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1. Introduction et problématique

1. Introduction et problématique

Il est maintenant clairement établi que notre planée réchauffe depuis I'époque
préindustrielle (IPCC, 2007). Cependant le changd¢roématique affecte la Terre avec une
intensité variable selon les régions, ainsi la NMg¥danéenne apparait comme une des zones
les plus vulnérables sur notre planete (Giorgi,6300es simulations climatiques a I'échelle
régionale sont frequemment utilisées afin de pedeis changements de température ainsi que
les variations des phénomeénes extrémes (précmitatt cyclones). Gibelin et Déqué (2003)
prédisent, a l'aide du modele ARPEGE, un réchaufenglobal et une augmentation des
sécheresses durant toutes les saisons sauf en dever la partie Nord Ouest de la
Méditerranée. De plus, Lionello et Giorgi (2007) tteet en évidence une réduction de
I'activité des cyclones dans les futurs scénanmhlisant un bilan négatif de précipitation
dans le Sud et 'Est de la Méditerranée, et unenamgation dans la partie Nord en lien avec
le renforcement des vents d’Ouest. La régionatisatiu changement climatique et I'étude de
la modification éventuelle des événements extréooestituent des objectifs de recherche
majeurs a travers des programmes nationaux géréBlnsitut National des Sciences de
I'Univers (ECLIPSE, GICC, PNEDC, PATOM)..mais aussi internationaux (Programme
mondial de recherche sur le Climat, Programmeniatesnal Géosphere-Biosphere). De plus,
I'intérét croissant de I'Union Européenne et dédance envers les pays Méditerranéens, dans
un contexte de bouleversement climatique sans geétéfait de cette zone et de ce domaine
de recherche une problématique majeure a I'écbeBeSciences de la Terre.

Les effets de ce changement climatique sur les efménts climatiques extrémes sont
difficiles a estimer car ils présentent une vatigbplus grande que la moyenne et sont par
conséquent plus difficiles a identifier a I'aide diennées instrumentales couvrant de courtes
périodes temporelles (Webstet al, 2005; Emanuel 2006a; Landse& al, 2006). La
reconstitution de la fréquence et de lintensité galéotempétes en domaine cotier, est
d’autant plus nécessaire que les concentratiomessources et en population dans cette zone
n'ont cessé de croitre durant les derniéres dizaifennées (Pielke et Landsea 1999; Turner
et al, 2006; Lionelloet al, 2006). L'action de 'homme sur son milieu, lea@léppement de
nos sociétés et l'accroissement des richesses ptibtee d'étre détruites, démultiplient

I'impact destructeur des épisodes climatiques sgenToutefois, la question des phénomeénes
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1. Introduction et problématique

extrémes reste entiere : sont-ils liés au réchedfe planétaire ou bieappartiennent ils a la

variabilité naturelle du climat?

Dans cette thése nous nous focalisons sur les @ndne extrémes (principalement les
tempétes) qui affectent le Golfe du Lion situé daaspartie Nord Ouest de la Mer
Méditerranée. La problématique des risques natfoelies, tempétes) dans cette région est
tout a fait d’actualité au regard notamment desiidegs grandes crues catastrophiques du
Languedoc-Roussillon (1994, 1999, 2002...). Les enpes inondations sont considérables.
Les impacts sociaux et économiques directs en footy la France, le risque le plus
dommageable. L’événement de crue de Septembre @@ la mort de 23 personnes et des
dégats estimés a un milliard d’euros. De plusfoetes houles, bien qu’exceptionnelles, ont
des conséquences irréversibles sur I'érosion etutamersion du littoral. Au cours de la
tempéte de 1982, des vents supérieurs a 180 kor/te Bttoral languedocien (categorie 2 sur
I'échelle de Saffir—Simpson) ont ainsi créé de<@ias atteignant 1,5 m NGF et levant une
houle dévastatrice, rompant par endroits les carddunaires et causant la mort de 15
personnes ainsi que des pertes économiques esind@smillions d’euros. Ces tempétes de
secteur Sud ont aussi un effet aggravant sur lessarar elles perturbent I'écoulement des
fleuves vers la mer. Les archives communales dégimn conservées depuis le*1%siécle
révelent de nombreuses périodes ou l'activité Hgdique a été perturbée, en particulier
durant le Petit Age Glaciaire (Blanchemanche, 20G@pendant sur des intervalles de temps
plus longs, la fréquence de ces événements eglildifh estimer a partir des enregistrements
instrumentaux et historiques qui ne sont respettarg valables que sur des périodes de
'ordre du siécle a quelques siécles. Dans ce gtmtda prise en compte des données
géologiques offre I'unique opportunité pour recdast un enregistrement a long terme des
événements extrémes, permettant ainsi d’accédéwve@ldtion de l'activité des tempétes en

relation avec les changements climatiques passés.

Le littoral du Golfe du Lion est caractérisé pamienbreux systemes lagunaires qui résultent
de l'interaction entre un processus de réguladsaalu trait de cote, par migration de barrieres
sableuses dues au transfert de sédiment par I'lydesnique littoral, et par un lent
remplissage de ces zones par des apports fluviawarins (Certairet al, 2004). Cette étude
se concentre sur le complexe lagunaire palavadigrius particulierement sur I'étang de
Pierre Blanche dont la bordure Sud est formée pazaudon littoral sableux trés faiblement

anthropisé. Ainsi cette étude a pour but d’ideatifies événements extrémes de tempétes

12



1. Introduction et problématique

ayant affecté le bassin Nord Ouest Méditerranéetiesttimer leur récurrence au cours de
I'Holocéne en lien avec les changements climatiguasseés. Ce travail entre dans le cadre du
projet ECLICA « Evénements CLImatiques CAtastropless (crues et tempétes) au cours de
I'Holocene et leurs impacts sur I'environnemenégtsociétés humaines » (ACI FNS « Aléas
et changements globaux, 2003, coordinateur L. Baa)l Notre recherche s’est organisée
autour de quatre obijectifs principaux qui définigdes chapitres de cette thése (i) caractériser
des sources par une approche sédimentologique u(graétrie, minéraux argileux),
géochimique (éléments majeurs et traces) et fagaestfin d’'identifier les phénomenes brefs
de fortes amplitudes, (ii) établir un cadre chrogiue ¢*Pb, **'Cs, **C et chroniques
historiques), (iii) comprendre I'évolution palée@onnementale du systeme lagunaire
étudié, et (iv) reconstituer les événements extsérae cours de I'Holocene afin de

comprendre leurs liens avec les variations clinugsgpassées.
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2. Présentation générale

2. Présentation générale

2.1 La Méditerranée, changements climatiques et évémisnegtrémes

Le changement climatique affecte la Terre danslshafjté, néanmoins ce réchauffement
n'affecte pas toutes les régions avec la méme sittenDe plus certaines zones sont plus
vulnérables que d’autres a ces changements, @estak cadre que Giorgi (2006) définit un
Index Régional du Changement Climatique (RCCI) bessntiellement sur les variables de
température et de précipitation. Cet index perngeittre en évidence certaines régions
comme étant des « Hot-Spot » du changement climatipns lesquelles apparaissent au

premier rang I'Europe du Nord et surtout la redibéditerranéenneg=jgure 2.1).

RCCI, 20 Models, Three Scenarios (A1B, A2, B1)

90s

120W 50N 0 60E 120E 180

Figure 2.1 : Index Régional du Changement Climatique (RCGCtravers 26 régions du
monde calculé a partir de 20 Models Climatiqueshalax couplant I’Atmosphere et 'Océan
(AOGCM) a partir de 3 scénarii d’émission (IPCC0B0). D’aprés Giorgi, (2006).

2.1.1 Les simulations

Les derniéres simulations a l'aide de Modéle Climeds a I'échelle Régionale couplant
I'Océan et 'Atmosphére (AORCM), réalisées par Soetoal, (2008) selon le scénario A2

15



2. Présentation générale

(IPCC, 2000) prévoit un important réchauffementadeégion Méditerranéenne d’ici la fin du
21°™ siécle. Cette augmentation des températures sigbsel cours de toutes les saisons
avec cependant des valeurs maximales I'été, dangpdeties Nord et Nord-Ouest de la
Méditerranée, pouvant atteindre des valeurs supésea 5°C. De plus, Somet al, (2008)
prévoient une diminution des précipitations pouvaiteindre 30% dans le Sud de I'Europe
durant I'été. Ces résultats sont en accord avex deuGiorgi et Lionello, (2008) présentant
une synthése des différentes projections a I'éeh&lgionale tant pour I'augmentation de
température (4-5°C avec le scénario A1B) que pautirhinution des précipitations entre 25

et 35% selon les région durant I'éEédure 2.2).

Precipitation change (%, 2071-2100 minus 1961-1990),
MGME ensemble average, A1B scenario

Figure 2.2 : Simulations des changements moyens des aficips obtenues a partir de
I'ensemble MGME (Multi Global Model Ensemble), enlies périodes 1961-1990 et 2071—
2100 avec le scénario A1B, pour les quatre saistms. unités sont exprimées en % par
rapport a la valeur de 1961-1990, d’apres GiorgLainello, (2008).

Nous pouvons remarquer certaines exceptions conamexgmple une Iégére augmentation
des précipitations durant I'hiver dans la régiors ddpes et dans le Sud de la France.
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Cependant cette forte diminution des précipitatimasyennes durant I'été n’est pas liée a une
diminution de lintensité des événements mais platéeurs fréquences (Giorgi et Lionello,
2008). Certains modeles prévoient méme une augtintde l'intensité des événements de
précipitations (Goubanova et Li, 2007). D’autretpaonello et Giorgi, (2007) montrent (a
I'aide de modéles climatiques régionaux) une augatiem de I'activité des cyclones dans la
partie Nord Ouest de la Méditerranée associée adimmution dans la partie Est, qu'ils
imputent aux changements de lintensité et de Iaitpo des vents d'Ouest. Ces
modélisations montrent des tendances en accordiademinution des précipitations simulée

a I'échelle de la MéditerranéBigure 2.2).

2.1.2 Observations et tendances au cours des derniecksie

L’évolution de la température de l'air prés de Uaface durant I'hiver (DJF) depuis 500 ans
présente une tendance générale au réchauffemendéfuite a partir de 1890 avec une
augmentation d’environ 0.8°C au cours du dernieclsi Figure 2.3, d’apres Luterbachest

al., 2004 ; Mitchell et Jones, 2005). Bien que la afitité de la température est importante,
nous observons quelques anomalies significativetowtuau cours du £7¢ siecle. La
décennie la plus chaude est 1993-2002 alors gpleddroide est 1680-1689.

Le phénoméne frappant dans la reconstitution desptations hivernales (DJF) depuis 500
ans, est la forte diminution des pluies depuisdeaées 1960 qui semble n’avoir aucun
précédent au cours des 5 derniers siecles. La diéckenplus seche est 1986-1995 avec une
diminution de 15 mm, alors que la plus humide €§&§111970 avec une augmentation de 5
mm par rapport a la période (1961-1990). D’'auttesles indiquent une tendance générale a
la diminution des précipitations durant I'hiver riieulierement dans la partie Nord du bassin
Méditerranéen (Triget al, 2000 ; Alpertet al, 2002 ; Xoplakiet al,, 2004).

Les autres phénomenes extrémes affectant le ctiara cette région sont les cyclones et les
tempétes. Les cyclones Méditerranéens sont géneratecaractérisés par un cycle de vie
court et une taille plus faible que les cyclonesragsopicaux développés en Atlantique.
Comprendre I'évolution des cyclones dans cetteorégist primordial, car ils engendrent
beaucoup de phénomenes extrémes comme les prigoiEtantenses, les vents violents, les
vagues, les surcotes et les glissements de teRaur. tous ces phénomenes, la géographie a
I'échelle régionale joue un rdle important, elletedénine les effets des cyclones sur
I'environnement (Lionellcet al, 2006). Les événements pluvieux les plus intensgdieu
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guand la trajectoire d’'un cyclone est telle quibguit des convergences locales d’air humide
Méditerranéen pouvant étre accentués par la topbgrgTrigoet al, 2000 ; Jansé&t al,
2001). Dans la Méditerranée de I'Ouest Jagisal, (2001) ont démontré que dans plus de
90% des cas de fortes précipitations il y avaicantre cyclonique a proximité (c’est le cas
dans le Sud de la France avec les « événementsaigwequi arrivent avec des flux de Sud-
Est). Les cyclones sont donc la cause de la majdas phénomeénes d’intenses précipitations

dans la région Méditerranéenne (Triggaal, 2000 ; Lionellcet al, 2006).

3 : Reconstruction : Luterbacher et al., 2004 Mitchel & Jones 2005
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Figure 2.3 : En haut (bas) Anomalies de la moyenne degpératures (précipitations)
hivernales (DJF) en Méditerranée au cours des 56Miéres années par rapport a celles de
1961-1990. Les valeurs de température sont redoésts par Luterbacher et al., (2004) et
celles de précipitations par Pauling et al., (200®)partir de I'étude d’archives et de
différents proxies, pour la période de 1500-190@uiPle dernier siecle les données
instrumentales ont été publiées par Mitchell etelr{2005). Résumé dans Luterbacher et al.,
(2006).
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La tendance générale des cyclones durant I'hivdF(Baison des tempétes) est marquée par
une diminution de leur densité dans la partie Odeda Méditerranée et une augmentation de
leur fréquence dans la partie Est au cours desd&étieres années§ifure 2.4, Maheraset

al., 2001 ; Bhend, 2005 ; Lionellet al, 2006). Cette tendance a la diminution des cydone
est confirmée par la diminution de la moyenne déhdateur des vagues durant I'hiver
(Lionello et Sanna, 2005). D'autres études, darmléie Nord de la Méditerranée suggérent
une distinction entre une tendance a la diminutles cyclones de fortes intensités et une
augmentation de ceux de faible intensité en lieecawn déplacement vers le Nord des vents
d’Ouest depuis 1979 (Triget al, 2000).

Cyeclone Density
i
Cyclora Donsity

Figure 2.4 : En haut : densité moyenne des cyclones atsa®s 120 derniéres années pour
la Méditerranée de I'Ouest (& gauche) et la Médaeée de I'Est (a droite), d’aprées Bhend,
(2005). En bas : la variabilité de densité moyedae cyclones en fonction du temps (1850-
2003) et de la latitude a la longitude 10°W (Lidaedt al., 2006).

A T'heure actuelle, il N’y a pas encore été démdmue le comportement des événements

extrémes typiques du climat Méditerranéen a uneliciterannuelle ne soit pas lié a des
fluctuations climatiques naturelles de basses #@ges depuis le début du siécle. En effet
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certains mécanismes climatiques naturels comme\a bu 'EAP (Eastern Atlantic Pattern)
ont des influences importantes sur les températetrdss précipitations selon la fenétre de
temps étudiée (Quadredt al, 2001 ; Saneet al, 2001 ; Krichak et Alpert, 2005 ; Lionello
et al, 2006 ; Luterbachest al, 2006 ; Trigoet al, 2006).

2.1.3 Conclusions

Tous les auteurs s’accordent a dire que la régiédifdrranéenne est une des plus sensible au
réchauffement actuel tant d’'un point de vue clionai (augmentation des températures,
diminution des précipitations) que d'un point deevwulnérabilité socio-économique
(ressource en eau, tourisme). Cependant, danstext®, il apparait important d’obtenir une
meilleure lisibilité sur les changements futurd’oieensité et de la fréquence des événements
extrémes (cyclones, pluies intenses, sécheresBes). cela, il est essentiel d’obtenir de
longues séries de données, afin de s’affranchia gariabilité interannuelle a pluri décennale,
pouvant étre liée aux cycles de certains modesatiiimes (NAO, EAP...), afin d’extraire des
tendances statistiquement représentatives, dans diférentes régions du bassin
Méditerranéen. De plus, comme nous venons de e lesi cyclones dans cette zone sont a
I'origine de la plupart de ces phénomeénes extrénets,que les pluies intenses, les vents
puissants, les fortes houles et les surcotes irmp@s. Le littoral est une des rares zones ou
tous ces aléas peuvent éventuellement agir enseetbtauser le plus de dommages a
'Homme (d’autant plus que le domaine littoral Médianéen est une zone de forte
concentration en ressources et en population)rfagasi des cyclones, et des tempétes en

domaine cotier un des risques majeurs de notriesiec

2.2 Lestempétes en domaine littoral

Selon une estimation des Nations Unies, 80 % gmjalation mondiale vivra en 2010 sur
une bande littorale de 100 kilométres dans laqseltait rassemblée d’énormes enjeux socio-
économiques. Cette évolution pourrait s’avérer deggse, comme en témoigne un rapport
publié¢ par 'OCDE en 2007, indiquant que le changemclimatique et l'urbanisation
pourraient entrainer un triplement du nombre desqeres exposées a des inondations

cOtieres dans le monde d’ici 2070. Dans ce contekte@pparait donc primordial de
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comprendre la dynamique du littoral, zone trés meolgt évolutive en liens avec les

phénomenes marins comme les tempétes.

2.2.1 Submersion et érosion du littoral

La submersion marine et I'érosion brutale de laezo@tiere par la mer sont des risques en
grande majorité associés a l'activité des cycloeegles tempétes. Une tempéte marine
correspond a [I'évolution d'une perturbation atméspghe, ou dépression, issue de la
confrontation de deux masses dair aux caractfuesi bien distinctes (température,
humidité). Cette confrontation engendre un gradamtpression éleve, a l'origine de vents
violents et le plus souvent de précipitations isémn Lors des tempétes marines, le niveau
moyen de la mer augmente sous l'effet conjointaddépression atmosphérique, des vents
(qui massent I'eau vers la céte) et du déferlementvagues. Ces événements sont en principe
de courte durée, de quelques heures a quelques gbwwe traduisent généralement par (1)
I'invasion d’eau salée dans les terres, (2) d'intgoats transports sédimentaires vers le large,
(3) le transfert de matériel sableux dans des zsiedes en arriere du cordon dunaire en cas
de rupture de celui-ci (sous l'action des vaguésysque l'eau franchit les ouvrages de
défense, les projections de sable ou de galetsepé@avoir des effets dommageables sur les
fronts de mer urbanisés. De plus, l'influence dtothme, en particulier I'urbanisation et les
activités économiques dans la zone cotiere, a foané I'érosion cotiere, processus
initialement naturel, en un probleme d'intensitéisgante. Les principaux mécanismes
induisant ces phénomeénes sont :

- L'action des vagues dont la hauteur dépend @ikade la vitesse du vent et de la houle
rémanente (qui est formée par un champ de vergréaie la zone d'observation) caractérisée
par son absence de relation avec le vent local.

- Les surcotes qui sont le résultat de faiblessioes atmosphériques combinées a l'action du
vent a la surface de I'eau. Ce phénomeéne peut atnglifié s’il est associé a un fort
coefficient de marée.

L’augmentation actuelle du niveau marin 3,1 = 0,5n/an (Neremet al, 2006) et les
prévisions les plus pessimistes pour I'horizon 21&eignant des valeurs de 1 £ 0,5 m
(Rohling et al, 2008), cette augmentation peut €également avarefiets sur I'érosion du

littoral mais a des échelles de temps plus grandes.
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Les dépbts sédimentaires les plus typiques lorpaisage d’'une tempéte au dessus d'un
littoral sableux sont les cones de tempétes. If®gBENt Sous I'action des vagues et du vent
érodant le cordon sableux et provoquant le transgide dépo6t de matériel sédimentaire dans
les zones situées en arriere du lido, généraledentagunesHigure 2.5; Leatherman 1979 ;
Oxford et Carter, 1982 ; Mortoet al, 2000 ; Morton et Sallenger 2002 ; Buynevathal,
2004; Houseet al, 2008 ; Matia®t al, 2008).

Formation d'un céne de tempéte (washover)

1. Matériel sableux présent en mer et sur le cordon

2. Tempéte, matériel sableux transporté par |'action du vent et de la houle

Figure 2.5 : Mécanisme de formation d’un cone de tempéte.

Souvent présent sous forme de lobe, I'extensionzbiotale de ces niveaux sableux sont
soumises a différents facteurs comme l'intensitéaedurée de la tempéte, la hauteur des
vagues associées a la surcéte, le coefficient déenka direction du vent par rapport au lido,
I'épaisseur du lido et la quantité de sable didplenila configuration de la cbte avec la
présence ou non de passe, la morphologie de |ladaginsi que la succession de plusieurs

événements extrémes durant une courte périodesfpciet Donnelly 2007 ; Matiagst al,
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2008). Dans laFigure 2.6 nous constatons l'effet de la tempéte de 1982 aulittoral
languedocien. Cette tempéte de catégorie 2 surdilecde Saffir-Simpson engendra des vents
de plus de 180 km/h levant une houle de prés da {du large) et une surcote atteignant pres
de 1,5 m NGF (marégraphe de Séte). L'influenceetie= ¢empéte sur le littoral se traduit tout
d’abord par une submersion du cordon sableux aaetrdation de passes (grau) lors de
I'événement, engendrant une forte érosion du lida éormation de cone de tempéte dans la

lagune. De plus, I'effet de cette tempéte aprés passage est perceptible a la fois par le recul

et par la morphologie du cordon persistant de nemd®s années aprées |'événement
(IMPLIT, 2004).

Figure 2.6 : A droite : photos aériennes du cordon sabldexXMaguelone durant la tempéte
de novembre 1982 (haut) puis ce méme cordon 4 etn$3aprés, ol NOUS pouvons Voir
I'influence de cet événement sur la submersioa etdrphologie du cordon (IMPLIT, 2004).
A gauche : les effets de cette tempéte sur le hcwdordon se matérialise par I'érosion au
niveau de la plage et le dép6t de sable (washal@my le domaine lagunaire (Photos : M.
Séranne).
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2.2.2 La paléotempestologie

La paléotempestologie est une méthode utilisée lpopiremiere fois par Liu et Fearn, (1993)
dans une lagune au Nord du Golfe du Mexique (AlahadSA) puis décrite et synthétisée
par Liu et Fearn, (2000). Cette méthode permetdenstituer les tempétes et les cyclones du
passé a partir d'archives le plus souvent sédinresteet elle utilise des traceurs géologiques
comme la granulométrie, la géochimie et les bioeatgurs. Cette méthode est en grande
partie basée sur I'étude des cones de tempétedarment a la suite d’un cyclone en arriére
d’'un cordon littoral sableuxF{gure 2.7). Ces extensions sableuses dans la lagune ont une
épaisseur variable en fonction de criteres mormigles, hydrodynamiques (section 2.2.1.)
et varie aussi en fonction de la distance par rdpgo cordon, c’est ainsi que la couche de
sable est importante sur le bord de la lagune’etlguiminue avec I'éloignement.
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Figure 2.7 : Modele de dépbt des cones de tempéte danagunee située derriére un cordon
dunaire sableux (a gauche), l'intensité des tenmgpétappant cette zone est indiquée par la
taille des fleches A-F, les numéros entourés irghtjeette intensité sur I'échelle de Saffir-
Simpson. L'extension des cones de tempéte daaguad est indiquée par les lignes pleines
et en pointillés. Les points noirs représententdd&rents lieux de carottage (1-11). Ces
carottes sont représentées a droite. Le nombrégilke et I'extension des couches de sable
sont fonction de lintensité de la tempéte. Voitdete pour les explications. D’apres Liu et
al., (2000).

Liu et Fearn, (2000) montrent donc (1) 'importamigene pas se situer trop pres du cordon si

nous voulons enregistrer uniguement les tempéseglis extrémes et (2) l'intérét de réaliser
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des transects reliant plusieurs carottes afin airahchir de I'orientation de I'’événement par
rapport a la cote. La paléotempestologie permeti @i@ calculer la récurrence des tempétes
les plus extrémes au cours du temps, souvent egprien pourcentage, ou en probabilité
d’avoir un événement par an. Il est également ptessle remonter a la fréquence de tels
phénomenes en étudiant les successions des dulesnéfeau d’érosion entre ces dunes
(Nott et Haynes, 2001 ; Nott, 2004 ; Zaet al, 2008) ou en analysant les archives
historiques (Liwet al,, 2001).

Depuis lors, de nombreuses études utilisant cet¢hade se sont concentrées sur la
compréhension de la récurrence des cyclones enigueédu nord et dans les Caraibes (Liu
et Fearn, 1993, 2000; Donnelgt al, 2001a, b; Scotet al, 2003; Donnellyet al, 2004;
2005 ; Donnelly et Woodruff, 2007; Scileppi et Detip 2007 ; Lamberet al, 2008), ainsi
que dans le Pacifique (Godt al, 2000; Hayne et Chappell 2001; Nott, 2004 ; Wotidet

al., 2009 ; Nottet al, 2009). Peu d’études concernant les cotes Méditéennes (Blanc,
1985 ; Bruzzi, 1998 ; Dezileaet al, 2005) existent a ce jour. De plus, I'analyse atda
résolution de nouveaux proxies permet d'étendrardgistrement de la fréquence des
tempétes plus loin dans le passée avec des résdudecennales a saisonnieres (Frapgtier
al., 2007b). Ces proxies basés sur les précipitagapitent les faibles rapports des valeurs
isotopiques de l'oxygene et de I'hydrogene danspleses liées aux cyclones tropicaux
(Lawrence et Gedzelman, 1996), sont utilisés damsérnes de croissance des arbres (Miller
et al, 2006) et dans les stalagmites (Frappteal, 2007a ; Notet al, 2007).

2.3 Le site d’étude

Le littoral du Golfe du Lion est de type microtidatarée inférieur a 50cm). Il est caractérisé
par la présence d’étangs séparés du domaine marimrp cordon littoral sableux étroit
(Figure 2.8). Le Rhone étant la principale source de sédiraeet pres de 94% de la charge
solide apporté a la marge (Certain, 2002). Leseauleuves se situent au centre (Hérault,
Orbe, Aude) et a I'Ouest (Tét, Agly). A partir dette répartition des apports sédimentaires,
nous pouvons définir des environnements dominéslgpatynamique fluviatile (delta du
Rhoéne) et par la houle comme le systeme lagunaievasien, qui est le site d’étude de cette
these.
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Figure 2.8 : Carte du Golfe du Lion et localisation dentibouchure des principaux fleuves

(la fleche étant proportionnelle a la charge solatenuelle). MNT réalisé par S. Dominguez.

Le systéeme lagunaire palavasien est caractérisélgéaibles apports sédimentaires directs.
La seule riviere transportant du matériel sédimentau systéme étudié est la Mosson
(Figure 2.9). C’est une petite riviere cotiere long de 36 kihcenstitué de deux affluents
majeurs (le Coulazou et le Lassédéron) et drainaet superficie de 370 KmSon bassin
versant est principalement constitué de formatg@timentaires du Secondaire (Calcaire), du
Tertiaire (conglomérat, gres, argile) et de dépétsgenes du Quaternaire (BRGM, 1967). Le
débit de cette riviere est de 1,%met peut atteindre des débits nettement plus riiapiolors
des périodes de crues, comme le 3 Septembre 2@23258n¥s (DIREN, 2009). Le Lez,
guant a lui n'apporte pas de sédiment dans lesn&mactuelles sauf peut-étre en périodes de
fortes crues. Mais il contribuait probablement ddmspassé a une grande partie de la
sédimentation lagunaire. Cependant la géologie atisib versant du Lez et de celui de la
Mosson étant identique nous avons échantillonnguement celui de la Mosson ainsi que le
cordon littoral (Section 3.3., Article 2).

Les principales caractéristiques climatiques (Jeatshydrodynamiques (houle) du systeme

lagunaire palavasien sont indiquées darfaldeau2-1.
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— ~ AT T Fleuves Débit (m3/s) Débit crues
ents rop. An. (% itesse Max (m/s
e s 2 =
NE 20 44 -
SE-SW 20 46 Hs (m) Tm (s)
Houle annuelle 0.84 4.2

Tableau 2-1 : Principales caractéristiques climatiques egdrodynamiques du systéme
lagunaire palavasien représentant les proportiomnzelles des vents selon leurs secteurs,
les données de débits moyens ainsi que ceux evdpéile crue (3 Septembre 2003) pour la

Mosson et le Lez, ainsi que la hauteur et la péridd la houle annuelle.

Le systéme lagunaire palavasien est constitué dhapelet de sept lagunes (Méjan, Grec,
Arnel, Prévost, Vic, Pierre Blanche, Ingril). Auwe de cette these nous nous sommes
principalement focalisé sur I'étude de la lagunéPdrre BlancheRigure 2.9). Cette lagune

de 267ha est d'une profondeur moyenne de 60 cnbofdure Sud-Est forme le cordon
dunaire sur plus de 5 km avec une élévation moyderi@ m NGF. Bien que cette lagune ne
soit pas directement reliée a la mer, en certatiicginle cordon est large de seulement 60 m

ce qui implique lors d’événements de tempétes nieence marine.

Nous avons réalisé huit carottes courtes (enviram),Isept dans la lagune de Pierre Blanche
(PRO12, PRO15, PRO14, PRO10, PB08-3, PB08-4 et #B@8 une dans celle du Prévost
(EG08) selon 3 transects ; un paralléle a la cb19 ét deux perpendiculaires (T2, T3). Ces
carottages ont été réalisés a la main a l'aidelble €n PVC. De plus nous avons réalisé deux
carottages longs, un dans Pierre Blanche (PBO&) dans I'Arnel (AR06). Ces deux carottes
ont été prélevées en 2006 a l'aide de la platefaimearottage UWITET (Université de
ChambéryFigure 2.10. L'utilisation de ce systéeme permet la récupératie sections de 2m
de long et d’'un diamétre de 8,5 cm (PVC). Deuxeséde 4 carottes ont été prélevées dans
Pierre Blanche. Le décalage en profondeur desi@ss@réleveées a quelques métres l'une de
I'autre) permet d’obtenir une série composite dé m, sur 'ensemble du carottageiqure
2.10. Ce type de carottier fonctionne a I'aide d’ustpn hydraulique afin de ne pas perdre de
sédiment. Les différentes méthodes d’analyse desttea sont décrites dans les parties

méthodologies de chaque article.
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Maguelone

Figure 2.9 : Systéme lagunaire palavasien ou ont étéséai 10 carottes sédimentaires.
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Carottes
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Figure 2.10 : A gauche : Recouvrement et position destwraitilisées pour obtenir une
archive sédimentaire de 7,7 m appelé PB06. A drgiteotos de I'échantillonnage.
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3. Identification des Paléotempétes

3. Identification des Paléotempétes

3.1 Caractérisation d’'un céne de tempétes

Dans le chapitre précédent nous avons vu l'intdeétaractériser des cones de tempéte pour
'enregistrement des tempétes du passé. Dans peitiie nous nous intéresserons a
I'identification de ces objets par différentes noétls (sismique, carottage) et a travers divers

indicateurs (granulométrie, malacofaune, géochimiagraux argileux).

3.1.1 Sismique

Les données de sismique présentées ici ont étéisasqgau cours d’'une campagne de
prospection en mai 2009 dans la lagune de PiearcBk. L'appareillage utilisé lors de cette
campagne est un INNOMAR SES-2000 Standard (platedoGLADYS) embarqué sur un
zodiac (Université de Perpignan). Cet appareil mesgection sismique acquiert a tres haute
résolution (5-10 cm de discrimination réelle veal®) et est particulierement bien adapté aux
zones de faible bathymétrie (Raynal, 2008). Ducatte campagne une soixantaine de lignes
sismigues a été acquise, avec une forte densifadiés a proximité d’'un cbne de tempéte
actif (Figure 3.1). La vitesse de 1500 ni.s été utilisée pour convertir la vitesse sismigne
profondeur. Le but de cette prospection n'est pascdractériser les différentes unités
présentes dans la lagune (these Raynal, 2008) deaimetire en évidence les structures
pouvant étre associées a l'activité des tempétes.

Les profils présentés dans Iaigure 3.1 montrent deux faciés sismiques distincts
précédemment identifiés dans les remplissages #agsn(Raynakt al, 2009). Le premier
facies (partie supérieure des profils) est carmétépar des réflecteurs paralleles sub-
horizontaux de grande amplitude, qui correspondedes dépbts de décantation liés a un
environnement de faible énergie (Tesséral, 2000, Certairet al, 2004, Raynakt al,
2009). Le deuxiéme facies (partie inférieure dedfilg) présente une structure chaotique
indiquant la présence de gaz piégeés dans le sédi@es gaz sont liés a la dégradation de la
matiere organique accumulée dans ce type de déggusaires (Garcia-Giet al, 2002;
Bertin et Chaumillon, 2005). Le gaz perturbe lenaigsismique en profondeur et limite ainsi

I'interprétation sismique aux premiers 1.5 métresédiment.
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Figure 3.1 : Plan de positionnement avec la localisati@s grofils sismiques acquis dans la
lagune de Pierre Blanche. Les traits gris localiskas profils représentés dans la Figi8e,
deux le long de la céte (P30 et P21) et deux pefigefaires a la cote (P1 et P40). Le trait en

pointillé représente I'extension actuelle du cOegempéte.

L’'analyse détaillée de ces profils permet de medireéévidence au sein des dépots lagunaires
des réflecteurs plus marqués que d’autres et casquent un léger pendadegure 3.2). En
effet, dans les profils perpendiculaires a la cli#e réflecteurs soulignés en rouge présentent
un pendage vers le Nord. Alors que dans les priafilgeant la cote, ces mémes réflecteurs
décrivent une forme en déme possédant une inatinasla fois vers le SW et le NE. Cette
configuration vue en trois dimensions laisse devimee forme de lobe~(gure 3.3). On note
également un raccord tangentiel entre ce réfledewelui situé en dessous, tandis que les
réflecteurs localisés au dessus décrivent des géesén onlap (P3@igure 3.2). Une autre
observation est la taille de cette structure, Ipikeis importante dans le profil P21 localisé au
plus prés de la barriére sableuse que dans Id p¥adi situé une centaine de meétre plus loin
dans la lagune. De plus, la limite vers le cordtiarbl de cet objet (P4®igure 3.2) montre

une diminution de la profondeur des réflecteursgéugnt une connexion avec le cordon
sableux. Nous pouvons également définir un autfiectéur plus récent (en jaune), et

possédant les mémes caractéristiques.
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Figure 3.2 : Profils sismiques interprétés acquis dankgune de Pierre Blanche. Les profils
P30, P21 et P40, P1 sont respectivement paralletegerpendiculaires a la cote (Figure
3.1).
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Figure 3.3 : Représentation en 3 dimensions des profiwisjues interprétés (P30, P21, P40
et P1) mettant en évidence des structures de cdmbentpétes au sein des dépbts lagunaires.
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Ces observations permettent de mettre en évidenpe structures sédimentaires en forme de
lobe s’approfondissant et diminuant de taille laesepous nous éloignons du cordon littoral,
au dessus de ces structures nous retrouvons demurifiorizontaux. Nous interprétons donc
ces objets comme étant des cones de tempétesnad’see seédimentation lagunaire, formés
a la suite du dép6t de matériel sableux provenantoddon littoral lors d’un événement de
forte houle (Switzeet al, 2006).

D’autre part, les raccords tangentiels a la baseette structure sont latéralement paralleles
aux réflecteurs sous-jacentsiqure 3.2), ce qui suggere que ces derniers n'ont pas (ay pe
été remaniés lors du dépbt de lobes de tempéten. risulte que I'érosion par les cénes de
tempéte est vraisemblablement minime a I'échelléadagune. De plus, I'extension latérale
(depuis le cordon littoral) de ces structures étaumérieure a 400 nFigure 3.2 et Figure
3.3), cela nous permet de supposer que ces niveatesayistrés dans une grande partie de

la lagune.

3.1.2 Granulométrie

Dans le cadre du Master 1 de Mickael Barbier (200i¢ étude granulométrique a été menée
sur le cordon littoral et sur un céne de tempéte.ddne de tempéte, correspond donc a
I'expansion d’'un corps sableux en domaine lagundiceis avons prélevé des échantillons de
surface selon trois transects de 90 m, dans lan&aduepuis le cone de tempéte, CT1, CT2,
CT3), et un transect de 30 m c6té mer (depuisdgegrlM1). Les analyses sont effectuées a
I'aide d’un granulométre Beckman Couftdt.S 13 320), la méthode est décrite dans I'Article
1 (section 3.2.). Une méthode simple, reposantescalcul de I'écart type de chaque fraction
granulométrique, permet d’identifier les populatiogranulométriques présentant les plus
importantes variations (Boulagt al, 2003). Cette méthode appliquée a 'ensemble dat e
transects met en évidence trois classes granulguesrpossédant un fort écart typég(re
3.9).

La plus fine (5 - 40 um) correspond a des sédimeangfifo-silteux tandis que la population de
taille intermédiaire (150 - 400 um) est définie gdas sables moyens a grossiers et enfin la
plus grossiére (650 — 850 um) correspond, probaiena des débris coquillés associés, ou
non, a des graviers. Les profils granulométriquéslisés dans les transects en lagune,
reportés dans l&igure 3.5, présentent une forte variabilité des deux populaties plus
fines. Tandis que le transect en mer présente pevadabilité et présente uniqguement les
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3. Identification des Paléotempétes

fractions les plus grossieres. Nous notons égaleqenla population sableuse est bien triée ;
nous pouvons ainsi suivre son évolution en laguec sa disparition progressive au
détriment de la fraction plus fine correspondantsadiment lagunaire. Ce sable, ayant la
méme distribution que ceux définis en Camarguea(&dction coquilliere prés), provient

donc des apports sédimentaires du Rhéne transpantdés dérive la dérive littorale.
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Figure 3.4 : Ecart type en fonction des différentes fi@tsi granulométriques a partir des
données des quatre transects. Les losanges blapcésentent les classes granulométriques

présentant la plus grande variabilite.

Dans le milieu lagunaire, la diminution de la frantsableuse traduit la transition entre le
cbne de tempéte et la sédimentation par décantfpigue de cet environnement de dépbts.
Le profil général reste cependant propre aux th@ssects, avec une extension latérale du
corps sableux variant selon les difféerents traddesus pouvons remarquer que cette
population granulométrique, apparait dés 70m leglale CT3 contre 40m et 50m
respectivement pour CT1 et CTFEidure 3.5. Ceci met en évidence une morphologie
dissymétrique du cone de tempéte.

En résumé, un cone de tempéte s’identifie par wsgre rapide d’'un matériel sableux a une
sédimentation lagunaire fine avec cependant une dermélange entre ces deux populations
jusqu'a disparition de la fraction la plus fine.dbempéte, méme de faible intensité, est alors

identifiable grace a la détermination granulomeéieigu sédiment dépose.
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Figure 3.5 : Evolution de la granulométrie d’'un cone dmpEte selon, 3 transects en lagune
de 90 m (CT1, CT2, CT3) et 1 en mer de 30 m (Mdxduleur gris clair définit des profils

dominés par les sables alors que ceux dominésgsasédiments plus fins sont en gris foncé
(modifié d’'apres le rapport de M. Barbier, 2007).

3.1.3 Malacofaune

Dans le cadre du Master 2 de Stéphanie Bordel@i85)2et du Master de Mickael Barbier
(2007), une étude fine sur la caractérisation ftique (malacofaune principalement) a été
menée sur les lagunes et le cordon littoral. Laiagest le siege d'une intense activité
biologique, cent fois plus productive que la martéoproche. Malgré tout, les lagunes sont
beaucoup moins diversifiees en nombre d’especeslajmeer. L'effet de compétition est
amoindri, ce qui concourt a la prolifération detagres de ces espéces. La malacofaune est un
trés bon indicateur de I'état de confinement degpidas. En effet, les onzes principales

especes de mollusques que nous avons pu rencdatisrles lagunes palavasiennes vivent

dans des difféerentes gammes de salinité, de tetoperret d’'oxygénationTableau3-1).
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Photos

Nom de I'espece

Milieu de vie

Hydrobia acuta Gastéropode de milieu saumatre et lagunaire,
détritivore, de 2 a 3 mm de long et supportant |des
conditions anoxiques et de grandes variationg de
température.

Bittium reticulatum | Gastéropodes marins pouvant atteindre quelques
Cerithium vulgatum centimétre§ de long et vivant dans des eaux|peu
profondes a substrat sableux.

Rissoa ventricosa | Gastéropodes marins, de 5mm a 1cm de long vivant

Ovatella myosotis dans des substrats sableux et communs dans les
herbiers a posidonies.

Cerastoderma Bivalve abondant dans milieu lagunaire, fouisseur

glaucum me_sgrgnt jusqu'a ,4cm, supportqnt des_vari:elti_ons de
salinité et de température mais tres sensiblenaXie,
vit en eau peu profonde sur le sable ou la vase.

Abra ovata Bivalves lagunaires détritivores, pouvant mesurer
jusqu'a 2 cm et vivant enfoui dans la vase jusqu’a
5cm. lls sont tolérants aux variations de tempéeatu
et de salinité mais sensibles a I'ensevelissement.

Loripes lucinalis | Bivalves vivant dans des milieux sablo-vaseux| ou

Lucina

lagunaires a forte influence marine.

Venerupis sp.

Ruditapes sp.

Bivalves lagunaires, vivant enfouis dans un milieu

calme mais avec influence marine, se trou
généralement pres des graus.

ent

Gibbula adansoni
(Gibbule)

Gastéropode essentiellement marin de taille inféei
a 1,5cm, commun sur les algues fixées au suf
rocheux et supportant de courtes périodes d’énrerg

D

-

port
510

Cyclope neritea

Gastéropode lagunaire nécrophage, d’environ 1cf
long, aimant les eaux calmes a faible salinitéest
substrats sableux. Souvent trouvé sur les bousr
coquilliers des berges.

n de
I
elet

Retusidae

Petit gastéropode de quelques mm, surtout prése
milieu lagunaire ouvert.

nte

Mytilaster minimus
(Moule)

Petit bivalve vivant sur des substrats durs (Ra)h
en mer ou dans les lagunes.

er

Tableau3-1 : Abaque de reconnaissance des principalescespgrésentent dans les lagunes

palavasiennes associées a leur milieu de vie, méadidiprés S. Bordelais, (2007).
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Les especes les plus typiques du milieu lagunamrg klydrobia acuta Cerastoderma
glaucumet Abra ovata celles typiques du milieu marin sdaittium recticulatum Gibbule
adansoni et Rissoas ventricos@andis que certaines espéces comnlmépes lucinalis et
Ruditapes spse rencontrent en lagune sous forte influencermaamans les transects en
domaines lagunairesFigure 3.6), nous notons la forte anti-corrélation entre éspéces
typiques du milieu lagunaire et celles caractétigasminfluences marines. Par exemple, nous
pouvons compter plus de sept cent individiiydrobia acutaen lagune alors qu’a proximité
du cbne de tempéte cette espece a quasiment digpadétriment des individus marins
commeBittium recticulatumPlus généralement, la faune lagunaire, en quaatité@dante sur
un substrat essentiellement argileux, diminue auneegue la fraction sableuse augmente, sur

laguelle se développent les espéces marines.
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Figure 3.6 : Evolution a proximité d'un cbne de tempétes dhfférentes espéces de
mollusques selon, 3 transects en lagune de 90 rh, (CT2, CT3) et 1 en mer de 30 m (M1).
Les espéces sont classées selon leur milieu deemigronnement lagunaire en gris foncé
(Hydrobia acuta, Cerastoderma glaucum, Abra ovatajivironnement a dominance marine
en gris clair (Loripies lucinalis, Gibbule adansoitissoas ventricosa, Bittium recticulatum),

modifié d’aprés M. Barbier, (2007).
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Cependant, I'essentiel des coquilles marines rdandes sur le cbne de tempéte sont des
coquilles mortes et parfois cassées. De plus,ndatece des Bittium recticulatum le long du
transect marin, montre qu’il s’agirait, non pasrd’oilieu de vie pour cette espéce, mais
plutét d’un milieu de dépbt apporté par les cowaglt la houle, méme si cette espece se
développe en eaux salées.

