the significaRtSrP°Sr range observed for the Lez karst system, whiggests the
existence of multiple sources of Sr, caused by imdieterogeneity as well as complex water-rock
interactions; (iii) the CI rich waters have equdiigh Sr concentrations: an evaporitic origin coeigblain
both concentrations; (iv) the Cl rich waters at tez spring are also moféSrf®Sr radiogenic: this can be
explained by a TriassftSrF°Sr signature, which is more radiogenic the Juramsé and (v) the high Sr/Ca
ratios, which can be explained by calcite rectijiztdion involving a continuous addition ofSinduced by
Cd" depletion in water solution.

In conclusion, waters issued from this deep compenmt, have longer residence times and have been
extensively modified by evaporite dissolution, ingouent dissolution of dolomite and calcite preteifion.

However, this behaviour is exclusively observethatLez spring.
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Fig. 29— Conceptual model for groundwater circulationhatttez karst system.
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The end-member proportions that participate tosfiving flow change along with the hydrodynamics.
The participation of deep waters seems to be permaat the Lez spring since even the most dilutatérs
are high-mineralized. The study of the mixing pmtjoms issued from the multiple aquifer end-members
could be the key to understand this complex contiposiThe end-member participation proportions igri
floods (cycles 2008-2009 and 2009-2010) were estichdy using hydrograph deconvolution based on
chloride concentrations. The estimated participafr deep waters is as follow: 13%; recent wat8fé:
and aquifer waters: 84%.

The higher reactivity observed at the Lirou sprawgdenced by water stable isotopes denotes the low
residence time of groundwater at Lirou spring. ther other springs, in the contrary, it is obseraeglobal
signal attenuation, indicating the existence ofraportant storage component favouring an efficimiting
of infiltrated waters with stocked water, and longesidence times.

The similar water stable isotopes fingerprintingsertved for the Lez system springs (Lez, Lirou,
Restinclieres and Fleurettes) indicate that theset®acommon recharge area. However, the greatridispa
observed in their water chemistry indicates thathaege water percolates distinct flowpaths. The
hydrochemical characteristics of Restinclieres d&belurettes springs seem to be mostly attributed to
limestones and marly-limestones from Upper Juraamsit Early Cretaceous, due to groundwater cir@riati
bellow the Valanginian covering of the aquifer. $hewaters are characterized by a more important
lithological source of Mg than for the Lez sprirag evidenced by high Mg/Ca and |@A’Crpic. The
absence of evaporitic fingerprinting also contrdsuto distinguish the diverse springs between tdredne.

Future investigations should consider other naturacers like **C for better understanding
groundwater residence time atB/'B ratio for definitively confirm the evaporite paipation to the water

mineralization.
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Chapter 5 - Groundwater hydrochemistry changes ined at the Lez
karst spring as a result of intense exploitation g 28 years

Extracted form Article N°3

Article title:

“Hydrodynamical changes and their consequencesamgwater hydrochemistry induced by three
decades of intense exploitation in a Mediterrar€anst system.”

Authors:

Bicalho C.C., Batiot-Guilhe C., Seidel J.L., Vaxté& S., Jourde H.

Journal: Environmental Earth Sciences

Present Situation Submitted as guest author

The Lez karst spring, located in the Mediterranbasin (southern France), supplies with water the
metropolitan area of Montpellier (France) since 18¢h century. Since 1981, an intense pumping iisgbe
performed directly in the main conduit with a maxim exploitation flow rate of about 1,700 I/s. Topirave
the understanding of groundwater origins and cattoih dynamics in this karst system, as well agrtipact
of three decades of intense water exploitationuggdavater samples have been collected during various
hydrologic conditions since March 2006.

A previous hydrochemical study on the Lez karstesyshad been carried out before the installation of
the pumping plant (1973-1974 dataset; Marjolet 8a8a, 1976). This dataset was compared to the prese
one in order to identify possible changes on grewatdr hydrochemistry. The results of this analysis
indicate the existence of historical changes inewhydrogeochemistry and evidence a decrease afebe
compartment participation to the Lez spring outflofhis change in water hydrogeochemistry may be
attributed to the intense pumping of the karsteysand, in the absence of noticeable climatic chang
expresses the direct consequences of anthropofgening on the overall functioning of the aquifd@his
study aims to analyze the differences, to undetistha water chemistry changes and to better fordsee
aquifer evolution for the future.