L’étude faunistique renforce les informations ol lors de I'étude granulométrique,
tracant donc les périodes d’ouvertures de grauygmiusuccéder a une tempéte majeure.
Cette étude montre également que la malacofaunenrestes bon indicateur de I'état de

confinement des lagunes.
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Abstract

Finding records of past catastrophic storm evestgdssential to evaluate the long term
climatic evolution in a given coastal area. Thigsfion has been addressed by the study of
sediment cores sampled in a small coastal lagodheofrench Mediterranean coast (Pierre
Blanche lagoon). Two cores were studied in detadl eevealed the presence of three main
storm events.

The sedimentation rates calculated using the CE®® model, in agreement with'Csdata,
are 3 + 04 and 42 + 0.7 mm.yf* near the border and in the center of the lagespectively.
This suggests that the 0.6 m deep lagoon couldlled fvith sediments ovethe next 150
years. Our study shows that storm events can beadieaised in sedimentary sequences
identified by facies, grain size and faunal assegéd (lagoonal and marine species).
Comparison of*®Pb, *C chronology and historical accounts suggest tmathree identified
storm events took place in 1742, 1839 and 1893 A.B. about one catastrophic event per

century).
Keywords: Paleostorms; Lagoon; Mediterranean Sea; Grain Aiz&ymulation rates=°Pb
1 Introduction

Storms are one of the most alarming natural haziarel to the recent concentration of
resources and population in coastal areas (Pi¢lké 2005; Turner et al., 2006). In view of
the last winter storm events having affected thetlsof France like in 1982 with 46 m/s wind
(category 2 in Saffir-Simpson scale), this stormaseal the death of 15 people and economic
losses estimated at 400 million euros. It is nexgs$o examine the past decadal- to
millennial-scale variability of storm activity inrder to determine the frequency of the most
extreme events in relation to the climate evolutji@oldenberg et al. 2001; Webster et al,
2005). General circulation models have been usauvastigate the variations of the cyclonic
activity in the Mediterranean region. Anagnostopouét al. (2006) clearly show a decrease
of the frequency and an increase of intensity ef skvere cyclones for the future (2071-
2100). On the opposite, Lionello et al. (2002) @o show a large change in the regime of the
cyclone in the same region in relation to the dimgpbf the CO2 atmospheric content. Both
models, based on meteorological data, do not dgigesame conclusion. This is probably due

to a calibration problem because of a lack of umental long time series.
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In North-Western part of the Mediterranean Seaumséntal records are only available since
the last twenty years for surge and waves (wave u&eéte) and fifty years for wind speed
and direction (meteorological station), we usedrsedt cores to record the past washover
events. Recent studies of some lagoons worldwigte bhown that this environment could be
a good area to record past climate and environrhehtmges, like flood and storm events
(Liu and Fearn, 1993; Goff et al., 2000; Donnelfyak, 2001; Scott et al., 2003; Andrade et
al., 2004; Donnelly, 2005 Donnelly and Woodruff0Z. But, despite the importance of this
subject, this type of study is still scarce.

The Languedoc-Roussillon shoreline is characterigedhany coastal wetlands that resulted
from the interaction between a process of shore ggularization by migrations of littoral
barriers and a slow filling of these areas by fliers (Certain et al., 2004). Coastal wetlands
of North-western of the Mediterranean Sea are maihbracterised by sedimentary system
with a fairly high accumulation rate (Monna et &4895; Schmidt et al. 2007). This study
focused on the wetland complex of the Aigues-Mogtdl$ (central part of the Golfe du Lion),
more particularly on the Pierre Blanche lagoon (@ld® km South of the city of Montpellier)
to identify and characterize the record of envirental changes due to these winter storm
(Dezileau et al., 2005). To understand the sedinugmiamics, we considered the main
sediment sources, i.e. the riverine particulataiinthe marine sediment input during storm
events, and the organic production resulting fraololgical activity inside the lagoon. In
order to trace the origin of detritic materials, fefowed a multi-proxy approach associating
sedimentological, granulometric and faunistic d&ta.the other hand, a chronology needed to
be established. Usually, on centennial timesc#hessedimentation rate is calculated through
1% radiochronology (Krishnaswami et al., 1971; Bigl2000). In this study, to date recent
paleostorm events, we have compared historical, daten communal archives, and
radiochronological data obtained from bétfPb models (Goldberg, 1963; Krishnaswami et
al., 1971; Pennington et al., 1976) afdCs activity-depth distrubutiongRobbins and
Edgington, 1975).

2 Study area

Pierre Blanche is an elongated lago&ig(re 3.7), 267 ha large and 60 cm water deep. Its
northern part is limited by the Rhéne-Séte navayatthannel (construction started in 1666).
The south-east boundary is a 5 km long and ~200d® sandy barriefHjgure 3.8a.). Even if

there is no direct connection with the sea, in sphaees the barrier is less than 60 m wide
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and 3 m high above the mean sea level. This implisgong marine influence during storm
events, as evidenced by the traces of anciensirilehguedoc displays a classical microtidal

littoral with a maximal tide excursion lower tha@ é&m.

725000

720000

Figure 3.7 : Map of Pierre Blanche lagoon with localisatiof the four short cores along a

N-S transect (PRO 10, PRO 14, PRO 12 and PRO 15).

In the Western part of Gulf of Aigues-Mortes, Nowrestern wind (Tramontane) blows 60%
of the days involved with stronger winds than 5.nMean velocities recorded since the
sixteen are about 10m/s. Maximal velocities excéédn/s. North Eastern wind (Mistral)

occurs lesser (20%) and the mean and maximal VYielsabbserved are slightly the same.
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South Eastern to South Western winds are not sortianut (20%) and rarely exceeding 20
m/s. However some rare (1 to 5 events a year) gtmwinds can exceed this value. The
strongest one ever recorded by instrumental swtainSéte was about 46 m/s during the
storm of 6-8 November 1982 (category 2 in Saffimfson scale). This value may be
compared to that recorded during usual years lid@22and 2003, when maximal South-
Eastern winds recorded were 32 m/s and 25 m/sctggly (Bouchette et al., 2007). These
strong winds occurred during winter storms and ankd along the coastline the effect of the
swell generated seaward. In the present day, thstlowe is mostly impacted by such a
combination of South-Eastern winds and winter ssvellhe coastal waves are strongly
influenced by height period due to east to sousiieza winds. Usual wave period in the Gulf
of Aigues-Mortes ranges from 3s and 7s. Wave dosestare parted in three main types of
climate. South Eastern waves correspond to 69%ebbserved waves, Southern waves to
17% and South Western to 14%. The annual signifiesave height (Hs) and period (Tm),
measured at Sete station under 32 m water depthnilfar from the studied zone) are fair
weather waves during 88% of the ydds € 0.84m; Tm= 4.2s, Guizien K. submitted).
However, this fair weather wave climate is occaaligndisturbed by East to South Eastern
storms, like that occurred in 1982. The annual priopn of waves higher than 4 m was
around 1% and the return period of a 6 m high wawas every 10 years (Guizien K.
submitted). However, this wave buoy installed sit688 does not allow to get back in time
far enough to evaluate the decennial to centemrask climate.

On October 18-19 2006, a storm with 7 m high wanasirred and resulted in the opening of
an ephemeral inlet~{gure 3.8c.), where an inlet had almost been opened during dque
storm Eigure 3.8b). During this event shoreward flow transportedenat (sandy sediment
and small shells) to the lagoon through the irff&gire 3.8c). Two days after, the water flow
was reversed and the lagoon was drained, due teethget down. Two weeks later, the inlet
was closed and the breach was covered up agairsaiith and pebble&igure 3.8d). Aerial
photographs analysis demonstrates that influentiei®ttorm on lagoonal sedimentation was
almost negligible, except maybe in the direct vtgionf the inlet, where a small washover fan
containing some marine shells (smBittium reticulatumand Rissoaventricosatransported
by flow) was created. In principle, if cores welected in more distal area of the lagoon,
far enough from this inlet (a few hundred metdikgly contain sedimentological evidence of
stronger storms (with low return period), powerknough to affect the whole lagoonal

system.
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Figure 3.8 : Pictures of a coastal line where an inlet veasated, during the 18-19 October
2006 storm. (a) is an air photography taken befibre storm where we can see the width of
the barrier appears, (b) picture taken in 2005 atiesmall event which weakened the barrier.
(c) shows the inlet created at the same place &y18:19 October 2006 storm with a strong
landward tidal flow. (d) picture taken ten dayseafthis event, where the inlet was covered up
again with sand and pebbles. The red triangle shawdandmark present on all

photographies.

3 Sampling and analytical methods

Four short cores<( 1m) separated by about 200 rRigure 3.7), were collected on a N-S
transect in Pierre Blanche lagoon in September 2§0%anually inserting a PVC tube (inner
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diameter of 8,5 cm) from a small vessel. Back ® ldboratory, cores were X-radiographed
(imagery department in "Cliniqgue du Millénaire”)jced opened, photographed, logged and
divided into 1 cm sections prior to analysis. Thw thorthernmost cores (PRO 10 and PRO
14) were analysed every three centimeters for nédaoa. The two other cores (PRO 12 and
PRO 15), closer to the barrier, were analysed irerdetail (every centimetres) with the same
methods. Their grain size distribution was alsoedeined using a Malvern Mastersizer
Hydro 2000G in the laboratory of Interactions anghBmic of Surface Environment (IDES)
at Orsay. In addition, geochemical data were obthiny gamma spectrometry for U, Th
series nuclides and’Csby Geosciences Montpellier (GM). To study macrotdwrganisms,
samples were sieved at 1 mm and the number ofithdils of all species were counted.
Grain size distribution measurements were madehenldss than 1 mm sediment fraction
without decarbonatation. Bulk sediments were fitsgpended in deionized water and gently
shaken to achieve desaggregation. After introdnatiosediment into the fluid module of the
granulometer, ultrasounds were used to avoid pestilocculation. In the laboratory,
sediment samples were weighted, washed (three )timiéis deionised water and dried at
70°C, for four days. Later, samples for gamma spewtry were crushed and transferred into
small polystyrene cylindrical boxes of known volurRadionuclide activities were calculated
by comparison with the known activities of an indee standard (volcanic rock) filling the
same boxes (Condomines et al., 1995). Sif@sis absent in the standard, its activity was
calculated from the efficiency curve of the BEGéedtor (CANBERRA BEGe 3825). As
polystyrene boxes are not gas-tigh’Rn can be lost through the walls and thi&Ra
activities were determined only from the 186 ke\alpef **Ra (after correction of the
interfering 185.7 keV peak dfU) and not from the peaks of ti&Rn daughters?t*Pb,
2“Bi). In each sample, thé'°Pb (unsupported) excess activities were determined by
subtracting the?®Ra (supported) activity from the tot&f%Pb activity. A self-absorption
correction based on major element composition amtipge density was systematically
applied for all photopeaks. For low-energy gammgs,rauch as the 46.5 keV 8fPb, this
correction can be relatively large (around 6%).

Four shell samples were selected i age determination?’C analyses were conducted at
the Laboratoire de MesuféC (LMC14) on ARTEMIS in CEA institute at Saclay @&hic
Energy Commission)’*C ages were converted to calendar years using i 6.0.2
calibration program (Hughen et al, 2004) at twandtad deviations.

4 Results and interpretations
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4.1 Identification of storm deposits

The lagoon is mostly filled by clay and silt withedl fragments alternating with layers of fine
sandy material. This succession accounts for @iffietransport and sedimentation processes:
one is the transport of small sized particles edrim suspension then decanted; the other one
correspond to coarser sand transport, carriedrdipheind or by water during a high energy
event (e.g., a storm event). Cores PRO 12 and PRR€hdw significant grain size variations
with some sand layers. These layers are charagteby few shell fragments. The colour of
the sediment was rather dark, grading from oliveygio grey and black. Color also gives

information on the amount of organic matter in feeliment and on anoxic conditions in the

lagoon.
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Figure 3.9 : (a) Standard deviation values vs. grain sizss diagram of core PRO 15. Open
circles are the most important granulometric popigias, with one (thin silt) between 6-17
um, and the other (thin sand) between 50-180. (b) Contour plot of the grain size
distribution of the core PRO 15.
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Grain size data are generally displayed in a spectwhere the percentages of the populations
are plottedvs. grain size fraction. They show a combination offed#nt populations of
particles. Nevertheless, few methods can discriteittze different populations. Boulay et al.
(2003) used a simple method to identify the grame sntervals with the highest variability.
Standard deviation quantifies the variability offelient measures around the mean values.
Using this method, we can determine the grain sizasses having the most important
variation through time. Standard deviation valuesgrain size classes of core PRO 15 are
displayed orfFigure 3.9. Two mean grain populations, presenting the highasability, can

be identified. One between 6+4# (fine silt) and the other coarser, between 50-1/{fine
sand). The evolution with depth of the 50-158 population in PRO 15 core shows several
peaks Figure 3.9 andFigure 3.10).
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Figure 3.10 : Storm event sequences succession in core RGrom left to right: 50-150
um grain size population, marine species (Bittiunticcdatum and Rissoa ventricosa),
lagoonal species (Hydrobia acuta, Cerastoderma glau and Abra ovata). Bands shaded in
gray were the three main sequences registered i® RB sediment. The different greys
correspond to different sequences. The number2 (@nd 3) correspond to facies types
described in Figure.11.
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On the other hand Malacofauna is a good indicafotagoon isolation state because it
develops in different ranges of salinity, tempematand oxygenation. In fact, three species
develop typically in a lagoon environmehtydrobia acuta, Cerastoderma glaucamdAbra
ovatg whereas two other are typical of a marine envirent gittium reticulatumandRissoa
ventricosd. The presence of marine species within the lagoditates either their transport
during a storm event or a change in environmertadlitions.Figure 3.10shows three peaks
of 50-150um sandy population at 45, 65 and 90 cm, followed, gusew centimeters above,
by three peaks of marine species while the lagofanada almost disappears. DataFojure
3.10 show a strong anti-correlation between speciaadivn lagoon conditionsHydrobia
acutg and that representative of the marine environngBittium reticulatun). The close
association of sandy layers, marine species andifia@pearance of lagoonal fauna suggests
that the observed sequences can be interpretedsiigcession of marine invasions of the
lagoon during storm events, followed by closuretled barrier and return to typical lagoon

conditions.

RX observation | Schematic interp. Facies Fauna Grain size Interpretations

Lagoon conditions get

3 Lagoonal over by lido closure.
(Cerastoderma, | 6-17 pm | So typical species develop
Thin gray silt Abra, again with a strong
Hydrobia) expansion before
anew storm event.
) Marines species develop
g 2 Marine on a sandy substrate
Q Grey silt just | (Bittium, Rissoa, with high salinity.
g. above a sandy |and any lagoonal 15-35 pm Then marines conditions
Q layer species) disappear slowly when
%o sandy lido is closed.
TR P A layer of sand is
\ .m, 1 Marine deposited instantaneously
"./'-_L'_-A;é-’—t"'.-ri— (Bittium, Rissoa)|50 - 150 um| transporting some marine
. . : A ~ Thin sand species, when a storm
s event occurs,

Figure 3.11 : Facies and characteristic sequences formstlayers in the lagoon environment.
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Through the multi-proxy analysis of a core, basedymin size and fauna composition, it is
possible to recognize typical facies whose sucoassientifies a storm evenFigure 3.10
andFigure 3.11):

- type 1 facies shows fine sand with some marineiepgrobably carried with this sand.

- type 2 facies, found just above the same fine daper. The grey silt contains typical
marine fauna Eittium reticulatumand Rissoa ventrico9a then grain size becomes finer

upwards with the apparition of some lagoonal sggecie

- type 3 facies is made of fine grey silt with typidagoonal fauna Hydrobia acuta,

Cerastoderma glaucuandAbra ovatg.

Malacofauna contents were studied in all four cofésee periods with very low abundances
of the lagoonal speciesdydrobia acuta in Pierre Blanche lagoon were observé&ty(re
3.12. A clear link can be made between all four cove#) the exception of core PRO 10.
These lateral correlations, along a 600 m trangedicate a good preservation of these events
in the whole study area and suggest higher accuimulaates in the central part of the
lagoon. When a storm occurs, wind and wave energgkis up the barrier and triggers a
landward material transfer, from the barrier toldgoon. Transported material is mainly sand
with some marine fauna and almost instantaneotuskg 40 the bottom. If the inlet remains
open for a sufficiently long time, then the salnih the lagoon increases and marine species
can develop on the sandy substrate to the detriofdagoonal fauna. When the sandy barrier
closes, the lagoon becomes isolated once agaioghevironmental conditions change with
consequent reappearance of lagoonal species agxijpense of marine fauna for which
environmental conditions are unfavourable. In allrf sediment coresFigure 3.12 we
observed three sequences that probably correspotidete main storm eventSigure 3.10),

with an impact on the whole of the lagoon.
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Figure 3.12 : Hydrobia acuta repartition in Pierre Blanchagoon along an N-S transect.
The three Hydrobia acuta minima, corresponding &rine inputs during storm events have
been correlated between cores (dotted bands). aime $ayers are deeper in the center of the

lagoon, with a maximum depth between PRO 15 and PR&res.

4.2 Accumulation rates and Age Model

The basic methodology of%Pb dating was established in a seminal paper by Gaoidbe
(1963). ?'%Pb precipitates from the atmosphere througfRn decay and accumulates in
surface soils, glaciers or lakdéggoons, where successive layers of material aiedby later
deposits. Many?*®Pb models wereproposed, allowing to calculate sedimentation rates
(Appleby and Oldfield, 1992; Noller, 2000). In tisémplest model, the initial*{’Pbex),
[(**Pb)x = **Pb) - ¢?®Ra)] is assumed constant and tAtf®bexat any time is given by the
decay law [{'%bky = (%Pbhex exp-aotl. The CFCS model(Goldberg, 1963;
Krishnaswami et al., 1971) supposes a constaRb flux and a constant sedimentatiaate.

Although the sedimentation rate in the lagoon éadly variable due to the near-instantaneous
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sedimentation of sandy storm deposits, the CFCSemeah still be applied when typical
lagoonalconditions prevail. It is the case of core PRO a@ BRO 15 above depths of 23 cm
and 37 cnrespectively. In a logarithmic diagraft’Pbex should define a straight regression
line whoseslope allows to calculate an average sedimentatiten Figure 3.13 values in
Tableau3-2). Using the averagsedimentation rate W (mmy}, the age Tm of the sediment

layer can be calculated, for each depth Zm (cm).

n(eoprg) = eop) () 7, win =

m

This simple model only gives an estimation of therage sedimentation rate and does not
take into account possible variations of sedimectimulation rate and/Gt%Pb supply. It is
thus impossible to precisely date a sedimentolegent. However, any major modification in
the sedimentation rate should result in a changopk in the logarithmic diagram. The post-
depositional mixing, by biologic activity (bioturtilen) can also affect*’®Pb data
interpretation. This effect is difficult to estineabecause there is no typical mixing surface
layer with the samé'%Pb activity. This potential problem is currently beiegaluated, by
implantation of luminophores, in order to underdtdhe effect of physical and biological
mixing on the*%b depth distribution (Gerino et al., 1998; Frasgiial., 2002).

Figure 3.13 shows that the sedimentation rates vary frath 804 to 42 + 07 mm.y™*
between the border (PRO 12) and center (PRO 18)eofagoon. These sedimentation rates
are in agreement with those previously obtaineafmther lagoon (Thau) in the same area by
Monna et al. (1995); Schmidt et al. (2007). Botdi@ahronological dating and faunistic
correlation Figure 3.12 indicate that the sedimentation rate is highethie center of the
lagoon. These rates are relatively high in thislanet area where water depth varies between
0.4 and 0.8 m. Extrapolating the present-day sedliatien rate would result in a filling of
this lagoon in the next 150 years, without takimgaaunt neither the sea level rise nor the
littoral antropic impact.

The most usual dating method based"88s data (Robbins and Edgington, 1975) assumes
that the depth of the maximurfi’Cs activity in the sediment corresponds to the 1963
maximum atmospheric production.A'Cs peak is well identified in PRO 15 core at 19 cm
deep and suggests an average accumulation ratel aird.y™* similar to the value derived
from #'%bexdata. Differently, in core PRO 12 there is no neehk but rather an enlarged
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maximum at around 12 cm depths which gives a settation rate of 2.8nm.y >, again in

agreement witf'%Pbex data.
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Figure 3.13 : “%bex and'®*'Cs activity-depth profiles in cores PRO 15 (leftidaPRO 12
(right) from Pierre Blanche lagooi'®b excess disappears at around 25 c¢cm for PRO 12 and
37 cm for PRO 15. The deepé&dtPbex values were not considered to calculate the
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sedimentation rate, because of their large assediatrors.

However'®'Csis still present at depths of more than 30 cm, waerthis radionuclide has
been shown to appear in this area in 1958, a datesponding to the first high altitude
atmospheric tests (Radakovitch et al., 1999). Tpasadox could be explained by the
important mobility of Cs in sea water. Indeed, oh¢he Cs properties is its high mobility in
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marine sediments, with a preferential downwardudiffe transport in porewater (Charmasson
et al., 1998; Radakovitch et al., 1999). In spitehis mobility, **'Cs can be used to date

sediment because the diffusive transport will resuthe spreading of the Cs peak and not in
its downward move. On both cores théCs activity depth distributions do not show the
Chernobyl signal, it is probably due to the loweletion analysis on these cores (every 3

centimetres) or to its too low concentration inface soil on the small watershed.

Cores Depth 210pp 225p5 210ph Gy
(cm) (mBq/g) (mBq/g) (mBq/g) (mBq/g)
PRO 15 0-1 138.6+4.2 254+39 32518 18.1+0.8
3-4 NGRS L Sian At 88.8+3.7 20.2+05
9-10 100.8£2.8 A Ee 79.314.2 24.6x0.8
12-13 92221 AL hanl 2l 71.9+£3.1 23.4£0.6
15-16 79.2+19 ABLrlaa) )l 551650 41.0+£09
18-19 78.81£2.0 20.6+£2.5 58.2+3.2 459%1.0
24-25 42.7+1.8 17.4+£2.8 253134 10.5+£0.4
30-31 31.9£1.6 223+26 9.6+3.0 29+03
36-37 254+17 226+3.1 2.8+3.6 0.8+0.2
39-40 23.8+14 27.0+2.8 0 0
PRO 12 0-1 112.8+2.8 25129 87.7+4.0 18.9+0.6
3-4 93.51£2.6 242+29 693139 16.8 £0.6
6-7 84.2+2.8 AUz 31 5 622143 IS0
9-10 5550 24.8+31 40.8+4.0 20.1+0.7
12-13 56.61£2.2 22.8+3.6 33.814.2 20.0£0.7
15-16 48.0£3.0 22.9+43 Z5)l | A 11.0£0.6
18-19 226+ D51 21.4+3.5 11.3+4.1 46+04
22-23 25.8+1.0 239+15 1.8+1.8 0
27-28 2224109 22.2+14 0 0

Tableau3-2 : Activities of radionuclides in cores PRO I®Wl&PRO 12.

C data give a sedimentation rate of 3m%.y", this rate was in good agreement wittPb
and**'Cs depth distributions. Reservoir age in lagoorirenment of Mediterranean region is
high, due to a strong continental Carbon contrdu{iSiani et al. 2000, Zoppi et al. 2001). In
this study, we have estimated the reservoir agecaind 95Gt 75 yrs Tableau3-3) by both
extrapolating to the surface of sediment and byetation with?*°Pb data (Sabatier et al.
Accepted).

The agreement between average sedimentation rateed from*%h *’Cs and **C data
suggests that the various disturbing processesbiigirbation (Cochran, 1985), grain size
effects (Chanton et al., 1983) or instantaneoustsy&mith and Walton, 1980; Arnaud et al.,
2002) did not play a major role in the studied pafftthe cores.
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Depth e 4Ccal BP 4Ccal BP
(cm) (yr BP) (20, Hughen et al. 2004) (AR = 550 yr)
3-4 Post A. Post A. Post A.

20-21 1055+30 61060 60160
60-61 1095+30 660+65 110+65
83-84 1285+ 30 825480 275+80

Tableau3-3 : Radiocarbon ages from Pierre Blanche lagocor¢ PRO 15).

5 ldentification of paleostorms

In the last 400 years, the stronger storm occurrexuth of France was in 1666, 1669, 1738,
1742, 1766, 1771, 1790, 1839, 1893, 1956 (histbaceount) and 1982, 1999 (MétéoFrance
data). In communal account, storm events were oeadi because they make damage in the
vicinity of the studied city. Sedimentological apdleoecological results described above
allow us to identify the most powerful storm eveasshistorical period (i.e. paleostorm) with
the presence of sand layer (50-450) together with marine specieBiitium reticulatunm and

the disappearance of lagoonal spediegure 3.14).

Based on our age model the last three catastrgpdric events recorded in this cores-transect
occurred in 1742 (with the inlet closing in 1761839, and 1893. These dates were obtained

by comparison between®b,*C data and historical accounts.

- The storm of December 4th, 1742, recorded in mégyacchives around the Aigues-Mortes
gulf, is considered as the most catastrophic evidns. storm, probably due to S to SE winds,
submerged some local cultivated lands which had begtained at the expense of old
lagoonal parts. This event was not accompanieddagtal river floods. One of the main
consequences was the creation of a large inlet, Maguelone, which remained open until
1761.

- The 1839 tropical storm has for consequence thekage of a few ships, like a trading
vessel (more than 20 meters long) off the Frontign#lage (Serra, 2004). The violence of
winds during this storm, associated with the shallvater in this area, explains this

shipwreck.
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- The most recent event recorded in the PRO 15 cowdd ccorrespond to the storm of
September 21, 1893 which affected the North of égaand the Mediterranean region,

causing devastations in the Sete area as ceftifiedany engraving illustrations.

210phex (MBg/g) LOG % of 50-150um grain size Nb. of Bittium Nb. of Hydrobia
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Figure 3.14 : Storm event characterization in core PRO Arom left to right: 210Pbex and
137Cs activity-depth profiles, 14C date (grey barsd@diment description, 50-1%0n grain
size population, lagoonal species (Hydrobia acuf2dtted Bands correspond to the main
paleostorms events registered in historical accsunbrresponding to different events
described in Figure.10.

Soft-sediment deformation at the contact betwearwash sand and underlying mud in all

cores indicates that little sediment may have beemoved by the storm deposit inside the
lagoon. This was supported by the good agreemeweke?*Pb extrapolation antfC data.

It should be noted that the most recent catastcophent, the 1982 storm, was not registered
in the studied sediment cores. One could arguethieastorm events described above were of
similar intensity as the 1982 event, and that thweye recorded in the lagoon sediments

because of a thinner barrier in the past centuHesvever, examination of old geographical
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maps shows that the location and width of the bahave not changed significantly. It thus
appears that the past storm events registeredricaras were stronger than the 1982 event.
Although we have not studied a multi-transect coties record analysis of washover deposit
from a backbarrier marsh provided evidence of thmaen storms in the past 300 years in
Gulf of Aigue-Mortes. If this observation is comfied, the frequency of such paleostorms,

seems to be about one each century.

6 Conclusions

This study of Pierre Blanche lagoon demonstratasah analysis associating sedimentology,
granulometry and faunistic data allows to identhg strongest storms in the Mediterranean
area. The record of such events on lagoonal sedath@m is characterized by typical
successions (silt with typical lagoonal specieghvimtercalations of fine sand and marine
species). Average sedimentation rates calculated®PpexCFCS model are high and vary
from 30 + 04 mm.y" near the border to.2 + 0.7 mm.y™ in the center of the lagoon, where
water depth is between 0.4 and 0.8 m. We thus é&xpeamplete filling of this lagoon in the
next 150 years. Moreover, radiochronological datififPbex and *'Cs) together with
historical accounts allows to date the record aft paain storms. Three distinct catastrophic
events were identified in 1742, 1839 and 1893 mearly 3 centuries. Therefore, from the
presently available and limited data, the recureesichistoric events more powerful than that
of 1982, is around one main storm per century. dedileatic recording of Mediterranean
storm thus appears clearly possible in lagoonaesys.

The methodology proposed can thereafter be appieat longer time scales, allowing a
paleostorm record over the Late Holocene periodthi® aim, two long cores have been
sampled, in March 2006, in the same lagoon. Thesesccross the whole Late Holocene

lagoon sediment filling and will allow to identifyatastrophic events for at least 6000 years.
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Abstract

Paleostorm history in lagoon coastal environmeRigr(e Blanche lagoon, central part of
Gulf of Lions) has been established using a newagmih associating clay mineralogy and
geochemistry analysis. Clay mineralogy combined hwinajor and trace element
concentrations allow us to define four differentlenembers, with Mosson drainage basin,
sandy barrier, biogenic and anthropic componertts. two main sedimentary sources of the
lagoonal system are the Mosson drainage basin avitigh concentration of smectite and
Al203 and the sandy barrier characterized by jlidielorite, SiO2 and Zr. Smectite/(illite +
chlorite), SiO2/AlI203 and Zr/Al203 ratios can beedgo reconstruct past storm history of
the Pierre Blanche lagoon. Our results indicaté tha sensitivity of the smectite/(illite +
chlorite) ratio is more important than geochemigirgxies, especially for less intense storms
not identified as the most powerful events. Thiss#evity could be related 1/ First by the
complexity of the mix, two end members for the aaiyerals and four end members for the
geochemistry; 2/ Second by the storm ability togport sediment of different sizes.

Keywords : Paleostorm, Mediterranean lagoon, Clay minesgl@gochemistry.

1. Introduction

Reconstruction of the recurrence and intensityast storms in coastal area is an important
topic of study due to the recent concentrationesburce and population in this area (Pielke
and Landsea 1999; Turner et al., 2006; Dezileaal.etsubmitted). The effects of climate
change on extreme events are difficult to assesause of many forms of nonlinearity and
long term memory. The lack of instrumental longtesaries does not allow us to clearly
demonstrate if hurricane activity may increasedlation to anthropogenic climate change
(Webster et al., 2005; Emanuel 2006; Landsea ¢22@06). Regional climate simulations
have been used to investigate the variations dfitation and the cyclonic activity in the
Mediterranean regior.ionello and Giorgi (2007) show that the reductadrcyclone activity
observed in future scenarios could be responstyi¢hke negative change in precipitation on
the southern and eastern Mediterranean coast, pbdieive change occurs in Northern parts

in relation to increased strength of mid latituttes track. It is therefore, important to study
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the past storm activity in order to better underdtthe possible regional and local long term
trends of these events, associated to past clicoaigitions.

Geological data offers opportunities to reconstaudbng term record of intense events and
can extend the documented record well beyond tlserghtional record in order to identify
how cyclone activity has responded to past shiitslimate (Nott, 2004; Frappier et al.,
2007). The Gulf of Lions shore line is charactettibg many coastal wetlands that are a result
of the interaction between a process of shore tggularization by migrations of sandy
barriers due to the sediment transfer throughréittdydrodynamics; and a filling of these
areas by the fluvial and marine inputs (Certaimalet2004; Raynal et al., 2009). This study
focused on the Palavasian lagoonal system, chawedeby fairly high accumulation rate,
more particularly on the Pierre Blanche lagoon, mhand-falling storms have previously
been identified (Sabatier et al., 2008; Dezileaal esubmitted).

Usually, reconstruction of paleostorm events instalaenvironment is made by identifying
the recurrence of overwash coarse grained depasdsassociated fauna contents (Liu and
Fearn 1993, 2000; Collins et al., 1999; Donnellplet2001a, b; Nott 2004; Donnelly, 2005;
Dezileau et al., 2005; Donnelly and Woodruff, 208¢ipelly and Donnelly, 2007; Sabatier et
al., 2008). However, recent study in Shelby coaktké, used different proxy as stable
isotopes composition on organic mattét’ly and 8*°C), where sand laminae/transported
shells are indistinguishable or absent, in ordeurtderstand hurricane history on Holocene
time scale (Lambert et al., 2008). In this studg,test for the first time, the sensitivity of clay
minerals and geochemistry to identified paleostorra Mediterranean coastal lagoon. This
approach was traditionally applied in palaeoclin@gy to reconstruct palaeoenvironmental
changes linked, for example, to Asian Monsoon isitgn(Liu et al., 2004; Boulay et al.,
2005; Colin et al., 2006) to El Nifio-Southern Ostibn (Lamy et al., 2001) or to cold
Atlantic events (Bout-Roumazeilles et al., 2007).this study we use clay minerals and
geochemistry to characterise the main sedimentcesym the aim of defining new proxies,
on sediment core, to reconstruct paleostorm lahididehistory in this coastal lagoon.

2. Geological setting

The Palavasian lagoonal complex is located to tlestWf the Rhone delta, in the central part
of the Gulf of Lions, South of Francé&iQure 3.15. This area consists of several small

lagoons, with low water depth (<1 m), limited t@t8outh by a narrow sandy barrier and to
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the North by calcareous Mesozoic hills. This wellaomplex is now crossed by the artificial
Rhone-Séte navigation channel constructed in tH& ciitury. In some places, the sandy
barrier is less than 60 m wide and 3 m high abdneaverage sea level; this implies an
extreme sensitivity to high energy events, enabtergporary but strong marine influence
during storm events. This is commonly highlightgdtiaces of over-wash fans and ancient
temporary inlets (Dezileau et al., 2005; Sabatteale 2008). This coastal area displays a
classical microtidal littoral zone with a maximald excursion of less than 50 cm.

Clay minerals
Il llite [ Chiorite Hl SiO; Bl Ca0
[JSmectite [] Kaolinite [ 1A1,0,+ Fe,0, [ Other

Figure 3.15 : a. Map of the Western Mediterranean Sea thedcentral part of the Gulf of
Lions (South of France) within the light rectangiie Palavasian lagoonal system. b. Sample
location and concentration of clay minerals on Mwssirainage basin and sandy barrier.
Location of core PB06 sampled in Pierre Blancheday c. Concentration of selected major
elements.
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The Mosson River, drains an area of 370°kis constituted by three main channels:
Coulazou, Lassédéron and Mosson, which is 36 krength Eigure 3.15. Most of the
sediments transported by rivers and supplied tstingied lagoonal system are carried during
flash flood events. The Mosson average flow isrd®® but can reach the values of 258sn
measured during 3 December 2003 flash flood ey@REN, 2009). The Mosson drainage
basin is mainly constituted of Mesozoic (limestoar)l Cenozoic (conglomerate, carbonated
sandstone and clay) sedimentary rock with Quatgreposits.

3. Materials and Methods

3.1. Sample location

A piston core of 7.9 m long (PB06) was collectedhia Pierre Blanche lagoon in March 2006
(Figure 1) with the UWITEE gravity coring platform (University of Chamberyh this

study, we focus on the first 1.30 m of this coreatldition, 8 samples were collected in the
muddy channel deposit from the Mosson drainagenbasiing the dry season. Suspended
sediments were also sampled, with sediment trajpglfiash flood events (September 2005),
at three different locations (4 samples). Moreofiag sediments were picked up in different
geologic sedimentary rocks present on the Moss@inage basin. Samples were also
collected from the sandy barrier in front of therR Blanche lagoon located in the Southern

part of the Palavasian system.

3.2. Analytical Methods

Core PB06 was split, photographed, loggeddetail (noting all physical and biogenic
sedimentary structures and vertical facies suaseski and divided into 1 cm long vertical
sections prior to analysis. In this study, the upgp& m of sediment of this core was sampled
every 2-3 cm in order to analyse clay mineral cohées well as major and trace elements.
Clay minerals were identified by X-ray diffractig®RD) using a PANalytical diffractometer
at the Laboratoire IDES (Université de Paris Xl)@aiented mounts of non-calcareous clay-
sized (<2um) particles. The oriented mounts were obtaineldfohg the methods described
in detail by Colin et al. (1999). Three XRD runs revgerformed, following air-drying,

ethylene-glycol solvation for 24 hours, and hea@g90°C for two hours. Identification of

65



3. Identification des Paléotempétes

clay minerals was made mainly according to the tmosiof the (001) series of basal
reflections on the three XRD diagrams. Semi-quaiinig estimates of peak areas of the basal
reflections for the main clay mineral groups of stite (including mixed-layers) (15-17 A),
illite (10 A), and kaolinite/chlorite (7 A) were w&d out on the glycolated curve using the
MacDiff software (Petschick, 2000). Relative prapmrs of kaolinite and chlorite were
determined based on the ratio from the 3.57/3.5&dk areas.

Major and trace elements analyses were realisetloly injection ICP-MS using a Sciex
Perkin Elmer ELAN 5000a at the Service d’Analyse &Roches et des Minéraux (SARM,
Nancy, France) using the method described by Canmigr al. (2001). Samples are powdered
(300 mg) and fused in Pt crucibles along with 90§ oh ultra-pure LiBO2 at 980 °C in an
automatic tunnel oven on a rail over a period adualB60 minutes. After cooling to room
temperature, the fusion glass was dissolved in @B8IN1 mol |-1)-H202 (~ 0.5% v/v)-
glycerol (~ 10% v/v) mixture in order to obtain idutlon factor of 333 relative to the amount

of samples fused.

4. Sedimentological and chronological framework

Lithological description of PB06 core based on mrsize, sedimentary structure and fauna
content allow identification of different faciestémpreted in terms of lagoon depositional
environments (Sabatier et al., 2010). Sabatier.ef2808) and Dezileau et al. (submitted)
recognized, in a core transect including PBO6,etmnain historical storm events. Comparison
of #%b, *'Cs, C chronology and historical accounts suggest tmattree identified storm
events took place in 1742, 1848 and 1893 AHgyre 3.16), these events allow us to specify
PB06 chronology. The age of these paleostorm, dersil as instantaneous events, are in
good agreement with the average sedimentationofa2e7 mm/yr defined by Sabatier et al.,
(2010), for the last 700 yrs. Therefore the 1.3anef this core represented the last 480 years.

5. Results

5.1. Mineralogy results
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For the Mosson River suspended sediment duringad fevent, including the three main
channels: Coulazou, Lassédéron and Mosson, sm¢e88é - 81%) is the dominant clay
mineral with an average of 77%. lllite (8% - 14%y&aolinite (8%-13%) are less abundant
with a similar average content of about 10%. Cldois very scarce with an average content
of about 3% Figure 3.15.

For the sandy barrier sediment, illite (45% - 59%&)the dominant clay mineral, with an
average content of 52%; chlorite (17% - 26%) anddite (8% -28%) are less abundant with
average contents of 20% and 18%, respectively.iKig®l(6% - 16%) is a minor component
averaging at 10%~gure 3.15.

Age (yr A.D.)
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Figure 3.16 : Core PB06 with from left to right: Photogtap X-ray and Age Model. Grey

Depth (cm)

band are storm events previously identified anckdactangle are the age of these events.

The relative abundance of the main clay mineraligsoin core PBO06 is reported kHigure
3.17. In core PBO06 values of clay mineral contents imcuded between the two End
Members, the Mosson drainage basin and the sandiemharlhis core is predominantly
characterized by high contents of smectite (20%%Y and illite (19% - 50%) and low
contents of chlorite (5% - 24%) and kaolinite (8%7%0). Their average percentage is 49%
for smectite, 28% for illite, 10% for chlorite ari?% for kaolinite Figure 3.17). Clay

minerals can be subdivided into three groups alBB§6. Changes of illite and chlorite
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display similar variations with two main increasegoncentration between 46 and 70 cm and
between 92 and 110 cm. A general trend of smeidit@versely correlated to illite and

chlorite. Kaolinite contents do not vary signifitigrwith depth.
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Figure 3.17 : 1.3 m of PB0O6 clay mineral analyses cont@tisobtained on the carbonated-
free <2 um size fraction. Smectite and illite aremdnant (up to 75% of the total clay
minerals). lllite and chlorite co-vary opposed tmat of smectite. Kaolinite contents do not

vary significantly with time. Shaded areas markian variations.

5.2. Geochemistry results

Bulk sediment from Mosson drainage basin, sandyidsaand core PB06 consist mainly of
high content of SigQ CaO, A)O; and FeO; and low concentrations of MgO,,®, N&O,
TiO,, P,.Os and MnO Tableau8-4, annexe 9.5. Sediments from the Mosson river basin are
characterized by a relatively high concentratioAO; and FeO3; while materials from the
sandy barrier consist mainly of Si@nd CaO (>70%igure 3.15).
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In Figure 3.18, we have reported contents of selected 7 majorteu elements, which
present the most important variations through deptntent variations of these elements can
be subdivided into three groups in core PB06.,SN&0 and Zr exhibit similar variations
with three layers of high concentration. In genenands in FgO; and ALO; are inversely
correlated to those of S)IONaO and Zr. In addition, CaO and Cu concentratiospldy two

other trends which are not related to the first groups.
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Figure 3.18 : 1.3 m of PB06 selected geochemistry da@g, 81,0 and Zr co-vary opposed
to FeOs; and AbOs;. CaO and Cu contents vary in different phasesd8tareas mark the

main variations.
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Different strategies of multivariate data analysi® used to interpret a database from
sediment samples. Principal component analysis JR€A technique that transforms a large
number of variables (concentration of elementsp iat smaller number of independent
variables in order to visualize the relation betdlee first variables and objects of interest
(sediment sample). The major elements data and Qbggnition (LOI) from PB06 core were
subjected to “centered logratio transformation’t-chnsformation, Aitchinson et al., 2002)
and then the PCA calculation was performed, as sanmed by Tolosana-Delgado et al.
(2005). All statistical calculations were conducted “R” software using the package
“compositions” (van den Boogaart and Tolosanagaelo, 2008). The multivariate data
analysis applied makes it possible to interpreadatterms of source influence of samples.
The first principal component (CP1) explains 63%tla# variance and shows high positive
loadings for NgO, SIG, K;O and MnO and high negative loadings feOF CaO, LOI and
MgO (Figure 3.19). PC2 explains 17% of the variance and gives pmgitive loadings for
NaO, P.O3; and CaO and negative loadings for MNQOK Al,O3, FeOs, TiO, and MgO.
Samples with high positive PC1 score indicate angtinfluence of marine component (sandy
barrier) defined above while high negative PC2 sdercorrelated to the Mosson drainage
basin. Moreover, surface sediment samples (<30d¢rvshigh negative PC1 scores that
indicate either a strong influence of phosphatenmortant biogenic component with a lot of
shells.

Trace elements were selected in order to traceotigin of sediment, with lithogenic
signature (Th, Rb, Ni, Zr, Hf, La, Ta, Nb, Ba), emic source (Sr, >1000 ppm into aragonite,
<200 ppm into calcite) and related to the polluti@d, Cu, Pb). REEs present the same
variance. Therefore only two REEs were used (Th,noato “swamp” the analysis (Pe-Piper,
et al., 2008). PC1 (81% of variance) show high tpasiloadings for Cu, Pb, Cd and Sr and
negative loadings for all the other elements. TB8 1% of the variance) was chosen instead
of PC2 (12% of the variance) to better discrimirglements with a negative loading on PC1
(Figure 3.19h. Thus PC3 displays positive loadings for Zr, HtiaBa and weaker negative
loadings for Ta, Th, La, Ni, Rb and Nb. Sampleshwitgh positive PC1 scores indicate a
strong influence of pollution-related minor eleme(@pper <20 cm). Samples with positive
PC3 scores are correlated with Zr and Hf, mostlyenu in heavy minerals (zircon) and are
not present in sedimentary formation of the Mossatershed but are one of the components
for the sandy barrier (Dezileau et al., submittésmples characterized by high negative
scores on PC3 are related to Th and Ni elementserghty associated with clay minerals,

mainly transported by the Mosson river.
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Major elements Selected trace elements
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Figure 3.19 : a. Biplots of PC1 and PC2 loadings and sangaores for ten major elements
and LOI. PCA was performed on centered logratiomgfarmation of samples. Four different
groups of samples were identified in relation te trariable. a. Biplots of PC1 and PC3
loadings and sample scores for thirteen selectadetrelements. The same groups of samples

were identified.

6. Discussion

The interpretation of clay mineral and detrital geemical records requires knowledge of the
potential source areas, as well as the mode aadgskr of the transport processes involved
(Gingele et al., 2001; Boulay et al., 2003; Liuakt 2007). An effect of global sea level
fluctuations on the sedimentation of the Mediteean coastal lagoon can not be invoked on
the Late Holocene timescale. In addition, the claingm chemical to physical erosion on
land cannot occur on centennial timescale (ThiBQ® Egli et al., 2001). Consequently, for
modern sediments of the Pierre Blanche lagoon, naliogical variations are induced by

fluctuations in source sediments.

6.1. Sediment sources
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To understand the cause of mineralogical variatinorl3B06 core, it is necessary to document
the origin and source areas of the minerals prasght Pierre Blanche lagoon. Clay mineral
composition significantly varies from the Mossomidage basin, with high concentration of
smectite (73% - 81%) to the sandy barrier charegtdrby high illite (45% - 59%) and
chlorite (17% - 26%) contents. Smectite derivesnigafrom erosion of smectite-rich
Cenozoic conglomerates (Vitrollien, 55-70 %) andtsnrmuddy channel deposits outcropping
in the upper part of the Mosson drainage basin (BR®67). In general, illite is related to
strong physical erosion and moderate hydrolysiglitimms on land (Chamley, 1989). In the
Gulf of Lions, the clay mineral distribution hasebestudied since the 90's (Croup and
Monaco, 1990; Giresse et al., 2004; B®dumazeilles et al. 2007). The main marine
sediment source in the central part of Gulf of lsas the Rhdne River receiving its detrital
materials from the Alps where illite and chlorite anostly found (>75%).

In the Mediterranean Sea, eolian dust, suppliech fikorth Africa, could account for 20% of
the sediment deposition on the Gulf of Lions margis previously reported by Zuo et al.
(1997) and Guerzoni et al., (1997). African dust c@ach the central part of Gulf of Lions by
SW-NE transport, mostly during winter when a laagyj@ospheric depression system develops
between The Canary Islands and The Iberian PeminfRbdriguez et al 2001, Bout
Roumagzeilles et al. 2007). The mineralogy of thstdtansported from North Africa is mostly
characterized by quartz, feldspars associated kaittinite and illite (Guerzoni et al., 1999).
Another clay mineral typical of the arid and semdalimate is the palygorskite, commonly
used as an indicator of African dust contributi@Qodé-Gaussen et al., 1987; Molinaroli, E.
1996; Caquineau et al. 1998; BeRobumazeilles et al. 2007). The occurrence of pabjgte
was identified in some Mediterranean areas withel@mple an average concentration of 5%
in Holocene sediments of the Alboran Sea (BRaumazeilles et al. 2007). In low
sedimentation rates areas, such as Corsican lheepalygorskite can account for more than
25% of the clay size fraction (Robert et al., 1984@vertheless, no evidence of palygorskite
was found in core PB06 suggesting a negligible rdaution of eolian material in the Pierre
Blanche lagoon.

Moreover, applying the eolian flux estimation af.812.yr* (Guerzoni et al., 1999), and mean
terrigenous fluxes of around 600 ¢fryr* calculated for core PB06 (Sabatier et al., 2008), w
can estimate eolian flux contributions to the tgrieous fraction of 1.3 %.

Figure 3.20 displays illite % versus smectite % in Mosson niage basin (grey), in sandy
barrier (dark) and in core PB06 sediments. Sanfpd@s core PB0O6 have been separated into
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two groups corresponding to normal sedimentatioth ®nlayers influenced by previously
identified paleostorm eventBigure 3.17). Samples from PBO06 are reported on a linear model
between these two end members suggesting thateo oijor sedimentary sources influence

the clay size sedimentation of the Pierre Blaneigedn.
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Figure 3.20 : lllite versus smectite with sample from Muwsslrainage basin (grey) from
sandy barrier (dark) and from PB06 separated int tgroups corresponding to normal
sedimentation and to layers influenced by previpudentified paleostorm events (Figure
3.16).

PCA of major and trace elements on core PB06 sHowsgroups of samples influenced by
different geochemistry end members while clay natserallow definition of two fine
sediment sources-igure 3.19. One of the main sources is characterized bpAbBnd Th.
These elements are generally associated with ciagrais, mainly transported by the Mosson
drainage basin during flood events. Another souscdefined by Si@ N&O, Zr and Hf,
respectively abundant in quartz, salt and heavyerais present in the sandy barrier. Biogenic
contents variations are evident in lagoonal sedimiey shell abundance with high
concentration in CaO and Sr. Finally, domesticicadpural and industrial effluents have been
released, partly treated, for the last several dieaThe high levels of phosphate and metal
elements (Cu, Pb, C Cd) in the surface sedimeigu(e 3.18 are the result of the anthropic
component.
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In order to characterize different end memberschemistry analyses were performed on the
various components of the system including Mossmndge basin and barrier samples
(Figure 7). Results obtained from core PB06 are displayed but separated into two groups
previously identified by clay minerals as normajdanal sedimentation and layers influenced
by storm events (Figure 7). Samples from sandyidraseem to be a ternary mix between
quartz (SiQ), carbonated shell (aragonite with high conceminain CaO and Sr) and

aluminosilicate minerals (illite, chlorite and pedlly mica). Sample from Mosson channel
deposit is a mix of aluminosilicate minerals endmrber (i.e. clay sample from Mosson

drainage basin, mainly characterized by smectitel) Iamestone (calcite, CaO and low Sr in
comparison to shell contents). Suspended sedimewmitected during flood events are

intermediate between clay from Mosson drainagenb@snectite) and material from channel
deposit (with carbonate component). Core PBO06 isnijnacharacterized by sediments

transported by flood events and by carbonated shighl some layer influenced by sandy
barrier during storm events (Figure 7d). Therefdhe mineralogical components of this
system are quartz, illite chlorite and probably anfior marine end member and derive mainly
from the Rhone River, limestone and clay mineradgnhy smectite for the Mosson drainage
basin, carbonated shell for the biogenic produistiunside the lagoon and an anthropic

component with phosphate and some metal elements.

6.2. Identification of storm events with clay minealogy and geochemistry

Mosson drainage basin and sandy barrier representmain source of sediment to the
Palavasian lagoonal system. They are characterizgddifferent mineralogical and
geochemical signatures. Dezileau et al. (2005) Sablatier et al. (2008) show that strong
marine influence in this area occurs during stowengs, when wind and wave energies break
up the barrier and trigger a landward material gdf@an from the barrier to the lagoon. Clay
mineralogy and geochemistry display significant iateons between these two major
sedimentary sources and can therefore, be usedctmstruct the marine influence in the
Pierre Blanche lagoon that could be linked to pt®tm events.

Considering that smectite, illite-chlorite revealiatinct temporal evolution and that kaolinite
abundance does not exhibit significant changes, possible to use smectite/(illite+chlorite)
ratio to describe the mineralogical variations wtthe clay size fraction. This mineralogical
ratio can be used to reconstruct the history ofegstbrm events. In core PBO06, the

smectite/(illite+chlorite) ratio ranges from 0.42gat. Variations of this ratio show low values
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Figure 3.21 : Binary plots of geochemistry data with Si@rsus a. ADs, b. Fe0s, c. CaO,

d. Sr. These diagrams specify the different end baesn Dotted lines represent the main
linear melt. All the samples from the studied syséee displayed and samples from PB06 are
separated into two groups corresponding to nornealisientation and to layers influenced by

previously identified paleostorm events (FigGr&8).
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in correlation to previously identified storm et®ifFigure 3.22. Moreover, two other storm
events seem to be identified at 44 and 120 Emgufe 3.22. The relatively higher ratios
observed during the rest of time indicate the damae of Mosson river sediment inputs. We
also suggest that minerals with a high concenmatioSiG and Zr could correspond mainly
to the silt and sand fraction present on the hitdrarrier (quartz and heavy minerals as
zirconium) while AbOs is the major component of clay minerals, mostysported from the
watershed. In core PB06, SiBI,0Os; and Zr/AbO; ratios increase in relation to storm events
(Figure 3.22. Good correlations between smectite/(illite +ach€), SiQ/AILOs, Zr/Al,O5
ratios and paleostorm events suggest that theséeprdetermined in different size fractions

of the sediment can be used to reconstruct thespash history.

Zr/A1LO,

Smectite/{llite+Chlorite)
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Figure 3.22 : Smectite/(illite + chlorite), SIO2/AI203 arit/AI203 ratios for the PB06
cores. Grey bands are paleostorms events previoigsntified, dotted lines are new
paleostorms identified just with the clay mineratio.
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However, the sensitivity of smectite/(illite + chike) ratio seems to be more important than
SiO,/AI O3 and Zr/AbOs ratios, especially for storms not identified asnain event. The
sensitivity could be related to the complexity bétmix, two ends members for the clay
mineral distribution and four ends members for gemchemistry. In addition, there is a
possible improved ability of a storm event to tyors sediment of different sizes from the
barrier to the lagoon. We can assume a constarphulmgy of the sandy barrier for the last
500 yrs (Dezileau et al., Submitted). During a mstorm event, wind and wave energies are
strong enough to transport to the central parheflagoon, coarse sediment as silt and sand
with high concentration in quartz and heavy mirenaith high ratios of Si@Al,O; and
Zr/Al,03. However, the intensity of wind and wave energesiot powerful enough to
transport coarse sediment (silt or sand) but dgger a landward transfer of clay. Moreover,
if the breaking up of the sandy barrier occurred daay from the core location, coarse
material can not be transported over large disamdgle clay may record this influence over
more distal location. In both cases, the recorthisf event is just identified by a decrease in
smectite/(illite + chlorite) ratio. These analysa@fow to specify the layers influenced by
marine input in relation to storm event&dgure 3.20. These storm layers are in pretty good

agreement with a storm previously identify (Sabatieal., 2008; Dezileau et al., Submitted).
6.3. Clay minerals as indicator of storm intensity?

Clay mineralogy distributions through time cleadljow an increase of illite content as a
consequence of paleostormidure 3.20 in relation to its high concentration in the sand
barrier. In core the relative contribution of #itvithin layers identified as storm events could
be interpreted as an indicator of land-falling nsi¢y. Nevertheless, Woodruff et al., (2008)
associate the local flooding intensity to the cotapee for each overwash event to transport
coarse-grained sediment at a fixed distance inldageon. Clay minerals are the smallest
sediment component and can thus be exported laddweaoss large distances during a storm
event while coarser material such as sand andesli more energy to be transported over the
same distance. The storm of SeptemBeri#42, recorded in many city archives around the
Aigues-Mortes Gulf, is considered the most catg$tioevent (around 100 cm depth) but its
smectite/(illite + chlorite) ratio suggests thaitstetorm was less intense than in 1848 (64 cm
depth). Moreover, two other events seem to be iileshtat 44 and 120 cm of depth and
present values of this same ratio, almost equatlmgmost powerful hurricane despite the

fact that these events seem to be less intenseefohe clay minerals can not be used as an
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indicator of land-falling intensity but as a vergnsitive proxy in order to identify storm

events, even if sand layers are indistinguishabbbeent.

7. Conclusion

Clay mineralogy and geochemistry analyses of PiBtenche lagoonal system had been
realized in order to determine sediment sourcekisfcoastal area and to test these proxies to
reconstruct paleostorm events, which affected tbeiNwestern parts of the Mediterranean

sea.

The Pierre Blanche lagoonal clay fraction (@#) contains four main clay mineral groups.
Smectite and illite accounting for more than 75%tlé clay assemblage. Chlorite and
kaolinite contents are of secondary importancie I[dnd chlorite co-vary (in core PB06) and
are mainly present in the sandy barrier and arergely correlated with smectite abundant on
the Mosson drainage basin. Kaolinite contents dgresent significant variations.

Major and trace element concentrations allow uslééine four main components in the
Palavasian lagoonal system. The first source wass#diment from the Mosson drainage
basin transported during flood events and is charaed by A}Os;, F&Os, and Th and is
mostly constituted of clay (mainly smectite minsjand limestone. The second end member
presents high concentration in SiO2, Zr, Hf andwalto define mineralogical components of
this sandy barrier with quartz, illite chlorite, cai and shell, these sediments come from
Rhone River by littoral drift. The third componesitcharacterized by CaO and Sr, mainly due
to carbonate shell accumulation in relation witbdanic productivity inside the lagoon. The
last end member of this system is the anthropicpmrant with phosphate and some metal
elements (Cd, Cu, Pb) for the surface sediment ¢r30

The main sources to the lagoonal sedimentatioMaxgson drainage basin and sandy barrier
with landward transport of sand and silt materidlging storm events. The important
discrepancy of clay minerals and geochemistry betwhese two end members allow to trace
land-falling events. Good correlations between dite(llite + chlorite), SiQ/Al,Os,
Zr/Al 03 ratios and paleostorm events suggest that thesa@eprcan be used to reconstruct
the past storm history. Smectite/(illite + chloyitatio are more sensitive than $181,0; and
Zr/Al,03 ratios, especially for storms not identified as thain events or triggers of sandy

barrier break-ups at a location distal from a c@epled area.
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3. Identification des Paléotempétes

3.4 Discussions complémentaires

Le croissement des différents traceurs associéses dbnnées historiques et de
radiochronologie nous permet d’identifier trois Befments extrémes de tempéte de catégorie
3 sur I'échelle de Saffir-Simpson, au cours dutP&gie Glaciaire. De plus, la corrélation
latérale, selon un transect Nord-Sud, des diffésectrottes met en évidence I'extension de
ses dépots de tempétes dans la lagune.

L’'analyse des profils sismiques, montrent égalemer@ extension latérale importante des
réflecteurs interprétés comme étant la continwet®,lagune, des cdnes de tempétes. Ces
réflecteurs les plus marqués sont globalement twtdzix sur les profils perpendiculaires a la
cOte, dés que nous nous éloignions d’'une cinquantd metre du cordofigure 3.3). Bien

gue les profils sismiques ne recoupent pas exactele®e sites de préléevement des carottes,
nous pouvons tenter de lier ces données entre. ¢liesorrélation, entre les données de
sismiques et celles obtenues sur les carottesemétidence que les deux réflecteurs majeurs

préecédemment identifiés (jaune et rouge sectior) 8direspondent a des niveaux de

granulométrie relativement grossiers associés empétes de 1742 et 18Fdure 3.23.

Y1
Nombre de tirs

NW 1000 2000 3000 4000 5000 6000 7000 S E

-
o -

Profondeur (m)
[ %]

2.5

Figure 3.23 : Corrélation entre les réflecteurs sismiques plus marqués (83.1.1) et les

données granulométriques des carottes PB06 et PRO12
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3. Identification des Paléotempétes

De plus, un petit réflecteur (pointillé blancs)usitjuste au dessous du multiple, semble
pouvoir étre associé a la tempéte de 1848. Cettélation n’est pas surprenante car les
niveaux de sables et de silts apparaissent comraeréfecteurs idéals au sein d'une

sédimentation fine.
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4. Cadre chronologique

4. Cadre chronologique

4.1 Le dernier siécle

4.1.1 Les modéles d&’%Pb

En se basant sur des modéles qui prédisent ldbdison du?%Pb en profondeur, il est
possible de donner un age aux différents niveawneal’ colonne sédimentaire et donc
d’estimer le taux de sédimentation. Les activités*dPb sont déterminées a l'aide d’un
spectrometre gamma CAMBERRA a détecteur puits (ougtliécrite dans I'article 3, section
4.2.). I existe plusieurs modéles (résumés danglelyy et Oldfield, 1992) permettant de
calculer les vitesses de sédimentation & partipdefils en profondeur d&%Pb. Cependant,
sa distribution en profondeur dépend également 'dquilibre entre les transferts
atmosphériques et fluviatiles, de la rythmicitélaesédimentation et de la bioturbation. Ces
phénomenes de mélange biologique et d’altératienstteictures sédimentaires entrainent un

biais dans la datation si on ne les prend pas epi=

> Le modele le plus simple est le CFCS (Constant,Rionstant Sedimentation Rate) qui
suppose constant le flux éPb ainsi que le taux d’accumulation ce qui sousrehijue
I'activité initiale est constante (Goldberg, 196Rrishnaswamiet al, 1971). Le fluxP et le
taux de sédimentatiohV sont exprimés respectivement en mBd¢?@m® et g.crnif.an’.
L’activité A (en mBq.g) est donnée pak=P/W. L'activité du?*®Pb en excés a la profondeur

zest:

(PR =("PEl)x € avec  (*°Ph,)=(""Ph,)~(*Ra,y) ®

Ou A représente la constante de désintégration’tfet) (4 =In(2)/22.3 afl), **Pley)
I'activité en mBq.g & la profondeur et £*PB,) I'activité en surface, valam/W. Le temps

t est égal a la masse de sédiment sec accumuté@ate surface jusqu’a une profondeyr
(M) divisée par le taux de sédimentatidM).(En supposant que le plomb et le radium sont

immobiles dans les échantillons, on peut écrirpr@a I’équation précédente :
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4. Cadre chronologique

A M
In(***PRZ) =In(**°Phy) —| =22 |x M, avec t,=—-= 2
(*7PRS) =In(""Ph,) (Wj 2 2 =W ()

Lorsque I'on reporte les mesures expérimentales dandiagrammén(**%Pbé,) — M,, elles
deéfinissent théoriquement une droite dont la pedi®/ permet de calculer le taux de
sédimentation. Ce modéle appliqué au profil °f®h., de la carotte PB06 nous permet
d’obtenir un taux d’accumulation de 0.088 + 0.008m¥f.an" soit 2.81 + 0.15 cm.&h en
considérant une densité moyenne (DBD) de 0.314 {(Eiigure 4.1). On peut alors calculer
'age de chaque profondear Cette méthode tres simple a mettre en ceuvre, ghetim
déterminer la vitesse de dépb6t moyenne du systééumentaire, cependant cette
approximation dans le modéle d’age ne rend pas twordps variations de la vitesse
d’accumulation pouvant exister & chaque profongeur rapport a la moyenne, ce qui ne

permet pas de dater précisément un événement sédiogque.

2mpbex{mBQ-g-l }' 210pPp e,‘{mBq_g")
0 20 40 80 80 100 1 10 100
0 0 ; :
L J
e 2 CFCS: N
1 ] 4 _ -0.3517x
y=126.69e
— o g R?=0.9815
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E
.-_E;, 2 o G 2
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© r+ o
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Figure 4.1 : A gauche : profil dé'%hs, exprimé en mBg:gen fonction de la masse de
sédiment sec cumulée (g:®mA droite Modéle CFCS appliqué a I'ensemble dofipr
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4. Cadre chronologique

> Le second modele, CIC (Constant Initial Conceinmd repose sur I'hypothése que si le
flux en?*Pb ou le taux de sédimentation varient, ces variatsont opposées de telle sorte
que lactivité initiale dans le sédiment de surfaeste constante (Penningtehal, 1976,

Noller, 2000). A partir de I'équation (1) on obtida relation suivante :

tz :lxm {%} (3)
A (7PRS)

Bien que I'hypothése repose sur des conditionsadedqui semblent assez peu probables, on
peut calculer un age pour chaque horizon en utilisaquation précédente. Cependant ce
modéle repose entiérement sur I'hypothése quevige(**°PbYe, mesurée dans la couche de
surface est bien représentative de I'activitéarati

> Le troisieme modele proposé par Appleby et Oldfte9d8, appelé CRS (Constant Rate of
Supply) suppose que le flux d8Pb (P0) est constant mais que le taux de sédimentatdn (
est variable au cours du temps. Ainsi, la concéntrale?’Pb diminue lorsque les apports de
matiere, et le taux de sédimentation, augmenteninGdéle définit I'activité accumulég(t)

(en mBq.crif) durant un certain temps t correspondant & unéomdeur z par I'équation

suivante
t
At) = jo P(t).0t

En tenant compte de la décroissance de I'excé¥®le au cours du temps, on peut en déduire

, “linventaire* de?%Ph,, sur toute la colonne sédimentaire grace a la fEsuivante

SN - ]
| =Rf, eot="2=3" (*°Ph m 4)
Ou >" (*Ph)Z,m,, représente en pratique I'activitt diPb en excés intégrée sur

I'ensemble de la colonne sédimentairg étant la masse de sédiment sec dans la couche a la
profondeurz. On peut également définir I'activité dtfPb en excés accumulée en dessous de

la profondeur par:
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l, =Poj:e‘Mat=% e’ =>" (BPHL M, (5)

Avec " (*°Ph);,m,, représentant l'activité dtfPb en excés intégrée en dessous de la

profondeurZ. On obtient ainsi, I'age; du sédiment a la profondedr < z par la formule

suivante :
, L0 > (PR m,
I e dou, t,= ;In (—Zj soit: t, ==xIn| £ (6)
z ! S (*°Pb)Z,m,
z=Z

Cette méthode suppose une mesure de I'activi@®®b pour toutes les profondeurs, afin de
pouvoir calculer les différents termes de I'équati®). Ce modele d’age parait, dans sa
formulation, le mieux adapté au systéme lagundirdi€ car il ne suppose pas de vitesse de

sédimentation constante.

Ces trois modéles de datation sont appliqués afil go*'%b de la carotte PBOGigure
4.1). Les résultats obtenus par ces trois modelesmésentés dans FEigure 4.2 Sur cette
figure nous avons également indiqué les datatitmenoies par I&*'Cs & l'aide des pics de
Tchernobyl (1986) et des essais nucléaires (1968ufe 4.2), méthode décrite dans I'article

3 (section 4.2.), ainsi que la position de la tetmpie 1893, le sommet de cette couche étant a
33,5cm.

Dans laFigure 4.2il y a une assez bonne adéquation entre le modeeSConsidérant un
taux d’accumulation constant de 0.088 + 0.005 &.ami (ou 2.81 + 0.15 mm.&rn tenant
compte d’'une DBD moyenne de 0.314 gdnet les datations indépendant&¥Gs, tempétes

de 1893) avec cependant un écart significatif peysic des essais nucléaires de 1963. Les
modéles CIC et CRS s’écartent des autres méthodedathtion avec néanmoins une
meilleure adéquation pour le modéle CRS dans laepsupérieure alors que le modele CIC
semble étre plus juste pour la partie inférieures @eux modéles supposant rendre compte
des variations dans le taux de sédimentation (Bxteal, 2006) suggérent (1) que les
variations du taux d’accumulation sont mineure@ggu’un processus perturbe le signal. Le
milieu lagunaire étudié étant riche en mollusquearmélides (vers) on peut supposer que

I'activité biologique (bioturbation) doit étre peisen compte dans cette étude. Pour décrire

86



4. Cadre chronologique

mathématiquement le comportement?¥b le long d’une colonne sédimentaire soumise a

de la bioturbation, nous pouvons utiliser des meglbiodiffusifs.

Age (anA.D.) 1¥7Cs (mBg.g™")

2000 1950 1900 1850 0 0 20 30 40 50
0. "

T,

M

"

Masse cumulée (g.cm )

10}

/
% 1893

121

12

Figure 4.2 : A gauche : Résultats des différents modédesatiation par |€'%Pb appliqués a
la carotte PB06. Sur cette figure est égalementésgnté I'dge obtenu par la datation des
deux pics de 1963 et 1986 t8Cs (définit par le profil de droite) ainsi que ¢a de la
tempéte de 1893.

4.1.2 Les modeéles de bhioturbation

> Dans un modéle simple de bioturbation, on peunsici&rer que I'activité biologique crée

une homogénéisation des activités*tfeéb en exces, noté(élon) , dans les sédiments de

ex

surface jusqu’a une profondeur h ou une magsee sédiment sera bioturbée, soit :

210Pb° My
)ex(l— eﬂwj avec T =Mz (7)
W

zlj‘oT(zmpb):Xe—Ata t= W x(

ex | M,

=)

Alors qu’en dessous de cette profondeon peut écrire :
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(210Pb)ex - (pr) e_’] w avec 0 <M< M (8)
Dot (7) + (8) (°Pb),, =—M\th (7P ew[ v ‘1}
Soit : in(*°Pb)_= _viv ™ + In[ M\:\LA (éw -1j(21° P@:X} ©)

Dans I'équation (9) on remarque que la pente deomeurs la vitesse de sédimentati®) (
malgré les perturbations liées a la bioturbationjsngue I'ordonnée a l'origine de la droite
définie par les mesures au dessus de la proforidaerfournit pas directement [EPHey).
Cependant, une fois le taux de sédimentation calgrdice a la pente de la droite on peut alors
calculer, & partir de I'ordonnée & I'origine 2f@b en excés initial au moment du dép6t, avant

qu’il ne soit affecté par la bioturbation.

> L’application du modele d’Advection-Diffusion (Baldeau, 1986 ; Sharn&t al, 1987) sur

les profils observeés, permet de prendre en compfagbn plus compléte la bioturbation afin
de calculer un taux d’accumulation, mais aussi éerchiner la valeur des coefficients de
mélange, c'est-a-dire le degré de perturbatiorcdeshes superficielles. Le modéle est décrit

par I'équation suivante,

2
Lol UL RYNCLE N (10)
ot 0z 0z

Avec Dy, : coefficient de biodiffusion (cfry™) etV : vitesses de sédimentation (en crit)ata

résolution de cette équation (10) donne selon leted al, (2007) :

D. = A7 . Vz
" (n(A A In(AlA)

(11)
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Le profil de**%h., de la carotte PBOG-{gure 4.3) présente une couche de surface de 3,5 cm
(Surface Mixed Layer, S.M.L.) dans laquelle I'agtvdu *%Ph., est perturbée. Le profil est
donc composé d’'une couche bioturbée en surfacei® douche sous-jacente non meélangée.
Dans la couche bioturbée, le profil &b est issu de la combinaison entre le mélange et |
sédimentation \{, D,), alors que dans la couche sous-jacente, seulsédimentation
détermine le profilD,=0). La solution du modéle consiste a calculer l @&l sédimentation
dans la couche non mélangée (profondeur > 3.5 ais)dden déduire grace a I'équation (11)
le coefficient de biodiffusion. On obtient alors gouple ¥, D,) valable dans la couche

mélangée de surface.

“"Pb.. (mBq/g) “'Pb.. (mBa/g)
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Figure 4.3 : A gauche : profil dé*Phs, de la carotte PB06, mettant en évidence une couche
de surface mélangée (S.M.L.). A droite: Applicatides modeéeles de bioturbation
correspondant au modéle CFCS appliqué en dessolas3ié/.L.

La vitesse de sédimentation, déterminée par leseleedenant compte de la bioturbation
(grace a I'équation (9) (correspondant au model€EBppliqué aux couches au dessous de
3,5 cm) donne un taux de 0.085 + 0.005 ¢@mi* avec urf'%b en exceés initial, avant qu'il

ne soit affecté par la bioturbation, estimé a 11Bqrg* (eq. 9)(Figure 4.3). Le modéle
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d’advection-diffusion, décrit par I'’équation (1®rwsidére lui, une vitesse de sédimentation

constante.

Si les données dé'fPb)., sont reportées en fonction de la profondeur et dmnia masse
cumulée, on obtient une vites¥ede 2.66 + 0.2 mm.an(avec un coefficient de corrélation
R?=0.98). Cette vitesse permet de calculer avec é#gn (11) le coefficient de biodiffusion
dans la couche supérieure est égal a 32acth valeur en accord avec celles rencontrées dans
ce type de milieu (résumé dans Lecroart et al.7R00ependant, une des critique que I'on
peut apporter a ces modeles est la non prise epteate la bioturbation liée aux diffuseurs a
galerie (Nereis diversicolor). En effet I'activii& ces vers entraine la chute ou le transport du
sédiment de surface jusqu'a des profondeurs powatteitire 20 a 25 cm (Francas al,
2002).

4.1.3 Discussions

Nous nous proposons dans cette discussion de ceniparages obtenus a partir des modéles
de®%b incluant les effets de bioturbation et la chtogie basée sur [€'Cs et la position de
la tempéte de 1893.

Le modéle CFCS suppose un flux constant'deh., (P, exprimé en mBq.cthari’) et un
taux de sédimentatiow constant (exprimé g.cfran®). L'activité A (mBq.g") du ?*®Pb en
exces déposée dans le sédiment de surface estal®st supposée constante, puisque
A=P/W. L’activité de?*®Pb en excés mesurée dans la carotte est alorsedgaril'équation
(2). Cela se traduit, dans un diagramme en fona®ha masse de sédiment cumuliéea
une profondeuke par une droite dont la pente est égald/®/, permettant ainsi de calculer le
taux de sédimentatidV. C’est ce que nous avons fait danbilgure 4.3 etFigure 4.4-1

Si la masse volumique apparemtémasse de sédiment sec par unité de volume, D& r
constante dans la carotte sédimentaire, on peu$ aéporter les résultats d&Ph, en
fonction de la profondeur, pour obtenir une vitedsesédimentatiokl (exprimée par exemple
en cm.aft). En effetW=V p etV est aussi constante dans le modéle CFC® e&t constant.
Par contre, a cause de teneurs en eau (en pédsedila compaction) et en éléments grossiers
> 1 mm (en particulier des coquilles) trés varial#a fonction de la profondeur, il N’y a pas
de proportionnalité directe entre la masse cumetda profondeur dans la carotte. Dans un
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modele ou I'on considererait qu et V sont constants, mais quevarie, alors, puisque
P=A.V.p, c’est le produitA.p qui serait constant initialement, et qui varieeaiec le temps et

la profondeur dans la carotte. Le diagramme &setilserait alorfy{(**PbYey. 0} — z.Si les
données définissaient un bon alignement, la penta droite donneraitd/V (Figure 4.4-2).

Si on reportein(A) en fonction dez dans le cas ow varie, pour en déduire une vitesse
constante/, cela revient a considérer que l'activité initidlgest constante au cours du temps,
c'est-a-dire que le rappdPip reste constant. Autrement dit, le flux de radio@ét piégé est
proportionnel a la masse volumique du sédiment dégalement, au taux d’accumulation en
masseaV, puisquew est proportionnel @ (W=V.p). Cette hypothése est celle qui sous-tend le
modele CIC (Constant Initial Concentration). Legsfigles différentes couches peuvent étre
déterminés en considérant la vitesse d’accumulatidéduite de la pente dans le diagramme
logarithmique Figure 4.4-3), ou calculés pour chaque profondeur a partiréguhtion (3).
Notons que cette derniere technique n’est pascgipé si I'activité en surface a été perturbée
et ne représente plus I'activité initiale suppos@estante, ce qui se produit fréequemment dans

le cas de bioturbation active.

1: CFCS W = constant 2: CFCS V = constant 3: CIC V = constant
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Figure 4.4 : 1: modéle CFCS avec taux d’accumulation tamts 2 : modele CFCS avec
vitesse de sédimentation constante ; 3 : modeleaVKe vitesse de sédimentation constante.
Les points gris correspondant & la zone bioturbéesont pas pris en compte dans les

modeles.
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Ces différents modeéles dans le cas de la carot®® Bént illustrés dans Rigure 4.4, 0ou sont
reportées les données &8Ph., et de™®*'Cs. Il est clair que le meilleur alignement dans le
diagramme logarithmique est obtenu pour les mod€IEES aW constant et CIC &/

constanteKigure 4.4-1 et -2.

Si I'on compare les ages obtenus par ces deux e®dekc les ages des picsUEs et de la
tempéte de 1893, l'accord est meilleur pour le neoddC en fonction de la profondeur.
L’écart observé entre I'age calculé, en utilisantmasse cumulée, et le pic tiCs censé
correspondre & 1963 pose le probléme de la valigité chronologie par f€'Cs. Il est bien
connu que le”*'Cs peut diffuser dans la colonne sédimentaire apoésdépot, dans les
milieux saumatres ou marins. Ce phénoméne peutasifester par une migration d&Cs
vers le bas de la carotte sédimentaire a des mlefwa correspondant a des ages bien
antérieurs a 'apparition dif'Cs atmosphérique (~1954), ce qui est le cas dacartte
PBO06 (Figure E)pu par un étalement du pic §&Cs vers le haut et le bas (Charmanssbn
al., 1998 ; Cochraret al, 1998 ; Radakovitctet al, 1999 ; Bellucciet al, 2007). Le
coefficient de diffusion est estimé pour ce prefill.6*10" cnf.s?, valeur en accord avec
celle connue pour les milieux marins (Radakovéthl.,1999). Il n'est pas impossible que la
migration de fluides interstitiels due a la compattdu sédiment entraine un déplacement
vers le haut du pic d¥'Cs, ce qui pourrait expliquer I'écart d’age obseffigure 4.5-1).

Cependant ce processus ne semble pas avoir ggnudgit mis en évidence jusqu’ici.

Age (année A.D.) Age (année A.D.)
2000 1950 1900 1850 2000 1950 1800 1850
0 { 0~
—CFCS — CFCS

2 0 197 s 5 o 17 g
£ B Tempéte 1893 R B Terpéte 1893
o S 0
o ¢ S
&L 5 15
3 g &
s 5
o s &
g 8 o
o 25
=

10

30
W=0085+0005gcm™ an’ \ V=266+02cman &
12 35 -
1: CFCS, W = constant 2: CIC, V = constante

Figure 4.5 : Modeles d’age de la carotte PB06 défini dd&ades modeéles de bioturbation,

obtenu a gauche (1) avec la masse cumulée etite &) avec la profondeur.
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Si I'on fait confiance & la chronologie donnée ledr’’Cs et la position de la tempéte de 1893,
alors le modele d’age basé sur les profondekiigufe 4.5-2 est en trés bonne adéquation
avec cette chronologie. C’est la raison pour ldguaebus avons retenu ce modele dans

I'article qui suit (section 4.2).

4.1.4 Les “inventaires”

A partir de la somme de I'activité totale G&Ph., et de™*'Cs dans la carotte PBO6 il est
possible de réaliser des inventaires, qui corredguina I'activité intégrée dtf%Pb en excés
par unité de surface. Ces inventaires permettrentahtraindre les différentes sources des
radionucléides. lls sont réalisés a partir de laton (4) généralisée a tous les radionucléides:

[ee]

| =) pALz (12)

z=0

Avec pour une couche de sédiments a la profondepy représentant la DBD (Dry Bulk
Density) exprimée en g.ci 4z I'épaisseur de la couche analysée a la profondeairA,

I'activité (Bg.g') du radionucléide dans la couche d'épaissaiie calcul des inventaires
respectifs dif*Ph, et de**’Cs donne 3251 + 158 Bqgifret 2084 + 60 Bg.ffi On peut alors
remonter au flux annué®, du radionucléide étudié exprimé en Bd.am™. Il est également
possible d’obtenir ce flux a partir de l'activité durface du sédimewn, si celle-ci a été

calculée a partir des modéles tenant compte dietiarbation.
_R _
== et P =AxW (13)

La valeur du flux atmosphérique &8Pb, calculée & partir de I'inventaire avec I'éqoiatf13)

est de 101 + 5 Bg.than' tandis que celle obtenue a partir du calcul detiVaé de surface
(équation (9)) est de 95 + 5 Bgaman®. Ces valeurs sont en trés bon accord avec lavaleu
moyenne estimée & environ 98 + 10 BG.am" dans le Golfe du Lion (Heyraud et Cherry,
1983 ; Hussairet al, 1990 ; Radakovitclkt al, 2003). Cette bonne adéquation, entre le flux

atmosphérique d&@%b estimé dans le Golfe du Lion et celui calcupagir de nos données,
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suppose que tout I&%h, présent dans notre zone d'étude provient exclosvi des
retombées atmosphériques. Pout’f€s, la somme des retombées totales est estimés a no
latitudes (entre 40 et 50° de latitude) par Chasmiast al, (1998) & 2690 Bq.thpour la fin

de 1990. Soit environ 1860 Bgnaprés correction de la décroissance par rapgartate de
prélévement de la carotte (début 2007) grace aidton (1) appliquée ati’Cs. Cependant
les effets de I'accident de Tchernobyl ne sont lpasiogenes et dépendent fortement des
pluies locales au moment de I'accident. Ce quiigxpl certainement le petit écart entre la
valeur calculée sur PB0O6 et celle estimée par Cassonet al, (1998). Ces faibles écarts
entre les inventaires et les valeurs liés uniguéragr retombées atmosphériques, suggérent
que le?Pb en excés de la carotte PB06 provient presquiisixement des apports
atmosphériques directs et trés peu des apportalatéc'est-a-dire dd*°Pb en excés fixé sur

les particules sédimentaires avant leur dépét dalagune.
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Holocene variation of radiocarbon reservoir ages im Mediterranean lagonnal system

Sabatier, P.!, Dezileau, L}, Blanchemanche, £.Siani, G5, Condomines, M, Bentaleb,
1.*° Piqués, G*

1 Université Montpellier 2, Geosciences Montpell@éNRS/INSU, UMR 5243, Montpellier,
France.

2 Université Montpellier 3, Laboratoire d’Archéolegles Sociétés Méditerranéennes,
CNRS, UMR 5140, Lattes, France.

3 Université Paris-Sud, Laboratoire des Interastiende la Dynamique des Environnements
de Surface, CNRS/INSU UMR 8148 Orsay, France.

4 Université Montpellier 2, Institut des Scienced’'&volution de Montpellier,

CNRS, UMR 5554, Montpellier, France.

5 Laboratoire des Sciences du Climat et de 'Emnement LSCE/IPSL UMR CNRS-CEA-
UVSQ UMR 1572, Gif sur Yvette, France

Received March 2009, Received in revised from 2089, Accepted July 2009

Radiocarbon accepted

95



4. Cadre chronologique

Abstract

In order to obtain precise radiocarbon Holocenemblogy in coastal areas it is necessary to
estimate the moderfC reservoir age R(t) and its possible variationthwime in relation to
palaeoenvironmental changes. The modern resel{@irage was estimated by comparing
AMS *C ages of two recent mollusk shells found in sedinceres sampled in the Palavasian
lagoonal system (South of France), with the ageivet: from both**%Pb and"*'Cs data and
historical accounts of identifiable storm eventseTalculated modern R(t) value of 943 + 25
C yr is around 600 yr higher than the global mesmsarface reservoir age. This high value,
probably due to the relative isolation of the lagdmm marine inputs, is in good agreement
with other R(t) estimates in Mediterranean lago@ystems (Zoppi et al., 2001; Sabatier et
al., 2008).1C ages were also obtained on a series of Holocasikisk-shells sampled at
different depths of the near 8m-long PB06 core.ateful examination of th&'C ages vs
depth relationships suggests that R(t) in the wastlower and similar to the value presently
measured in the Golfe du Lion (618 + 3C yr, Siani et al., 2000). The inferred change in
R(t) from 618 to 943 yr is interpreted as the restithe final closure of the coastal lagoon by

the sandy barrier, due to the along-shore seditnemsfer.

Keywords: *'C reservoir age, lagoon, Holocene, coastal &f&b,**'Cs

1 Introduction

On the Holocene timescale, absolute chronology s$sially based on Radiocarbon
measurements providing a precise dating of carlemmec samples and allowing accurate
palaeoenvironmental and archaeological interpaiati However, when th€C method is
applied to date samples equilibrated in marine amtinental water masses, it requires a
correction, called the reservoir age correctionilgvtme correction for marine reservoir age is
well established, many recent studies focused mmate record in coastal areas, which are
strongly influenced by continental river inputs €Bpemann and Head, 1998; Oldfield et al.,
2003; Dezileau et al., 2005; Sabatier et al., 2@8yel et al., 2009). Indeed a sample from
estuarine or lagoonal systems, could be affectea t@gervoir age offset (R) due to a mixture
between Marine Reservoir Effect (MRE) and Hard-Wd&#ect (HWE) (e.g. Little 1993).

The reservoir age of the global mixed marine sarfiayer is a quantitative measure of the
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offset between the activities of marif€ variations in response to atmosphéf{ changes.

It is induced by the significant lapse of time regd for CQ exchange between the
atmosphere and the ocean (i.e. to the long resedime of C in the ocean, compared to the
C half-life) (Stuiver et al., 1986; Stuiver and Biwnas, 1993). The HWE refers also to the
dilution of *C activity in the marine reservoir by the influx BC-free inorganic carbon
originating from sub-aerial dissolution of old carfate rocks (Spennemann and Head, 1998).
The pre-industrial global reservoir age is estimate405 + 22C yr and the time dependent
correction is available on MARINEO4 calibration eer(Hughen et al., 2004). Several studies
have suggested the possibility of significant deeres in regional marine reservoir signature
from this average value (Ingram and Southon 19®4dBiend and Flessa 1997; Siani et al.,
2001; Reimer and McCormac 2002; Southon et al. 2B6&tugne et al., 2004). The reservoir
age in coastal areas may also vary with time iati@h with environmental changes, which
would modify the respective proportion of marinedaneshwater inputs. These changes
include modification of river discharge rates aradtiation of marine inputs, due to the build
up of a delta or to a change in the sandy barrierphology. Some examples of lagoonal
environment in the Mediterranean area show thatiRfigh and could vary between 600 to
1200 years (Zoppi et al., 2001; Sabatier et alg820Court-Picon et al., submitted). These
R(t) values can be estimated by comparing datedghplestrial marine shells of known age or
by comparison of th&'C ages of lagoonal mollusks and the ages of thiensed derived from
the?*Pb/2'Cs methods or paleostorm events dated from hisiaaizcounts.

The latter method is applied in this study. Thisrkvis a part of the ECLICA project
(Dezileau et al., 2005), one of the aims of whidswo estimate the modern R(t) in a coastal
lagoon of the Northwestern part of the Mediterranbasin and to understand the relation
between palaeoenvironmental changes and variation®R(t). When appropriate R(t)
corrections are applied, a precise and high-resolwhronology of the studied sediment core
can be derived. It then provides valuable infororaton the relations between climate,
sediment dynamics and the implications on humanesgcin an area inhabited since

prehistoric times (Sabatier et al., 2010; Dezilegaal. submitted).

2 Location of the sampling site

This study focuses on the Palavasian lagoonal acamioicated to the West of the Rhdne
delta, in the central part of the Gulf of Lion, & south of the city of Montpellier (South of

France Figure 4.6). These coastal wetlands are the result of tlerantion between a process
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of shore line regularization by migration of lithbrbarriers and filling of these areas by the
fluvial and marine particulate inputs (Certain ket 2004). This area consists of several small
lagoons, with low water depth (<1m), limited to tBeuth by a narrow sandy barrier and to
the North by calcareous Mesozoic hills. Most of skeiments supplied to the area are carried
during flash flood events by two short coastal isv@osson and Lez). This wetland complex
is now crossed by the artificial navigation chanbeilt in the 18' century. In some places,
the sandy barrier is less than 60 m wide and 3gh hAbove the mean sea level. This implies
an extreme sensitivity to high energy events, angliemporary but strong marine influence

during storm events (Dezileau et al., 2005; Sabatial., 2008).

Morntpellier

Figure 4.6: Map of the Western Mediterranean Sea and #mgral part of the Gulf of Lion
(South of France) with the location of PB06 corenpéed in Pierre Blanche Lagoon (part of

the Palavasian Lagoonal Complex).

PB06 core is 7.9 meters long and was collectediénrd® Blanche Lagoon (PBL), in the
southern part of the Palavasian lagoonal comilggure 4.6), in March 2006 with the

Uwitec coring platform (University of Chambéry ahdboratoire des Sciences du Climat et
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(espace a enlever) de I'Environnement). Twenty{eifigoonal shells Gerastoderma
Glaucum,Abra OvataandRissoa sp) were selected on PB06 core at different depih$*€
age determinations. In addition, another shell veoed at 62 cm depth from a nearby core
(PRO 15, sampled less than 100 m away from the PBas$ also dated.