Key words: karst, groundwater, natural tracing, hgchemistry, water transit.
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5.1 - Introduction

The present chapter analyses and discusses thgeshamduced in the chemical composition of water
at the Lez spring as a result of intense exploitasince 1981, in comparison with the hydrochemical
monitoring achieved in 1973-1974 (Marjolet & Salad®76), before the intense pumping starts.

The chemistry of karst springs is normally relatecphysical characteristics and helps distinguighin
different types of hydrodynamical behaviour in tii&ined karst systems (LOpez-Chicaebal, 2001;
Rosenthakt al, 2007; Moralet al, 2008; Belkhiriet al, 2011; Mudarra & Andreo, 2011). Hydrodynamical
characteristics such as recharge, thickness dfratfon zone, aquifer geometry and its fissuredattire can
deeply influence the groundwater transit time aradewrock interactions, as well as the hydrochamist
waters draining a karst (L6épez-Chicaabal, 2001; Jianget al, 2009; Mooreet al, 2009; Stuaret al,
2010).

The Lez aquifer combines many advantages that fabeuadvance of karst hydrogeology science, like
a large monitoring network and an important histridataset. Few works are reported in the liteeatu
relating the evolution of the aquifer behaviour dyef and after several years of intense exploitation
(Rosenthal, 1988; Samborska & Halas, 2010). Rosér{it®88) investigated the hydrochemical changes
induced by two decades of intense exploitationrofigdwater in a multiple layers aquifer systemsraél,
provoking the ascension of brines and the saliltinaif waters.

The present comparison study was anticipated bydiéai& Salado (1976), according to the following
citation: “The interest of this study is to provide a datab&Stectively, the water capitation project foresee
the possibility of 40 meters of withdrawing, ipisssible that this intense exploitation will chargeulation

conditions in the aquifer, and consequently, théewahemistry.

94



5.2 - Results and interpretation

5.2.1 - Lez typical autumn floods: 1973, 2008 ar@D2

The first comparing analysis between the currém@nucal characteristics of the Lez spring and the
ones reported 35 years ago is focused on the auflomds (Figure 30). These floods, occurring at the
beginning of the rainy season, have been obseraeld year and showed only variations in intensit¢ (E
values and element concentrations peaks). The ateculrainfalls that triggered those floods were
respectively: 86mm in 1973 and 200mm in 2008. mmge of annual rainfall, both 1973 and 2008 have
rainfall surplus: about 10% for 1973 and about 3©%2008. The maximum observed CI| concentrations
were respectively: 112 mg/l in 1973 and 80 mg2008.

The rainfall recharge causes a transient pressuse fo travel the system resulting in a dischagke
at the spring (Desmarais & Rojstaczer, 2002). lddé@gense rainfall recharge causes the motion afem
mineralized waters towards the spring, due to topiflow effect. This phenomenon happens only durin
extreme hydrological situations and has been dsemed in some karst systems (Emblaatial, 1999;
Lopez-Chicaneet al, 2001; Desmarais & Rojstaczer, 2002).

In Oct. 1973, the historic-highest Cl concentratewer measured (120mg/l) was observed at the Lez
spring, during a rainfall event of 88mm. This floexent was triggered by the smallest rainfall ewenérms
of height between the three analysed floods. Nbetass, considering that there was no intense mgripi
1973, the total water-head on the aquifer was denably higher, in spite of the smaller height loé t
rainfall event. Therefore, the saturation statéhaaquifer was more easily reached in 1973 th&008 or
2009. Nowadays, the first rainfall events rechdhgekarst aquifer not only after a long period pfraéss but
also of intense pumping. At present, the karst faqus more hydraulically depleted and needs greate
heights of rainfall than it used to before the begig of the intense exploitation, to reach the eam

piezometric levels.
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Fig. 30— First autumn flood events of the years 1973, 20882009, considering variations for: Ca, Mg, KaCl and SQ. Cl maxima were respectively: 112 mg/l in 1973, 80
mg/l in 2008 and 98 mg/l in 2009.
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5.3 - Chemical changing description using Discrimiant Factorial Analysis

In order to search for evidences of changes onrvedtemistry before and after intense pumping, the
hydrological cycles of 1973-1974, 2006-2007, 2000& and 2008-2009 were analysed using DFA. Two
distinct DFA were carried out, both considering BCQO, and concentrations in CMg?*, K*, SQ?, HCO;

Na" and C&" as independent variables. The dependant variaiiethie first DFA was the different
hydrological cycles. Observation plots on axes Rd B2, which represent 97.53% of the total varighil
individualize the water year 1973-1974 from theeotears (Figure 31).

The positive direction of F1 axis represents theardlization with K, Nand CI that characterizes the
1973-1974 waters. The negative direction of F1 sefwesents mineralization with Hg@nd Ca which is
the predominant mineralization for the 2006-20000 722008 and 2008-2009 waters. The positive doacti
of F1 axis represents the mineralization with K,aNd ClI that characterizes the 1973-1974 watersxi®is

characterized by an opposition between p@@l Mg concentrations.

Fig. 31 —DFA for the Lez spring data for the years: 1973-12806-2007, 2007-2008 and 2008-2009. Left: sample
space; right: variable space.

For the second DFA (Figure 32), the water-type ftifieation used for the current Lez waters was

applied to the samples of 1973-1974 (Bicadhial, 2009; Bicalhcet al, 2010). The “water-year-type” was

97



thus considered like the dependent variable forctieulation of the additional DFA. The global éifénce
observed is that the whole system seems to havedrioward a new geochemical composition (Figure 32)
The most mineralized waters, before and after segrumping, are still thRiston-flow waterswhich flow
during the autumn floods. However, this water-tyfoe “after pumping” conditions shows lower
concentrations in Cl, Na, Mg, K and $@nd presents higher concentrations in Ca and H&#ah “before

pumping” conditions

Fig. 32— DFA for the Lez spring data: Low water Before PurgBP), piston-flow water BP, Dilution waters BP,
High waters BP, Low waters (2008), Piston-flow wajd®ilution waters, Dropping waters and High watéreft:
sample space; right: variable space.

5.4 - Conceptual model of a possible hydrodynamicathange before and after

pumping

The hydrological conditions determine the differeaimpartments participation to the mixing that
composes the waters of the Lez spring outflow (Biz&t al, submitted). The intense exploitation causes a
general decrease of the hydraulic head within thafer which does not reach any longer the hydcaudiad

that it used to, even for similar rainfall rechagg€&he participation of the waters from the deepgartment

98



to the Lez spring outflow is related to the occooe of strong hydraulic head during the heavy aatum
rainfall recharges (Bicalhet al, 2010; Bicalhcet al, submitted). Indeed, intense pumping apparentiytde
the decrease of the deep compartment participaditine Lez spring water flow.

Figure 33 presents an adaptation of the conceptodkl of Bicalhoet al. (submitted) containing the
hypothetical hydrodynamical differences that chemare the system for both years 1973 and 2009. The
average concentration variations were calculatedrding to the average values of concentratiorSarand
Cl for low stage waters and high-mineralized watgiston-flow waters) for both datasets (before aftdr
pumping).

The origins of waters marked by a Ca-HQ®@ineralizationare associated to the main and shallow
aquifers (Jurassic, Berriasian and Valanginianrigy@Varjolet & Salado, 1976; Bicalhet al, submitted).
While the origins of Cl, Na, Mg and S@re mainly associated to deep layer with evajgdfitigerprinting
(Bicalho et al, submitted). The intense exploitation generatetew hydrodynamical equilibrium which
induced a different water chemical composition, blganging the participations of the different
compartments to the spring waters mixing, accordimghe hydrological conditions. Some of the most
visible changes on water chemistry are: Na-Cl maliation decrease and Ca-HEC@ineralization
increase, after the intense pumping started.

The average chloride concentration decrease danitigmn floods is about 33% between 1973 and
2009. During the low stage season, Cl concentratifferences between both scenarios are less pnoeolu
However, higher concentrations for Ca and HGBow that the participation of those waters inseeaafter
the intense exploitation has started. The increaseticipation of the shallow aquifer waters to 8pring
flow was already suspected by Marjolet and Sald834).