3 Analytical methods

%C analyses were conducted at the Laboratoire deifdé¥C (LMC14) on the ARTEMIS
Accelerator Mass Spectrometry (Acceélérateur pouRé&cherche en sciences de la Terre,
Environnement, Muséologie Installé & Saclay) in CIBAtitute at Saclay (Atomic Energy
Commission). Thesé’C analyses were done with the standard proceduserided by
Tisnérat-Laborde et al., (2001f'C ages were converted to calendar years using #ie C
5.0.2 calibration program (Stuiver and Reimer, 1993ghen et al., 2004). X Ray Diffraction
(XRD) analyses of shells were performed at the Brsy of Montpellier 2 (Laboratoire de
Mesures Physique).

On a centennial time-scale, dating of sedimentaygris was carried out with t&Pb and
13Cs methods. Both nuclides together with U, Th &ffRa were determined by gamma
spectrometry at the Géosciences Montpellier Laboya(Montpellier, France). The 1 cm-
thick sediment layers were washed in de-ionise@mad sieved. The fraction smaller than 1
mm was then finely crushed after drying, and tramsfl into small gas-tight PETP
(Polyethylene Terephtalate) tubes (having intelmgight and diameter of 38 and 14 mm
respectively), and stored for more than 3 weekertsure equilibrium betweeff®Ra and
22Rn. The activities of the nuclides of interest weetermined using a CANBERRA Ge-well
detector, by comparison with the known activitiégo in-house standard. Activities GfPb
were determined by integrating the area of the 4&¥% photo-peak®?°Ra activities were
determined from the average of values derived ftben186.2 keV peak d?®Ra and the
peaks of its progeny in secular equilibriGtPb (295 keV and 352 keV) aRtfBi (609 keV).

In each sample, thé'fPb) (unsupported) excess activities were calculbyesubtracting the
(***Ra) (supported) activity from the tota"¥Pb) activity (note that, throughout this paper,
parentheses denote activities). A self-absorptiamrection based on major element
composition and sample density was systematicgliylied for all photo-peaks, using a
modified version of the program written by J. Féileyre et al., 2006). The self-absorption

corrections were rather small, even for the lowrgn@eaks (less than 4%).
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4 Results

Since Goldberg (1963) established for the firstetinhe methodology based &n%Pb
chronology, this method has provided a very uskfol for dating recent sediments. Several
?1%ph models were later proposed, allowing a precideutation of sedimentation rates (e.g.
Appleby and Oldfield, 1992). In the simplest modgk initial €*9Pb), is assumed constant
and thus £%Pb), at any time is given by the radioactive decay lawthe CFCS (“constant
flux, constant sedimentation rate”) model (Goldber@63; Krishnaswami et al., 197%%b
flux and sedimentation rate are assumed to be aonsthe sedimentation rate in the Pierre
Blanche lagoon is clearly variable due to the nestantaneous sedimentation of sandy storm
deposits; however the CFCS model can be appliedhwycal lagoonal conditions prevail
(Sabatier et al., 2008). Using the CFCS model?i®b data indicate a sedimentation rate of
2.65 + 0.2 mm.y (Figure4.7 and Tabld-1).

The most usual dating method based'86s data (Robbins and Edgington, 1975) assumes
that the depth of the maximuli’Cs activity in the sediment corresponds to the maxi
atmospheric production in 1963. On the other h&wedl©986 Chernobyl fallout is used to date
most recent part of cores (Appleby et al., 1991)e ©f the Cs properties is its high mobility
in marine sediments, with a preferential downwairffusive transport in pore-water
(Radakovitch et al., 1999). Despite the potentsin@bility by diffusive transport leading to
the spreading of the Cs peak, we can see oRithee 4.7 that the*'Cs profile shows a clear
maximum corresponding to 1963. TH&Cs activity depth profile thus gives an accumulatio
rate of 2.6 mm.y and 3 mm.¥ respectively for 1963 and 1986 depfligure 4.7, Table4-1).
These rates are in good agreement #itAb data.

Conventional**C measurements performed on shells of the PB06 restdt in model ages
covering a time interval between 7600 B.P. to 1B39.. The'“C ages are expressedTiable
4-2 as B.P. according to convention (Stuiver and Pgola&77). The XRD analysis of the
shells shows a >99% aragonite composition excludimg recrystallization process. These
conventional ages display two inversions betweeéhd®l 173 cm, and between 567 and 610
cm respectively. Moreover, a large age plateaubserved between 264 and 289 cm. The
dated mollusks live within the first 5 cm of sedmheTherefore, bioturbation or mollusk
habitat depth can not explain these inversionss Thicalibrated’C chronology adopted for
core PBO6 let us suppose important reservoir agguations since the modern period, and/or

variations in sedimentation rate.
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Depth Pb-210 Ra-226 Pb210ex Cs-137
(cm) (mBg/9g) (mBg/9g) (mBa/g) (mBg/9g)

0.5 113.49 +247 19.12 + 0.32 9438 + 249 18.89 £ 0.53
15 10250 +2.93 1947 +£ 043 83.03 + 297 20.09 = 0.68
2.5 101.23 +2.22 19.73 + 0.20 8150 + 223 1754 £ 0.45
3.5 104.61 +259 1894 < 0.26 85.67 + 2.60 20.60 = 0.56
4.5 99.11 +2.66 19.05 =+ 0.23 80.06 + 2.67 2536 * 0.64
55 9947 +250 21.78 + 0.25 77.68 =251 2740 <+ 0.70
6.5 97.17 +2.16 2197 £ 0.23 75.20 + 218 26.55 £ 0.67
7.5 83.06 +210 1761 <+ 0.23 65.45 =+ 212 2953 =+ 0.75
8.5 76.28 +193 18.18 £ 0.22 58.10 + 195 37.78 £ 0.93
9.5 7225 +197 1777 + 0.22 5448 + 198 4273 +1.04
10.5 66.90 +2.03 17.03 + 0.22 4987 + 204 4563 =+ 1.11
115 6530 +191 17.18 < 0.21 48.12 + 192 4491 <+ 1.09
12.5 65.68 +2.01 16.48 + 0.22 4920 + 203 3794 +0.93
13.5 55,60 +2.02 20.13 < 042 3547 + 206 29.69 <+ 0.82
14.5 49.23 +154 16.04 <+ 0.19 33.20 + 155 17.67 £ 0.46
15.5 4899 +165 19.70 £ 0.22 29.28 =+ 166 1271 + 0.36
16.5 41.71 +£1.13 1910 <+ 0.21 2261 +1.15 10.13 £ 0.27
17.5 39.20 +1.33 19.75 < 0.28 1945 +£ 1.36 8.89 031
18.5 39.27 +1.73 17.18 + 0.24 22.09 =+ 1.75 6.58 + 0.24
19.5 35,32 +157 17.17 £ 0.33 18.15 +£ 1.60 598 £ 0.32
20.5 36.13 +153 1965 + 0.32 16.48 =+ 1.57 6.39 + 0.32
21.5 35.16 +0.95 18.04 <+ 0.18 17.13 £ 0.97 6.45 £ 0.19
22.5 31.08 +1.33 20.03 <+ 0.30 11.05 £ 1.37 416 + 0.23
23.5 29.00 +1.27 1878 <+ 0.28 10.22 £ 1.30 3.29 £ 0.21
24.5 2883 +1.32 1848 + 0.32 10.35 £ 1.35 3.26 = 0.24
25.5 28.18 +143 1940 <+ 0.33 8.78 £ 1.47 3.06 *=0.24
26.5 2258 +0.93 16.92 + 0.20 567 £ 0.95 198 =+ 0.11
27.5 2222 +0.83 1577 £ 0.20 6.45 £ 0.85 196 £ 0.11
28.5 2457 +1.05 2098 + 0.23 3.58 * 1.08 214 + 0.16
29.5 26.08 +1.15 20.85 <+ 0.23 523 £ 1.17 248 £ 0.20
30.5 2184 +1.21 2160 <+ 0.30 0.24 £ 1.25 1.83 £ 0.18
34.5 20.88 +1.13 21.23 + 0.28 -0.35 £ 1.16 094 =+ 0.14

Table4-1: Activities of radionuclides in PB06 core.

5 Discussion

5.1 Modern Reservoir age estimation

Compared to the average modéfic marine reservoir age (R(t)) of 405 + 22 yr, the
Mediterranean Se&C reservoir age displays higher R(t) values witHeaiance from the
global mean sea surface reservoir aiye)(of 58 + 85 yr. Its Western part presentdRaof

40 £ 15 yr (Siani et al., 2000; Reimer and McCarr2d@02). For the central part of the Gulf
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of Lion, Siani et al., (2000) found a high&R estimated at 245 + 30 yr (R(t) = 618 +*3a

yr), which is the average of 3 samples collecte8ede and Banyuls and recalculated by using
Hughen’s et al., (2004) calibration model. Thissetf from MARINEO4 model has been
explained as a result of biological processes od-hater effects due to the discharge of
coastal rivers after dissolution of limestone eaesal brackish lagoons, before reaching this
part of the Mediterranean Sea.

Here we estimate the modelC reservoir age in the Pierre Blanche Lagoon bypasing
radiocarbon values with both historical events &%b and**’Cs chronologies. Sabatier et
al., (2008) and Dezileau et al., (submitted) recsegph in several cores, three main storm

events related to events recorded in communal atdoud 742, 1848 and 1893 A.D.

210 Ph,, (mBa/g) 137 Cs (mBglg)
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Figure 4.7: *%h,, and **'Cs activity-depth profiles in cores PB06 from PeBlanche
lagoon. ?*°Pb excess disappears at around 30 cm, using theSCF@del the*Pb data
indicates a sedimentation rate of 2.65 +0.2 mm.¥he™*'Cs activity depth profile displays 2
peaks at 6 and 11 cm and gives an accumulationafi®6 mm.y and 3 mm.y respectively
for 1963 and 1986 depth.
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Lab codes Depth Species Conv. age Marine04  Age Model 1Age Model 2

(cm) BP (cal BP,@ (cal BP,®») (cal BP, @)
SacA 6253 20 1055 +30 551 - 673 0 - 149 0 - 149
SacA 6254 83 1285 30 745 - 907 255 -430 255 - 430
SacA-10833 127 1780 +30 1264 - 1389 644 - 818 644 - 818
SacA 6160 131 1955 430 1404 - 1597 776 - 989 776 - 989
SacA 10720 139 2090 30 1562 - 1771 929 -1143 929 - 1143
SacA 6161 173 1645 +30 1133 - 1277 531 - 674 842 -1054
SacA 10834 199 1820 +30 1283 - 1447 670 - 871 1029 -1249
SacA 6162 225 2100 +30 1578 - 1787 940 -1157 1301 - 1505
SacA 10835 255 2615 30 2169 - 2365 1455- 1696 1881 - 2113
SacA 6163 264 3090 35 2757 - 2959 2012 - 2290 2447 - 2726
SacA 10722 267 2950 30 2771 - 2794 1858 - 2094 2300 - 2572
SacA 10725 267 3045 30 2737 - 2895 1955 - 2243 2385 - 2691
SacA 6164 278 3050 30 2741 - 2903 1966 - 2253 2390 - 2695
SacA 10723 278 3230 30 2935- 3165 2163 - 2429 2687 - 2855
SacA 10724 289 3065 30 2749 - 2920 1986 - 2268 2417 - 2708
SacA 6255 311 3145 130 2831 - 3045 2101 - 2319 2515 - 2760
SacA 6165 354 3360 +30 3131 - 3331 2340- 2618 2768 - 3021
SacA 6166 398 3805 #30 3647 - 3846 2867 - 3150 3347 - 3562
SacA 6256 451 4105 30 4053 - 4279 3266 - 3493 3689 - 3949
SacA 6257 498 4400 130 4432 - 4678 3616 - 3861 4091 - 4373
SacA 6167 531 5050 +30 5300 - 5484 4497 - 4786 4944 - 5258
SacA 6168 567 4965 35 5236 - 5434 4377 - 4653 4825 - 5123
SacA 6169 610 5440 435 5719 - 5901 4976 - 5275 5452 - 5648
SacA 6258 635 5645 +30 5946 - 6159 5288 - 5509 5658 - 5883
SacA 6170 657 5855 35 6189 - 6360 5507 - 5721 5900 - 6148
SacA 6171 684 2120 #60 1548 - 1852 926 - 1220 1282 - 1567
SacA 6260 710 6220 +30 6568 - 6754 5906 - 6146 6286 - 6484
SacA 6259 744 7175 £30 7569 - 7708 6966 - 7209 7354 - 7540
SacA 6261 758 7600 30 7976 - 8149 7417 - 7565 7711 - 7923

>PP00P00000050000>200000000000
cooceelPeroerree oo PeeeeeeeeeQQ@

Table4-2 : *C data for mollusk shells of cores POR 15 (one $ejrand PB06. Thé*C
ages are calibrated in the last two columns usihg Marine04 calibration curve with
different values of the reservoir agiR. They correspond to Figue9b and c respectively.
Age model 1 uses a constaiiR of 605 + 30 yr while age model 2 are calibrateithw4R of
605 £ 30 yr for the upper 5 samples and wilR of 245 + 30 yr (see text and Figu4e9).

Cerastoderma glaucum (C.g.), Abra ovata (A.o.)s&asventricosa (Ris.)

In another core PRO15, collected less than 100 aydmwm the PBO6 core, one shell (SacA
6270) was recovered at 62 cm depth, just abové848 A.D. event. This shell was dated at
1095 + 30™C yr (Table4-2). On the other hand the youngest age on PB06.5tc20 depth is
1055 + 30*“C yr. This age corresponds to a date of 1930 #s54yD., derived from th&'Pb
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CFCS model ages arfd’Cs chronology (with an average sedimentation r&t2.@6 + 0.2
mm.y?).

The estimation of the sea surface resert/@rages R(t) for the first modern shell SacA 6270,
on core PRO15 was made by subtracting the atmdspfi€rvalue estimated at the historical
date 1848 A.D. (113 + ¥'C yr by Reimer et al., 2004) from the measured eppa’C ages

of the mollusks (1095 + 38C yr, Tableau4-3, Figure4.8). This gives a R(t) value of 982
yrs. The deviance from the global mean reservaer (@R) is then obtained by subtracting the
marine model age value estimated at the histodate 1848 A.D. (485 + 24C yr, Hughen

et al., 2004), from the measured appaté@tage of the shell (1095 + 36C yr, Tableau4-3,
Figure 4.8). AR value is thus estimated at 610 * 40 yrs withehers added in quadrature
(Figure 4.8). By adopting a similar approach for shell (Sac268) on PB06 dated K}Pb
and**'Cs chronology at 1930 A.DTébleau4-3) we obtain a R(t) = 905C yr (AR = 600 yr).
These two dated shells suggest that, in the Pileeche lagoon, the average reservoir age
R(t) is 943 + 25™C yr, (AR = 605 + 30 yr). This high R(t) value compared the
Mediterranean Sea in the studied area (R(t) = 6B® ¥'C yr, Siani et al., (2000)) can be
explained either by variable discharge of coastadrs, after draining a watershed mostly
composed of limestone, and/or by the non-perman@rine influence in relation to the

lagoonal system.

Lab codes Samples Age of shells  *“C Tree-ring“C R() Model age AR
(yr AD) (BP) (BP). InterCal04 (yr) Marine04 rjy

SacA 6270PR0O15-60 1848 1095 £ 30 113+£9 982 485 + 24 610

SacA 6253 PB06-20 1930 1055 + 30 152 +7 903 454 + 23 601

Tableaud-3: *“C dates of modern pre-bomb shell samples in PBLtlagid reservoir ages.

5.2 Reservoir age correction during the Holocene

In order to apply an accuraffR correction for®C dating of marine shells, it is necessary to
estimate past R(t) fluctuations (Ingram and South@®7; Goodfriend and Flessa 1997; Siani
et al., 2001; Reimer and McCormac 2002; Southoal.e2002; Fontugne et al., 2004). The
same precaution has to be taken in coastal argesially when high R(t) variability may

occur.
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Figure 4.8: Conversion of thé“C conventional ages into calendar ages for subaderi
samples equilibrated with atmosphere (lower cuas@) marine samples (upper curve). The
age difference between the two curves for a giaendar date corresponds to the marine
reservoir age R(t). The dating of the 1848 A. Dllus& shell SacA 6270 found in core PRO
15 gives a conventionafC age of 1095 yr and thus a reservoir age of 10983 = 982 yr.
The deviance from the global mean reservoir affe) (for this same mollusk shell is obtained
by subtracting the marine model age value estimatede historical date, from the measured

apparent™*C age and gives 1095 — 485 = 610 yr.

Figure 4.9: Ages Models for PB06 core: Lithologic desaapt and (a) faunal depth
distribution of Bittium recticulatum (marine spesjeand Hydrobia acuta (lagoonal species);
(b) Age model 1 obtained on lagoonal mollusk sl{&kédble4-2) with adR of 605 + 30 yr; (c)
Age model 2 calculated with4R of 605 =30 yr for the isolated lagoonal enviramh (since
around 950 A. D.) and 4R of 245 + 30 yr for the more open lagoonal envinemt (before
950 A. D.). PLC palaeoenvironmental evolution befand after the closure of the sandy

barrier around 1000 yrs cal B.P.

105



4. Cadre chronologique

B0S £ 30 yr
245 £ 30 yr

AR =

AR
FPROTECTED LAGOON

ISOLATED LAGOON

400 6000 8000

Age Maodel 2 {cal B.P)

2000

4000 @000 BDDO g
b

Age Model 1 (cal B.F)

2000
d

v}

90
a

s o

Hydrabia A.
(Lagoon specie)
30

i :? AR '.H"\' Iy ||I||_||_l||||| 1

[LUJ uldau

I'|H||[|I 1% ; i i
]
i F:II:.F’-J i HHJE

npaas "

P

106

150

100

Bittiurmn . (Marine specia)

Lithology

50

-1 ot L ] 48 IIIn'ii”'ulIHll RGNS "'
RN 1lul|li I 'I||IHI|II|H| ||I| A 41 'h
||”“|.I j|;l NI ST |I1I"|I.r|j_|,, Sk

L)

%ﬁ Gravel (Gr) E‘ﬂw (ch - Organic rich sediment
=

Sandy carbonale day m Sand

G605 £ 30 yr
245 + 30 yr

* { age calibrated with AR
+ C age calibrated with AR

E Shell with mud

L
-



4. Cadre chronologique

From a sedimentological point of view, the studyocofe PBO06 Figure 4.9) indicates a
relative homogenous lagoonal deposit charactetisedrey clays and silts with some sand
layers (corresponding to paleostorm events). Howéhe high-resolution stratigraphy of
fauna indicates a clear shift in mollusk populati@iween 190 and 170 cm (Sabatier et al.,
2010) with an increase of lagoonal specidgdiobia acud), whereas the number of marine
species Bittium recticulatunh decreasesHgure 4.99. These data suggest a variation in
environmental conditions (salinity, temperaturetriments, oxygen content). This change is
interpreted as the result of the final closurehef toastal lagoon, by a sandy barrier due to the
sediment transfer along the littoral. In this atka sandy barriers built up as the result of
along-shore progradation of sand spits from inadrtbpographic highs, by East-West coastal
drift carrying sand material from the Rhone rivexaynal et al., submitted). Therefore, the
fauna content clearly shows a shift from a protkdegoon (with permanent inlet) to an
isolated lagoon environment at around 170 cm cepthd

The correction of the reservoir age, as calculateale AR = 605 * 30 yr), was first applied
to the whole*’C data set in PBO&@ble4-2) and defined the age model 1 displaye&igure
4.9h The results indicated the persistence of sicaifit’C age inversions occurring between
130 cm and 200 cm along the core. By taking intmant the mollusk fauna record, we can
assume that apparefiC age inversions could be related to a change thbR{ween the two
lagoonal palaeoenvironments (one open to the sdathan other one closed to the sea).
Therefore, we suggest to corréd® ages with (AR = 245 + 30 yr due to the local marine
reservoir age, during a protected lagoon envirortr(@milar to the value of 618 yr found for
the Golfe du Lion by Siani et al. (2000), and 8 = 605 + 30 yr when isolated lagoonal
conditions prevailed. Therefore, the age modeles@mted irFigure 4.9care calculated with
alAR = 245 + 30 yr for 173-758 cm and\& = 605 + 30 yr for the depth 0-139 cm. The very
slight **C inversion Eigure 4.9¢ between 139 cm (i.e., 1036 + 107 yr cal B.P.) 4@ cm
(i.e., 948 £ 106 yr cal B.P.) is within the uncentees.

The *C chronology presented iFigure 4.9c displays between 250cm and 300cm the same
1%C age (between 2500 and 2600 yr cal BP). This ampatrong increase of sedimentation
rate around 270cm is more probably the result'6€aage plateau. Indeed between 2350 and
2700 yr cal BP the calibration curve presentéGaage plateau, which is caused by a strong
increase of-“C production in the atmosphere at 2750 yr cal BBirfRr et al., 2004), well
known as the “Hallstatt disaster”. Another age i@ occurred at around 550 cm, between
4875 and 5275 yr cal BP and is probably also duthéocincrease of’C production in the
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atmosphere around 5300 yr cal BP, a similar scenpreviously observed during the
“Hallstatt disaster”.

In the Pierre Blanche lagoon, the final age modgke(model 2) of PBO6 cor&igure 4.99
suggest a low sedimentation rate of 0.18 mih.gt the base of the core. This rate increases
from 1 mm.yt between 6385 to 948C yr to 2.72 mm.y over the last millennium, between
1036%C yr to the present time. For the modern part efdbre the accumulation rate is the
same than that estimated throughdb and**'Cs chronology (2.65 mmy.

5.3 R(t) comparison with other Mediterranean lagoos.

In the Northern part of the Venice lagoon, Zoppakt (2001) estimated a high R(t) value of
about 1200 years by comparing benthic foraminigard continental leaf at 1900 cal yr B.P.
This area seems to be more isolated from the seettie Pierre Blanche lagoon, with a strong
input of freshwater which explains larger R(t) \@uOn the other hand, in the Thau lagoon
(Figure 1) two radiocarbon dates were obtainednimr@haeological site on continental seed
(2935 + 35 BP) and on a lagoonal shell (3535 + 3% Berastoderma glaucum The
estimation of R(t) gives a value of 600 + 5C yr (Court-Picon et al., submitted). Such an
R(t) value is similar to that obtained by Sianakf (2000) at Sete for the same species but for
modern period (1907-1892 A.D. : R(t) = 618 + 3 yr). This value, smaller than the
modern value in the Pierre Blanche lagoon, is drhbdue to a strong marine water input
through the large permanent inlet. These R(t) dsancies between different Mediterranean
lagoonal environments seem to be in good agreemiémtthe system isolation state with an
increase of R(t) when the lagoonal environmenéss lopened to the sea and more influenced

by river inputs.

Conclusion

The modern*C reservoir age in the Pierre Blanche Lagoon wésnated by comparing
radiocarbon ages of two mollusk shells, with thesagf the sediment layers derived from
historical storm events and from tfi@b and"*'Cs chronologies. The high value found (943
+ 25 C yr) compared to the average marine reservoires@its from a Hard-Water Effect
explained by the discharge of coastal rivers anolyahe relative isolation of the lagoon from

the sea. This interpretation is in good agreemeéitht terature data reporting high R(t) values
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for different Mediterranean lagoons, in variablelasion state (Venice, Thau). Our data
further suggest that R(t) has probably changed tintle, with an increase of more than 350
years, between the mid and late Holocene. This g#amost likely results from the final
closure of the coastal lagoon with the growth & #andy barrier. The age model of PB06
core indicate, a low sedimentation rate of 0.18 ynihbetween 7817 and 6385C yr,
corresponding to the last stand of post glacialleeal rise. The sedimentation rate is then
relatively constant at 1 mm:yover the period of protected lagoonal environméwon{ 6385

to 948“C yr), and it increases to 2.72 mm.guring the isolated lagoonal condition (from
1036*C yr to the present time). This latter rate is @og agreement with the rate derived
from %*%Pb and®*’Cs chronologies. This study confirms that a careftimation of R(t) is
necessary, when accurate radiocarbon ages are tierbed in high-resolution studies of
coastal areas. This would avoid misinterpretatibmrehaeological or palaeoenvironmental

data.
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Abstract

The central part of the Gulf of Lions shorelineciaracterized by many coastal wetlands that
resulted from the interaction between a processhofeline regularization by migrations of
littoral barriers and a slow filling of the backfbar areas by the riverine and marine inputs.
Analyses of Late-Holocene deposits with a very hggolution multi-proxy study of two
sediment cores, allow us to reconstruct the ewwiutf this coastal system. Two main
Holocene sediment units are identified overlyinglimcene carbonate continental formation.
The lower unit consists of sandy and pebbly masediments deposited around 7800 B.P.,
during the final stand of the last sea level ridest above, the upper unit displays lagoonal
grey clay silts with shells and some intercalat@gets of silty sands related to paleostorm
events. The age model was established from radionadating, for the oldest part of the
core. Over the last century, sedimentation rate® walculated using the CFG8Pb model,
together with*’Cs data. Radiocarbon data show an increase irctherailation rate from the
base to the top of cores. Marine sand units relaidtie last transgressive deposit allow to
refine the curve of Holocene post-glacial sea leisel. Sedimentological and faunal analyses
associated with chronological data provide a mdangeconstructing the Late-Holocene
paleoenvironments along this part of the coastsaiggest that the final closure of the coastal
lagoon by the sandy barrier occurred at around#3@0 yr cal B.P. The beginning of this
closure, together with the progradation of the talaplain, could be responsible for the

decline in economic activity of the Lattara harbduring the Roman period.

Keywords: Coastal lagoon; Mediterranean sea; Setimdilling; 2°Pb; C;

Paleoenvironments; Gulf of Lions.

Abstract

La partie centrale du littoral du Golfe du Lion$ earactérisée par de nombreuses lagunes qui
résultent de I'interaction entre un processus dalagisation du trait de cote par migration de
barriéres littorales et d'un lent remplissage damsez situées en arriere de ce cordon par des
apports continentaux et marins. Les analyses dedtsléardi holocéne avec une étude multi-
traceurs a tres hautes résolutions de deux cas#timentaires nous permet de reconstruire
I'évolution de ce systeme cotier. Deux unités séditaires Holocene sont identifiées

recouvrant une formation Pliocéne carbonatée. téuinférieure est constituée de sables et de
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galets d’origine marine déposés vers 7800 B.P.ardules stades ultimes de la derniere
remontée marine. Au dessus, l'unité supérieure reodés dépbts d’argile et de silt gris
coquillées d'origine lagunaire, intercalées de aiwe de sable silteux révélant la présence
d’événements de tempétes. Le model d’age est €&dapértir de dates radiocarbones pour les
parties les plus anciennes des archives sédimesitaandis que pour le dernier siécle, les
taux de sédimentations sont calculés en utilisamhddéle CFCS pour @%b, associé aux
données d&*'Cs. Les donnée$C montrent une augmentation du taux d’accumulatiepuis

la base jusqu’en surface des carottes. Les ungésabtlles marins liées aux dépbts de la
derniére transgression marine permettent de préeisurbe post glaciaire de remontée du
niveau marin. Les analyses sédimentologiques ehidagues associées aux données
chronologiques fournissent une meéthode permettantedonstituer les paléoenvironments
littoraux tardi-Holocéne dans la zone d'étude ejgewent que la fermeture finale de ces
lagunes, par le cordon sableux, survient autour3fe+ 120 an cal B.P. Le début de cette
fermeture associé a la progradation deltaique pidire responsable du déclin des activités

economiques du port de Lattara durant la périodadiue.

Mots clés: Lagune; Mer Méditerranée; Remplissagédimentaire ; *%Pb; C;

Paléoenvironnements ; Golfe du Lions

1. Introduction

High-resolution stratigraphy is an important toal determining the distribution of Late
quaternary sediments. In coastal areas, such aréggitution approach is uncommon due to
the relatively short time scales represented byenmodeposits. In the Gulf of Lions (Western
Mediterranean), the Holocene evolution of coastairenments has been strongly influenced
by the extremely rapid relative sea-level rise bef000 yr B.P. [10.6 mm/an from Aloisi et
al., 1978] and the much slower rise since thenu@dol mm/an from Vella & Provansal,
2000]. The interplay between relative sea-leved,ridecrease of erosion and of sediment
transport by rivers has led to the developmentoaktal areas favouring the establishment of
lagoon environments where it is possible to accateuHolocene deposits [Mazzini et al.,
1999].

The central part of the Gulf of Lions shorelinearacterized by many coastal wetlands with
an actual fairly high accumulation rates [betweghdhd 4 mm per year, Monna et al., 1995;

Dezileau et al., 2005; Sabatier et al., 2008].nSsedimentation rates allow the preservation
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of an almost continuous record of lagoonal sediatent over the last centuries, mainly
characterized by silty clay with some intercalatedrine sand layers. These sediments
generally have a biogenic component (molluscs atahty), which characterizes the
depositional environment. Mollusc fauna is usualbyndant in lagoon depositional systems.
Occurrence and distribution of this proxy is strigrijmked to environmental parameters, such
as water depth, salinity and type of substrate, endery useful for interpreting the
complexity of subenvironments that characterisdametsystems [Yum et al., 2003; Amorosi
et al.,, 2005 ; Ricci Lucchi et al.,, 2006]. The aghthis study is to understand the link
between sedimentary dynamics of the Palavasiaramgtttomplex, located on the central part
of the Gulf of Lions coastal area, and Holocenee@anvironmental evolution in relation to
the sea level rise.

Holocene stratigraphy of these lagoons is based bigh resolution study of two several
meter long cores. A set of shell radiocarbon datipdd to constrain the evolution of the
Holocene sedimentation rates in relation to thatigtraphy. In order to understand the actual
filling modalities of these lagooné®Pb models and®*'Cs depth-distribution profiles were

used.
2. Study area

This study focuses on the Palavasian wetland comptated to the West of the Rhéne delta,
10 km south of the city of MontpellieFigure 5.1). This area consists of seven small lagoons,
with shallow water depth, limited to the South byaarow sandy barrier, attached from place
to place to subdued rocky capes (Aresquier woddaguelone Church peninsula), and to the
North by calcareous Mesozoic hills (Gardiole MoumtaMost of the sediments supplied to
the area are carried during flash flood eventsway short coastal rivers (Mosson, Lez). This
wetland complex is now crossed by the artificialbRé&Séte navigation channel constructed
in 17" century. This study focuses on two lagoons, ther@iBlanche and Arnel lagoons,
located in the Southern and Northern part of tisdesn Figure 5.1), with water depths of 60
and 40 cm respectively.

This coastal area is characterized by a classicalotidal environment with maximal tide
ranges < 50 cm. The annual significant wave hefblis) and period (Tm), measured at the
Sete station (located 10 km offshore, at a watpthdef 32 m) are fair weather waves during
88% of the year (Hs=0.84 m; Tm=4.2 s). At the pnésiene, there is only one small artificial
connection between the Palavasian lagoons andetheirs the eastern part (central part of
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Prevost lagoorFigure 5.1). However, in some places, the barrier is weaktaghly sensitive
to high energy events, enabling temporary but gtrorarine influence when the barrier
breaks during storm events. This is commonly ewddnby traces of over-wash fans and

ancient temporary inlets.

erpignan

Figure 5.1 : Map of the Palavasian wetland complex, coragoby seven lagoons (Mj:
Méjan, Gr: Grec, Ar: Arnel, Pr: Prévost, Vic, PB:idPre Blanche, In: Ingril) with the
location of cores PB06 and ARO06 (dark stars) usetthis study.

Seismic data acquired during the CALAMAR IV cruise the Vic Lagoon Figure 5.1)

illustrate the organisation of the deposits in tiea, highlighting the various morphologies
and stacking patterns related to the late Quatgrnigtory of the coastal system [Raynal et
al., 2009]. In the lower part of the sedimentariuom, these authors described two distinct
units interpreted as Pliocene in age (Upl). Thesisuare topped by an irregular erosion
surface. Above, a more recent unit is charactetyea seismic facies with horizontal parallel
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continuous high-amplitude reflections that are d¢gpi of a low energy depositional
environments and which correspond to quiescent amaimulation [Tessier et al. 2000,
Certain et al. 2004]. This unit is interpreted las tnost recent, Holocene in age, depositional
unit corresponding to the filling of the lagoonaisem by river input [U3, Raynal et al.,
2009]. Those Holocene deposits, from which the scatescribed in this study have been
collected, constitute an interesting sedimentarghige allowing the restitution of the

Holocene high-stand history of this system.

3. Sampling and analytical methods

Two piston coresHigure 5.1) were collected in March 2006 in the Pierre Blan@hB06) and
Arnel (AR06) lagoons. These cores are 7.9 m andn3.6ng respectively. They were
sampled with the UWITEE gravity coring platform (University of Chamberyijhis device
consists of a 2 m transparent plastic liner mountetd an “orange-peel” core catcher. No
compaction due to the coring system was observedth@ laboratory, cores were split,
photographed, logged in detail (noting all physiaatl biogenic sedimentary structures and
vertical facies successions), and divided into lvartical sections prior to analysis. Grain
size and macro-fauna content analyses were pertbimne2 cm long sections. To study
mollusc shells, samples were sieved at 1Imm anduh#er of individuals of all species was
counted (every 2 cm). The most representative recdluof lagoonal environments are
Hydrobia acuta Abra ovata, Cerastoderma glaucurithose typical of marine hard substrate
environment ar®ittium recticulatumandRissoa ventricosfDezileau et al., 2005; Sabatier et
al. 2008]. Grain size distribution was determinsthg a Beckman Coulf8iLS 13 320. Only
the <150um fraction was analysed due to the higiteatration of shells fragments of a size
exceeding 200 um. Bulk sediments were first suspena deionized water and gently shaken
to achieve disaggregation. After introduction ofiseent into the fluid module of the
granulometer, ultrasounds were used to avoid pestitocculation.

Sediment geochronology for the modern period wasrdegned by gamma spectrometry on a
BEGe detector (CANBERRA BEGe 3825) for U and Thiesemuclides and®'Cs. We
followed the analytical method described in Condumesi et al. [1995] and Sabatier et al.,
[2008] and already tested on two short cores (PR&rib PRO9) located at less than 100
meters from respectively PB06 and AR06 cores. lchesample, thé'Pb (unsupported)
excess activities were determined by subtractimy’ifRa (supported) activity, determined
through the?*Pb and?Bi photopeaks, from the tot&'Pb activity. A self-absorption
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correction based on major element composition amtipte density was systematically
applied for all photopeaks.

Shell samples were selected t8€ age determination$’C analyses were conducted at the
Laboratoire de Mesur€C (LMC14) on the accelerator mass spectrometer (AMSTEMIS

in CEA institute at Saclay (Atomic Energy Commisgian the framework of the ECLICA
and INTEMPERIES projects’C ages were converted to calendar years usingdlie £0.2
calibration program [Hughen et al., 2004] at twansiard deviations.

The compaction on 7.6 m of Holocene sediment onéPB@stimated at 1.9 cm (0.25%) by
an accepted decompaction algorithm established d@taid sediment [Springer, 1993].
Although water content for lagoonal sediment is enonportant than deltaic sediment, we

assumed that compaction is negligible in the sediat®n rate calculation.

4. Cores descriptions

Two cores were collected in the lagoonal systemoider to characterize lithologies,
determine sedimentary environments from primarycstires and mollusc assemblages, and
obtain chronostratigraphic constraints through aealibon dating. The top of these to cores

corresponds to the present day lagoon sea-floor.
4.1. Sedimentary facies

Lithological description of core is based on graize, sedimentary structure and fauna
content. It allows to identify four distinct sedimary facies interpreted in term of

depositional environmentgigure 5.2).

- L Facies (LF): grey clays and silts with a graize median around 10 pm. It contains
lagoonal shells Hydrobia acuta Abra ovata, Cerastoderma glaucyrand some seeds of
Ruppia maritima(an aquatic lagoonal plant). This fine sedimentoally laminated (less
than 5% of the whole core) and can present cort@wh@hant fragments and traces of organic
matter. L Facies is typical of a low energy envimamt and is interpreted as typical lagoonal
deposit.

- S Facies (SF) : grey fine sands to silts withrargsize median between 70 to 30 um with
some marine shell8{ttium recticulatumRissoa ventricoga The thickness of these deposits

varies from 1 to 15 cm, the thickest layers shovarzasal erosional surface. SF characterizes
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relatively high energy deposits and is interpredasdack-barrier wash-over deposits created
during storm events.

- M Facies (MF): grey clays and silts with manygrmolluscs (mosthyCerastoderma
glaucumof 1-5 cm) recovered in living position. MF coldd interpreted as lagoonal deposits
with low sedimentation rate or high biogenic praiiity.

- T Facies (TF): heterometric conglomerate withticeetric pebbles of quartz and limestone
mixed with sands in its upper part. The base &f ldoyer presents a sharp erosive surface. The
sand is mostly constituted by shell fragments vatime large marine shell®€ctinidae,
Hexaplex trunculus, Bittium recticulatymrlF is interpreted as transgressive deposits (see
part 6.1).

LF

Figure 5.2 : Core photography illustrating the differeredsmentary facies identified in the
Palavasian wetland complex. (LF): grey clays anttssare typical of a low energy
environment; (SF): grey fine sands to silts chagaees relatively high energy deposits;
(MF): grey clays and silts with many large mollus€BF): heterometric conglomerate mixed
in its upper part with sand. Note the sharp erosueface at the base of TF. This facies is

characterized by a very high energy deposits.

4.2. Core PB0O6

At the base, core PB06 (Fig. 3) displays white eléth chalky limestone nodules interpreted

as Pliocene deposits by correlation with the lamstPliocene deposits outcropping onshore

118



5. Reconstitution Paleoenvironnementale

at the Aresquiers (Fig. 1). These deposits arescudsat the top by an erosional surface. Just
above, we observed 20 cm of TF. Then, the cordalispa long interval of L-type facies
interrupted by several cm-thick levels MF (e.g240 and 610 cm). Some organic-rich levels
containing plant fragments with no shells are olesgrat 515, 377 and from 240 to 260 cm;
moreover seeds of a lagoonal plant were found enutbper part of this core at 109 and 134
cm. We observed also the occurrence of cm-thick kigergy sedimentation layers of marine
origin (SF, e.g. at 30, 100, 185, 340, 520 cm de€Elp)s coarse material represents less than

10% of the total sedimentation along the core.

PBO6 ci st sand ar  AROG ¢ st sand Gr

100

200

300

Depth (cm)

Lithology

Gravel (Gr)
Sand

Clay (CI)
Silt (St)

- Organic rich sediment

- Shell with mud

o Eeal Sandy carbonate clay

S00
-2 Molluse (bivalve)

4 Mollusc (gasteropoda)
«o Shell fragments

& Plant fragments

we. Organic matter

Figure 5.3 : Lithologic descriptions of PB06 and AR06 &ofgositions in Figur®.1).

4.3. Core AROG6
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Sedimentary succession in core AR®ag(re 5.3) is very similar to the one observed in

PBO06. The Pliocene substratum is reached at 340bemeath an erosional surface. It is
covered by a 15 cm thick layer of TF. From 335 onthie top, the core consists of grey clays
and silts (LF) interrupted by bioclastics (MF, & 230, 290 cm), fine sand layers (SF at 80,
150, 280 cm) and traces of organic matter. An ingydrerosion surface is observed at 150

cm with the presence of marine shells.

5 Chronology

5.1 210Pb and 137Cs dating

Goldberg [1963] established the methodology based®b chronology. Many'%Pb models
have successively been proposed, allowing the ledlon of sedimentation rates. In the
simplest model, the initial excess 9fPb activity *%h.,) is assumed constant and thus
(**Ph,) at any time is given by the radioactive decay Jappleby & Oldfield, 1992; Noller,
2000]. In the CFCS (for Constant Flux, ConstantiBedtation rate) model [Goldberg, 1963;
Krishnaswami et al., 1971F%b flux and sedimentation rate are assumed to bstat. In
this study, we can apply such a model when tygagdbonal conditions prevail [Sabatier et
al., 2008].

Concerning thé*’Cs chronology, the most usual dating method based’@s data [Robbins
& Edgington, 1975] assumes that the depth of theimam **'Cs activity in the sediment
corresponds to the 1963 maximum atmospheric pramuctHowever, one of the Cs
properties is its high mobility in marine sedimenisth a preferential downward diffusive
transport in pore-water [Charmasson et al., 1998jaRovitch et al., 1999]. In spite of this
potential mobility, it was possible to date seditmeecause when a diffusive transport occurs
it only results in the spreading of the Cs peak]ents maximum remains at the same depth.
The #%b and*®'Cs chronology were determined on two short cord®05 and PROY)
collected in the Pierre Blanche and Arnel lagoongess than 100 meters from PB06 and
AROB respectively. For core PRO15 (Pierre Blanelg®bn), thé'%®b and"*’Cs chronologies
are in good agreement and give an accumulatiorofate? + 0.7 and 4.4 mniyrespectively
(Figure 5.4). On core PRO9 (Arnel lagoorf:Pb and**’Cs activity depth profiles have the
same shape with a typical surface mixing layer ¥ following by a rapid decrease (4-10

cm) and by an excess 8fPb until at least 22 cm depth. The discrepancy &etthe two
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cores may be related to the depositional environtsnémdeed, the Arnel lagoon, with a water
depth < 40 cm is characterised by an important ladjn of molluscs Cerastoderma
Glaucum, Abra Ovabaand polychaeteNereis diversicoloy while the Pierre Blanche lagoon
(core PRO15) , a little deeper, contains fewer usal. Thus, we suggest that in the Arnel
lagoon, the*®Pb and®*'Cs profiles may have been mainly controlled eittneibioturbation
processes with advection-diffusion in the uppestfeentimetres and gallery-diffusion in the
deepest parts [Francois et al., 2002], and/or wprieing processes by bottom currents during

strong wind periods. Thus, th&%Pb and*Cs profiles do not permit to estimate a

sedimentation rate into the Arnel lagoon for thedera period.
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Figure5.4 : 210Pb excess activity and 137Cs activity weidepth for cores PRO15 (left) and

PROO9 (right), located in Pierre Blanche and Arnelgoon respectively.

5.2 Radiocarbon chronology

In this study 18 lagoonal molluscs (Bivalv@srastoderma Glaucurand Abra Ovata were
collected from PBO06 (11 samples) and from ARO06 &Mmgles). Results are reported in
Tableau5-1 andFigure 5.5. The'“C ages, reservoir ages (R(t)) and deviations fraydetied
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marine reservoir ages in response to local oceaondlitions AR) are expressed in yr cal.
B.P.

Cores Depth Species 14C Age Age cal BP Age cal BP
{cm) BP R(t)=600+£50 R(t)=10004£50

PBO6 20 Cerastoderma sp. 1055 £ 30 450 £ 115 115 £ 115
a3 Cerastoderma sp. 1285 £+ 30 640 = 105 350 £ 125
173 Cerastoderma sp. 1645 £ 30 1015 £ 135 610 = 95
225 Cerastoderma sp. 2100 + 30 1445 + 135 1055 + 135
311 Cerastoderma sp. 3145 = 30 2695 = 160 2200 + 140
398 Cerastoderma sp. 3805 + 30 3505 + 145 3020 + 175
498  Cerastoderma sp. 4400 + 30 4270 + 170 3740 + 160
610 Cerastoderma sp. 5440 = 35 5595 + 130 5125 + 170
710 Abra sp. 6220 + 30 6440 £+ 145 6035 £+ 140
744 Abra sp. 7175 + 30 7475 = 100 7080 = 100
758 Abra sp. 7600 + 30 7850 + 125 /

ARO0B 68 Cerastoderma sp 2185 = 30 1540 £ 150 1135 £ 130
136 Cerastoderma sp 1950 + 30 1185 + 120 885 + 140
159 Cerastoderma sp 3185 = 30 2785 = 135 2260 £ 155
230 Cerastoderma sp 3425 + 30 3040 + 175 2550 + 165
283 Cerastoderma sp 3735 £ 30 3435 + 145 2925 + 160
332 Cerastoderma sp 4995 = 30 5075 + 185 4570 = 165
335 Cerastoderma sp 5675 £ 30 5845 + 140 /

Tableau5-1 : Radiocarbon ages for PB06 and ARO6 cores.ihacalibration with reservoir
age R(t)=600450 yr (Siani et al., 2000) has beerfgqrened with Calib 5.0.2 program atc2
(Hughens et al., 2004) and marine calibration wWit)=1000150 yr (Sabatier et al., 2008).