The waters from 2006 to 2009 presented a higher,f&» in 1973-1974, potentially leading to a
stronger karstification within the aquifer whichutd, in the long term, cause an augmentation otludgs
diameter in the carbonate matrix. Under-saturatatbrs are observed when recharge is intense ana avhe
very rapid draining of recently infiltrated watetakes place (LOopez-Chicanet al, 2001). This could
indicate that water circulation “after-pumping” Ipgms in compartments rather shallower than “before-

pumping”, due to the decrease of the water reseléne in the aquifer.
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Fig. 33 —Left: Conceptual model of groundwater circulatioithin the Lez aquifer before pumping. Right: Cortegph model of groundwater circulation within thezlaquifer after
pumping.
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5.5 - Conclusion

The distinct chemical characteristics, observedech water type flowing at the Lez spring, suggest
the probable occurrence of multiple origins andedént lithologies influence on the groundwater imgx
High and low mineralized groundwaters seem to lspaetively related to deep groundwater rising and t
surficial infiltration waters. The hydrological cgitions induce different proportions of the end-niem
participation on groundwater mixing of the Lez spri

Despite differences between analytical methodss, d@bvious that a significant chemical evolution of
water appears after the beginning of the intengdoéation of the Lez spring. The global decreat¢he
total hydraulic head within the aquifer, especialythe proximity of the Lez spring, has modifiduet
general groundwater circulation in the aquifer.sTbbnsequently changed the groundwater mixing iediuc
by the participation of different compartmentstie spring flow.

Apparently, the intense pumping mobilizes watemnirshallower levels in the aquifer, in flowpaths
probably related to shorter residence times, whigh a direct influence over the aquifer vulnerghillhe
current higher global pCQevels observed in the spring waters induce a C&Hnineralization increase,
which effectively happened. This could indicatet tkarstification processes is today more intensa ti
was before the intense aquifer exploitation hagextaThis could, in the long term, cause an augatiem
of conduits diameter in the carbonate matrix.

The intense pumping has probably led to a decrefifee deep compartment participation to the Lez
spring water flow; as a result, Cl concentratios tacreased since the exploitation has startedseTirasults

highlight the direct consequences of anthropogtmaing on the overall functioning of the aquifer.
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Conclusion

The Lez karst system has been widely studied dwerpast 40 years because of its great strategic
importance in supplying the Montpellier metropalitarea with water. However, it still remains alditt
known karst system.

The main objective of this work was to investigéite circulation dynamics and to understand the wate
transfers in the Lez karst system, by analyzingewahemical and physicochemical variations durimg t
different seasons of a hydrological cycle, alonthwydrodynamic responses.

A large monitoring network over the study area coved with regular samplings for major and trace
elements and foremost isotopic studies have allovogdiderable advances in understanding the Lest kar

system functioning.

Hydrodynamics and temporal variability of groundweatchemistry

The first step of this study was to identify theltiple water-types flowing at the Lez spring, défi
their chemical composition throughout the hydrotadjicycle in order to identify their seasonal bebars
under a wide range of hydrological conditions. @batons suggest that the Lez spring flow is coneplosf
different water-types issued from different compahts of the aquifer, e.g.: a surficial compartmoil
and epikarst), a compartment corresponding to th& raquifer (mainly Jurassic limestones) and a deep
compartment (marly-limestones and dolomites fronddi® Jurassic and possible underground lithologies
containing evaporites). According to the hydrol@diconditions, each compartment contributes inedét
proportions to the outflow waters of the Lez spring

The chemical fingerprinting of each water-type espond to flowpaths, compartment lithologies and
mixing proportions. The first end-member correspotal deep waters, and is characterized by highaSr/C
Mg/Ca and CI/Br ratios, enrichati®Crpc and®’SrPeSr and high EC and TDS, with elevated concentration
in Cl, Na, Mg, Li, B and Br elements. The second-etember corresponds to the main aquifer (Jurassic)
marked by high-mineralized waters, which conceittrat remain inferior to the first end-member. Its
mineralization facies is characterized by high icatebicarbonate and Cl concentrations. Finally, tihied

end-member corresponds to the surface infiltratiaters, marked by low mineralization, high TOC, NO
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and bacterial concentrations. The last one padie® to the spring outflovespecially during recharge
events. They infiltrate into the aquifer througk fracture network along the epikarst and throwghporary
river losses (sinkholes) over marls and marly-litnes layer, in particular along major tectonic taul

(Corconne-Les Matellemult network).