To date the shells with accuracy, we need to havestimation of reservoir age R(t). In the
Mediterranean Sea, the average reservoir agedantdern period R(t0), over the considered
time interval (1830-1950 AD), is calculated by Sianal, [2000] at 420+110 yr. However,
these authors find a higher reservoir age at ar&®(tid600 = 50 yr AR=200 yr) for the Gulf

of Lions area. This discrepancy can be explained aesult of biological processes or
hardwater effects due to the discharge of coastats after draining through limestones via
several brackish lagoons, before reaching the Mgditean Sea [Siani et al., 2000; Zoppi et
al., 2001].

Based on a comparison between a radiocarbon ab@56f“C yr BP at 20 cm depth, and the
age derived fronf*®Pb and**'Cs profiles converted t&'C atmospheric age, Sabatier et al.
[2008] estimated at 1000 yrs tH&C reservoir age AR=600 yr) in the studied lagoonal
system. This estimation was made just for the ugpaet of the PB0O6 core and may be
different for the rest of the Holocene, since tagolon was not totally isolated from the sea
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during sediment deposition. Nevertheless, we asdhate whatever the deviation from the
modelled marine reservoir ages is, it does not playajor role in the calculation of the
Holocene average sedimentation rate. Two dates eadilated with thé\R=200 yr because
those dating have been performed on shells that sanples in marine sand, at the bottom of

the two cores.

Age (kyr cal BP)
PBO6 2 4 6 8 o AROG 2 4 6
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Figure 5.5 : Simplified lithologic description of PB06 aWR06 with 14C age vs. depth.
Average accumulation rates are calculated througledr regression. The light grey points
were calibrated with a marine reservoir age (R(t)680 £ 50 yr). Uncertainty is included

within the symbols. The date AR06-138 is excluded the sedimentation rate calculation.
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Considering the age profile along the cores, basedhe radiocarbon data, an inversion
appears in core AR06 around 136 cm, correspondirggdating performed on a bivalve shell
of marine origin (see AR06-136 Trableau5-1 andFigure 5.5). At this depth, we observed a
15 cm-thick marine sand layer. A possible explamathight thus be related to the diminution
of the R(t) of this shell, probably link to marinenditions when those sands deposited.

In order to estimate the Holocene average sedirtienteate from'C data, it was chosen to
interpolate linearly between all the accepted agesitred on the @ age range. The
accumulation rates on the figure 5 represent tieédagth relationship defined for each one of
the best-fit lines, its illustrates some major aes) in sedimentation rate. In the Pierre
Blanche lagoon, core PB06 shows, at the base, addimentation rate of 0.18 mrit.yThen
this rate increases from 1 mnt.petween 700 and 170 cm to 2.72 mihgver the last
millennium, between 170 and 20 cm. In the Arneblag ARO06 core shows, in the deepest
part, a negligible accumulation rate. Then wherodagl sedimentation prevails this rate
increases to 1.2 mm‘yWe have not enough age control in the uppernarstgs this core to

discuss accumulation rate evolution over the labeénmium.

6. Holocene paleoenvironmental evolution of the lagnal system

Detailed facies characterization, based on litladisgraphy and macropaleontology, together
with the radiocarbon ant!%Pb, **'Cs chronology, allow us to reconstruct the depmsiti

history of the Palavasian lagoonal system sinc® 80@al BP.

6.1 Early Holocene and sea level tracks

The complex basal polygenic surface (consistingtr@f ravinement surface and above
conglomerateKigure 5.2 andFigure 5.3) probably originated from subaerial erosion during
times of relative sea-level low-stand and subseguemworking during the ensuing

transgression [Cattaneo & Steel, 2003]. The coaraane sands above are interpreted as
transgressive shoreface deposits [eg. Cattaneoe&l, S2003] laterally associated with an

erosional surface. This lateral difference is §kdle to various sedimentary regimes linked
to the pre-existing topography. These sands witimgamarine shells are dated in their upper
part at 7850 + 125 cal B.P. at 8.2 + 0.2 NGF ired®B06 and 5845 + 140 cal B.P. at 3.8
0.2 m NGF in core ARO6T@bleau5-1). These shells show good preservation state argl th

have not been reworked over large distances. Hawéwey may not be in growth position
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and may have been slightly reworked either seawaiddndward by wave action. Thus the
ages determined for the shells may refer to aeeal-located either slightly above or, more
probably, because of the transgressive conteghtslibelow the relative sea-level position at
shell growth time [Lambeck & Bard 2000]. Despitesk uncertainties, these ages and depths
are in good agreement with relative sea level aifFgure 5.6) in NW Mediterranean Sea
over the last 8000 yrs [Aloisi et al., 1978, DuBaAnthony, 1995, Vella & Provansal, 2000,
Berné et al., 2007], with the Tahiti sea level eufdard et al., 1996] and with the glacio-
hydro-isostatic model of Lambeck & Bard [2000].

Age cal B.R.
0 4000 8000 12000 16000
0
10
-20
30 o
T
=
40 2
=
6000 8000 3
50 %
[+T]
E
60 5
3
=70
80
---#--- | gborel et al,, 1994
(La Ciotat) % woepiene Bard et al, 1996
-7 7 Morhange et al., 2001 [ Tahiti)
(Marseille) NW Mediterranean Sea
-8 —=—Vella and Provensal, 2000 ;50‘5'?53 —+— Aloisi et al,, 1978
(SE Rhone delta) [SW Gulf of Lion)
-9 Palavasian Lagoon = == = Dubar and Anthony 1995

{French Riviera)
* Berné et al, 2007
(GuIf of Lion)

Figure 5.6 : Relative sea level curve in the NW Meditegan Sea (a) for the last 16000 yr

cal B.P., and (b) for the last 9000 yr cal B.P. Tiweo black dots represent the relative

elevation of the dated sand layer due to the Iastsgressive high-stand deposit in PB06 and
AROG cores.
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6.2 Lagoonal paleoenvironments

These coastal wetlands result from the interactmeiween a process of shoreline
regularization by migration of littoral barriers dam filling of these subsequently isolated
areas by fluvial and marine inputs [Certain et2004]. These barriers result from alongshore
progradation of sand spits from inherited topographighs by East-West coastal drift
carrying sand material from the Rhoéne river [Rayatadl., 2009]. According to this author the
closure of these lagoons began around 7100 yr &al Bie age of the first lagoonal deposit,
during the last stages of eustatic rise stabilrati

Using lithostratigraphy and macropaleontology asedy it is possible to interpret the
complexity of subenvironments that characteriselamet systems [Mazzini et al., 1999;
Amorosi et al., 2005; Ricci Lucchi et al., 2006hus we can separate the lagoonal Holocene
history into two paleoenvironmental intervals whiokcord the evolution of the area in
relation to the closure of the system by sandyié@ due to the interaction between the rising
relative sea level and the progradational activitly coastal rivers. From a purely
sedimentological point of view, study on core PB@dgure 5.3) suggests a relative
homogenous lagoonal depositional environement frddh cm (i.e., 7090 = 100 yr cal B.P.)
to the present day, characterised by grey clayssdtsdwith locally intercalated sand layers
(less than 10% of the total sediment) interpretega@eostorm events. The high-resolution
stratigraphy performed on fauna however indicatdsnalency towards the closure of the
lagoon that started at around 220 cm (i.e. aboti0 3@ cal B.P.) This tendency is marked by
a clear shift in mollusc population at around 190-m (i.e. about 730 + 120 yr cal B.P.)
characterised by an increase of the most typicaidaal speci¢lydrobia acutawhereas the
number of marine speckittium recticulatumdecreased~{gure 5.7). This suggests a change
in environmental conditions (salinity, temperaturgitriments, and oxygenation) from a
lagoonal depositional environment, with marine uefice to a more isolated lagoonal
environment. Such a change could result from lpaé¢o-morphological modifications such
as a closure of the communications between theolagod the sea. We thus suggest that the
change in mollusc population may reflect the corabf physical barriers such as the final
closure of a continuous sandy barrier with probatdy permanent inlet or channel which
controlled inflow of marine water into the Palawasilagoon system. A main change in
environmental conditions corresponding to the peegive closure of the lagoon occurs at a
depth of about 220 cm (i.e. about 1050 yr cal B.Ri)h a moderate increase of lagoonal

species. The final closure of this system occubretiveen 190 and 170 cm depth, with a
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strong decrease of marines species. Therefore faontents clearly show a shift from a
protected lagoon to an isolated lagoon environmassiind 730 = 120 yr cal B.Frigure 5.7).
Nevertheless this environmental change could atgmyi a change in th&'C reservoir age

R(t), which is difficult to estimate from the presly available and limited data.
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Figure 5.7 : Paleoenvironmental evolution of the Palavast@astal lagoon before and after
the final closure of the sandy barrier at around0iB70 cm depth (i.e., 730 £ 120 yr cal
B.P.).

6.3 Holocene filling in relation to relative sea Ieel rise

Following the deposition of the transgressive saalisve the ravinement surfadeiqure
5.6), we propose that the relative constancy of maseeelevel rise, around 1 mri.jFigure
5.6, Vella & Provensal, 2000] allowed the establishtnef a proto-sandy barrier which
protected the lagoonal system against watégu(e 5.7) before 7100 yr cal BP, age of the
fist lagoonal deposit. This interpretation is tisti by the low energy depositional

environments dominated by clays that are obsenvabd cores. However, as attested by the
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fauna in core PBO06 this protected system wasisfllienced by marine conditions. During
this period the sedimentation rate was almost etjusthe average sea level rise of about 1
mm.y*, other authors documents that the sea-level dte decreased to 0.3 mm.gince
5000 yr cal B.P. [Laborel et al., 1994; Morhangalet2001]. Since 190 to 170 cm (i.e., 730
+ 120 yr cal B.P.), we observed an increase ofdagbspecies possibly related to the closure
of the sandy barrier giving rise to a permanentaismn of the lagoonKigure 5.7). This
observation suggests that, in the context of arpdagion of the coastal plain, we may have
an increase in the accumulation rate in the lagooce that time, because the riverine inputs
can no longer be exported directly seaward, throtlyh inlets. Such an increase in
sedimentation rate is observed, with a mean 2.72ymoner the last 750 yré=(gure 5.5). In

the centre of Pierre Blanche Lagoon, where watgthdés around 0.6 m, even higher
sedimentation rates (4.2 mrit)yhave been calculated frofi®Pb and*'Cs chronology (for
the last century). Extrapolating these constargsrabward the future, we could expect a
complete filling of this lagoon in the next 150 ytowever, the actual increase of sea level
rise, estimated to 3.1 + 0.4 mnt.yNerem et al., 2006] due to the global warmingll wi
partially compensate for the filling tendency, gating accommodation space in the lagoon.
In such a case, we could expect a delayed comfiletg of this system. On the other hand,
the present-day sea level rise associated to watrenaduring storm may result in the
progressive retrogradation of the barrier/lagoostesy, thus reducing the lagoonal surface
and increasing also the accumulation rate. Theraptigenic component from erosion in the
watershed and increased sedimentation in the deltad lagoonal system is also difficult to
estimate, especially with demographic rises, dstat®on and changes in land use (e.g.,
agriculture, buildings). Therefore, at the predene, it is difficult to predict the final filling

of this lagoonal system.
7. Implication for human activity during the Roman period

Since the Iron Age (2700-2100 B.P.), the lagoomairenment was a habitat favourable for
human activity. During the VI century B.C., the development of Greco-Etruscamuletr
favours, in the western Mediterranean Sea, theldeweent of a littoral harbour like at Agde,
le Cailar and Lattara [Blanchemanche et al., 2008k Lattara harbour was populated by
almost 4000 persons in the"N\éentury B.C. and was located on a small peninauthe Lez
mouth, on the northern border of the Palavasiandagl system [Chabal et al., 2008], thus

facilitating economic shipping through permaneretirFigure 5.7). At the end of the 'f
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century A.D. (1800 yr BP), during the Roman per{@d@00-1500 B.P.), the activity and the

population of this ancient harbour shown a stroegrelase. Raynal et al. [submitted] have
estimated the beginning of construction of the @dbarrier at 1800 = 150 yr cal BP thanks to
a'’C age at the base of the present day sandy barhirdate is in good agreement with the
decrease of Lattara harbour activity. We propoaéttie morphological changes related to the
growth of the sandy barrier since 1800 yr cal PB/ imave perturbed the marine shipping in
the lagoon Therefore, we propose here that onellppessxplanation for the decline of the

harbour is the decrease of maritime transport due ¢hange in environmental conditions in
relation to the sedimentary evolution of the lagd®ystem with: (1) the build up of the Lez

and Mosson delta plain; (2) the filling of the lagowith a decrease of bathymetry to around
2 m (taking into account the prevailing sea leasl)l (3) the creation of physical barriers such

as sandy batrrier.

8. Conclusion

High-resolution stratigraphy correlated with degdilchronology of the deposits is used to
reconstruct Holocene filling of a lagoonal systelong the Languedoc Mediterranean coast.
Above an erosional surface interpreted as a rawménsurface, some marine sands are
interpreted as Holocene transgressive depositialipidentification of the onset of stable
sea level rise around 8000 and 6000 yr cal BP.ns&ublogical and faunal analyses of the
lagoonal deposits accumulated above this transgeessvel give information about the
paleoenvironmental changes since 7000 yr BP., feomprotected lagoon with marine
influence to an isolated lagoon. The beginninghig evolution can be dated at around 1050
yr cal B.P., with a slow increase of lagoonal segciand the final closure of the lagoonal
system occurred at around 730 + 120 yr cal B.Rh wistrong decrease of marines species.
The combination between the closure of the lagosystem by the sandy barrier (probably as
a result of coastal hydrodynamics and alongshadersnt transfer) and the progradation of
the coastal plain, may explain the increased sattmtion rates over the last 750 yrs, resulting
in the progressive filling of the lagoon. We suggest such a filling may be responsible for
the decline in economic activity of Lattara harbduring the Roman period. During the latest
part of the Holocene sea-level rise and subsedughtstand, sandy barrier evolution may
thus play a key role in the formation of the lagaloeystem and associated sedimentary

deposits.
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5.2 Synthése formation des lagunes palavasiennes

La partie centrale du littoral du Golfe du Lion esiractérisée par des systémes lagunaires
résultant de I'interaction entre un processus dalagisation du trait de cote par migration de
barriere littorale, et par un lent remplissage zimses situées en arriere de ce cordon par les
apports continentaux et marins (Certainal, 2004). L'étude multi-traceurs a trés hautes
résolutions des dépobts tardi holocéne (85, Artdhleassociée a de la prospection sismique
(Raynal et al, 2009 ; Raynalkt al, Soumis) nous permet de reconstruire I'évolutian d

systeme lagunaire palavasien.

Durant le dernier maximum glaciaire (20 000 ans.BIE niveau de la mer étant pres de 120
m plus bas (Lambeck et Bard, 2000), le segment dgudlone est compléetement émergé.
Cette zone est donc sujette a I'érosion, commetatigar les vallées incisées de la Mosson et
du Lez (Raynakt al, Soumis), induisant ainsi une topographie tré&ginfiere (plateau des
Aresquiers et de Maguelone). Au cours de la traassjpn marine post-glaciaire (début de
I'Holocene) le niveau de la mer remonte pour attesrentre -8 et -10 m NGF vers 8000 ans
B.P. Figure 5.8A). L'eau envahit donc toute la zone, déposant desanx transgressifs de
sables bioclastiques (Cattaneo et Steel, 2003}e Qaterprétation est validée par la bonne
corrélation entre I'dge de ces niveaux sableua eblrbe locale du niveau marin (section 5.1,
Article 4).

L'unité située au dessus montre des dépb6ts d'amgfilale silt gris coquillés d’origine
lagunaire, intercalés de niveaux de sable silteén€lant la présence d’événements de
tempéte. L’enregistrement continu de ces déepossefat lié a une faible hydrodynamique. Ces
premiers niveaux lagunaires sont datés a 7665 ah&@al B.P. a -20 m NGF, dans la vallée
incisée du Lez, située juste au dessus d’un nimeanin transgressif (Raynat al, Soumis ;
section 5.1., Article 4). Cela implique la mise place trés rapide de I'environnement
lagunaire au cours des derniers stades de la temssgn marine, associée a la formation d’un
cordon littoral. L’'analyse des géométries en mamnire que la fermeture de I'environnement
lagunaire est due a la progradation de flechesesabs, vers le Sud-est, parallelement a la
cOte. La formation de ces corps sableux est lié&ramsport des sédiments rhodaniens par

l'intermédiaire de la dérive littorale (Raynal al, 2009). Ces fleches s’accrochent sur les
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plateaux rocheux, comme celui des Aresquiers dtldguelone, situés a pres de 2 km au

large Figure 5.8B).

A. 8000 ans B. 6000 ans

MOSSON il

Flateau de Maguelone v

Age (ansx1000)
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C. 2000 ans s

Palavas
S

Figure 5.8 : Modéle en trois dimensions de I'évolution siistéme lagunaire palavasien
depuis 8000 ans B.P., en fonction de I'évolutionniveau marin (Raynal et al., 2009 ;

Sabatier et al., 2010).

La diminution du taux d’élévation du niveau mariery 5500 ans B.P. et sa stabilisation
autour de -2,5 m NGF, provoquent le début de réaamiion de la barriere littoral sur les
dépobts lagunaires. A I'aide d’'une datation a laebdis cordon sableux actuel (1745 + 120 ans
Cal B.P., échantillon M377, carotte MAG-1) on ediue la barriére littorale a quasiment
atteint sa position actuelle vers 1800 ans B.Pbaraiére est bloquée dans son retrait par des
points topographiquement hauts, affleurant, coma@resque ile de Maguelong-igure
5.80. La lagune enregistre une sédimentation fineawltula période comprise entre 5500 et
1800 ans B.P.. Cependant ces dépbts sont assoalés @ndicateurs biologiques (faune
marine) traduisant un environnement fortement dusar la mer avec probablement un

systeme de type lagune protégeé (section 5.1, Ardigl
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Depuis 1800 ans B.P., le niveau de la mer ayantmté (maximum 1 m), la dérive littorale
induit une fermeture progressive de la barriereémesur des points hautBigure 5.8D).
Dans la lagune on observe un changement majeurldatigité biologique. Des nouvelles
especes de mollusques dominent ce milieu, plustées@ux grandes gammes de variations
des parameétres physico-chimiques de I'eau (temp@&asalinité, oxygénation). Les espéces
ayant des affinités pour les milieux ouverts diggsent progressivement. Ce remplacement
graduel se termine autour de 1050 ans B.P. (Seétibet 5.1 ; Article 3 et 4) date a partir de
laquelle la présence d’espéces marines dans lamdagst uniquement liée a l'activité des
tempétes (Section 3.2, Article 1). Ce changementesprete comme étant dd a la fermeture
définitive du cordon sableux par I'hydrodynamiquidi€re, rendant les échanges mer/lagune
quasi inexistant, on parle alors de systeme lagemmsolé. De plus, cette fermeture induit une
augmentation du taux de sédimentation passant denlan’ & 2,7 mm.an durant cette
période (Section 4.2, Article 3). En effet, les is@hts apportés par la Mosson ne peuvent
plus étre exportés en mer et se retrouvent piégedagune, participant ainsi a son

comblement (Section 5.1, Article 4).

Les stades ultimes de I'évolution de ce systemanage restent tres incertains. D’'un c6té
I’érosion du cordon sableux (en partie liée auivaés humaines) associée a la progradation
du delta de la Mosson, a tendance a diminuer l@spegunaire. Tandis que l'augmentation
actuelle du niveau marin, estimée & 3.1 + 0.4 mih.@derem et al, 2006), crée de

I'accommodation qui contrebalance le taux de sédiai®n et retarde ainsi le comblement

final de ce milieu.
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6. Reconstitution des Paléotempétes et implicationsiclatiques

6.1 Les deux derniers millénaires : Article 5 : Palasmgraphy,
Palaeoclimatology, Palaeoecology

Increase of intense storm activity during the Litte Ice Age on the French Mediterranean
Coast
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Abstract

Understanding long-term variability in the frequerm intense storm activity is important for
assessing whether changes are controlled by clievati@tion. Understanding this variability
is also important for predicting present and futacenmunity vulnerability and economic
loss. Our ability to make these assessments haslipgéed by the short (less than 50 years)
instrument record of storm activity. Storm-inducgebposits preserved in the sediments of
coastal lagoons offer the opportunity to studylihies between climatic conditions and storm
activity on longer timescales. Here we presentankof these extreme climatic events in the
French Mediterrannean coast over the past 1,508 yesed on sediment cores from Gulf of
Aigues-Mortes lagoons that contain a specific seditary and geochemical signature
associated with intense storms.

Overwash deposits correlate with the most intelm®eimhented floods in the area. There is no
evidence of intense storm landfalls in the regimnskveral hundred years prior to the lat8 17
century A.D. The apparent increase in intense s@mund 250 years ago occurs during the
latter half of the Little Ice Age, a time of loweontinental surface temperatures. Comparison
of the sediment record with palaeoclimate recondscates that this variability was probably
modulated by atmospheric dynamics. We found thatEhstern Atlantic Pattern could be
responsible for much of these extreme wind evemtshe North Western Mediterranean
region. A complete understanding of the relatiopshétween climate fluctuations, storm
activity, and the coastal response will be crutsapredicting the impacts of future climate
change.

Keywords lagoon, storm, flood, Little Ice Age, North Atlan Oscillation, East Atlantic

Pattern, Mediterranean Sea, risk assessments.

|. Introduction

It has been clearly established that our planetbegsn warming since pre-industrial times
(Solomon et al., 2007). The effects of climate gean extreme events are difficult to assess
because of many forms of nonlinearity and long tememory. If several storms and floods
have hit France and Europe in the recent yearslirikebetween these events and climate
change is not yet proven. The effect of man ondmgironment, the development of our

societies and our greater wealth are at increasskgand are more likely to be destroyed
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because of the destructive impact of climate irdegEisodes. However, the issue of extreme
events remains: are they linked to global warmimgace they part of natural climate
variability? To answer this question, it is essar place such events in a broader context of
time, and trace the history of climate changes ®exeral centuries or several millennia,
because these extreme events are inherently rarehanefore difficult to observe in the
period of a human life.

In this study, we focus mainly on the Languedoc$ddlon Figure 6.1), a region of the
French Mediterranean coast. This area is partigutansitive in terms of societal issues for
the risks of floods (the Mediterranean Heavy Priging Events) and the risk of coastal
erosion/submersion during storm events. The Langu&bussillon, which stretches from the
Cevennes Mountains to those of the Pyrenees wasVeral times by climatic events of great
intensity. In September 2002, large floods hit @erd. There were 23 victims and damage
estimated at over one billion Euros. The 50 mmysolspanned more than 26 000 km2. The
volume of water rushed over the area is estimate®iGabillion m3, almost three times the
capacity of the Serre Poncon dam on the Duraneebitdgest reservoir in Europe. For the
most recent period (1958-1994), Meteo-France hearded 110 episodes of rain exceeding
190 mm in 24 hours, with sometimes extremes ab&®Zendm. The intensity of rain and the
configuration of the drainage basin cause the eemegof flash floods. These floods are real
breaking waves: "At the bridge of Herault, upstreaimGanges, water was moving in the
form of a wall of trees and debris that an invisilland seemed to push all of a piece"
(ancient text of 1900, cf. Antoine et al., 2001)nKed or not to these rainy episodes, the
region is also prone to frequent storms. These tevesn have dramatic actions when the
waves are associated with high sea levels (heaayatshore winds) attacking coastal sand
dunes, sometimes breaking the sandy barrier (Pisdareche lagoon in 1999), and weakening
certain human infrastructure (ports, defense batrieousing). For the last few decades, the
most important storms are those of 1982, 1997 &f@b.1From the fifteenth-century to
present-day, historical documents reveal many gdsri@f hydrological irregularities
particularly during the Little Ice Age (Blanchemaecet al., 2003; Berger et al., accepted).
Over longer periods of time, we have no informat@mnthe existence of extreme climatic
events. The frequency of these events is diffitoltestimate from the instrumental and
documentary records due to the relative raritynese events and the short historical period of
instrumental observation. Therefore, geologicahdater the only hope of reconstructing a
long historic record of intense events and decipgeany long-term changes in storm or

flood activities.
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Mediterranean Sea

I M » 3

Figure 6.1 : Study area and cores location in Pierre Blamand Prevost lagoons. Seven
short cores and one long core were extracted fromttvo lagoons along three transects
(One longitudinal transect T1 and two transversmsects T2 and T3).

In this study, we propose to use bio- and geo-catdrs (proxies) from sedimentary archives
to reconstruct past storm activities in the LanguweRoussillon region. Pioneer studies from
this area demonstrated that overwash sand layesemwed in the sediments of coastal
lagoons can provide a record of catastrophic stalunsg the last 250 years (Dezileau et al.,
2005; Sabatier et al., 2008). Here a multi tranapptroach is used to assess the frequency and
intensity of these events during the last 1,500s/@ad to study the possible links between

past climatic conditions and storm activities. Tated the study of historic and prehistoric
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storms, named Paleotempestology by Liu and Fe2@®0) has been confined to the study of
tropical cyclones in tropical Australia (Chappsdilad, 1983; Chivas et al., 1986; Hayne and
Chappell, 2001; Nott, 2004) and southern and eadteited States (Liu and Fearn, 1993,
2000; Collins et al., 1999; Donnelly et al., 200&aDonelly et al., 2004, 2007 ; Scilleppi and
Donnelly, 2007). Up to now, this relatively new bca of science was not applied to mid-
and high-latitude events (Nott, 2004). The ideadifion of storm events in the Mediterranean
region is a new area of study. This study has heelertaken in the framework of ECLICA

project (INSU, ACI-FNS « Aléas et changements gabain 2004, coordinator L. Dezileau)

which aims to identify and assess the recurrencextieme climatic events (floods and
storms) from the study of documentary records aulagjical data in lagoons and river deltas

that have affected the western Mediterranean lwhsing the Holocene.

2. Large Scale Environments for Heavy Precipitating=vents in the Mediterranean

Today, the Mediterranean Heavy Precipitating EVEARES) often occur within very similar
synoptic (large scale) contexts. When a dynamitadtering is performed to a set of 1200
days which samples the major part the rainfallalality over the region including events of
high intensity we obtain two classes of configumatthat gather more than 70% of the HPEs
(Figure 6.2). The left panel displays the Cyclonic Souther\Wwigt (CSW) pattern which
depicts a very typical situation. A strong troughmoving forward over Western Europe and
is associated with a strong mid-level SW flow otlez French Mediterranean coast. In this
configuration, interactions between upper leveptmause anomalies and baroclinicity in
lower levels may lead to cyclone development ovestern Mediterranean. High low level
moisture flux anomalies (c.f. shading areas) areetgd from the Gilbraltar strait by a rapid
SW low level jet with high wind speed values (up1® m/s in average). The Cyclonic
Southerly pattern (CS, on right panel) shows a weakough, then a less forcing
environment. However, the system being isolateohftloe main stream to the north reinforces
thermal contrasts due to the upper level coldrathe trough. Furthermore, the magnitude of
the ridge over central Europe is more significanthis cluster and may steer the low level jet
more to the SE with still high wind speeds (13 mig)t also it may help enhancing upper
level divergence over the area of interest.

At a regional scale, it is noteworthy to obsenet tHPESs only occur under two orientations of
the strong low level jet, the southwesterly in @8W and the southeasterly in the CS. These

two branches of the low level jet, associated witiface cyclones or not, may be connected
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with potential coastal impact on a region extenftedh the Rhone delta to the east in the

CSW configuration, and to the Languedoc-Rouss#leafront for CS cases.

Figure 6.2 : The two classes that gather more than 70%hef Mediterranean Heavy
Precipitating Events (HPEs). The left panel displdaiie Cyclonic SoutherWesterly (CSW)
pattern and the right panel shows the Cyclonic Beiy pattern (CS). HPEs only occur
under two orientations of the strong low level jigte southwesterly in the CSW and the
southeasterly in the CS.

3. Study site

Pierre Blanche and Prevost lagoons are locateth@nnbrthwestern part of the occidental
Mediterranean Sed&igure 6.1). These hypersaline backbarrier lagoons are siepbfiamm the
Mediterranean Sea by a wave-produced, sandy ba&Em wide and 2—3 m above the mean
sea level. These lagoons have a flat bottom wittegaimum water depth of approximately 1
m. Modern sediments accumulating at the bottonmigflagoon is clay/silt and no sand. Tidal
variability is modest (mean range 0.30 m), whicimimizes the influence of dynamic tidal
currents. The study site is located along the sagdtern-facing shoreline, and is extremely

vulnerable to intense storms coming from southsmdheast.

4. Materials and methods

4.1 Core material
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Six short cores and one long core were extractaa the two lagoons (Pierre Blanche, and
Prevost) along three transects (transverse andtlmingal transectsfFigure 6.1). The long

core was extracted using the Uwitec platform. Adres were collected at water depths
between 0.5 and 1.5 m. The locations for all cositgs were determined using a handheld

GPS unit which provided a horizontal accuracy td 8 m.

4.2 Physical measures

Back at the laboratory, cores were X-radiographethdery department in “Clinique du

Millénaire” and University of Bordeaux), sliced apghotographed and logged. Cores were
refrigerated at 5°C to prevent dessication. Cor@@Bas run through a non-destructive Itrax
core scanner to obtain subcentimeter-resolutiorayXftuorescence measurements of the
sediment’s elemental composition. Grain-size amalygs conducted on contiguous 2-cm
samples using a Beckman-Coulter LS13320 laseradiffsn particle-size analyser. Grain size
distribution measurements were made on the less @ mm sediment fraction without

decarbonatation.

5. Results

5.1 Cores descriptions

Cores collected from the two lagoons contain orgraiich clay and silt interbedded with
coarse grained layers comprised of a mixture aficihstic sand and shell fragments. X-ray
images, X-ray fluorescence and high-resolutionrgsize analysis for PB06, PB08-3, PB08-
4, PB08-5, PRO 12, PRO 15 and EGO8 indicates detnacoarse-grained layers preserved
within mud sediments which were not detected byalisnspection. The more prominent
sand layers are typically composed of sand and b&ea sharp contacts with the organic-
rich clay and silt sediments belowigure 6.3). These sand layers preserved in the cores
seems to be overwash layers, i.e., coming frommaanicursions during intense storm events.
However, these coarse grained event layers can hawéher source such as rivers for
example. Consequently, we investigated the origth® detrital material.

5.2 Detrital input and transport mechanisms
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Figure 6.3 : Grain size distribution of the seven shonteso(PB08-3, PB08-4, PB08-751 5,
PRO 12, PRO 15 and EGO08) and one long core (PBOBwing three transects (one
longitutinal T1 and two transverses T2 and T3). Zh@l ratios of core PB06 are well above
3 indicating a higher contribution of terrigenousarficle from the sandy barrier. Five

different coarse grained event layers have beentified in the different cores (CGE 1 to 5).

In the two lagoons, terrigenous particles may oatg from any of the surrounding land
masses, i.e., old Mesozoic/Cenozoic calcareousshai® sediment and/or that of the sandy
barrier. These potential source areas are chaizadeby different major and trace-element
compositions. Thus, by connecting the major ancetelement compositions of source areas
to the terrigenous particles in the sediment, thgiro of the particles can be identified. In
order to characterize temporal changes in deftitaés during the last 1,500 years, we chose
to focus on core PBO06 extracted in the centre @Rierre Blanche lagoon.

In order to obtain the best resolution in this iiferation, we chose to use the ratio Zr/Al,
which discriminates between the two potential sewsiceas. The high Zr/Al ratio value is
explained by a high concentration of heavy mineflte zircon) from Camargue sand. The
Zr/Al ratios of coarse grained event layers arel alebve 3 Figure 6.3), indicating a higher
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relative contribution of terrigenous particle frothe sandy barrier. These sand layers
preserved in the cores are interpreted as overdagdrs given their geochemical and
sedimentary characteristics, i.e. all these cdasgs are the result of marine flooding events
overtopping or breaching the barrier and transpgrthese barrier and nearshore sediments
into the lagoon. The marine origin of these sangers were also ascertained through
identification of molluscsRittium recticulatumandRissoa ventricoga unique to the marine
environment (Dezileau et al., 2005; Sabatier e2ai08).

In conclusion, storm surge associated with an seestorm strike, is the only mechanism that
can generate these high-energy events with seaviaflex. There is no evidence of
earthquakes or tsunamis affecting the Languedostdoathe historical record. The data

cannot be explained by any other fluvial or ladastprocesses.

5.3 Stratigraphic framework and age model

To allow for a more detailed discussion of the measkand their comparison with other
records, a chronostratigraphic scale was consttuc¢iene scales for cores PB06, PRO 12 and
PRO 15 are based di'Cs, *%b and AMS"C dates (Sabatier et al., 2008). Samples shells
were radiocarbon-dated at the Laboratoire de Me¥@en ARTEMIS in CEA institute at
Saclay (ECLICA, INTEMPERIES, PALEOSTORMS projeatsprdinator L. Dezileau 2004;
2006; 2008). These measurements were obtained rfronospecific sample€erastoderma
Glaucumat each level*’C ages were corrected for reservoir age (see ®alsatal., 2008 for
method) and converted to calendar years using #tie 6.0.2 calibration program (Hughen et
al., 2004) at two standard deviations. For the fmres, PB08-3, PB08-4, PB08-5 and EGO08,
we have no absolute age constraints. The propagedcale for these cores was developed by

graphic correlation to core PB 06.

5.4 Overwash deposits chronology

In communal archives, intense storm events werdiored because they caused damage in
the vicinity of the studied city (Sabatier et &008). For the last 400 years, eighteen intense
storms occurred in the Languedoc. Among all of éhe®me seem to be more intense. The
storm of December 4th, 1742, recorded in manyaithives around the Aigues-Mortes gulf,

is considered as the most catastrophic event isttity area. This storm, probably due to S to

SE winds, submerged some local cultivated landshvhad been gained at the expense of the
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older parts of the lagoon. The lagoon was covengld avsand layer on “300 toises”, i.e. 500
m. One of the main consequences was the creati@anlarfge inlet, near Maguelone, which
remained open until 1761. The storm of November I#8}8 associated with strong SSE
winds induced the wreckage of a few ships in the $karbour, the biggest port in the region.
The sea has completely submerged defense bamidtseiharbour. This storm caused the
death of numerous people. Certified by many engralestrations, the storm of September
21, 1893 also resulted in the devastation of the Barbour and the wreckage of a few ships.
The winter storm of 1982, with 46 m/s wind (catgg@rin Saffir-Simpson scale) caused the
death of 15 people and economic losses estimatédCamillion Euros. This storm caused a
partial devastation of the new Palavas and Caraoindurs.

To determine which historical events left coarsairged layers, we used our detailed age
model previously defined. Five different coarseimgd event layers (CGE) have been
identified in the different cores. The coarse-gedinevent deposits (CGE-2 and 4) are
consistent among all corefigure 6.3). Historic overwash (CGE-1 and 3) layers are not
consistent across the two lagoons, suggestinghieae storms may have been nearly absent
or less-intense storms that overtopped the barrieccalized areas, producing overwash lobes
as opposed to sheet overwash. Nothing may be deédrma the CGE-5, the deeper coarse-
grained event in the long core PB 06. CGE-1 is ndeskonly in the core PB 04 which was
retrieved near the lagoon shore suggesting theéeexis of a less intense storm. This layer is
consistent with the storm of 1982 (category 2). ree subjacent layers CGE-2, CGE-3 and
CGE-4 are consistent with the storm events whichuwed in 1893, 1848 and 1742,
respectively. These dates were obtained by congratistweerf*%Pb, *“C data and historical
archives (Sabatier et al., 2008). The storm of 1848 chosen instead of the less intense
storm of 1839 (Sabatier et al., 2008). For thellgr CGE-5, dated at 455+/-145 cal AD, we
have no communal archives.

On the basis of our age model a quiescent intés\atident between 455 and 1742. After this
time, there is a period of intense storms betwegt?land 1900. The interval from 1900 to
today was relatively quiet.

6. Discussion

6. 1 Site sensitivity through time

Barrier coasts are dynamic systems and differeimckackbarrier sensitivities can result from

several factors including sea level change, sedinsepply, inlet, and barrier-elevation
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changes (Scileppi and Donnelly, 2007; Donnelly aebb, 2004; Rampino and Sanders,
1981; Hennessy and Zarillo, 1987).

6.1.1 Sea level changes

Sea level rise can increase the sensitivity of baagker study sites by moving the shoreline
farther inland and narrowing the barrier beach uplotime. In this context, an increase or
decrease in sand layers through time can solelgdused by a sea-level change. Major
discrepancies exist about the chronology and shafepostglacial sea-level curves
reconstructed for the Mediterranean Sea (Pirazk®9; Lanbeck and Bard, 2000). However,
for the last 1,500 years, no significant sea-lékaltuation (<1 m) has been documented for
the Mediterranean Sea (Pirazzoli, 1991; Vella ara/&hsal, 2000; Morhange et al., 2001).
The abrupt increase in sand layer frequency aféerl@40 A.D cannot be explained by
differences in sea levels. The sediment-stratigcaphange also post dates any minor sea-
level fall that may have been attributable to tlitd_Ice Age (Tanner, 1992; van de Plassche
et al., 1998). Moreover, as suggested by anciepsr{@ervice maritime maps of 1819, 1938
and the Cassini map, 177Bigure 6.4) the position of the sandy barrier, has not stifte
significantly during the last 300 years (betweenaBd 80 metres landward approximately).
Therefore, while it is likely that there were mirgga-level fluctuations and shoreline changes
during the last 1,500 years these changes weraplplnadequate to alter drastically the
depositional environment of the lagoon and henee gbnsitivity of the site in recording
paleostorms.

6.1.2 Sediment supply changes

A change in sand layers through time can be caogdide availability of sand oceanside. The
seismic campaign CALAMAR IV (Raynal et al., 2009)kndonstrated the various
morphologies and the pattern of sediment layerstadl to the Quaternary history of this
coastal system. Different seismic profiles, acrtigs shore shows different seismic units.
These units present a seismic facies typical abh anergy environment which corresponds
to large sand deposits (Certain et al., 2004). gresent huge sand deposits observed with the
seismic campaign cannot explain the decrease af lsgers between 1740 and today. It is
difficult to estimate sand availability through ter timescale, however the large sand

deposits present problems in explaining the chaagts site over last 1,500 years.
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Figure 6.4 : Service martime maps of 1819, 1938 and thesi@amap, 1774. The position of
the sandy barrier, has not shifted significantlyridg the last 300 years (between 30 and 80

metres landward approximately).

6.1.3 Inlet changes

The presence of a nearby inlet may increase thsitsety of a particular area to storm-
induced deposition. It allows for storm energy toreneasily penetrate into the backbarrier
area, letting a lesser storm with lower wave sungmsport coarse sediment into the
backbarrier. Texts and maps from thé"lghd 19" centuries clearly show that ephemeral
small inlets have been created by storm activionglthe Pierre Blanche Lagoon and often
have not induced longlasting coastal features.|#rge inlet had existed over a long period
and had provided a ready conduit for sand from Ghéf of Aigues-Mortes to the Pierre
Blanche lagoon, this would have been reflectechen dores. However, no evidence of such
active tidal connection during a long time is foundsedimentological and geochemical data
for the past 1,500 years. Our cores contain ovdrwaad layers embedded by organic lagoon

mud with sharp stratigraphic contacts, again irtchgathat no active Gulf inlet existed during
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the past 1,500 years. The small inlets along teer®Blanche lagoon during the 18 and'19
centuries have been the result of increased stotiwits.

6.1.4 Barrier-elevation changes

A change in barrier height may change the sensitnd a particular area to storm-induced
deposition. Coastal sand dunes frequently erodenwhey are overtopped by surges and
waves (Nott, 2004). The diminution in height ofund barrier, will allow subsequent smaller
surges and waves generated by lower intensity stbonpenetrate inland and deposit sandy
sediments into back barrier environments. Thisasibem may remain the case for many
centuries and possibly longer. Eventually, the dumél rebuild to their former height, and
over time will show no evidence of once being ethde

At present, our sandy barrier functions as a bawith a current height of 2-3 m. Historical
topographic information on the evolution of thediiof this sandy barrier is limited. The
barrier heights appear to have been constant feaat the past 50 years. For a longer period,
we cannot assume that the barrier has remainedaime height. It is very likely that the
increase of intense storms between 1742 and 190® ititerval caused the diminution in
height of a dune barrier increasing the sensitivy this area for the 20 century.
Nevertheless, it is clear from sediment cores tha time interval (1900 to 2008) was
relatively quiet. The present morphology of thestahbarrier with a succession of overwash
sand fans well vegetated is probably the resulbhefincrease of intense storms during the 18
and 19' centuries.

To conclude, the record of paleostorm occurreneesbe complicated by different factors
(coastal dynamics, sea level changes, sedimentysupfet, and barrier-elevation changes)
however, the organic-rich clay/silt sediment typepearing throughout the record show that
these areas were experiencing quiescent sedinm@antddiring at least the past 1,500 years,
indicating that the study sites were likely progecbehind the barrier system over that time.
Finally, the close agreement between documentethsiet storms and the recent sedimentary
record in our study area indicate these backbalagmons have been sensitive to overwash
deposition associated with the strongest stormsatipg on the area. However, in order to
control localized sensitivity changes, it will becessary in the future to employ a vast

multiple site approach, as extreme storms in a@lribrthwestern Mediterranean area would
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likely result in storm surges and waves of suffitibeight to overtop the barrier across wide
stretches of coast and not only at localized areas.

6.2 Intensity of storms through time

The relationship between storm intensity and the sf the overwash sand body deposited in
a coastal back-barrier lagoon is complex. We haka@wledged some of these confounding
factors, including the abundance of sand supplyhasizing that our working hypothesis is
subject to the assumption that the geomorphicngetiemains roughly the same for Pierre
Blanche and Prévost lagoons during the last 1,5Mrsyand that storm conditions (e.g.,
timing, duration, angle of approach) occur randoovgr time (Liu and Fearn, 2000; see also
Liu and Fearn, 1993). However, recognizing thesmpiexities does not prevent us from
generalizing that a positive relationship existsoagrhurricane and storm intensity, storm-
surge height, and the size of the overwash sang.bbdnnelly et al. (2001a, 2001b)
demonstrates that recent and historic major huresaon the Atlantic coast caused
significantly higher storm surges than minor huwanies and winter storms, and that over the
past several centuries only the major hurricangsalstratigraphically distinct and regionally
consistent record of overwash sand layers in tdersnts of the coastal marshes.