Origins of groundwater mineralization

The interpretation of major and trace element cotraéons and molar ratios provided evidences that
high-mineralized waters are issued from a deep eotment, with longer residence times. These waters
have been extensively modified by evaporite diggmiy incongruent dissolution of dolomite and ctci
precipitation. Further evidences obtaineddyCrpic, Sr and®’SrFP°Sr analysis sustain this assumption and
help defining the chemical reactions that seenotdrol water chemistry at the Lez spring.

The most Na-Cl mineralized waters have high Sr/@#&s and Sr concentrations. The Sr/Ca ratios
increase due to calcite precipitation and indicateimportant evolution of water mineralization wéer
incongruent dissolution seems to control deep watbemistry. Furthermore, the high Sr concentration
observed for high Cl waters indicate that the sewt both elements contains more Sr than calcitt an
dolomite do, which underlines the presence of extgdissolution (more enriched with Sr than witlaite
and dolomite).

A significant variation of®’SrP°Sr ratios over the Lez system suggests the existericextra-
formational source(s) of Sr, caused by the hetereitye of the lithologic constitution of the rock ma as
well as by complex water-rock dissolution reactiofise lack of correlation betweéf8rf°Sr ratios and 1/Sr
observed for the Lez spring high-mineralized waserggests the existence of chemical reactions vingl
addition or removal of Sr from waters. The factttB&rich waters are also mofésrf®Sr radiogenic could
be explained by a TriassiSrF°Sr fingerprinting. However, an enrich&&rf®Sr signature could correspond
to either lower Jurassic waters, or recent infilra waters or again to granite fingerprinted water

The end-member proportions that participate tosghring flow change along with hydrodynamics. The
participation of deep waters seems to be permaatdhie Lez spring since even the most diluted wedes
highly mineralized. The study of the mixing proponts issued from the multiple aquifer end-memberda

be the key to understand this complex composititydrograph deconvolutions using multiple tracersave
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used to estimate the participation of two or theee-members in the various flood-events that oecurr
between 2008 and 2010. If we use chloride as trécermean estimated participation of the diffengater

types are, as follows: 12% for deep waters; 5%doent waters and 83% for main aquifer waters.

Spatial variability of groundwater chemistry and geral groundwater flow

A similar water stable isotopes fingerprinting wasserved for the various springs that correspond to
the outlets of the Lez aquifer catchment: Lez, WjrRestinclieres and Fleurettes, indicating thay thhare
the same recharge area. However, the great digpdrgierved in their hydrochemistry indicates thuyt
have distinct water flowpaths within the aquifenig shows that despite belonging to the same agtifese
springs’ waters are more distinguished by solutessesa than by the water isotopic signature. The
hydrochemical characteristics of Restinclieres dbelurettes springs seem to be mostly associated to
limestones and marly-limestones from Upper Juraasid Early Cretaceous, i.e. shallower circulations.
Furthermore, they have a complete absence of thpoeies fingerprinting that was observed at the Le
spring. Among these springs, the Lirou is an exoepsince its waters present a singular and vew lo
mineralization characterized by a short resideimoe tand a high participation of rapid infiltratiovaters.
The isotopic content of Lirou waters highlights #ignificant reactivity of this spring, indicatirigat Lirou
is effectively under a stronger influence of reaamfalls than the other springs.

A significant signal attenuation was observed tog tvater stable isotopes of all the karst system
springs, excepted for the Lirou spring. Such a dammy in the signal denotes a residence-time at kgual
to the period of the input function, i.e. one yeHr.illustrates the existence of an important sjera
component favouring an efficient mixing of infilteal with stocked water.