During the past 50 years no catastrophic intermenshas directly struck Pierre Blanche, and
Prevost lagoons, except maybe the 1982 storm efyoay 2 intensity that was not strong
enough to directly deposit sand into the centréheftwo lagoons, the coarse grained event
layers (CGE-1/1982 event) have been identified anlyne core PB04, near the lagoon shore.
The four thin sand/silt layers in core PB06 havierppolated ages of approximately, 1742,
1848 and 1893 A.D.. If the two lagoons’s geomorpdetting has not changed drastically
during the last 1,500 years and if a positive refehip exists among storm intensity, storm-
surge height, and the size of the overwash sany, ltleelse four thin sand/silt layers recorded
in the lagoon at more than 500 m from the sandyidrarwere probably formed by a
catastrophic storm of category 3 intensity or maiking into account text description of the
1742 storm and the large overwash sand body deplositthe core PB06, the distinct 1742
sand layers were probably formed by overwash psasethat occurred during a catastrophic
storm of category more than 4 in intensity. Thast is probably the most intense event ever
recorded during the last 1,500 years in that regl@nconclude, these 4 storms of very high

intensity can be called superstorms.
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6.3 Comparison between flash floods and intense stos events through the last 400

years

The municipal council archives contain descriptiohseteorological or hydrological aspects
concerning a flood event or damage occuring diyecilhese documentary series were
investigated to reconstruct past floods events.c8astal rivers located in the Mediterranean
Languedoc were choosen for collecting data seriesVidourle, Vistre, Lez and Mosson,
Herault and Orb rivers. The hydrosystems are géypeshort with steep slope longitudinal
profile and present a fast response to extrem Hydatic events. Communal archives of
fifteen villages were analysed, located along thresss at up- and downstream levels, or in
the deltaic plain for five of them. So we couldcipss-validate information using several
testimonies for one event and ii) ensure that aodlare missing in the recording series. For
the pre-instrumental period, a scale of event nadai can be established using the
descriptions of flood effects on the river bed aundrounding areas (Barriendos et al. 1998,
Coeur and Lang, 2002). Three classes of flood niag@ihave been adopted : i) ordinary
small flood, with some damages to hydraulic inatadhs and local dikes failure (class 1), ii)
extraordinary flood overflow the minor bed with arde flood perimeter. River banks and
dikes are destroyed on several hundred meterss er@plost and roads damaged, (class 2) iii)
the exceptional or catastrophic flood is very abffilpshflood) and cause severe damage to
houses, bridges, other infrastructures but alsoamilosses (class 3). These two classes are
generally associated to morphogenic changes ofitke bed (avulsions, meanders capture)
and to regional events. The flood series obtained since the middle of the thirteenth
century, but before 1550 it is probably non exhaasiSo we present here only the results for
the period 1550-1950-{gure 6.5).

The historical archives show that the hydrologieglime shifted from one characterized by
infrequent and moderate floods before 1700 to dragacterized by frequent, severe floods
between 1700 and 190€igure 6.5). The hydrological regime seems to return to maigder
conditions after. In the same way, geological &igure 6.3) do not show any evidence of
superstorms in the region for several hundred ypecs to the late 1% century A.D. The
apparent increase in intense storms around 258 yg@aroccurs only between 1700 and 1900.
This intense meteorological activity seems to retora quiescent interval after. To conclude,
overwash deposits correlate with the most intermmumhented floods in the area between
1700 and 1900, i.e. during the latter half of thie. Ice Age.
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Figure 6.5 : 1565-1955: Annual flood number of Herault,bOMosson, Lez, Vidourle and

Vistre rivers from communal archives of fifteethages.

6.4 Paleoclimatological interpretations

The longest record from Pierre Blanche lagoon reviegervals of more frequent overwash
deposition punctuating intervals of quiescent bacdkbr sedimentation. Alternating periods
of quiescent conditions and frequent intense staaresrecorded in the sedimentary record
and historical data and likely indicate that climatonditions may have modulated storm
activity on centennial timescales. Although addiéiblong records are necessary to test this
hypothesis, one of the most likely explanationha$ remarkable increase in storm frequency
and intensity affecting the Languedoc region dutimg latter half of the Little Ice Age is a

result of modifications in atmospheric circulatiamd variability.

6.4.1 Is the North Atlantic Oscillation the main catrol mechanism?

The North Atlantic Oscillation (NAO) is responsibfer much of the climate variability

observed in the Mediterranean region (Hurrell, J9&5present day and possibly during the
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last 500 years (Luterbacher et al., 2002). Duriogipve phase of the NAO, the high-pressure
gradient between the strong Azores anticyclone #ied Iceland depression results in a
northward shift and an increase strength of theteviéss (Hurrell, 1995). The “storm track”
crosses the northern part of Europe. When the Na@igh, dry conditions develop over
southern Europe and North Africa (Pittalwala andmidad, 1991). Conversely, when the
NAO is negative, the pressure gradient between Aheres high and the Iceland low
decreases (Hurrell, 1995). The westerlies are exhifo the South providing precipitations
over the Mediterranean and the North African caenin In this configuration, the “storm
track” crosses the southern Europe. Our historgcahives and geological datas show an
increase of storm and flood activities in the Lagdpc region during the latter half of the
Little Ice Age, when tree-ring based reconstrucidbuterbacher et al., 2002; Guiot et al.,
2005) indicate a negative (cooler) phase of the N@ could thus hypothesized that the
active storm period in the Languedoc are the redudhifting storm tracks to the south related
to a negative phase of the NAO. However, in ouromghis assumption is not completly
satisfactory for several reasons: First, if thevacand inactive intense storm periods are the
result of shifting storm tracks between northeastend southwestern locations, thus we
should observe a spatial see-saw pattern of stotivitg between the northern part of Europe
and the Mediterranean area. However, Jegersma, gtL885); Aagaard et al., (2007) and
Sorrel et al., (2009) clearly show an increasetofns frequency during the little Ice Age in
the northern part of Europe. This active periothe northern locations fall within the period
of high storm frequency in the southern part ofdper This synchroneity provides evidence
that a millennial-scale spatial see-saw patteratwfospherically-driven storm tracks may not
be a major climate mechanism forcing changes instigerstorm frequency in our region.
Secondly, the intense storm events reconstructed fedimentary archives do not show a

correlation with the reconstructed NAO index on It 500 years (Luterbacher et al., 2002).

6.4.2 What are the other climate mechanisms that nyacontrol the frequency of

superstorm events?

The physical explanation for the increased occuegeaf extreme wind events over the region
of Languedoc during the Little Ice Age is therefamet straightforward. Based on an
ensemble of six simulations of the Maunder Minim(vM, going from 1640 to 1715 with
time varying forcing) using an Ocean-Atmosphere &ah Circulation Model (OAGCM),

Raible et al. (2006) consistently find an increaseyclone occurrence in the Mediterranean
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during the MM compared to present-day. They attalihis signal to a larger cooling in the
high latitudes than in the low latitudes (due téap@mplification effect, Masson-Delmotte et
al. 2006), leading to enhanced lower tropospheairodinicity over a large Central Atlantic-
European domain. This result suggests that thengpobserved during the MM over Europe
(Guiot et al. 2005) may be associated with upstrebanges in the large scale dynamics of
the atmosphere over the Mediterranean and NortdmAd sectors. It is hypothesized here that
such a large-scale flow alteration may have madiifiee occurrence of extreme wind events
along the French Mediterranean coast, thus explgithe local signal found here over the
region of Languedoc. To demonstrate this hypothdésis necessary to adopt a downscaling
approach in order to relate the small scale extreveats over the region of Languedoc to the
large scale dynamics of the atmosphere.

What is the relationship between southwestern Euabpnate variability and strong storms
for modern climate conditions ? Using present-adagé scale circulation data for the period
1960-2001 (NCEP-NCAR reanalysis, Kalnay et al. 3996 compute the three leading
Functions (EOFs for Empirical Orthogonal FunctiongXhe 500mb geopotential height for
the months September-October-November-December (5@1¢ period when events of high
intensity occur in the analysed region) on a dbagis. We find three characteristic patterns
associated to the NAO, the BL (Blocking, Pavanlet2000) and the EAP (East Atlantic
Pattern, Barston and Livezey 1987). Then we chagbié 204 events of high intensity (c.f.
section 2) occurring over the same period withie thfferent EOFs (when statistically
significant), it has to be kept in mind, howevdrattthese events are of lower intensity than
during the LIA. The results of this classificati@ppear in theTableau 6-1. This table
suggests that strong wind events over the regidmanfjuedoc are mostly (26% of the total
events) associated with EAP positive phase, wlile,the opposite, the negative phase
prevents the occurrence of these events (2%). Okéiye phase is characterized by a low
pressure monopole located off Western Europe lgatbnlarge-scale southerlies over the
western Mediterranean basikRidure 6.6). This general dynamics is favorable to local wind
amplification due to both coastal configurationdda formation of explosive synoptic scale

systems leading to strong events.
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Figure 6.6 : Three leading Empirical Orthogonal Functio(&OFs) of the 500mb
geopotential height (in m) computed on a daily bdsr the months September-October-
November-December (SOND) using the 1960-2001 NE@€ERalysis (Kalnay et al.1996). Are
represented the positive phase of each EOF. Thke BHOF is identified as being the NAO
(North Atlantic Oscillation, Hurrel 1995), the sewb as the BL (Blocking, Pavan et al.,
2000), and the third as the EAP (East Atlantic Batf Barston and Livezey 1987). The
patterns are not canonical, since the analysisedgrmed over SOND, which are the months
when the extreme events occur around the Languedpan, in place of the classical winter

months.

Our results do not suggest a significant link befmvetrong wind events over the region of
Languedoc with the NAO. This study clearly demaass that on different timescales the
NAO is not the main control mechanism. We couldgasg that during the Little Ice Age the

positive phase of the EAP mode is favored. Thisuagsion has to be verified. This is
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planned to be done in a companion study, by usasg millennium simulations from the
Météo-France CNRM-CM3 (Salas y Mélia et al., 2008)GCM.

Positive phase

Negative phase

EOF! (NAO)

15 (7%)

28 (14%)

EOF2 (BL)

32 (16%)

21 (10%)

EOF3 (EAP)

53 (26%)

5 2%)

Tableau6-1 : Number of extreme events in the Languedoiomeigr the period going from

1960 to 2001 classified on each EOF (for Empiri€athogonal Functions) as obtained in
Figure 6.6. In parenthesis are the percentages of thetsvianthe EOF with respect to the
total number of extreme events (204).

6. 5 Storm risk estimation for the last 1,500 yeargn the Northwestern Mediterranean

area.

This study has implications for risk assessmentgiry the past 100 years no catastrophic
intense storm has directly struck the Languedocgomegthe sediment stratigtaphic data
suggest an increase of catastrophic storms of @gte®) intensity or more during the latter
half of the Little Ice Age. The area on average &ads2% probability of being struck by a
catastrophic storm by years on the last 2000 y&drs. estimate is higher, 2% during the
latter half of the Little Ice Age, the risk is imased by a factor of 10. In the same way, we
have shown an increase of flash flood events duhigperiod with sometimes more than 7
intense events (class 3) per year. Communal arslulearly show the terrible impact of these
intense events on the society during this periddr{@&emanche, accepted). Today, the lack
of familiarity with such extreme events has ledhe assumption that they are unlikely to ever
occur within the lifetime of many individuals. Thims led to the development of inadequate
policies governing the location of buildings welitlin the zone of possible storm tide
inundation. In the Gulf of Aigues-Mortes, the dexmhent of seaside tourism during the 20th
century was marked by the construction of numemmaside resorts (Carnon, La Grande-
Motte, Port Camargue) or extension of small fishimitages (Palavas-les-Flots; Le Grau-du-
Roi). These stations were built on the sandy bainethe 1970s. The town of Carnon is
established on a wide washover fan that was prgtssilup during the "Little Ice Age". The

resident population on the coast has increased flagtar of 15 since 1750 with a dramatic
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increase since the 1970s. Today, 150 000 peoptedlivthe year on the sandy barrier and
more than the double in summe&idure 6.7).
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Figure 6.7 : The resident population on the coast hasdased by a factor of 15 since 1709
with a dramatic increase since the 1970s. Today) Q80 people live all the year on the

sandy barrier.

The last few centuries have seen a regime shifteroccurrence storms crossing the coast in
the Northwestern Mediterranean area. If the regihéhe latter half of the Little Ice Age
came back today, the implications will be dramalibe percentage number of housing,
accommodation or business buildings and differafrastructures (dams, recent harbours)
inundated will increase considerably. To conclutes really important to better understand
mechanisms causing regime shifts in the Northwedtditerranean area for making more
accurate predictions of the levels of risk and expe as human populations, urbanization and
tourism grow rapidly along this Mediterranean coast
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7. Conclusion

This study shows that reconstructing the overwastoly of two backbarrier lagoons can
provide a sedimentary record of intense stormsr Bstinct, overwash deposits are identified
in these lagoons at more than 500 m from the séadyer, which is much more important
than the deposit of sand storm of 1982 (categomtéhsity). Since we have demonstrated
that the two lagoons’s geomorphic setting has hanged drastically during the last 1,500
years we suggest that these four overwash depesits probably formed by catastrophic
storms of category 3 intensity or more.

Overwash deposits correlate with the most intenseummhented floods between 1700 and
1900, i.e. during the latter half of the Little Ié&ge. Comparison of the sediment record with
palaeoclimate records indicates that this varigbiias probably modulated by atmospheric
dynamics. We suggest that extreme wind eventsss@ceted with a large cooling of Europe
and probably link to variations in the Eastern Atia Pattern. This study has also
implications for risk assessments of intense stodfmging the latter half of the Little Ice
Age, this risk is increased by a factor of 10.histregime came back today, the implications
will be dramatic.
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Abstract

The effects of climate change on extreme eventsddfieult to assess because extremes
present large variability and consequently, it ifiallt to identify significant trends in
relation to the lack of instrumental long time ssriHere we present a record of these extreme
storm events in the French Mediterrannean coast theepast 7000 years based on a long
sediment core from lagoonal environment in GulfLains. Using a high resolution multi-
proxies approach on core associating grain sizealato reconstruct Mid to Late Holocene
history of backbarrier deposits in relation to I&dléhg activity.

Even if change in lagoon geomorphological settingrothe Holocene does not allow to
compare storm events in terms of intensity trouget we have recorded six periods of
increase in storm activity at 6200, 5500, 4400,32%00 yr cal B.P. and over the LIA (450
and 100 yr cal B.P.). These evidences of changesoastal hydrodynamic, inversely
correlated to periods of aridification in Westerediterranean region, are in phase with those
observed over the North Atlantic and correspondatcene cooling events. This increase in
storm activity during Holocene cold events over Metdanean region was probably due to
thermal gradient increase leading to enhanced |dvmpospheric baroclinicity over a large
Central Atlantic-European domain. This study demratss that temperatures in North
Atlantic region influence the severe storm actiatyd therefore the Mediterranean climate at

Holocene timescale.

1. Introduction

Across the 20 century, the average global surface temperatiséntaeased by about 0.75°C
and predicts a significant warming for the®2dentury, mainly due to the increased in
greenhouse gases (IPCC, 2007). The Mediterrangmonres one of the world’s areas most
vulnerable to the climate change (Giorgi, 2006)giBeal climate simulations have been used
to investigate the variations of precipitation ahé cyclonic activity in the Mediterranean
region Gibelin and Déqué (2003) predict, using ARPEGE ehodn overall warming and
drying in all seasons except in winter over Nortlestérn Mediterranean area with an
increase in precipitation. Moreover, Lionello ant@i (2007) show that the reduction of
cyclone activity observed in future scenarios wddresponsible for the negative change in

precipitation on the southern and eastern Mediean coast, while positive change occurs in
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Northern parts in relation to increased strengthmad latitude storm track. In addition,
Gaertner et al., (2007) detect for the first timesk of tropical cyclone development over the
Mediterranean Sea under future climate change tiondi However, the effects of climate
change on extreme events are difficult to assesause extremes present larger variability
than average values and consequently, it is mdfeuli to identify significant trends in
relation to the lack of instrumental long time ser{Webster et al., 2005; Emanuel 2006a;
Landsea et al., 2006). It is therefore, importanstudy the past storm activity in order to
better understand the possible regional and larej term trends of these events, associated
to past climate conditions.

In this study, we focus mainly on the Gulf of LioffSigure 6.8), a region of the French
Mediterranean coast. This area is particularly iigasn terms of societal issues for the risks
of flooding (the Mediterranean Heavy Precipitatiityents) and the risk of coastal
erosion/submersion during storm events. In Septe2@@?, large floods hit this region; there
were 23 victims and damage was estimated at ovebdiion Euros. Linked or not to these
rainy episodes, the region is also prone to frejgarms. These events can have dramatic
actions when the winds and waves are associatédhigh sea surges (Ullmann et al., 2008)
attacking coastal sand dunes, sometimes breakengatihdy barrier. For the last few decades,
the most important storm is that of 1982 with 46wf'svind (category 2 in Saffir—Simpson
scale), this storm caused the deaths of 15 peapleeeonomic losses were estimated at 400
million euros. Wet season (October to March) rdirdeer the Northern Mediterranean which
corresponds to the so-called storm season hasasectever the last four decades, mostly
forced by the decline in the intensity of cyclogesesvent (Trigo et al., 2000). Cyclones are
the cause of most of the heavy precipitations envthole Mediterranean region (Trigo et al.,
2000; Jansa et al., 2001). Lionello et al., (200&) a significant decrease in winter cyclone
density over most of the Western Mediterraneannguthe last 150 years, this tendency is
also confirmed by a work on sedimentary archivesbffer et al., accepted a). However,
there is no evidence that the behaviour of Mediteran climate extremes on this timescale is
inconsistent with natural climate fluctuation as ®ANorth Atlantic Oscillation) or EAP
(Eastern Atlantic Pattern) during earlier centuf@siadrelli et al., 2001 ; Sanez et al., 2001 ;
Krichak et Alpert, 2005 ; Lionello et al., 2006 yterbacher et al., 2006 ; Trigo et al., 2006;
Dezileau et al., submitted).

Reconstruction of the recurrence and intensityadé@storms in coastal area is an important
topic of study due to the recent concentrationesburce and population in this zone (Pielke
and Landsea 1999; Turner et al., 2006; Lionellalet 2006; Dezileau et al., submitted).
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Therefore, geological data offers opportunitiegg¢oonstruct a long term record of intense
events and can extend the documented record wealhblehe observational record in order to
identify how storm activity has responded to pdstis in climate. This study was a part of
the ECLICA project, one of the aims of which wasdentify regional storm patterns using
systematic, historical and paleostorm data (Dezileiaal., 2003). Usually, reconstruction of
paleostorm events in coastal environments has besate by identifying the recurrence of
overwash coarse grained and associated depositsafid Fearn 1993, 2000; Collins et al.,
1999; Donnelly et al., 2001a, 2001b; Nott, 2004;nBelly, 2005; Dezileau et al., 2005;
Donnelly and Woodruff, 2007; Scipelly and Donne®p07; Frappier et al., 2007; Woodruff
et al., 2009).

The Gulf of Lions shore line is characterized byngnaoastal wetlands that are the result of
the interaction between a process of shore linelaeigation by migrations of sandy barriers
due to the sediment transfer through littoral hggramics; and a filling of these areas by the
fluvial and marine inputs (Certain et al., 2004yRal et al., 2009). In this study we present a
high-resolution multi-proxy approach on a long cbrn the Pierre Blanche lagoon. Part of
this record was the subject of a previous work thatussed in detail the link between the
sedimentary record of extreme storm events andatéimshanges of the last 1000 years and
the Little Ice Age (Dezileau et al., submitted).réleve extend the record back to the last 7000
years. We then try to assess the most probableaneths behind the observed variability of

extreme storm events in the area at the millerszale.

2. Study area

This study focuses on the Palavasian wetland conlptated to the West of the Rhéne delta,
10 km south of the city of MontpellieFigure 6.8). This area consists of seven small lagoons,
with shallow water depth, limited to the South byaarow sandy barrier, attached from place
to place to subdued rocky capes (Aresquier woddaguelone Church peninsula, Raynal et
al., 2009), and to the North by calcareous Mesohilis (Gardiole Mountain). In some
places, the barrier is weak and highly sensitiveigih energy events, enabling temporary but
strong marine influence when the barrier breaksndustorm events. This is commonly seen
by traces of over-wash fans and ancient tempordeysi (Dezileau et al., 2005). Most of the
sediments supplied to the area are carried by thesbh coastal river. The Mosson drainage

basin is mainly constituted by Mesozoic (limestoae)) Cenozoic (conglomerate, carbonated
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sandstone and clay) sedimentary rock with Quatgrieposits. This wetland complex is now
crossed by the artificial Rhéne-Séte navigatiomnakeh constructed in the T7entury. This
study focuses on the Pierre Blanche located irSthéthern part of this systerRigure 6.8),

with water depths of 60 cm.

Montpellier

F 431N

"’Fjlsguelun 1
™ ¢
r;_ on

- 43730

| a4y

Figure 6.8 : Map of Pierre Blanche lagoon with localisatiof the core PB06.

This coastal area is characterized by a classigailotidal environment with maximal tide
ranges < 50 cm. The annual significant wave hefbis) and period (Tm), measured at the
Sete station (located 10 km offshore, at a watpthdef 32 m) are fair weather waves during
88% of the year (Hs=0.84 m; Tm=4.2 s). Howevers tfair weather wave climate is
occasionally disturbed by east to south-eastermmstolike that of 1982. The annual
proportion of waves higher than 4 m was around h&bthe return period of a 6m high wave

was every 10 yr (Guizien K. personal communication)
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3. Material and methods

A piston core of 7.9 meters long (PB06) was codlddn the Pierre Blanche lagoon in March
2006 in the ECLICA projectFigure 6.8) with the UWITEC gravity coring platform
(University of Chambery). This device consists o2 an transparent plastic liner mounted
with an “orange-peel” core catcher. No compactiaa tb the coring system was observed. At
the laboratory, cores were split, photographedpgadphed using the Scopix X-ray scanning
(EPOC, University of Bordeaux), loggenh detail (noting all physical and biogenic
sedimentary structures and vertical facies suooesygiand divided into 1 cm vertical sections
prior to analysis.

Grain size and macro-fauna content analyses weferped on 2 cm long sections. To study
mollusc shells, samples were sieved at 1Imm anduh#er of individuals of all species was
counted (every 2 cm). The most representative rmeadluof lagoonal environments are
Hydrobia acuta Abra ovata, Cerastoderma glaucuand those of typical marine hard
substrate environment aBattium recticulatumandRissoa ventricoséDezileau et al., 2005).
Grain size distribution was determined using a Bemk Coulte? LS 13 320. Only the
<150um fraction was analysed due to the high cdragon of shell fragments of a size
exceeding 200 um. Bulk sediments were first suspeémna deionized water and gently shaken
to achieve desegregation. After introduction of isemt into the fluid module of the
granulometer, ultrasounds were used to avoid paftmcculation.

Clay minerals were identified by X-ray diffractig®RD), every 2 cm, using a PANalytical
diffractometer at the Laboratoire IDES (Universite Paris XI) on oriented mounts of non-
calcareous clay-sized (g2m) particles. The oriented mounts were obtainetbohg the
methods described in detail by Colin et al. (199Bhree XRD runs were performed,
following air-drying, ethylene-glycol solvation f&4 hours, and heating at 490°C for two
hours. Identification of clay minerals was mademhaaccording to the position of the (001)
series of basal reflections on the three XRD diagraSemi-quantitative estimates of peak
areas of the basal reflections for the main clageral groups of smectite (including mixed-
layers) (15-17 A), illite (10 A), and kaolinite/chite (7 A) were carried out on the glycolated
curve using the MacDiff software (Petschick, 200Rglative proportions of kaolinite and
chlorite were determined based on the ratio from3%57/3.54 A peak areas.

Avaatech scanners performed continuous semi-qatwét downcore X-ray fluorescence

(XRF) analysis on the surface of split sedimenesof he split core surface has to be covered
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with a 4 mm thin Ultralene to avoid contaminatioh tbe XRF measurement unit and
desiccation of the sediment. Core PB06 was runutiiroa non-destructive ITRAX core
scanner at the Laboratory EPOC (Université de Barglel) to obtain subcentimeter-
resolutionof the sediment’s elemental composition, reportedcaunts per second. In the
present study, the selected step size was 0.5 nimawXRF count time at each step of 30 s.
Geochemical data was obtained at different tubtagel 10 KeV for Al, Si, S, Cl, K, Ca, Ti,
Mn, Fe and 30 KeV for Zn, Br, Sr, Rb, Zr (Richt¢laé, 2006).

Monospecific shell samples Cérastoderma glaucum were selected for'*C age
determinations*“C analyses were conducted at the Laboratoire deidé¥C (LMC14) on
the Accelerator Mass Spectrometer (AMS) ARTEMISGEA institute at Saclay (Atomic
Energy Commission)*C ages were converted to calendar years using i 6.0.2
calibration program (Hughen et al., 2004) at twvamdard deviations.

4. Chronology framework

The chronology of core PB06 has been establishéng tePb and**'Cs chronology
associated with Accelerator Mass Spectrometry (AME) dates on monospecific shell
sample (Sabatier et al., Accepted). These authakeran estimation of radiocarbon reservoir
age which varies in relation to palaeoenvironmlecttange (see section 5.2) between 618 +
30 *C yr (local marine reservoir age, Siani et al.,0@) for the deepest part of the core to
943 + 25™C yr (estimated by correlation with®b and**’Cs chronology and historical
events) for the last 1.7 m. In the Pierre Blancdmgoon, the final model ages of PBO6 core
(Figure 6.9) suggest a low sedimentation rate of 0.18 mih.ut the base of the core. This
rate increases from 1 mmYbetween 6385 to 948'C yr to 2.72 mm.yt over the last
millennium. For the modern part of the core, theuaculation rate is the same as that
estimated through tH8%b and*’Cs chronology (2.65 mm.yj.

5. Results

The lagoon is mostly filled by grey clay and silithwshell fragments alternating with layers
of fine sandy material. Lithological descriptionPB06 core based on grain size, sedimentary

structure and fauna content allows us to identifigient facies interpreted in terms of lagoon
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depositional environments (Sabatier et al., 201BRB06 is constituted by two main
sedimentary units above Pliocene deposits. Thedirs is a complex basal polygenic surface
consisting of the ravinement surface and above loomgyate originating from subaerial
erosion during times of relative sea-level low-gstaand subsequent reworking during the
ensuing transgression. The second one is constitugeclay and silt with shell fragments
interpreted as lagoonal depositional environmemsequent to the Holocene filling of this
coastal area. In this study we focus, in the upipgr on the variations of sediment properties

in order to identify paleostorm events.
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Figure 6.9 : Age versus depth plot of chronological datadore PB06. Solid horizontal lines

denote 2 standard deviations for radiocarbon ages.

5.1. Grain size

Grain size data is generally displayed in a spettwhere the percentages of the populations
are plotted vs. grain size fraction. They show anlomation of different populations of

particles, which vary in time describing differes¢posit mechanisms. Boulay et al. (2003)
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used the standard deviation of each grain sizeviaitas a simple method to identify the grain
size population with the highest variability. Usitlgs method, we can determine the grain
size classes having the most important variatiooutlph time. Standard deviation values vs.
grain size classes of core PB06 are displayeéfigare 6.10. Two main grain populations,
presenting the highest variability, can be ideatifiOne between 2 and i (clay to fine
silt) and another coarser, between 30 and @@0(fine sand). The evolution with depth of
these two populations displays eight main changé€i06 core with a strong anti correlation

between fine and coarse sediment revealed by #hebgnds ofrigure 6.11.
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Figure 6.10 : Standard deviation values vs. grain sizesgldiagram of core PB06. Open
circles are the most important granulometric popigias, with one (clay to thin silt) between
2 and 1Qum, and the other (thin sand) between 30 and400

5.2. Fauna contents

Macropaleontology analyses are a good indicata lefigoon paleo-isolation state because it
develops in different ranges of salinity, tempematand oxygenation. In fact, one specie
develops typically in a lagoon environmehRty@robia acuta whereas another is typical of a
marine environmentBttium reticulatum (Tableau8-2). The presence of marine species
within the lagoon indicates either their transpddring a storm event or a change in
environmental conditions. Data Bfgure 6.11shows a good anti-correlation between species
living in lagoon conditions and that representattfvéhe marine environment. Dezileau et al
(2005) and Sabatier et al., (2008) suggests tlatlitse association of sandy layers, marine

species and the disappearance of lagoonal faumgeahat the observed sequences can be
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interpreted by a succession of marine invasionh®flagoon during storm events, followed
by closure of the barrier and return to typicaldlag conditions. Nevertheless, this assumption
is valid when lagoonal species are dominant irsatated lagoonal environment.

Grain size (30 - 100 pm) Bittium r. (Marine Sepcie)
5 Core PB® o 4o 20 30 40 S0 0 20 40 B0 80 100
100
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Hioravel [iisand E=Zcky E==dsin [z -|sheiwihmud [l organic rich sediment Sandy carbonate clay

Figure6.11 : Core PB06 with from left to right: Photogtap X-ray, Grain size population of
thin sand (30 — 100 um) and clay to thin silt (26-um), Number of Bittium recticulatum

(marine specie) and Number of Hydrobia acuta (lagdospecie). Shaded areas mark the

main variations.

Sabatier et al., (2010) show a main change in rsoljpopulation at around 190-170 cm
characterized by an increase of the most typicaddaal speci¢lydrobia acuta whereas the
number of marine specittium recticulatumdecreases. These authors suggest a change in
environmental conditions (salinity, temperature,triments, and oxygenation) from a
lagoonal depositional environment, with marine uefice to a more isolated lagoonal
environment. Such a change could result from Ipe#&o-morphological modifications such

as a closure of the communications between theotagad the sea. That implies a shift from

a protected lagoon to an isolated lagoon envirotirrenelation to the final closure of the
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sandy barrier by coastal hydrodynamics. Therefonejbers of lagoonal and marine specie in

the two first meters of PB0O6 can not be compardti¢aest of the core in term storm events

5.3. Clay minerals

Sabatier et al., (submitted) show that clay mirsedsplay significant differences between the
Mosson drainage basin, with high concentrationnédite (73% - 81%) reflecting erosion
with reworked processes of ancient formation asoZeic conglomerates and the sandy
barrier, mostly characterized by high contentdlia¢i(45% - 59%) and chlorite (17% - 26%)
related to sediment from the Rhone River. Sedimiaits PBO6 core present mean values for
clay minerals included between the Mosson drairzgen and sandy barrier contents. This
core consists predominantly of smectite (15% - 7@%g) illite (16% - 55%) with less content
of chlorite (3% - 25%) and kaolinite (6% - 17%)apleau8-3). Theirs average percentages
are 44% for smectite, 33% for illite, 12% for chterand 11% for kaoliniteRigure 6.12). In
Figure 6.12 clay minerals can be subdivided into three graalpag PB06. Changes of illite
and chlorite display similar variations. Smectitngral trend is inversely correlated to illite
and chlorite, shaded bands. Kaolinite contents siewary in time with the same trend as
smectite. Therefore, we adopt the ratios of sned(titte + chlorite) as mineralogical

indicators to reconstruct the history of paleostenrants in the suited system.

5.4. Geochemistry

X-ray fluorescence core scanning provides highimem palaeoenvironmental information

in a variety of sedimentary settings. These resarksinherently semi-quantitative due to the
nature of the surface of split-sediment cores duthe¢ effects of sample inhomogeneity and
surface roughness. These characteristics are ylarticpronounced for sediments containing
abundant medium—coarse sand-sized particles sugleidfragments in coastal environments
(Richter et al., 2006). Therefore, we have to regné geochemical data, obtained by XRF
measurement, in relation to other elements. Ingtudy, we choose to normalize the different

elements by the Aluminium, representative to detddmponent from the watershed.
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Figure 6.12 : PB0O6 clay minerals analyses contents (%aioled on the carbonated-free <2
pum size fraction. Smectite and illite are domin@pt to 75% of the total clay minerals). lllite
and chlorite co-vary opposed to that of smectitaolifite contents do not vary significantly

with time. Shaded areas mark the main variations.

The Mosson drainage basin is characterized yOAIFeO; and Th (Sabatier et al.,
submitted). Another source is defined by S#&hd Zr respectively abundant in quartz, and
heavy minerals present in the sandy barrier. Thieigenic productivity is traced in lagoonal
sediment by shell abundance with high concentraitioi€aO and Sr. IrfFigure 6.13 we
represent on one hand Si/Al and Zr/Al ratios ineortb reconstruct the influence of marine
component during paleostorm events (high valued) @nthe other hand Ca/Al and Sr/Al

ratios to trace periods of large concentration imllask population. Si/Al and Zr/Al ratios
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display a good correlation, especially for thetfilige meters of the core (shaded bands).
Ca/Al and Sr/Al ratios show also a pretty good elation, increase of these values could be
due either to a strong biogenic productivity ortlhe reworking and the transport of shells

from the sandy barrier during high energy eventgest hypotheses explain how increase of
Ca/Al and Sr/Al ratios are not systematically assec with Si/Al and Zr/Al ratios related to

paleostorm event$i{gure 6.13).

e

100
erAI Sr/Al

Figure 6.13 : XRF records from core PB06, with down caoaeations of ratio Si/Al, Zr/Al,

Ca/Al and Sr/Al. Shaded areas mark the main vaetiof Si/Al and Zr/Al ratio.

6. Discussion

6.1. Paleostorms deposits
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The multiple deposits identified in PB06 by cortigla between grain size, fauna contents,
clay minerals and XRF geochemistry suggest thatbdreier has been breached numerous
times over the last 6500 yrBigure 6.14). The three last events were previously identifred
the whole lagoonal system by lateral correspondemee multiple cores transects. These
events were dated usifdfPb and**'Cs chronology associated witfC dates and historical
accounts at 1742, 1848 and 1893 A.D (Sabatier.et2@D8; Dezileau et al., submitted).
Several peaks (grey band éingure 6.14) in grain size, Zr/Al and the number of marine
specie related to a decrease in Smectite/(llite htoi@e) ratio which may suggest the
occurrence of eight high energy events likely wtfteg recurrent perturbation of coastal
hydrodynamics in relation to paleostorm events. dpkcfor the last three deposits, it is
difficult to associate these layers to a specifierg or to a short period of increase in
landfalling activity. Based on oUfC age model, the strongest evidence for this chamge
storm activity occurred around 6200, 5500, 440@032500 and between 450 and 100 cal
B.P. Figure6.14).

The horizontal extent of the overwash deposit fecééd by many complicating factors in
relation to storm characteristics such as hurricemensity and storm surge height, tidal
height at time of landfall, angle of storm eventsl avind direction, and timing and duration
of landfall (Liu and Fearn, 2000). In this micraldstudy area, we may infer that stronger
storms tend to result in a higher storm surges #wus$ producing a thicker and more
widespread overwash layer. However, storm landfafiditions as well as timing, duration
and angle of approach occur to randomly over tibne.and Fearn, (2000) present a model,
where a coastal lake was subjected to overwashtewansed by landfalling hurricanes of
various intensities and direction. This study cadek that a suite of cores taken from
different sites is vital for producing a completcord of past hurricane landfalls. In this
system three multi-cores transects show a cle&rbdgtween recent overwashes (last 1000
years), due to a catastrophic storm of categomt@nsity or more, and was described and
discussed in Dezileau et al., (submitted). Just long core was sampled, thus the oldest
paleostorm layers were not correlated with othgrodis, but we may suppose that the most
powerful events are recorded in the whole lagoaneh as suggested by correlation over the
upper 1.2 m of sedimentary archives.
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Figure 6.14 : Core PB06 with from left to right: Grain sinf 30 to 100 um population, Zr/Al
XRF ratio, Smectite/(illite + chlorite) and Numbef Bittium recticulatum (marine specie).

Grey bands are the main paleostorms events.

6.2. Site sensitivity through time

Sea level rise can increase the sensibility of bagter study site by moving the shoreline
farther inland and narrowing the sandy barrier ugfotime. The Languedoc coast has been
free of significant vertical tectonic movements @02 mm/yr) in Late-Quaternary time
(Lambeck and Bard; 2000). The relative sea levelein the NW Mediterranean Sea, for the
last 7000 yr cal B.PHgure 6.15 presents some discrepancies (from observatiaisorel et

al., 1994; Vella and Provensal, 2000; Morhange let2®01; from glacio-hydro-isostatic
model: Lambeck and Bard; 2000). If the relative @&l has remained almost constant for
the last 5000 yrs (< 2m), significant changes aexlrduring the first stand of lagoonal
deposit between 6500 (date of the first lagoonpbd# in PB06) and 5000 yrs (1-3 m). The
establishment of the sandy barrier has been egtthiat Raynal et al., (2009) at around 7500
yrs at 1 km seaward from the present position. eee these authors have dated the actual
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barrier at 1800 + 150 yr cal B.P. thanks td*@ age at the base of the present day sandy
barrier. These dates imply a landward movemenhefsendy barrier with an average rate of
0.2 m/yr in relation to the decrease of sea leisghg rate (Raynal et al., submitted). While it
is likely that there have been minor sea leveltflatons and shoreline landward movements
for the last 1800 yrs (Dezileau et al., submittedijanges were most important before this
period. The variation of the sea level before & 1800 years have probably affected the
sensitivity of the site in recording paleostormsl déime intensity of the different sedimentary

records can not be directly compared.

Sea level data from NW Mediterranean
1 Age (kyr cal B.P)

E-3
L
% 4 s Laborel et al., 1994 E
iLa Ciotat)
=2 Morhange et al., 2001 \T
(Marseille)
-6 — 4 - Vella and Provensal, 2000 X
(SE Rhdne delta) b
-7 | —— Lambeck and Bard, 2000

ice-equivalent sea lavel change

Figure 6.15 : Relative sea level curve in the NW Mediteean Sea for the last 7000 yr cal
B.P. from observations in the Rhéne delta (Velld Bnovensal 2000), La Ciotat (Laborel et
al., 1994) Marseille (Morhange et al., 2001) andrr glacio-hydro-isostatic model (Lambeck
and Bard; 2000). Shaded area represents the seh diewving the first lagoonal deposit.

Fauna content reveals a main palaeoenvironmengageharound 1000 yr cal B.P. (Sabatier
et al., 2010), after this date the sandy barries @antinuous but with temporal inlet formation
in relation to storm events (Dezlieau et al., suted). Before this date, the lagoonal system
was less isolated from the sea and presents probalieaker barrier with large permanent
channel, which controlled inflow of marine watetarthe system, typical from a protected
lagoon environment. However, the fine organic-seldiment types appearing throughout the

record show that this back barrier area was exparig quiescent sedimentation during at
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least the past 6500 yrs, indicating that the sgitdywas probably protected behind the barrier
system over that time. This Spatial and temporaialbdity in barrier beach morphology
complicate the sedimentary record of storms, varyire sensitivity of backbarrier locations
(Donnelly and Webb, 2004). This morphology can akpivhy sand material was not clearly
found in the deeper identified storm layer dep@sigure 6.13).

Sedimentary records of overwash deposit througle tcould be influenced by sediment
supply, especially during periods when accumulatetes are low. Woodruff et al., (2008),
using a model developed by Emanuel et al., (2008w that a decreased of sedimentation
rate involving a low resolution interval could irguan apparent drop in landfalling activity
during this same period (35% of the apparent dsededn this study, we do not identify
periods with an increase in the number of storntsréhner a single event or a succession of
events involving punctual records of past landfglldeposit, except for the top of the core.
The three last prehistoric overwashs (1742, 184@ B803) occur during an interval of
relatively high sedimentation rate (highest of tloee: 2.6 mm/yr). Whereas, during the other
periods of increase in storm activity the accumartatate was lower (1 mm/yr). Therefore,
we can suppose that if the accumulation rate wasséime all along the core (equal to 2.6
mm/yr) we would have recorded more storm eventgiduhese periods of increase in storm
activity. In general, if two back barrier storm defs are not separated by enough time in
relation to the sedimentation rate, these two oashwlayers can appear as a single unit
(Scileppi and Donnelly, 2007).

In the Pierre Blanche lagoon, many mechanisms eannb the records of overwash deposits
such as level variations, barrier morphodynamiesjrsent supply to the system and to the
complexity of storm conditions. For the last 10@ass, from a multi cores transects approach
Dezileau et al., (submitted) show that the studly appears to be sensitive to only the most
severe storm events. However, on Mid to Late Halecthe sensitivity of this environment

changes in relation to these mechanisms, thergferean not compare different paleostorm

deposits records in core PB06 in terms of intensity

6.3. Storm activity: region-wide comparison and Hadcene climate changes.

The Late Holocene sedimentary archive of Palavatagoonal system report from the

presently available and limited data the occurresfcgx periods of storm activity increase at
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6200, 5500, 4400, 3200, 1500 and between 450 af@dytl@al B.P., based on olffC age
model Eigure 6.14 andFigure 6.161. Although few studies record Mid to Late Holocene
storm activity in Mediterranean Sea, these evidgntgerturbation in coastal hydrodynamics

could be correlated to other events on a regiaraes

In the Southern Tyrrhenian Sea (Western Mediteaartgea) to the East of the studied area,
in the shallow marine wedge, Budillon et al. (200&yognized four event beds related to
major storms that occurred in the last 1000 yedhese landfalling events associated to
historical sources display an important storm dsgtibetween the 16 and 19' centuries.
Dezileau et al., (submitted), show an increasdmfrs events during the Little Ice Age (LIA)
associated to an increase of severe flood everitgebr the 17 and the end of the 19
centuries, recorded in municipal archives of towmsiong six coastal rivers located in the
Mediterranean Languedoc (Blanchemanche, Accepflus high hydrological activity is
regionally well correlated to the increase of thdddrle river detritic component (Berger et
al., Accepted), to a higher frequency of flood e tDurance and lower Rhéne valley
(Miramont et al., 1998; Pichar 1995; Bruneton et 2001) and to high Jurassian lake level
(Magny et al., 2002). In this Mediterranean areailBau et al., (submitted), demonstrated
that severe flooding and intense storm are duehéosame mechanism, during the last
centuries, with a strong mid-level SW flow over theench Mediterranean coast. Moreover,
most of the heavy precipitations in the whole Mexd#@nean region over the last century have

had a cyclone in its vicinity (Trigo et al., 20Q&nsa et al., 2001).

To the West of the studied area, in the Alboran, each ridge systems show evidence of
intense erosion produced by storm waves generatedrus from the SW, particularly after
3-2.7 cal kyr BP. In general, cold episodes and ewents reported in the North Atlantic
region (Bond et al., 2001), and marine Sea Surfareperatures (SST) in the South of Iberia
(Cacho et al., 2001) are recorded in coastal reges arid episodes, marked by reduced
rainfall and/or increased wind velocity and inténgiGoy et al., 2003; Zazo et al., 2008).
Moreover, six major Holocene changes in vegetaliase been identified by Jalut et al.,
(2000) in a transect covering southeast France samth-west Spain. They correspond to
aridification phases that took place between 10P<€8l kyr BP, 8.4-7.6 cal kyr BP, 5.3-4.2
cal kyr BP, 4.3-3.4 cal kyr BP, and 2.8-1.7 cal BR (Figure 6.169. In spite of the

uncertainty of the chronology, these phases arersaly correlated to the increase in storm
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activity observed in our study. This result seemsdnfirm the hypothesis of Dezileau et al.,

(submitted) but on longer timescale.

a. lce Rafted Debris b. Strom activity c. Cold events (SST) d. Arid phases  e. High storminess
N Atlantic Ocean NW Mediterr. W Mediterr. W Mediterr. French Atl. coast
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Figure 6.16 : Comparison between (a) Ice Rafted Debridesy(RD) in the North Atlantic
(Bond et al., 1997; 2001); (b) our record of incseain storm activity in North Western
Mediterranean Sea (Palavasian lagoon) based onnthati-proxy correlations defined in
Figure 6.14; (c) Sea Surface Temperature (SST) cold edeatsced from the core BS79-38
in Tyrrhenian Sea (Western Mediterranean Sea) bghGaet al., (2001); (d) the aridification
phases identified by Jalut et al., (2000) in thertNdNVestern Mediterranean region; (e)
record of intensified storminess in Seine estudmer{ch Atlantic coast) by Sorrel et al.,
(2009). The grey shading bands outline the corretain increase of storm activity in North
Western Mediterranean Sea with other records, eeefor discussion.