The water mineralization observed in the Lez kaystem wells (Fontanés, Laudou, Bois Roziers and
Gour Noir) presents more similarities with Restiids and Fleurettes springs than with the Lezngpri
None of the sampled wells presents GW with chengbakracteristics comparable to the Lez spring ones.
The GW hydrochemistry of Lauret, Dolgue and Lavaledls are less similar to Olivier and Boinet wells
than to the Lez system (Restinclieres, Fleuretteslaez wells). Olivier and Boinet wells present wheal
properties close to Sauve spring, situated in tmact between Cretaceous marls and marly-limestand

Jurassic limestones.
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Anthropogenic impacts on hydrodynamics and conseages for groundwater
chemistry

The comparison of our dataset with the data obdaithéring the hydrological cycle of 1974-1974
(Marjolet & Salado, 1976), before the intense eitptmn, shows that significant changes in watesralstry
occurred after the installation of the pumping plainthe Lez spring. The piston-flow effect asstedao the
occurrence of recharge events delineates the imfluef the water-head increase which controls Ithe 6f
high-mineralized waters of deep origin at the Lerrgy outflow. The intense exploitation has caused
general decrease of hydraulic heads within thefaguConsequently, after the dry season when thieaq
is depleted, the piezometric level reached forvemirainfall event is much lower now than it usedbe
before the intense exploitation of the aquifer.sThas immediate consequences on the flowpaths ggome
within the karst aquifer, and thus on the relativatribution of waters of different origins.

Apparently, water circulation nowadays concernslisivar levels in the aquifer and probably
flowpaths related to shorter residence times, whicluld have a direct influence over the aquifer
vulnerability. The current higher global pg@evels observed in the spring waters induce a C&H
mineralization increase, and could indicate thastifé&cation processes is today more intense tthamais
before the intense pumping of the aquifer starfdds could, in the long term, cause an augmentation
conduits diameter in the carbonate matrix.

The intense pumping has probably led to a decrefifiee deep compartment participation to the Lez
spring water flow; as a result, the Cl concentratias decreased since the exploitation has stdrtexke

results highlight the direct consequences of apitgenic forcing on the overall functioning of treuder.

Mediterranean karst systems

The multi-tracers approach combined to hydrodynaméppears as a very efficient tool for
characterizing groundwater flows and their origamsl seems to be potentially applicable to otheilaim
complex Mediterranean karst systems that were stdgjdo deep karstification during the Messinidmig
crisis. The features of this crisis seem to plaglavant role on the hydrogeological behaviournef aquifer
and chemical characteristics of waters by the gipgtion of a deep compartment to the outflow &f kiarst

system.
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This study has also tested the efficiency of mldtiwater-rock interaction tracers for charactegzin
deep end-member water components, and highligbtsigh of Mg/Ca and Sr/Ca coupled witfiCrpc and
8’SrF°Sr ratio to assess deep end-member water comporérgsuse of TOC and bacteria is relevant for

tracing surficial waters and estimating the aguiddnerability.

Perspectives

This study presents evidences of water interactiaith evaporite layers, which explain the
mineralization facies of the Lez spring GW. Howevedoes not clarify the accurate origin of thepdigh-
mineralized water. The geological context of thaedgtarea allows referring this mineralization facte
Triassic layers or to evaporite “pockets” withiméstones and/or dolomites from Early Jurassic layer

Further multi-isotopic analyses will help buildiagoetter knowledge of the water-rock interactiond a
evaporite mineralization that characterize thoséermsasuch ag''B (Kloppmannet al, 2009; Langman &
Ellis, 2010; Millot et al, 2010),d *'Cl (Desaulnierset al, 1986; Annableet al, 2007), d*°N, d'L andd®*S
(Einsiedlet al, 2009; Samborska & Halas, 2010) hence providimgoae conclusive evidence of chemical
element origins (atmospheric, marine, evaporiteamhropogenic). Future investigations should aarsi
some classical isotopic dating like Tritiurﬁ-lq (Einsiedl, 2005; Einsiedl et al., 2009; Long &tRam,
2009),'"C (Gonfiantini & Zuppi, 2003; Cartwrightt al, 2006; Gillonet al, 2009), and other tracers like
CFC (chlorofluorocarbons) (Long & Putnam, 2006; gd& Putnam, 2009), recently applied to karst system
for assessing more precisely the groundwater agdsresidence times. For those future analyses it i
important that the samples will be mostly collectieding the first recharge events of the hydrolabaycle.
The monitoring of E.C. and T monitoring at the lkezst system wells should be performed continuobgly
equipping with CTD divers at least one well of egcbup identified in Chapter 2 (2.6).

Finally, to define even more precisely the rechaagea of the Lez catchment area, it would be
necessary to monitor the various wells and sprimgder multiples hydrological conditions, collecting
samples for multiple isotopic analyses. Many ofsthoneasures will be carried out during the nextthmn
thanks to the research project entitled: “ManagearéMediterranean karst systems of multiple usésie

Lez, its basin and the recharge area associatiu tbez karst system”. This multidisciplinary resdaand
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management project will bring together severalaeseteams like UMR HydroSciences Montpellier, UMR
G-EAU, UMR TETIS, CERFACS, BIOTOPE, BRGM and parsasuch as Ville de Montpellier, Veolia,

Conseil Régional du Languedoc Roussillon, AERM&@ @onseil Général de I'Hérault.
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Abstract

The Lez karst spring, located in the Mediterranieasin (southern France), supplies with water th&apelitan area of Montpellier (France)
since the 19 century. Since 1981, an intense pumping is bpevgormed directly in the main conduit with a maxim exploitation flow rate of
about 1,700 I/s. To improve the understanding ouigdwater origins and circulation dynamics in tkésst system, as well as the impact of three
decades of intense water exploitation, groundwsderples have been collected during various hydiolognditions since March 2006. The springs
and wells of the Lez karst system as well as sadimg springs and wells have been monitored foysjfg@ochemical parameters, major and trace
elements, Total Organic Carbon (TOC), faecal atal twliforms,*®0, ?H, d**Cpc and®’SrFesr.

During the first recharge events of autumn, highermélized waters have been observed at the LemgspfFhis singular behaviour was
monitored in a fine time-lag. A multivariate stéitial analysis revealed the existence of differemter-types discharging at the Lez spring. A
coupled approach integrating geochemistry and jpstavere applied and provided insight into theegéit end-members, associated lithologies and
the main reactions that control groundwater chewig&etween the five distinguished water-types,tthe more contrasting ones are emphasized: the
first one correspond to more geochemically evolMedg residence-time waters, issued from deep $ayenere evaporite fingerprinting was
identified. They are characterized by high mineatlon and high concentrations in Cl, Na, Mg, LiaBd Br elements, high Sr/Ca, Mg/Ca and CI/Br
ratios and enriched"*Crpc and®SrF®Sr. Between all the studied springs and wells, ¢hismical fingerprinting has been uniquely obserfieedhe
Lez spring groundwaters. The second water-typeespaonds to low mineralized waters with high conegiuns in NQ, bacteria and TOC, and
represents the flux of rapid infiltration water$€el underline the vulnerability of the system toface infiltration and anthropogenic contamination
through the infiltration of waters by sinkholes amell-developed fracture networks. Hydrograph dectutions using multiple tracers were used to
estimate the participation of two or three end-merslin the various flood-events that occurred bem2008 and 2010. If we use chloride as tracer,
the mean estimated participation of the differeatex types are, as follows: 12% for deep waters;f@%ecent waters and 83% for main aquifer
waters.

The comparison between present and former studieged out before the installation of the pumpirgnp (1973-1974 dataset), indicates
historical changes in water hydrogeochemistry, @withg a decrease of the deep compartment pattaipt the outflow of the Lez spring. This
change in water hydrogeochemistry may be attribtdetie intense pumping of the karst system anthénabsence of noticeable climatic changes,
traduces the direct consequences of anthropogerrin on the overall functioning of the aquifer.

The multi-tracers approach combined to hydrodynarafpears as a very efficient tool for charactegiziroundwater flows and their origins
and seems to be potentially applicable to otheil@incomplex Mediterranean karst systems that veefgiected to deep karstification during the
Messinian crisis. The features of this crisis seéerplay a relevant role on the hydrogeological véha of the aquifer and chemical characteristics
of waters by the participation of a deep compartrtethe outflow of the karst system.