In the Southern Tyrrhenian Sea, Cacho et al. (288&)v a sequence of short SST cooling
events (1.5-3° C) observed in cores studied at heglolution is consistent with a climatic
periodicity of ~730 + 40 years. These coolings tptdce at 5.93, 2.95, 1.39 Kyr cal B.P. in
the Tyrrhenian Sea and are in good agreement Wwehiricrease in storm activityFigure
6.169. Such events, correlated with the cold Bond evewere transmitted to the

Mediterranean Sea by the Atlantic inflowing watadanay have been amplified by strong
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winter winds in this Mediterranean region. Therefoperiods of increase in storm activity
recorded in this study are well correlated with ¢t@ine cooling events (5.9, 4.3, 2.8, 1.4 and
0.5-0.1 Kyr,Figure 6.169 associated with ice rafted in the North Atlar{8ond et al., 1997,
2001).

6.4. Climate implication on Mid to Late Holocene sirm activity

In a previous work focusing on LIA, Dezileau et @ybmitted) highlight the synchronicity
between increases in storm activity, over Westeurope (resume in Clarke and Rendell,
2009) and North Western Mediterranean Sea. Duhisgléw solar activity period, the sea ice
was extended southward particularly in winter otrex North Atlantic basin (Lamb, 1995).
Dezileau et al., (submitted) hypothesize that éxtend implies a thermal gradient increase,
leading to enhanced lower tropospheric baroclipioier a large Central Atlantic-European
domain. This mechanism associated to southwardadesment of storm track implies an
increase of storm activity in North Western Medi@ean Sea, in agreement with simulation
on Maunder Minimum (Raible et al., 2007).

On Holocene timescale some periods of increasetdmrmsactivity were described, for
example the 8.2 kyr cold event which represenigrfeant period of abrupt cooling within
the early Holocene is associated with coastal saxedetion in Western Europe (resume in
Clarke and Rendell, 2009). Moreover, a recent sardihe French Atlantic coast, in the Seine
estuary, shows strong evidence of changes in ddagteodynamics at ca. 4200, 2700, 1250
yr cal. B.P. and during LIA in relation to intensdtion of storm activity (Sorrel et al., 2009,
Figure 6.169. This present study demonstrates that periodaaséase in storm activity in
North Atlantic and in North Western Mediterranea@aSeem to be well correlated with
Holocene cold period (Bond et al., 1997; 2001; Feg®). Moreover, even if the origin of cold
events in Holocene are not straightforward (Mayeweslkal., 2004; Wanner et al., 2008), we
hypothesized here that the mechanism invoked byléaeret al., (submitted) resulting from a
decrease of European temperature, implies an isemgastorm activity in NW Mediterranean
region during these periods, thus explaining oW07@ears sedimentary records. The results
of this study suggest that important changes inMieeliterranean "climate" over Holocene

timescale have directly influenced the lower fragyeof severe local storms.

7. Conclusion
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This study provides a 7000 years high resoluticdonme of past storm events using multi-
proxy analysis of sedimentary deposits from lagbenaironment in Gulf of Lions in North
Western Mediterranean Sea. Lagoon geomorphicaingettas clearly changed over the
Holocene, we suggest that these modificationsedltéine sensitivity of the site in recording
paleostorms therefore, we can not compare stormtgwe terms of intensity through time.
Nevertheless, from the presently available andtéchdata, we identify six periods of storm
activity increase at 6200, 5500, 4400, 3200, 1506ay B.P. and over the LIA (450 and 100
yr cal B.P.) based on odfC age model. These periods of high storm activiiesinversely
correlated to aridification phases over the Westdediterranean Sea (Jalut et al., 2000).
These data confirms, over the Mid to Late Holocdahet the reduction of overall winter
precipitation in Northern Mediterranean Basin iated to a significant decrease in intense
storm, as observed on shorter timescale by Trigalgt (2000) and Dezileau et al.,
(submitted).

These evidences of changes in coastal hydrodynareien phase with those observed over
the North Atlantic and correspond to Holocene aapfirstly evidenced in the North Atlantic
(Bond et al., 1997; 2001). We hypothesize here thiat increase in storm activity during
Holocene cold events over the North Atlantic anddM&ranean region was probably due to
thermal gradient increase leading to enhanced lamg@ospheric baroclinicity over a large
Central Atlantic-European domain as previously stgd over the LIA (Raible et al., 2007;
Dezileau et al., submitted). These results dematesthat North Atlantic region influence the
Mediterranean climate at Holocene timescale, iati@h to severe storm activity. In order to
confirm these results, it is necessary to realierostudies over the Mediterranean region

with the same multi-proxy approach.
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7. Synthése et conclusions générales

7.1 Rappel des objectifs de I'étude

Ce travail, concernant la reconstruction des évémesnextrémes de tempétes au cours de
'Holocene dans le Golfe d’Aigues-Mortes, s’appuypeincipalement sur des données

sédimentologiques acquises dans le complexe lagupalavasien entre 2004 et 20009.

Les principaux objectifs de ce travail étaientd@ caractériser des sources par une approche
sédimentologique (granulométrie, minéraux argilewygochimique (éléments majeurs et
traces) et faunistique afin d’identifier les phéras brefs de fortes amplitudes, (ii) d’établir
un cadre chronologique*fPb, *'Cs, **C et chroniques historiques), (iii) de comprendre
I'évolution paléoenvironnementale du systéme lagenétudié, et (iv) de reconstituer les
événements extrémes au cours de I'Holocéne afircaieprendre leurs liens avec les

variations climatiques passées.

7.2 Principaux résultats

La caractérisation d’'un cone de tempéte actu€identification des paléotempétes dans le
systeme lagunaire palavasien ont pu étre realisdex une approche muli-traceur,
principalement a partir de I'étude d’archives séstitaires prélevées le long de plusieurs
transects. L'étude de la géochimie (éléments majeutraces) et des minéraux argileux nous
permet de définir quatre sources différentes suddep de contribuer au remplissage
sédimentaire de la lagune: le bassin versant dddsson, la barriere sableuse, les rejets
anthropiques et I'activité biologique de la lagysection 3.3.). Les deux péles principaux
sont d’'une part le bassin versant de la Mossorct&isé par des concentrations élevées en
Al,O; et FeOs; et de fortes teneures en Smectite. Et d’autre, gartcordon littoral
principalement composé de $jACa0, et pour les argiles d'lllite et de Chlorgentenant
également des minéraux lourds avec d’'importanteuiean Zr (apport provenant du Rhone).
Cette étude permet de définir les rapports,&i0s, Zr/A;,03 et Smectite/(lllite + Chlorite)
tracant les apports sédimentaires provenant dwonoditoral, durant les périodes de tempétes
(section 3.3.). De plus, l'analyse de la taille desins présents dans les carottes, permet de

définir principalement deux populations granulonggies avec une fraction fine (argile - silt)
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caractéristique de la sédimentation lagunaire, ret plus grossiére (silt - sable) liée au
fonctionnement d’'un cone de tempéte. Les donnéesstaques obtenues sur les différentes
populations de mollusques permettent d’identifies dspéces spécifiques de I'environnement
lagunaire telle que Hydrobia acuta alors que démjtcomme Bittium recticulatum, se
rencontrent dans ce milieu quand il est dominéupar forte influence marine, liée a I'action
d’'une tempéte. Cela nous a amené a définir uneeségude sédimentation caractérisant la
présence d’'un cone de tempéte au sein d’'une sétitimenlagunaire (section 3.2.). L'analyse
de ces différents traceurs selon plusieurs tramsgetcarottages, trace linfluence de ces
dépobts de tempétes a des distances supérieurdsdeplis le cordon jusque dans la lagune.
De plus, l'analyse des profils sismiques, corrédéea données obtenues sur les carottes,
permet d’associer deux réflecteurs majeurs a désegwents de tempétes affectant 'ensemble
de la lagune. Ce milieu apparait donc comme unremvement idéal pour reconstituer

I'histoire des tempétes du passé.

L’établissement d’un cadre chronologique aux arehisédimentaires étudiées, a été realisé a
deux échelles temporelles distinctes. Sur des epyériodes de temps, de 'ordre du dernier
siécle, nous avons utilisé les donn&8Bb et'*'Cs, obtenues par spectrométrie gamma, afin
de déterminer la vitesse actuelle de comblemerd.taex de sédimentations présentent des
variations entre 4.2 et 2.65 mm‘arselon les différentes carottes (section 3.2.2).4Seule

la carotte PB06 a été analysée a haute résolutenun échantillon tous les centimeétres. Les
vitesses d’accumulations obtenues sur PB06 & I'diete pics du®'Cs (essais nucléaires,
Tchernobyl) et d’'un modéle simple de bioturbati@uple*%b sont en bonne adéquation et
donnent un taux moyen de 2.65 + 0.2 mnl.dsection 4.1.). Connaissant la profondeur
actuelle de cette lagune (environ 65 cm) nous pasivipus attendre a un comblement de ce
systeme dans 200 a 250 ans, sans tenir comptéléeafion actuelle du niveau marin et de la
diminution de I'espace lagunaire (progradation dltiedet recul du cordon).

Afin d’'obtenir une chronologie & I'échelle de I'twéne, des datations pHiC sur des
mollusques ont été réalisées. Cependant, le migunaire fortement influencé par les
apports continentaux présente un age réservoir riamtoqui varie au cours du temps en
fonction du bilan eau douce/eau marine et donc'@mlution du milieu lagunaire. L'age
réservoir de la lagune actuelle (fortement isolésiestimé & 943 + 24C an, par corrélation
avec les données @¥Pb,**'Cs et I'utilisation d’archives textuelles (sectir2.). Cependant,
I'étude de la malacofaune présente dans ce mifimntre un changement important de cet

environnement avec, pour les périodes plus ancigrumge forte influence marine typique
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d’'une lagune protégée (section 5.1.). L'age résedurant cette période est donc plus faible
et égal & 618 + 3HC an, valeur marine estimée pour le Golfe du Lianchronologi€*C est
donc calibrée en corrigeant de la déviance de ges @servoirs par rapport a I'age réservoir
marin global AR), selon les différents environnements de dépltsus pouvons ainsi
calculer le taux de sédimentation qui varie de l.anh(entre 6500 et 1000 ans cal B.P.) a
2.7 mm.ait (pour le dernier millénaire) (section 4.2.). Omeeque que la vitesse de
sédimentation obtenue pour les derniers 1000 ahsdestique a celle acquise par la

chronologie?!%b et™*’Cs pour le XX™siécle.

Le croissement des différents traceurs associésaddenées radiochronologiques, nous
permet d’identifier trois événements extrémes aepites au cours du Petit Age Glaciaire
(PAG). Ces trois événements ont une intensité spéra celle de 1982, soit au moins de
catégorie 3 sur I'échelle de Saffir-Simpson (sect®2. et 6.1.). Les données historiques
présentes dans les délibérations communales, ntlie tempétes ayant affecté la région,
permettant ainsi, par corrélation avec les archdésbmentaires, de donner un age précis a ces
trois niveaux de sables, datés en 1742, 1848 &.189lien clairement établi entre ces trois
événements majeurs nous autorise a conclure queisdégs 500 dernieres années les
tempétes enregistrées dans nos archives ont affeogemble du systeme lagunaire. Ces
événements extrémes ont probablement ébranléltotdgion en comparaison avec les effets
de la derniére grosse tempéte datant de 1982ged&iié trop faible pour étre présente dans
nos enregistrements (section 6.1.).

La morphologie du cordon littoral ayant varié dept®00 ans (section 5.1.), nous ne pouvons
pas comparer les événements entre eux, en termmerdité (section 6.2.). Notre
enregistrement permet de reconstituer la varigbilé ces événements extrémes au cours de
I'Holocene mettant en évidence six périodes d’augaten de I'activité des tempétes datées
a 6200, 5500, 4400, 3200, 1500 an cal B.P. et dueaRAG (section 6.2.). Le PAG est
également une période ou I'activité hydrologique fleuves de la région se trouve perturbée
avec une recrudescence des phénomeénes de crusgmn($et.). Les autres périodes de forte
activité des tempétes durant I'Holocene sont emnpdraises avec les phases daridification
affectant la partie Nord Ouest de la Méditerrarn@ela nous permet de supposer que les
phénomenes de fortes précipitations et de temps&ias étroitement liés a I'échelle de
I'Holocéne, comme suggérées par les données insimates pour la période actuelle.
L’augmentation de l'activité des tempétes est déeréaux périodes froides, décrites dans

I'’Atlantique Nord au cours de I'Holocene, et asgeca une diminution des températures aux
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pbles (section 6.1. et 6.2.). De plus ces périatieforte activité sont en phase avec celles
enregistrées a I'échelle du bassin Ouest Méditéenraret dans I'Europe du Nord, laissant
suggérer un mécanisme affectant toute cette zormadies périodes froides.

L’un des mécanismes climatiques modérant I'actig@s tempétes a I'échelle de cette région
est I'Oscillation Nord Atlantique (NAO) (sectionl6). Cependant ce phénoméne oscillatoire
affecte I'Europe du Nord lors de sa phase pos#ivia Méditerranée en phase négative. Il est
donc difficile d’associer ce mécanisme a l'augmeotades tempétes dans ces deux zones.
Les reconstitutions de I'indice NAO au cours de6 8@rniéres années ne montrent pas non
plus de corrélation claire avec notre enregistréntiers du PAG. De plus une approche
statistiqgue menée en collaboration avec des madiéliss du climat (section 6.1.), sur la
période 1960-2001, montre que les 204 événemenentgtes, dans la zone d’étude durant
cette période, sont principalement associés (26%)phase positive du mode de circulation
atmosphérique EAP (Eastern Atlantic Pattern). Alue la phase négative du NAO (North
Atlantic Oscillation) ne représente que 14% du aligAinsi il semble délicat d’associer les
tempétes au phénomene NAO a cause de I'échelleoteitey en effet il y a des difficultés
inhérentes pour lier des phénomenes d'une duré® @e 3 jours avec des moyennes
mensuelles de I'index NAO.

Un autre mécanisme peut étre invoqué pour explitaegmentation des tempétes durant les
périodes froides. Il est lié a 'amplification duagient thermique en lien avec la diminution
des températures aux hautes latitudes (sectioh &€&.gradient thermique a l'origine des
courant-jets troposphériques (circulant d’OuesEsha nos latitudes) est un milieu favorable,
par interaction barocline (isobares recoupant ssghermes), aux cycles d'évolution des
dépressions et des tempétes. Cette altération ph@ogue a grande échelle peut étre
responsable de 'augmentation des vents violentiegtfortes précipitations dans les régions
de I'Europe du Nord et de la Méditerranée de I'Quasrant le PAG. Bien que les processus
induisant les périodes froides au cours de I'Habeceont encore sujets a discussions, nous
supposons que le mécanisme invoqué ci-dessus poWAG peut étre a l'origine de
'augmentation de I'activité des tempétes durarst périodes froides au cours de I'Holocene
expliquant ainsi notre enregistrement (section)6.2.

La reconstitution de la fréquence et de l'intensiés paléotempétes dans le domaine cotier
languedocien est indispensable en regard de I'angtien de la population vivant sur le
littoral actuel (section 6.1.). En effet, le nomiofbabitants a été multiplié par un facteur 15
depuis le milieu du I8 siécle, avec un fort accroissement surtout auscdes 40 derniéres

années, avec le développement du tourisme, augmeditgutant l'impact destructeur des
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événements climatiques extrémes. Les archives séthines étudiées durant ce travail
montrent qu’aucun événement catastrophique de tenm& directement affecté cette région
durant le XX¥™siécle. Cependant si le régime de tempétes etnedisrant le PAG revenait

a I'neure actuelle, les implications seraient dragu@s. Enfin, pour conclure il apparait
primordial de mieux comprendre les mécanismes rigiiee de cette augmentation, afin de
réaliser des prévisions les plus précises possiplast a I'exposition des populations et des

activités humaines dans cette région au risquerdpéte.

7.3 Perspectives

Ce travail ouvre de nombreuses perspectives audelgs implications paléoclimatiques des

résultats présentes.

Un des points essentiels qui devra étre abordé ganfirmer les résultats de cette étude est
I'élargissement du chantier de travail a d’autraguhes du Golfe du Lion (de la petite
Camargue jusqu’au Roussillon, projet INTEMPERIE&rd. L. Dezileau) afin de confirmer

la tendance observée au cours de I'Holocene. Riagpliquer cette méme approche a
d’'autres sites d’étude en Méditerranée de I'Oumetrfiple projet Franco-Marocain-Espagnol
Paleostorm, coord. L.Dezileau). En effet, la ppabe question qui reste en suspens est de
savoir si cet enregistrement est lié a des phénesnéataux, ou si toute cette région est

sujette aux mémes implications climatiques.

Il serait également intéressant de confronter ésiltats de cette étude aux simulations
numeriques, en collaboration avec des modélisatdwrslimat, pour faire le lien entre les
modeles (a grande échelle) simulés et les obsengé une échelle régionale. Cette étude qui
a deébuté sur I'échelle du dernier millénaire dansadre du projet INTEMPERIES (coord. L.
Dezileau) doit étre étendue a tous I'Holocene. tétle étude permettrait d’'une part de mettre
en lumiere les relations entre les variations s#@d du climat et les événements extrémes
régionaux, afin de confirmer ou non le mécanismmatique invoqué durant le PAG a
I'échelle de I'Holocéne. Et d’'autre part, si la oége est concluante, il sera possible de se
servir des simulations de scénarios futurs pouerdéher les probabilités de tempétes et de

crues extrémes dans le futur, afin de détermiaddd’lié a ces phénomenes dans cette région.
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Certains aspects tel que les effets de la biotismbatur les modeéles d&@%Pb ainsi que la
mobilité du**'Cs sont des mécanismes a mieux appréhender daypecele milieu, afin
d’affiner notre compréhension des données chrompeg. De plus la mise en évidence
d'importantes variations de I'age réservoir peramt les données dé’C dans les
environnements cotiers, impliqgue une prise en cersgstématique de ces phénomeénes dans

le but d’obtenir une chronologie la plus précisegiole.

Enfin, certains points soulevés dans cette étudétarant d’étre approfondis dans le futur
afin de mieux comprendre la dynamique lagunairemss®l a une forte composante
anthropique (surtout depuis le siécle), dans ledbytrotéger ces zones humides dont I'intérét
en terme de biodiversité n'est plus a demontrerefigt le comblement de ce milieu par les
apports sédimentaires (section 3.2.) et les rajetgolluants liés aux activités humaines
(section 3.3.) apparaissent comme des enjeux fomolaux pour une gestion durable de ces

zones par les acteurs régionaux.
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8.1 Atrticle 7: Archives sédimentaires dans les lagudasGolfe d’Aigues

Mortes : Estimation de I'aléa de tempéte depuiH20ts

Sabatier Pierre et Dezileau Laurent
Université Montpellier 2, Geosciences Montpell@NRS, UMR 5243.

Accepté et a paraitre dans un numéro spécial deviee Quaternaird.ittoraux, lagunes et
basses plaines alluviales a I'Holoce@aiaternaire 20, (3), 2009.

Résumeé :

Avec 'augmentation récente de la population moediet des infrastructures en domaine
littoral, les tempétes et les cyclones sont devemnuedes risques majeurs a I'échelle globale.
La Méditerranée, et plus particulierement le Galte Lion, ne sont pas épargnés par ces
phénomeénes. La tempéte de 1982 par exemple, dgodat@ sur I'échelle de Saffir-Simpson
est responsable du décés de 15 personnes et delgldf0 millions d’euros de pertes
économiques. La prévision de ces événements a partnodeles climatiques est devenue
primordiale. Le probléeme majeur dans cette appradtde manque de recul dans le temps
pour calibrer ces modeles. Notre approche a dandetreconstituer ces tempétes du passé a
partir de I'étude d’archives sédimentaires (paléquestologie).

Les lagunes du littoral Languedocien sont les riamdps de matériels terrigenes provenant
des bassins versants en période de crues, mais dussbles transportés par la mer en
période de tempétes. L'étude des archives sédimemidans I'étang de Pierre Blanche nous
a permis d’identifier et de reconstituer l'alternardes événements les plus extrémes au cours
des 2000 derniéres années. La fréquence de ceétemrgemble varier dans le temps et une
augmentation significative est constatée durafihldu « Petit Age Glaciaire ».

Mots clés: Méditerranée, lagune, temp&t®b, C14, Petit Age Glaciaire.

Sedimentary record in Aigues Mortes Gulf lagoons: &rm risk estimation for the last
2000 yrs

Abstract :

Hurricane and cyclone, are one of the most alarrmatural hazard due to the recent
concentration of resources and population in cbastas. Let us consider the last storm
events having affected the south of France (Gulfioh, Mediterranean Sea) like in 1982,

category 2 in Saffir—Simpson scale, this storm edube death of 15 people and economic
losses estimated at 400 million euros, it is neagsso examine the past decadal- to
millennial-scale variability of storm activity. Nextheless the lack of instrumental long time
series does not allow to determine the frequencthefmost extreme events, therefore we
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have to resort to other methods. Paleotempestal@gyused, in this study, to record the past
overwash in sediment cores.

To identify and characterize the record of envirental changes due to these hurricanes, this
work focused on the wetland complex of the Aiguess gulf (central part of the Gulf of
Lion). The filling of these coastal lagoons was doeiverine particulate input during floods
and marine sediment input during storm events. Tdares sediments study of this lagoon
allows to characterize the record of these palews&vents for the last 2000 yrs. Little Ice
Age seems to affect the storm frequency with aneise of hurricanes landfall probabilities
from 0.06% to 0.86% during this cold period.

Keys words: Mediterranean Sea, lagoon, stétfRp, C14, Little Ice Age.

1. Introduction

Le littoral, situé a l'interface entre la terrelatmer, est une zone trés dynamique et
directement soumise aux phénomenes marins, et parculierement sensible aux aléas
majeurs littoraux tels que I'érosion et la subnoergnarines. Ces aléas sont étroitement liés
lors des événements de tempétes, en effet la gatié@eé du plan d’eau et la plus grande
énergie des houles accélérent I'érosion. Le reculittbral et la disparition des cordons
dunaires rendent les aménagements plus vulnérides: la submersion marine. L'étude de
'impact des tempétes actuelles sur le littoral Ke¥danéen a montré que ces événements
extrémes jouent un réle fondamental quant a la hwogie et I'évolution du trait de cote
actuel (Bruzzi, 1998 ; Moron et Sabatier, ProjePIMT 2007). Avec I'augmentation récente
de la population mondiale et des infrastructuresi@maine littoral, 'impact des tempétes et
des cyclones est donc un des risques majeurs lellécmondiale (Sarewitet al, 2003;
Pielkeet al, 2005; Turneet al, 2006). La Méditerranée, et plus particulieremer@olfe du
Lion, ne sont pas épargnés par ces phénomenesenpéte de 1982 par exemple, de
catégorie 2 sur I'échelle de Saffir-Simpson espoesable du déces de 15 personnes et de
plus de 400 millions d’euros de pertes économiguagprévision de ces évenements a partir
de modéeles climatiques est devenue primordialgorbbléme majeur dans cette approche est
le manque de recul dans le temps pour calibremuageles. Ce manque d’enregistrement
historique quantitatif documentant ces évenemdimmgtiques extrémes au cours des derniers
millénaires, ne permet pas d’évaluer de fagon diabét aléa. C'est pourquoi d’autres
méthodes doivent étre employées pour estimer uérce de ces évenements sur le long
terme (Goldenbergt al, 2001; Websteet al, 2005). Cette étude rentre dans le cadre du
projet ECLICA (projet INSU/ACI FNS « Aléas et chamgents globaux », coordinateur L.
Dezileau) qui vise a identifier et estimer la réence des événements extrémes (crues,
tempétes) qui ont affecté la partie occidental®éagsin méditerranéen au cours de I'Holocéne
a partir de I'étude d’archives sédimentaires pr&dsvpar carottages dans les lagunes et deltas
du Languedoc-Roussillon. L'identification des éwdeats sédimentologiques brefs de fortes
amplitudes associé aux paléotempétes a I'écheleddeniers milliers d'années est une
thématique relativement nouvelle dans cette rédiopourtour méditerranéen.

Le littoral du Languedoc-Roussillon est caractépaé des lagunes résultant de I'interaction
entre un processus de régularisation du trait ¢tk gér migration de barrieres littorales et le
lent comblement de ces zones par les apports fileagCertainet al, 2004). Ces lagunes
sont les réceptacles a la fois de matériels taregg@provenant des bassins versants en période
de crues mais aussi de sables venus de la meriedgée tempétes. L'étude du complexe
lagunaire de I'étang de Pierre Blanche, nous a iged®a reconstituer I'alternance de ces
événements catastrophiques de tempéte au coudedssrs siecles a partir de I'analyse de
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carottes sédimentaires (Sabageral, 2008 ; Dezileawet al, 2008). Notre démarche a pour
but ici, d’évaluer le risque tempéte au cours desxdderniers millénaires et d’évaluer
I’évolution de ce risque au regard des changenwimatiques passes.

2. Site d’étude

L'environnement laguno-littoral du Languedoc-Rollzs offre des systemes
sédimentaires dans lesquels les matériaux peutatusnuler a des vitesses d’accumulation
relativement élevées (Monrm al, 1995; Sabatieet al, 2008), en particulier lors de dépobts
de crues ou de tempétes.

L'étang de Pierre Blanche fait partie du compléxgunaire palavasien, c’'est une
lagune allongée de 267ha et de 55cm de profondeyemme Figure 8.1). La bordure Sud-
Est de cette lagune est constituée par un cordimali sur plus de 5 km. Cette lagune est
soumise a une forte influence marine, surtout duemévénements de tempétes. Il n’existe
pas de connexions directes avec la mer et le mamioh®l marée « moyenne » est de I'ordre
de 50 cm. Ces phénomeénes hivernaux associant dissdeesecteur S-E a S-W supérieur a 20
m/s, une forte houle et une surcéte importantet sdativement rares (1 a 5 événements par
an). Cependant certaines de ces tempétes, comies del 6-8 Novembre 1982, peuvent
atteindre des vents de 46 m/s (catégorie 2 sundléede Saffir-Simpson).

Sabatieret al, (2008) montrent que les archives sédimentairas|agunes palavasiennes
enregistrent principalement les événements de te®pdés plus intenses, avec une faible
période de retour, ces événements extrémes satttfiée jusqu’a 600 m a l'intérieur de la
lagune. Les carottes sédimentaires étudiées ifi¢ grélevée a 500 m du bord de la lagune
(Figure8.1).

3. Paléotempestologie

La paléotempestologie est une méthode décrite [@oyremiere fois par Liu and
Fearn, (1993). Cette méthode consiste a reconstéagempétes et les cyclones du passé a
partir d’archives sédimentaires, elle utilise desdurs géologigues comme la granulométrie,
la géochimie ou les bio-indicateurs. Cette méthesteen grande partie basée sur I'étude des
« overwashs » en anglais ou « cones de tempétefrarggais qui se forment a la suite d’un
cyclone en arriere d’'un cordon littoral sableux. ¢dme de tempéte est formé par I'activité de
la houle, principalement liée aux vents, qui éradercordon dunaire et déposent un niveau
de sable dans une lagune. L'épaisseur de cettdqealecsable est importante sur le bord de la
lagune et diminue avec I'éloignement. Les extersibarizontales de ces niveaux sableux
sont soumises a différents facteurs comme l'intéredi la durée de la tempéte, la hauteur des
vagues, la direction du vent par rapport au lidepdisseur du lido et la quantité de sable
disponible, la configuration de la cote avec lasprice ou non de passe, la morphologie de la
lagune ainsi que la succession de plusieurs évémnsmgtrémes. De nombreuses études se
sont concentrées sur I'étude de la récurrence ddsnmes en Amérique du nord, dans les
Caraibes (Liu et Fearn, 1993, 2000; Donnetlyal, 2001; Scotet al, 2003; Donnellyet al.,
2004; Donnelly et Woodruff, 2007; Scileppi et Doliyw007) et dans le Pacifique (Gadt
al., 2000; Hayne et Chappell 2001; Nott, 2004). Peatudles concernent les cotes
Méditerranéennes (Blanc, 1985 ; Dezileati al, 2005; Sabatieret al, 2008). La
paléotempestologie permet de calculer la récurrdesetempétes les plus extrémes au cours
du temps, souvent exprimée, en pourcentage, owapilab d’avoir un événement par an (Liu
et Fearn, 2000).
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720000 725000

Figure 8.1 : Carte de I'étang de Pierre Blanche avec ledlsation, en ronds gris des quatre
carottes courtes selon un transect N-S (PRO 10, RROPRO 12 et PRO 15), et I'étoile
noire de la carotte longue PBO6.

Figure 8.1: Map of Pierre Blanche lagoon with localisationgrey circles of the four short
cores along a N-S transect (PRO 10, PRO 14, PR@rR2 PRO 15) and the black star
correspond to the long core PBO6.

4. Méthodes d’analyse

Quatre carottes courtes (inférieures a 1m) onpedievées manuellement a l'aide de tubes en
PVC selon un transect N-S (PRO 10, PRO 14, PRQ PR® 15). Une carotte longue de 7,5
m a été extraite a partir de la plateforme de taget UWITEC (PBO6Figure 8.1). Cette
carotte prélevée en mars 2006 traverse I'inté@rdlit remplissage Holocéne de la lagune. Ces
différentes sections ont ensuite été radiographiphstographiées et découpées tous les
centimétres avant analyse. Dans la carotte PBO&n&nu malacologique a été étudié tous
les deux centimetres (fraction supérieure a 1 mnmgi gue la granulométrie laser (fraction
inférieure & 150 pm, Beckman Coulter LS 13 320)2'ffeb et 1e"*'Cs ont été mesurés sur les
archives sédimentaires a partir d'un spectrométnmnga CANBERRA BEGe 3825 pour
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obtenir une chronologie des 100 derniéres annéesndthode de datation par’@Pb a été
établi pour la premiére fois en 1963 par Goldbdepuis cette étude plusieurs modeles ont
ete définis et sont résumeés par Appleby and Otifi€l992). Le modele le plus simple
suppose un flux d&%b en excés et un taux de sédimentation conseuicsignifie que la
concentration initiale erf{’Pbex) reste constante sur la période de tempséétiGioldberg,
1963; Krishnaswamet al, 1971). La méthode de datation basée suf'@s (Robbins et
Edgington, 1975) suppose que la profondeur présetigativité maximale ert*’Cs dans le
sédiment, correspond & la date de 1958, pic deuptioth atmosphérique dti’Cs dans la
région étudiée (Radakovitat al, 1999). Pour les périodes plus anciennes, deysasafC
ont été réalisées au LMC14 sur des échantillonsadpiilles lagunaires (Laboratoire de
Mesure**C, ARTEMIS) a l'institut du CEA & Saclay (Commisaride I'Energie Atomique,
projets ECLICA et INTEMPERIES, coordinateur L. Dieau). Les AgeS¥C ont été convertis
en ages calibrés AD grace au programme de cabir&talib 5.0.2 a deux sigma (Hughein
al., 2004).

5. Résultats
5.1 Stratigraphie sédimentaire

Les carottes sédimentaires prélevées dans la ladgiii&erre Blanche présentent un
matériel sédimentaire relativement fin. Elles sprihcipalement constituées d'argile et de
limons fins de couleur gris contenant des coqulbigsinaires de typddydrobia acuta Abra
ovata, Cerastoderma glaucur@es sédiments sont en majeures parties formémdetite et
de kaolinite, on note aussi la présence de cristngypse néoformeés. Certains niveaux
présentent une forte abondance en débris végétasixqae des graines dRuppia maritima
la matiere organique peut atteindre des conceoimtie 4% (en moyenne 2%) tandis que la
perte en eau est d’environ 50%. Intercalés au mdee ces sédiments fins, on note la présence
de niveaux gris foncés plus grossiers, silt a stbld’épaisseur variant entre 1 et plus de 10
cm. Ces couches sont constituées de grains dezgteldspath, biotite ainsi que quelques
minéraux lourds comme le zircon et I'apatite, cassges sableuses contiennent également de
lillite et de la chlorite. Dans ces niveaux de Ilsabn retrouve une faune supportant des
conditions environnementales plus marine avec pameleBittium recticulatumet Rissoa
ventricosa.La corrélation des ces niveaux de sable entrelifé&rentes carottes (Figure 2)
permet de mettre en évidence la continuité latatalees corteges sableux sur des distances
pouvant atteindre plus de 800m. Les niveaux saldégxits par Sabatiet al, (2008) dans le
premier meétre sont retrouvés dans la carotte loRRGS.

5.2 Chronologie

Sabatier et al. (2008) ont démontré qu'’il est fibesd’utiliser le modele CFCS sur les
intervalles sédimentaires strictement lagunairescaurs des 100 dernieres années. Les
données”*®b donnent des taux de sédimentation qui varietie eh2 + 0.7 et 3.0 + 0.4
mm.an® entre le centre (carotte PRO15) et le bord (caBR012) de la lagune. L*2Cs,
malgré sa haute mobilité dans les eaux interdéiieles sédiments marins (Charmasetoa,
1998; Radakovitclet al, 1999), peut étre utilisé pour obtenir un tauxsédimentation fiable
dans ce type d’environnement (Sabatral, 2008). Ces vitesses de sédimentation sont
respectivement de 4.4 & 2.8 mni-gour les carottes PRO15 et PRO12, ce qui est@rdc
avec les données obtenues p&fieb.
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Pour cette étude sept ages radiocarbone ont édi&éseaur I'espec€erastoderma glaucum,
trois sur la carotte PRO15 et 4 sur la carotte PB86 données sont reportées dafialdeau

8-1 et laFigure 8.2 Sianiet al, (2000) a montré que les ages réservoirs en Méalitee
occidentale étaient plus importants que I'dge k&gemarin global (Hugheret al, 2004).
Cette difféerence est expliquée par d’importantsoaigspen eau douce provenant de petits
fleuves cétiers possédant un bassin versant presgcd@sivement constitué de calcaire
Mésozoique contenant donc de faibles teneur§'@nlLes lagunes, zone réceptacle de ces
eaux continentales, ont donc logiqguement des a&gssrvoirs encore plus importants que
'océan ouvert (Sianet al, 2000; Zoppiet al, 2001; Sabatieet al, 2008). Les lagunes
Palavasiennes quand a elles, présentent des agmwoiés de 953 + 25%C ans, cette
estimation est basée sur la corrélation entrereifeés méthodes de datation commé&ieb

et 1*'Cs, les événements historiques, ou des coquillesvéaux archéologiques (Sabatir

al., accepté). Dans cette étude les datatid@issont donc calibrées en tenant compte de cet
age réservoirfableau8-1).

Distance from
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PRO12 PRO15 PB06 PRO14 PRO10
e " PostA. =] [ER=E| AR
o — - — — {® 187575
1893 Fntarn - [~ calAD ] ey
1830 = _ R I s IR R -~ N I
50 T T - - SECeS
] s fe1830x115 [ | ]
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e ——_®1610+ 90 Rt IS L b e
[e1380+70 | —— ootk Ak
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==
] [ ] san
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300 ] AR=605230 yrs Calib 5.02,
Hughen et al., 2004

Figure 8.2 : Stratigraphie sédimentaire des carottes PRORRO15, PB06, PRO14 et
PRO10, classé de gauche a droite en fonction dediéement du cordon littoral. Les traits
en pointillés représentent les liens entre leseddifits niveaux de sable observés. Les ages
radiocarbones sont calibrés asavec Calib. 5.02 (Hughen et al., 2004) et exprie@année
B.P.

Figure 8.2: Sediment stratigraphy for cores PRO12, PRCABD6, PRO14 and PRO10,
arranged from left to right according to increasidgstance from the sandy barrier. Dashed
lines display the link between sand layers. Radloma dates are calibrated atcwith Calib.

5.02 (Hughen et al., 2004), and express in yeafsrbgresent (yr cal B.P.).
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6 Discussion

A partir du croisement entre les archives sédiniesaet les archives textuelles
historiques, Sabati@t al, (2008) ont mis en évidence trois événementsmipétes majeures
qui ont pu étre datés a 1742, 1839 et 1893 daB@slie d’Aigue Mortes. La tempéte de 1982
(catégorie 2 sur I'échelle de Saffir-Simpson) quicausé d’énorme dégats humains et
matériels sur le littoral (Blanc, 1985), n'est magegistrée dans ces archives sédimentaires.
L’étude de photos de terrain montre trés clairentgrd les sables du lido n'ont pas été
déplacés sur de longues distances au cours deémant (com. Pers. Michel Séranne). Il est
donc fortement probable que ces événements angiaient beaucoup plus puissants que la
tempéte de 1982.

Cores Depth C14 Age C14 Age

(cm) BP cal AD/BC, 26, R(1)=953+25yrs
PRO15 3 145 + 30 post A.

60 1095 + 30 1835 + 115cal AD.

95 1580 + 30 1380 + 70cal A.D.
PBO6 20 1065 + 30 1875 + 75cal AD.

83 1285 + 30 1610 + 90cal AD.

173 1645 + 30 1350 + 75cal AD.

225 2100 = 30 900 * 100 cal A.D.

278 3050 + 30 160 + 145cal B.C.

Tableau8-1 : Age radiocarbone sur les carottes PRO15 b Ealibration marine a I'aide
de Calib 5.02 & & (Hughens et al, 2004), avec un age réservoir 296 “C ans (Sabatier
et al., 2008; Sabatier et al., accepté).
Tableau8-1 : Radiocarbon ages from PRO15 and PB06 coreatind calibration with
R(t)=953430 “C yrs (Sabatier et al., 2008; Sabatier et al., guted) with Calib 5.0.2
program at 2r (Hughens et al, 2004).

Ces tempétes sont identifiées par une séquencmedidire typique avec la succession d’'un
niveau de sable (cone de tempéte), la présencpad’es marines puis d’especes lagunaires.
Toutefois, le systeme lagunaire devait étre difie@ans le passé. Sabater al, (2010)
estiment qu’il y a eu un changement paléo-envir@mal majeur autour de 1000 yr cal B.P.
Cette date représente le passage d'un systémealagpius ouvert sur la mer, avec des
passes permanentes coupant le lido, vers un sygti@s@rotégé comme nous le connaissons
actuellement. Ce changement s’observe dans lesveschédimentaired={gure 8.3) a une
profondeur de l'ordre de 220 cm, avec une prédonu@ades espéeces lagunaires qui
augmentent au détriment des especes marines.

Les différents dépb6ts de sable ou de tempéte seuveint sur I'ensemble des archives
sédimentaires avec une extension latérale impertpativant atteindre 600 m de distance.
Deux informations peuvent étre déduites de ce tatsul{l) Les tempétes étaient de fortes
intensités et (2) la bonne préservation du sigédinsentaire sur de grandes distances signifie
que des reconstitutions paléoclimatiques sontsalies dans ce type de milieu lagunaire.
L’étude de la carotte longue PB06 met en évidenéeéhements extrémes de tempéte. La
datation des ces événemerfigy(ire 8.3) met en évidence que parmi les 4 tempétes, 3 sont
déja décrites par Sabatiet al, (2008) et sont datées a 1742, 1839, 1893. Leiatern
événement date de 800 ans cal AD. Il est possiblealculer la probabilité d’avoir un
événement extréme par an, méme si la rareté déeng®tes ne permet pas d’obtenir des
données statistiquement significatives. Si noussicémons I'ensemble des données d’une
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facon homogene, la probabilité d’avoir une tempé&tegffisamment puissante pour étre
enregistrée sur toute la lagune, est non plus dedran (3 tempétes durant les 300 derniéres
anneées, Sabatiet al, 2008) mais de 0.2% par an (4 tempétes en 2000 @ependant, nous
savons que depuis le début de notre ére le clinoaidial et surtout européen a été perturbé
par une peériode chaude s’étalant de 850-1250 ADnmé&enl’Optimum Médiéval, et une
période froide de 1550-1900 AD appelée le Petit Ajaciaire (PAG), reportées dans la
figure 3 (Esperet al, 2005). Si nous prenons en compte ces peériodewatidjues pour
calculer la période de retour des tempétes depd@ 2ns, on s’apercoit qu’il N’y a pas
d’événements extrémes durant I'Optimum Médiévalrsalque I'on identifie 3 tempétes
majeures au cours du PAG. La probabilité d’avoirtwénement de tempéte durant le PAG
est de 0.86% alors qu’elle n’ait que de 0.06% peueste des 2000 derniere années. |l existe
donc clairement une augmentation de la fréquencse &€nements intenses de tempéte
pendant le PAG, c’est a dire pendant une périadeatique a configuration froide.

Grain size Median (um) Nb. of Hydrobia acuta Nb. of Bittium recticulatum Age (yr cal AD)
00 10 20 30 40 50 0 200 400 600 800 0 10 20 30 40
1875+ 75
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1839 |
1610 + 90
100 1742
3
&
=
5 150
[(}]
()]
1350+ 75
200 =
b %
g <~ . 900 + 100
250
L e
160 + 145
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300 h

Figure 8.3 : Caractérisation des événements de tempétesldacarotte PB0O6 représentée en
gris foncé. De gauche a droite : médiane granuloiméé exprimée en micrométre, nombre
d’individus de l'espece lagunaire Hydrobia acutaynmbre d’individus de I'espece marine
Bittium recticulatum, chronologi€'C et événements de tempétes historiquement cofdgs 1
1839 et 1893 (Sabatier et al., 2008). De plus, aitdrdu graphique I'Optimum Médiéval

(MWP : 850-1250 AD) et le Petit Age Glaciaire (LIA550-1900 AD) sont représentés en
gris clair.

Figure 8.3 : Storm event characterization in core PBOtldig in dark grey bands. From left

to right: grain size median, lagoonal species (Hblla acuta), marine species (Bittium
recticulatum),'*C dates and historical storm events (Sabatier et2008). Medieval Warm
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Period (MWP : 850-1250 AD) and Little Ice Age (LIA550-1900 AD) were represented in
light grey on the right part of the figure.

7. Conclusion

La paléotempestologie, associant des données asgttilngiques, malacologiques et
difféerentes méthodes de datation, permet de mettrévidence 4 événements extrémes de
tempétes (au moins de catégorie 3 sur I'échell&alir-Simpson avec des vents pouvant
dépasser les 200 km/h) au cours des 2000 derraareses. La chronologie de ces tempétes
obtenues grace &b, *'Cs pour des échelles de temps courtes &lGpour des périodes
plus anciennes, permet de dater ces 4 événemeh88n1839, 1742 et autour de 800 ans de
notre ére. La répartition de ces tempétes damsrips n'est pas homogene. En effet, il y a une
augmentation de la probabilité d’avoir un événenstittme par an d’'un facteur supérieur a
10 durant le « Petit Age Glaciaire », avec 0.868tsatju’elle n’est que de 0.06% sur les 2000
derniéres années.
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Abstract

The Maguelone shore extends along the northernt adathe Gulf of Lions, west of the
Rhone Delta and east of high gradient coastal egehat have provided most of the clastic
sediments to the Gulf of Lions margin since earlypdéne. This 10 kilometres wide area is
constituted by a small coastal watershed (15 kng)lon low-lying carbonate hills, a
kilometre-wide marsh, a sandy beach barrier andhereface experiencing local low
sedimentation rates. This onshore-offshore trawsiione is a key area to understand the
relationships between erosion, by-pass, deposdiwth preservation processes. Unlike the
neighbouring Rhéne deposits that display numerdirsk tdeltaic sequences related to a
continuous sediment flux, the Maguelone shore eétehibeculiar sedimentary bodies. The
analysis of about 250 km of new VHR seismic prafilzquired over the study area, 9 short
cores and outcrops data allowed us to determinethihee-dimensional high-resolution
geometry of the coastal system tracts from Quatgiogpresent-day. This revealed dominant
denudation processes in the upstream catchmentsiatesl with the formation of incised
valleys during Quaternary lowstands. In additidms tstudy investigates the erosion and
deposition mechanisms controlled by littoral hygmoaimics that have been taken place on
this shore since the last transgression. In pdaticmnetre-high and hundreds of metre-long
sandy bodies constructed by alongshore hydrodyrsawece identified and their effect on the
morphodynamics of the whole littoral system is dgsed. The Maguelone shore can be used
as an experimental study for onshore/offshore dycemnder the influence of microtidal
wave/current hydrodynamics and very low river-dedisediment flux during a eustatic cycle.
Geometry of system tracts across flood plain toreflace is usually considered to be
controlled by relative sea-level changes, and iscessfully analysed with 2D sequence
stratigraphy cross-shore models. It is observed imaareas like the Maguelone shore,
traditional sequence stratigraphy methods mightb®otully relevant and need to integrate
alongshore hydrodynamical processes.