Key words: hydrogeology, karst, hydrochemistry, hydrodynamitatural tracing, isotopes.

Résumé

La source karstique du Lez, localisée dans le hadséditerranéen (sud-est de la France), fournitedai potable pour la ville de Montpellier
et son agglomération depuis le XiXiécle. Depuis 1981, un pompage intensif est effedirectement dans le conduit principal au mogeme
station souterraine de pompage, avec un débit naxamtorisé de 1,700 I/s. Afin de mieux caractérise dynamique et l'origine des eaux
souterraines, mais également d’évaluer I'impactrdes décennies d’'un pompage intensif de l'aquiféles préléevements ont été réalisés dans
différentes conditions hydrologiques depuis mar662Q.a source du Lez ainsi que d’autres sourcdsragjes appartenant a ce systéme et aux
systemes karstiques voisins ont été régulierenwandillonnées pour le suivi en continu des paressgthysico-chimiques, des éléments majeurs et
en trace, du Carbone Organique Total (COT), défocmles fécaux et totaux ainsi que d¥%0, d*H, d**Crp c et®SrFesr.

Au moment des crues de reprise qui surviennentsaffage, des eaux fortement minéralisées soetifiées a la source du Lez. Ce
comportement singulier a été étudié a un pas deddin. L'utilisation d’analyses statistiques muétiiées a permis de caractériser les différents
types d'eau s’écoulant a la source du Lez. Uneoapprcouplée intégrant les données hydrochimiquisstepiques a permis de définir les différents
types d’eau et les lithologies associées, ainsilgsi@rincipales réactions qui contrélent la chichés eaux souterraines. Parmi les cing types d’eau
identifiés, deux correspondant a des podles géoghigsi tres contrastés, et sont a mentionner: Ieiprepble correspond a des eaux
géochimiquement plus évoluées, caractérisées mafone minéralisation, un enrichissement marqu€leiNa, Mg, Li, B et Br, des rapports Sr/Ca,
Mg/Ca et CI/Br élevés ainsi que des valeursd&toc et ®’SrfSr enrichies. Ces eaux, qui correspondent & uneatsite évaporitique, sont
vraisemblablement issues d'un réservoir profondissbciées a un temps moyen de résidence impdP@mhi toutes les sources et forages étudiés,
cette signature chimique a été uniquement obsegéeles eaux de la source du Lez.

Le second péle correspond a des eaux faiblemeréralisées, contenant de fortes concentrations ey bi@téries et COT, représentant le
flux d'infiltration rapide. Elles soulignent la wugrabilité du systéme a l'infiltration rapide etaacontamination anthropique via des systémes de
pertes et de réseaux de fractures bien dévelopg dBconvolutions d’hydrogramme a l'aide de m@sigtaceurs ont été réalisées pour estimer les
proportions de participation des deux ou trois p@leau précédemment définis dans les multiplesgménts de crue survenus entre 2008 et 2010.
En considérant les chlorures comme traceur, lecgzation moyenne des différents types d’eau eotdement a la source est la suivante : 12% pour
les eaux profondes, 5% pour les eaux nouvellendilitées et 83% pour les eaux de l'aquifére ppati

La comparaison entre les données obtenues darsétette et les données obtenues avant l'installaléola station souterraine de pompage
(données de 1973-1974) montre des changementde®tins la composition chimique des eaux de lecealu Lez, en indiquant une diminution
de la proportion de participation du réservoir praf aux écoulements a cette source. Cette modiificde la composition chimique des eaux peut
étre attribuée au pompage intensif du systémeiffaeset, en I'absence de changement climatiqueepéhte, traduit les conséquences directes de ce
forgage anthropique sur le fonctionnement générdladjuifere.

L'approche multi-traceurs combinée a I'hydrodynamigqpparait comme un outil trés efficace pour tériser les écoulements souterrains et
leurs origines, et semble étre potentiellementiepple a d'autres systemes karstiques complexékisega comprenant des compartiments profonds
qui contribuent & I'écoulement de la source, notammsur le pourtour méditerranéen ou la crise messie a permis la mise en place d'une
karstification profonde.

Mots clefs :hydrogéologie, karst, hydrochimie, hydrodynamidte;age naturel, isotopes.
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