Keywords: sand spit; transgression; deglacial deposits; ®tlLions; alongshore drift;
coastal tract
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8.3 Article 9: Holocene evolution of languedocian lagab environment
controlled by inherited coastal morphology (Northe€Bulf of Lions,

France)

Olivier Raynat, Frédéric Bouchetté, Raphaél CertafnPierre SabatiérMichel Séranne
Johanna Lofi Laurent Dezileal) Louis Briqued, Pierre Ferrér Thierry Courp

1 Geosciences Montpellier, CNRS, UMR 5243, Unitérsiontpellier 2
2 IMAGES, Université de Perpignan.
3 Institute of Applied Mathematics and modellingyitersité Montpellier 2

Abstract

The Maguelone shore extends along the northerrt cbdlse Gulf of Lions margin, West of
the Rhdne delta and East of some high gradientalcsiseams that have been providing most
of the clastic sediments to the Gulf of Lions margince early Miocene. This 10 km wide
area comprises an onshore small coastal waterglekhf long) in low-lying carbonate hills,
km-wide marsh, sandy beach and shoreface featloocad low sedimentation. This coastal
zone exhibits evolution of incised valleys undee timfluence of rivers and microtidal
wave/current hydrodynamics during an eustatic cycle

Analysis of about 250 km of VHR seismic profilesns$ of cores and outcrops data allowed us
to determine the evolution of the Maguelone coastgdtem from Late-Quaternary to
presentday. This paper highlights dominant denadgtrocesses in the upstream catchments
associated to the formation of incised valley sedvadairing Quaternary. Combination of this
inherited morphology and hydrodynamics control ldagoonal environment evolution since
the last transgression. In particular, the Maguelsimore is characterized by the formation of
"lagoonal rias" and records an evolution from @élsti protected lagoon to isolated lagoon
environment. These two stages of lagoon evolutiamrespond to distinct deposit
environments. Study of coastal system tract evmushows the balance between sea-level
rise and hydrodynamics.

Keywords: lagoonal environment; wave-driven littoral; trgression; post-glacial deposits;
Gulf of Lions; Holocene; incised valley.
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8.4 Article 10: Dynamiques fluviales et lagunaires easde vallée du
Vidourle au cours des 6 derniers siecles: conftamades données
pédosédimentaires a haute résolution temporelnalyse fréquentielle

des crues historiques

Jean-Francois BerdePhilippe BlanchemancheChristelle Reynéset Pierre Sabatiér
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Accepté et a paraitre dans un numeéro spécial deviee Quaternaird:ittoraux, lagunes et
basses plaines alluviales a I'Holoce@aiaternaire 20, (3), 2009.

Résumé

L’histoire paléohydrologique du delta du Vidourler @ours du dernier millénaire est
examinée par I'étude comparative de deux typesaegs : les archives sédimentaires et les
séries temporelles de crues historiques. L'anatiesda rythmicité des crues du Vidourle
repose sur une étude micromorphologique a hautdutés des 3m supérieurs de la carotte
du Liéevre, localisée dans l'axe de I'embouchure emnd du Vidourle dans I'étang de
Mauguio (Hérault). La vitesse de sédimentationégaiblie par 7 datations au carbone 14. Le
modele age-profondeur illustre une rupture dansue de sédimentation un peu aprés I'An
Mil et une nette accélération de la sédimentatiparéir du XVlle s. Les tests de stationnarité
réalisés montrent que la série de crues touteedagsmfondues n’'obéit pas a une distribution
homogene. Aussi bien pour le Vidourle que pourd&nble des fleuves cétiers du bas
Languedoc oriental pris en compte, une phase ttégeal’'un siécle environ de 1680 a 1780
est caractérisée par la recrudescence des épigsaddraordinaires » et « catastrophiques ».
Elle met en évidence la variabilité cycligue dectamposante hydro-climatique. Méme si le
forcage sédimentaire lié a la proximité du caratpgr rapport au front du delta perturbe le
signal, il est possible pour le dernier millénaleerestituer des phases d’hydrologie abondante
responsables de crues de haute énergie et deplasaredans le contexte des mises en valeur
et des variations climatiques dans le Nord Ouediafisin méditerranéen au cours du dernier
millénaire.

Mots-Clés : bas Languedoc, Vidourle, Petit Age Glaciaire, s@titation, micromorphologie,

paléohydrologie, crue, analyse fréquentielle

Fluvial dynamics in Vidourle low flood plain during the last six centuries : comparison
of high temporal resolution pedosedimentary data wh stationarity analysis of historical
floods
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Abstract

The palaeohydrological history of the lower flocaipl of the Vidourle River during the Little
Ice Age has been carried out by comparing two kimidproxies: sedimentary archives and
attested historical floods. The Vidourle flood fuemqcy has been established after the
micromorphological study, at a high resolutiontlué upper three meters of the Lievre core,
sampled near the Vidourle River mouth, in the Maagepoastal lagoon. SevefC dates
enabled us to estimate the velocity of fluvial dapon. The age-deep modeling shows a
change in the deposition rate after 1000 AD andnitsease since the seventeenth century.
Stationary analysis exhibits a non-homogeneousvi@héor all classes of floods. For the
Vidourle River, like for all coastal rivers of theastern Languedoc, « extraordinary » and
catastrophic floods increased from 1680 to 1780.Albey reveal a cyclic variability of
hydroclimatic factors, even the proximity of theltdefront can disturb the signal. It is
possible to identify numerous hydrological periagdsponsible of high energy floods and
replace them in the context of human activity alwhatic fluctuations of the North-Western
Mediterranean basin during the last millennium.

Keywords : lower Languedoc, Vidourle, Little Ice Age, fl@ideposits, micromorphology,
palaeohydrology, flood, stationary analysis
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8.5 Calcul de barres d’erreurs pour les données radionas

Soit deux age¥'C : X et Y avec des erreurs respectives x et y
X+/-xetY +/-y

- Addition / Soustraction :
Age: X+YouX-Y

Erreur ajouté en quadrature : racirfe{x7)
- Moyenne :

Moyenne(X ; Y)

Erreur : moyenne(x ; y) / racine(2).

229



8. Annexes

8.6 Données malacologiques de la carotte PB06

Cyclope Moule

Rissoa v.

Bittium r.

Gibbule

Cerast. g.

21
51
35
29

45

Hydrobie Loripies Abrao.
41

Prof.

11

53
41

64

13

128
92

29
37

20
21

74

59
35
72
54
31

125
123
278
362
377
420
337
450
480

13
27
35

10
11
12
13
14
15
16
18
20
22

169
23

40

55
87

17
24
12
11

53

14
20
19
19

268
282
327
376

12
11

273
147
89

24
26
28
30
32

25
22

30

21

200
362

11
16
11

156
694
921
471

34
36
38
40

21

164
140
187

42

44
46

144
173
67
42

48

50
52

13

54
56
58
60
62

10

11

30
88
77

64
66
68
70
72

15
30

34
21

15

399
97
88

12
13

74
76
78
80

26
32

248
401
73
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15

166
98
61
96
34
13

82

13
12
21

84
86
88
90
92

10
16

11

19

94
96
98

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188

18
10

38
58
10

23 69
57

45

96

15

158
182
389
608
536
180
79

42

22

14
33
66

14
40

16
15
13

22

52

21
12

24
10
19

10

96
95
99
86

25

16
52

15

250
50
43

39

15
13
11
15
23

13
16
12
13
17

168
174
189
124
108
40

29
37

28
20

24

14
18

40

36

12

34

15

14

10
15

14

69
19

27

26

10

18
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190
192
194
196
198
200
202
204
206
218
220
222
224
226
228
230
232
234
236
238
240
241
243
245
247
249
251
253
255
257
259
261
263
265
267
269
271
273
275
277
279
281
283
285
287
289
291
293
295
297
299
301
303
305

38
22
55

17
17
26
12
17
16
15

24

12
22

15

21
11
47

11
28
23
14
29
10

26
47

21
16

24
10
19
14

58
85
94

17
33
16

19

30

23
27

48

13
29
22

14
15
11
13

65
95
25

26
13

62

60
30

12

65
19

15

11

151

32

24

21

12

24
81

38

52

49

15

37

25
15
22
44
36
38

12

16

10
14

13

12

18

13

13
59

25
28
22
37

22
29
11
17
52

12

21
50

40

21
25

15

28

11
22
17
24
a4
13

12
17
33

14
19
61
39
81

13
15
11
28
22

12

21

14
15

15

20
17
56

10
44

11
30
10

10

14

10
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307
309
311
313
315
317
319
321
323
325
327
329
331
333
335
337
339
341
343
345
347
349
351
353
355
357
359
361
363
365
367
369
371
373
375
377
379
381
383
385
387
389
391
393
395
397
399
401
403
405
407
409
411
413

11

26

13

16

11
29

59
40

34
39

20
10

14

29
13
39
15

35
10

49

28

19

15
15
56
36
16
29
20

47

47

16
15
16
10
12

44

28
25
27

21

16

11

20
27

15
27

26
31

19

12

10
22

10

42

17

12

11
80

15
11
11
20

25

20

19

25

17

24

16
49

28

15
15
27
30
56

10
90

85
45

135

97

13

37

129
160
145
69
47

36
35

18
20

66
66
27
34

10
10
53

12
10
19
11

112
47

95
53

16

15
88

10

31

23

141
41

12

43

14

13
10

11
14

19

12
12

10

30

34

21
21

54

71
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12
14
45

29
23
46

17
21

43

415
417
419
421
423
425
427
429
431
433
435
437
439
441
443
445
447
449
451
453
455
457
459
461
463
465
467
469
471
473
475
477
479
481
483
485
487
489
491
493
495
497
499
501
503

29
217
26

19
10
15

27

19
29
21
13
74
12
39
19
11
12

50
48

14

35
13
79
32

54
23
10

23

22

12

87

21
21
10
25
19
29
14
18

90
19
19
33
12
10
19

11

17
38

73
10

25
35

102
105

62

675
437

61

10

22

11

55
29

14

13
21

80
37

16

20

10

15

21

22

31

14

10

15

19
47

23
37

12

505
507
509
511
513
515
517
519

20
49

18

10

17

146

133

32

521
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19

16
12
12

523
525
527
529
531

14
40

19
21
23
24
49

28

11

21
10

27

533
535
537
539
541
543
545
547

23
22
27

19
11
12

24
29
38
28
22
35

11

23
32

14

18
10

38

133
14
77
57

13

34

549
551
553
555
557
559
561
563

19
10
46

161
40

19
13
14
31

11
16
26

18
23

10

565
567
569
571
573
575
577
579

19
15

19

11
20

21

10
59

33
33
33

27

21
15
20

10
20
18
34
29
22

110
86

23
15
19

581
583
585
587
589
591
593
595

98
70
42

24

15

12
30

19
10

84
48

33
18
23
17
45

75
49

26
16
26
49

42

51

53

59

597
599
601
603
605
607
609
611
613
615
617
619
621
623
625
627
629

22
23
16

236
84
86
44
57

52

157
90
86
54

16
17
12

18
22

23

11
10

21
22

17
10
16

64
49

84
72

16

13
11
15

65
15
15
11

50
56

11
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631
633
635
637
639
641
643
645
647
649
651
653
655
657
659
661
663
665
667
669
671
673
675
677
679
681
683
685
687
689
691
693
695
697
699
701
703
705
707
709
711
713
715
717
719
721
723
725
735
745

28
52

18

50
99
38
88
31

12

11

29
47

28
20
20

25
21
10
12

10

11

27
80

52

52

17

43

11
17

51

40

15

12

37

38

16

19

16

10
29
23

14

35
33

32

329

99

43 13 36
25

15
35

112

720

146

29

58

Tableau8-2 : Données de Malacofaune sur la carotte PBO6.
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8.7 Données des minéraux argileux du bassin versai# ket carotte PB06

Site Ech. Smectite lllite Kaolinite Chlorite  Sm/(llI+Chl)
Mosson VIT 69 5 22 5 7.12
BV-1 72 6 17 4 7.04
BV-2 68 10 18 3 4.93
BV-9 71 11 14 4 491
BV-6 58 14 22 6 291
BV-7 68 13 14 5 3.90
BV-5 51 24 18 7 1.64
BV-8 47 30 14 8 1.22
Crue Mosson Mpail 76.7 7.8 3.0 12.6 3.77
MA2 727 13.8 3.2 10.3 3.01
PM 81.5 9.1 1.7 7.6 4.86
Cordon E1l 8 57 9 26 0.10
E2 24 45 13 19 0.37
E3 14 52 16 18 0.21
E4 13 51 14 23 0.18
E4B 18 48 13 21 0.26
CT0O 20 54 6 21 0.27
CT21 28 46 8 17 0.45
CT20 14 59 8 19 0.19
CT6 20 53 6 21 0.27
B6 33.0 42.5 6.8 17.6 0.55
PBO6 0 55.0 23.2 13.6 8.1 1.75
2 54.2 24.9 12.5 8.4 1.63
4 52.8 25.8 15.4 6.0 1.66
6 56.0 24.6 11.8 7.6 1.74
8 56.9 22.7 13.5 7.0 1.92
10 54.7 23.9 14.7 6.7 1.79
12 49.8 28.2 15.6 6.4 1.44
14 54.2 25.9 11.0 9.0 1.56
16 60.1 21.5 13.1 5.4 2.24
18 60.0 20.8 13.4 5.9 2.25
20 54.4 26.4 11.7 7.6 1.60
22 59.2 21.0 12.4 7.4 2.09
24 53.3 25.7 13.4 7.7 1.59
26 55.0 22.3 16.6 6.1 1.93
28 56.8 23.3 12.9 7.0 1.87
30 59.1 19.9 15.7 5.4 2.34
32 53.6 26.3 10.7 9.4 1.50
34 47.9 29.0 11.7 11.4 1.19
36 45.1 28.7 14.3 11.8 1.11
38 54.7 25.8 11.1 8.4 1.60
40 54.0 25.4 10.9 9.7 1.54
42 53.3 26.2 11.2 9.4 1.50
44 28.9 41.3 10.6 19.2 0.48
46 49.6 26.5 12.3 11.6 1.30
48 43.4 31.3 12.5 12.7 0.98
50 43.8 315 10.4 14.2 0.96
52 30.3 38.3 12.0 19.4 0.52
54 31.1 41.6 9.7 17.6 0.53
56 38.8 37.2 8.9 15.2 0.74
58 19.9 42.4 13.4 24.3 0.30
60 37.9 36.2 11.2 14.8 0.74
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238

62
64
66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
96
98
100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184

37.4
25.5
43.1
49.0
49.3
59.3
53.4
52.1
53.7
50.9
55.2
50.2
60.0
60.4
54.5
54.4
47.2
41.3
43.7
44.8
33.3
40.6
43.9
33.2
50.1
53.6
55.9
54.6
54.2
42.1
61.7
61.7
64.2
58.5
53.1
51.8
60.6
57.3
58.2
61.6
60.2
55.5
53.9
60.0
62.2
67.0
69.6
60.8
65.6
67.0
57.7
63.6
59.1
56.6
55.7
56.2
63.1
61.1
61.7
52.9
61.4
59.9

34.2
49.6
34.4
29.4
29.1
22.1
25.8
26.3
26.9
25.8
25.5
27.1
22.2
21.9
26.7
274
29.7
33.1
31.9
34.3
37.1
35.6
31.7
39.7
26.3
24.3
23.3
26.2
24.4
31.0
20.9
19.5
18.9
21.9
24.3
25.9
214
24.6
22.8
20.5
22.2
23.7
25.7
21.1
19.3
18.2
16.0
20.0
18.9
18.7
23.1
20.2
21.8
234
24.4
24.3
19.2
21.2
20.6
23.2
20.3
214

9.8

8.1

8.5

10.6
10.6
13.0
13.1
12.4
10.2
13.3
10.8
12.3
11.2
11.1
11.2
10.0
12.7
111
11.7
9.1

11.3
9.0

10.9
11.4
14.8
15.6
16.1
10.5
13.0
13.8
11.5
14.2
115
12.7
14.8
14.1
11.8
10.7
13.2
12.3
10.1
13.5
14.7
12.0
13.0
10.2
10.6
13.8
11.2
10.8
10.8
11.2
13.4
12.6
11.1
10.9
12.1
12.7
12.2
15.3
13.5
12.5

18.6
16.8
14.0
10.9
11.0
5.7
7.7
9.2
9.2
10.0
8.5
10.5
6.7
6.5
7.6
8.1
10.4
14.6
12.8
11.8
18.4
14.7
13.4
15.7
8.8
6.5
4.7
8.6
8.4
13.1
5.8
4.7
5.3
6.9
7.7
8.2
6.2
7.4
5.8
5.6
7.5
7.3
5.7
7.0
55
4.6
3.9
5.3
4.3
3.6
8.3
5.0
5.7
7.5
8.8
8.6
5.6
5.0
5.5
8.5
4.8
6.2

0.71
0.38
0.89
1.22
1.23
2.14
1.59
1.47
1.49
1.42
1.62
1.34
2.08
2.12
1.59
1.53
1.18
0.87
0.98
0.97
0.60
0.81
0.97
0.60
1.43
1.74
2.00
1.57
1.65
0.96
2.31
2.56
2.65
2.03
1.66
1.52
2.19
1.79
2.03
2.36
2.03
1.79
171
2.14
2.51
2.94
3.51
2.40
2.83
3.01
1.84
2.52
2.14
1.84
1.68
1.71
2.54
2.33
2.36
1.67
2.45
2.17
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186
188
190
192
194
196
198
200
202
204
206
208
219
221
223
225
227
229
231
233
235
237
239
242
244
246
248
250
252
254
256
258
260
260
262
264
266
268
270
272
276
278
280
282
284
286
288
290
292
294
296
298
300
302
304
306
308
310
312
314
316
318

66.2
58.8
61.9
67.4
54.5
57.3
53.8
49.7
58.4
48.7
50.9
44.1
46.1
47.4
411
38.9
44.5
37.1
32.7
34.5
314
314
38.7
47.7
42.8
33.0
23.1
29.2
36.4
36.6
324
38.3
46.9
49.2
52.8
54.7
55.4
56.5
61.8
65.4
59.6
56.4
50.1
62.0
61.9
62.1
53.7
61.5
55.6
64.7
60.5
67.0
64.3
53.2
60.0
61.2
63.9
54.7
56.8
60.2
49.0
50.9

17.7
20.7
21.0
18.1
24.9
23.9
27.3
29.4
23.4
29.1
29.1
32.8
314
30.8
34.7
354
32.4
36.4
38.5
38.9
42.8
41.0
38.6
31.6
35.2
39.5
45.3
44.4
37.5
36.6
40.1
38.6
30.7
28.9
28.0
25.3
23.9
24.3
214
19.2
23.1
23.7
22.8
21.9
21.7
22.2
254
23.0
24.9
21.1
22.4
18.3
20.7
28.2
23.9
22.3
21.6
22.4
26.4
23.7
29.1
29.4

10.9
13.9
12.0
10.3
11.8
9.4

9.6

9.7

10.6
11.7
10.3
12.1
11.0
10.8
11.4
12.6
11.3
11.3
10.6
10.4
9.1

10.6
9.9

9.8

10.2
11.0
12.5
13.6
12.7
12.5
10.2
9.3

12.2
13.2
12.0
12.1
14.4
12.1
10.9
11.3
10.7
13.2
10.9
10.5
11.1
9.2

14.4
9.8

11.4
8.8

9.8

11.2
10.6
11.3
10.2
12.3
9.5

16.6
9.7

9.7

10.6
9.6

5.2
6.5
5.1
4.2
8.7
9.3
9.2
11.3
7.6
10.5
9.7
11.0
11.6
11.0
12.9
13.1
11.8
15.3
18.1
16.2
16.7
17.0
12.9
10.9
11.9
16.5
19.1
12.8
13.5
14.3
17.4
13.8
10.2
8.7
7.3
7.9
6.4
7.1
5.9
4.1
6.7
6.7
7.2
5.6
5.3
6.5
6.5
5.7
8.0
5.3
7.3
35
4.4
7.3
5.9
4.3
5.1
6.4
7.2
6.4
11.2
10.1

2.89
2.16
2.37
3.03
1.62
1.72
1.47
1.22
1.88
1.23
1.31
1.01
1.07
1.13
0.86
0.80
1.01
0.72
0.58
0.63
0.53
0.54
0.75
112
0.91
0.59
0.36
0.51
0.71
0.72
0.56
0.73
1.15
1.31
1.50
1.65
1.83
1.80
2.26
2.80
2.00
1.86
1.97
2.26
2.29
2.16
1.68
2.14
1.69
2.44
2.04
3.08
2.57
1.50
2.01
2.30
2.40
1.90
1.69
2.00
121
1.29
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318
322
324
326
328
330
332
334
336
338
340
342
344
346
348
350
352
354
356
358
360
362
364
366
368
370
372
374
374
376
378
380
382
384
386
388
390
392
394
396
398
400
402
404
406
408
410
410
412
414
416
418
420
422
424
426
428
430
432
434
436
438

44.9
47.7
39.7
50.1
41.8
41.2
36.7
33.1
41.8
37.1
38.4
40.7
44.9
41.8
43.6
42.1
44.7
46.1
46.8
45.5
41.3
50.6
52.9
55.9
50.3
51.5
50.4
58.8
40.4
46.6
41.9
47.9
25.4
30.8
26.2
37.1
29.5
36.8
37.9
447
41.2
36.2
34.1
34.3
33.5
35.1
46.4
32.1
53.6
40.0
36.1
30.0
25.6
29.2
29.1
29.1
31.1
30.3
36.6
41.0
38.2
39.2

32.9
30.1
34.5
30.1
334
33.2
37.7
39.0
37.1
36.6
35.9
33.7
32.0
33.1
334
32.9
32.6
30.3
30.5
31.2
33.2
27.2
254
25.9
26.3
27.4
24.9
23.5
37.5
31.0
32.9
29.8
44.9
41.6
42.8
38.9
42.2
39.5
37.2
34.7
35.9
39.0
41.4
38.1
38.9
37.9
31.3
42.0
26.7
34.7
37.6
41.1
441
42.5
42.9
42.0
40.1
41.6
37.4
35.5
35.1
354

10.7
111
12.7
11.2
12.4
11.3
11.8
12.0
8.5

11.6
11.9
13.1
11.8
11.9
13.3
11.6
12.3
11.3
12.6
11.3
12.6
11.4
11.0
10.3
11.9
10.3
16.6
10.3
10.0
9.5

9.7

10.5
11.8
10.4
10.3
9.9

9.2

9.5

9.5

10.5
9.3

9.1

9.0

10.6
9.8

10.4
11.3
10.3
10.6
10.0
10.0
9.5

10.7
10.4
11.6
10.4
11.0
10.9
10.5
111
12.4
12.1

115
111
13.0
8.6

12.5
14.3
13.9
15.9
12.6
14.7
13.8
12.6
11.3
13.2
9.6

13.3
10.4
12.4
10.1
12.0
13.0
10.9
10.8
7.9

11.6
10.8
8.1

7.4

12.2
12.8
15.6
11.7
17.8
17.2
20.7
14.1
19.1
14.2
15.4
10.2
13.5
15.8
15.5
17.0
17.7
16.6
11.0
15.6
9.1

15.3
16.3
19.4
19.5
17.9
16.5
18.5
17.8
17.2
15.5
12.4
14.3
13.3

1.01
1.16
0.84
1.30
0.91
0.87
0.71
0.60
0.84
0.72
0.77
0.88
1.04
0.90
1.01
0.91
1.04
1.08
1.15
1.05
0.89
1.33
1.46
1.65
1.33
1.35
1.52
1.90
0.81
1.06
0.86
1.16
0.41
0.52
0.41
0.70
0.48
0.68
0.72
1.00
0.83
0.66
0.60
0.62
0.59
0.64
1.10
0.56
1.50
0.80
0.67
0.50
0.40
0.48
0.49
0.48
0.54
0.52
0.69
0.86
0.77
0.80
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440
442
444
446
448
452
454
456
458
460
462
464
466
468
470
472
474
476
478
480
482
484
486
488
490
492
494
496
498
500
502
504
506
508
510
512
514
516
518
520
522
524
526
528
530
532
534
536
538
540
542
544
546
548
550
552
554
556
558
560
562
564

37.1
40.7
41.8
42.4
38.4
46.5
41.2
43.1
33.2
44.5
49.9
44.7
44.7
48.8
47.6
44.5
45.1
417
45.9
37.3
33.0
25.0
27.2
30.0
29.5
34.9
37.7
28.4
36.4
39.5
43.2
41.2
475
42.6
38.4
35.4
30.0
21.7
225
17.8
28.6
30.8
34.1
40.4
45.9
41.3
41.8
40.8
44.4
54.6
50.1
53.8
48.8
49.3
53.0
49.3
47.9
47.4
48.9
48.6
49.3
46.3

37.0
35.6
34.2
34.1
354
31.0
32.3
33.5
36.9
32.4
29.4
31.5
32.3
27.9
30.0
314
31.0
33.2
31.6
37.6
40.1
45.6
45.7
41.9
42.1
39.4
37.5
43.2
38.2
35.2
33.9
34.8
31.5
32.3
36.4
37.6
42.8
47.7
46.9
50.4
43.5
41.6
39.0
35.8
33.9
34.7
33.2
34.0
31.4
26.1
29.2
26.0
28.9
27.2
254
28.1
28.6
28.9
28.3
28.7
28.0
29.6

11.7
11.0
11.6
10.5
11.1
11.0
13.8
11.8
15.5
13.1
12.2
14.3
14.3
14.5
12.5
14.0
13.0
12.8
12.6
10.6
10.3
11.8
11.6
10.5
10.7
9.5

9.7

9.2

8.9

9.7

9.2

9.4

10.4
9.8

9.2

9.6

10.6
9.5

9.1

9.3

9.4

11.2
10.0
12.2
11.7
13.1
11.6
11.8
12.6
10.9
11.7
11.7
11.9
12.6
13.9
13.5
12.3
13.1
11.8
12.1
12.3
12.3

14.2
12.6
12.5
13.0
15.1
11.5
12.7
11.6
14.4
10.1
8.4

9.6

8.7

8.8

10.0
10.1
11.0
12.2
9.9

14.4
16.6
17.5
15.6
17.5
17.7
16.2
15.1
19.2
16.4
15.6
13.6
14.6
10.6
15.4
16.0
17.5
16.7
21.1
21.4
22.6
18.4
16.4
16.8
11.6
8.5

10.9
13.4
13.3
115
8.3

9.0

8.5

10.3
10.9
7.6

9.1

11.2
10.6
11.0
10.6
10.4
11.8

0.72
0.84
0.90
0.90
0.76
1.10
0.92
0.95
0.65
1.05
1.32
1.09
1.09
1.33
1.19
1.07
1.07
0.92
111
0.72
0.58
0.40
0.44
0.51
0.49
0.63
0.72
0.46
0.67
0.78
0.91
0.84
1.13
0.89
0.73
0.64
0.50
0.32
0.33
0.24
0.46
0.53
0.61
0.85
1.08
0.91
0.90
0.86
1.03
1.59
1.31
1.56
1.24
1.29
1.61
1.32
1.20
1.20
1.25
1.24
1.28
112
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566
568
570
572
574
576
578
580
582
584
586
586
588
588
590
592
592
592
594
594
594
596
596
602
604
606
608
608
612
614
616
618
620
622
624
626
628
630
632
634
636
638
640
642
644
646
648
650
652
654
656
658
660
662
664
664
666
668
670
672
674
676

49.4
48.4
45.3
40.8
45.7
49.1
46.4
46.7
49.3
47.1
53.2
52.4
57.4
45.1
54.5
47.3
50.9
48.7
50.3
49.3
46.3
47.7
45.4
47.1
45.3
38.2
32.7
36.9
38.5
36.9
34.9
38.0
34.3
37.9
39.3
59.7
40.4
415
35.0
35.7
41.7
44.6
50.2
38.7
48.4
46.8
43.6
46.6
48.9
50.2
42.5
42.3
46.4
38.9
47.7
41.9
36.5
35.1
38.2
40.2
38.8
35.5

28.5
28.0
30.8
34.1
31.0
30.1
29.7
28.8
28.1
29.8
28.0
26.9
25.2
31.7
26.7
315
29.6
27.7
30.0
30.3
30.2
32.1
30.8
29.5
31.5
36.1
37.7
37.6
36.5
37.1
38.7
36.2
39.6
37.5
36.7
22.3
374
36.6
41.0
40.0
34.6
34.2
31.1
34.7
311
32.5
32.0
31.2
30.0
29.2
34.5
33.8
31.8
37.0
34.4
34.9
39.1
38.9
37.5
36.5
36.8
38.9

11.6
13.2
12.2
11.0
11.8
10.4
11.4
12.6
115
12.0
10.6
9.4
10.4
12.8
10.5
10.4
10.9
13.6
10.2
111
12.8
11.3
11.8
10.2
10.5
9.2
12.8
9.2
9.2
9.6
8.7
9.8
9.0
9.2
8.9
10.7
7.3
10.1
8.1
9.5
8.4
111
9.9
10.7
10.4
8.5
9.2
9.6
9.0
9.7
9.4
8.8
9.5
9.3
8.9
9.2
9.1
9.6
8.3
8.5
8.7
9.2

10.5
10.4
11.7
14.2
11.5
10.4
12.5
11.8
111
111
8.2

11.3
7.1

10.5
8.4

10.8
8.5

9.9

9.5

9.4

10.7
9.0

12.0
13.2
12.7
16.5
16.7
16.4
15.9
16.4
17.7
16.0
17.0
15.4
15.1
7.4

14.9
11.7
15.9
14.7
15.4
10.1
8.7

16.0
10.1
12.2
15.2
12.6
12.1
10.8
13.6
15.1
12.3
14.8
9.0

14.0
15.4
16.4
15.9
14.8
15.7
16.4

1.27
1.26
1.07
0.85
1.07
121
1.10
1.15
1.26
1.15
1.47
1.37
1.78
1.07
1.55
112
1.33
1.29
1.27
1.24
1.13
1.16
1.06
1.10
1.03
0.73
0.60
0.68
0.73
0.69
0.62
0.73
0.61
0.72
0.76
2.01
0.77
0.86
0.62
0.65
0.83
1.01
1.26
0.76
1.17
1.05
0.92
1.06
1.16
1.25
0.88
0.86
1.05
0.75
1.10
0.86
0.67
0.63
0.71
0.78
0.74
0.64
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678
680
682
684
686
688
690
692
694
696
698
700
702
704
706
708
710
712
714
716
718
720
722
722
724
726
728
730
730
732
734
736
738
740
742
744
746
748
750
752
754
756
758
760

42.6
40.3
34.4
30.7
20.7
24.0
28.8
29.4
26.0
20.6
15.3
18.7
17.2
15.8
19.9
18.8
22.4
20.5
16.5
19.9
17.5
17.2
17.7
16.7
17.6
31.0
34.7
29.1
28.2
36.3
35.6
29.8
39.5
34.7
38.5
26.5
30.8
28.8
19.4
18.0
21.6
23.1
27.2
41.8

35.2
34.7
39.3
41.4
49.8
47.6
44.2
43.5
46.4
50.3
52.8
51.4
55.0
52.9
52.1
50.6
48.2
50.5
52.7
51.5
52.6
53.1
53.6
51.8
53.2
47.3
42.4
44.3
45.3
42.7
42.6
45.6
39.1
40.8
39.2
47.0
43.3
46.4
53.3
54.3
49.5
52.1
47.7
37.0

111
9.7
9.4
10.0
9.0
7.7
9.1
8.9
8.5
7.8
7.9
7.7
7.2
6.2
7.6
8.7
7.8
7.3
7.7
7.4
8.2
8.1
8.2
8.8
8.0
8.0
9.3
9.0
8.4
6.6
8.1
7.7
7.9
10.7
8.8
9.9
10.1
7.0
9.6
8.5
8.7
8.4
10.5
154

111
15.2
16.8
17.8
20.5
20.6
17.9
18.1
19.0
21.3
24.0
22.2
20.7
25.0
20.4
21.9
21.6
21.7
23.2
21.2
21.8
21.6
20.5
22.8
21.2
13.8
13.7
17.5
18.2
14.3
13.8
16.9
13.5
13.8
13.6
16.6
15.7
17.8
17.8
19.2
20.2
16.4
14.7
5.8

0.92
0.81
0.61
0.52
0.30
0.35
0.46
0.48
0.40
0.29
0.20
0.25
0.23
0.20
0.27
0.26
0.32
0.28
0.22
0.27
0.23
0.23
0.24
0.22
0.24
0.51
0.62
0.47
0.44
0.64
0.63
0.48
0.75
0.64
0.73
0.42
0.52
0.45
0.27
0.25
0.31
0.34
0.44
0.98

Tableau8-3 : Données de minéraux argileux du bassin vdrsade la carotte PBO6.
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8.8 Données géochimiques du basin versant (Article 2)

Location Sample SiO2 AI203 Fe203 MnO MgO CaO Na20 K20 TiO2 P205 PF Ba Cd Cu Hf La Nb  Ni Pb Rb Sr Ta Th Zr
% % % % % % % % % % % ppm__ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Mosson BV 1 416 24 1.2 00 04 286 01 03 0.2 0.1 253 |74 <LD357 24 141 36 121 163 153 116 0.3 29 984
channel deposit BV 2 39.7 14 1.0 00 04 320 <LD. 02 01 0.1 26.0 3.9 <LD.159 08 106 23 95 129 92 117 02 18 325
BV 3 320 22 14 00 07 349 01 03 0.1 0.1 288 495 <L.D.194 09 141 26 140 200 132 115 0.2 22 36.9
BV 4 440 1.6 2.0 01 04 288 <LD.03 01 0.0 236 (709 <LD99 08 149 22 164 158 114 93 02 17 303
BV 5 389 15 1.8 00 04 313 01 03 0.1 0.2 249 509 <L.D.71.2 07 139 18 148 156 133 139 02 17 282
BV 6 411 21 11 0.0 0.7 299 01 04 0.2 0.1 250 [80.1 <L.D.17.3 16 122 33 254 256 187 140 03 22 619
BV 7 440 24 0.9 00 03 276 01 0.7 0.1 0.1 236 [1053 <L.D.19.4 13 115 22 11.0 195 279 119 0.2 20 49.2
BV 8 51.6 3.7 2.2 00 06 212 02 09 0.2 0.2 19.0 (1204 05 46.1 2.0 147 3.8 214 1034 36.2 268 0.3 3.0 76.2
BV 9 395 27 1.3 00 05 29.0 01 05 0.2 0.1 26.1 926 <L.D.43.8 22 134 37 135 1319 233 123 0.3 29 888
Mosson Maul 36.7 7.2 2.8 01 1.0 228 03 11 04 0.3 27.3 [160.1 05 63.0 35 231 84 27.1 356 56.1 144 0.7 6.4 1382
suspended sed. Mau2 353 11.6 4.4 01 12 204 02 1.3 06 0.2 254 [180.2 0.5 824 32 313 123 406 401 765 123 1.1 89 1199
Cou 36.5 105 4.1 01 11 200 01 1.2 06 0.2 26.5 [170.1 06 949 38 352 132 39.8 382 69.3 105 1.2 89 1443
Mpail  33.8 10.5 4.0 01 1.0 229 01 11 06 0.1 26.4 [158.6 0.5 92.0 3.1 294 121 35.0 337 63.7 109 1.0 83 1173
Sandy barrier E4 65.1 4.6 0.9 00 06 150 11 1.3 02 0.1 11.4 2263 <L.D<L.D.11 104 31 72 7.7 449 350 04 26 382
EO 40.2 32 11 01 07 288 038 0.7 05 0.1 234 [1319 <LD<LD.42 261 83 112 66 279 738 1.0 57 1644
HP 57.8 33 0.5 0.0 03 195 09 12 01 0.0 16.2 [1942 <L.D<L.D.0.7 55 16 6.7 75 377 546 01 16 26.5
PB06 0 338 93 3.6 00 16 208 04 14 05 0.2 27.0 [154506 716 27 247 10.0 355 814 843 491 08 73 977
337 91 3.6 00 16 218 04 15 05 0.2 26.4 [1476 05 625 23 226 9.2 337 489 721 39 0.7 6.6 937
339 938 3.9 01 16 222 04 15 05 0.2 26.3 [1579 0.8 839 25 250 99 358 684 855 416 09 74 926
316 95 3.7 0.0 16 229 0.3 14 05 0.2 27.3 [152.3 0.8 102.2 24 242 98 351 79.1 841 501 08 7.1 912
12 294 9.0 35 0.0 1.7 249 04 1.3 04 0.2 28.6 [1429 0.7 103.2 21 229 91 348 752 810 709 08 6.8 816
15 29.8 9.1 35 00 1.7 242 04 14 04 0.2 286 [143.706 986 22 231 94 344 729 818 724 08 6.9 84.0
18 30.3 93 3.6 00 16 239 03 14 04 0.2 28.1 [14050.6 80.7 23 240 98 351 724 814 558 08 7.1 86.7
21 305 9.6 3.7 00 17 226 03 15 04 0.2 28.7 [1329 05 685 20 236 96 36.0 625 798 562 0.8 6.8 785
24 29.4 8.9 35 00 16 240 03 14 04 0.2 29.0 [129504 554 19 229 93 378 598 765 78 0.7 7.1 810
27 275 7.8 3.1 01 15 272 03 12 04 0.1 29.7 [112.003 292 21 192 75 29.2 415 612 876 06 56 775
30 322 93 35 01 16 236 04 15 04 0.1 26.7 [151.1 03 258 26 244 95 359 404 80.7 551 0.8 7.1 982
32 336 84 3.2 01 15 238 05 14 04 0.1 25.7 [160.7 0.3 196 26 225 86 337 311 751 730 0.7 6.7 100.7
34 36.6 8.3 3.1 01 15 233 07 14 04 0.1 239 [186.0 0.3 16.1 34 229 85 327 263 764 759 0.8 6.7 1295
36 347 87 3.2 01 16 236 06 15 04 0.1 250 [175.703 180 29 238 89 331 280 789 739 08 70 107.2




38 328 8.9 3.4 01 1.7 237 05 14 04 0.1 25.7 [167.7 0.3 18.6 2.7 248 92 347 279 79.2 721 08 7.1 101.0
40 324 94 3.5 01 1.7 228 05 15 04 0.1 26.1 [160.7 0.3 20.0 26 242 9.2 36.8 287 815 649 08 72 978
42 324 10.0 3.7 01 18 222 05 15 05 0.1 27.2 [161.2 03 21.3 23 248 96 388 295 857 607 08 73 877
46 333 104 3.8 01 18 195 04 1.7 05 0.1 273 [175003 258 28 28.0 109 433 333 97.1 502 1.0 80 99.2
50 355 104 4.0 01 19 205 05 1.7 05 0.1 258 [179.2 02 209 27 254 10.0 388 275 889 488 0.9 82 1005
54 375 10.0 3.9 01 18 198 0.6 1.7 05 0.1 23.2 193402 196 28 245 96 36.6 26.2 849 518 08 7.6 106.2
58 36.0 10.1 3.9 01 18 205 0.6 1.7 05 0.1 23.6 [195.2 03 204 27 248 98 378 247 889 625 0.8 7.6 105.0
62 37.4 10.0 3.9 01 1.8 19.2 0.6 1.8 05 0.1 23.4 [192.4 02 225 28 238 96 39.0 243 879 49 09 7.7 1065
64 383 9.7 3.7 01 1.8 19.2 0.6 1.7 05 0.1 23.1 [203503 211 3.0 254 98 406 253 90.2 505 09 7.6 1125
66 318 95 3.6 01 19 205 04 16 04 0.1 289 |[170.6 0.3 227 24 241 99 407 279 893 589 08 7.1 898
68 305 9.3 3.5 01 19 213 04 15 04 0.1 309 [155.8 0.3 224 23 233 95 387 265 843 560 0.8 6.7 86.9
70 317 10.0 3.8 01 19 210 04 1.6 05 0.1 29.2 [1659 04 23.0 25 252 104 396 324 927 498 09 74 889
72 33.2 107 4.0 01 19 200 04 1.7 05 0.1 275 [167.8 03 237 24 259 110 419 292 98.0 420 09 7.7 859
74 33.1 10.9 4.0 01 19 197 04 1.8 05 0.1 274 171503 248 24 264 112 4277 322 101.0409 10 79 848
78 335 106 3.9 01 18 201 04 1.7 05 0.1 26.6 [171.103 23.0 25 255 11.0 41.7 299 974 388 09 76 858
82 344 10.0 3.9 01 18 212 05 16 05 0.1 25.0 [168.7 0.3 222 27 257 10.3 384 335 89.1 429 09 7.7 99.8
85 339 10.2 4.0 01 16 209 04 16 05 0.1 25,5 [164.8 0.3 21.0 26 26.6 105 38.6 284 923 411 0.9 82 986
89 369 104 4.0 01 1.7 198 04 1.7 05 0.1 23.2 [180.0 0.3 225 29 273 109 40.2 288 938 388 0.9 84 1083
93 404 111 4.2 01 1.7 16.6 05 1.9 05 0.1 219 [211.1 03 226 33 28.0 11.0 409 276 1044330 1.0 89 121.0
97 429 104 4.1 01 17 171 0.7 1.9 05 0.1 19.3 [237.0 0.3 199 35 26.7 105 39.1 23.7 953 351 09 89 1331
99 440 9.8 3.7 01 16 17.1 0.7 1.8 05 0.1 19.4 2301 0.2 165 3.8 258 9.8 396 21.1 87.7 361 09 82 1394
101 454 9.7 3.7 01 16 173 0.8 1.8 05 0.1 18.7 [22350.2 150 42 250 96 378 193 875 365 09 7.8 1613
103 443 9.9 3.8 01 17 176 0.8 1.9 05 0.1 185 212102 133 29 213 88 338 16.7 77.2 344 08 7.2 1156
105 447 9.2 3.6 01 15 179 0.8 1.8 04 0.1 18.4 [262.0 0.3 165 35 252 10.1 423 21.1 87.0 408 09 83 1286
107 40.8 104 4.1 01 1.7 180 0.6 1.8 05 0.1 209 [226.2 0.2 17.6 33 26.6 10.6 39.6 237 951 365 0.9 87 1235
109 40.5 11.0 4.3 01 1.7 182 0.6 1.9 05 0.1 22.0 [203.7 0.2 189 3.2 265 105 403 246 987 338 0.9 85 1182
111 38.0 116 4.4 01 1.7 181 04 1.9 05 0.1 235 [1849 0.3 20.0 28 27.2 10.8 40.1 285 104.7 304 0.9 85 979
115 354 10.9 4.2 01 17 195 04 1.8 05 0.1 257 [1889 0.3 19.6 25 26.0 10.6 40.2 28.2 101.2430 0.9 88 97.8
119 33.2 103 4.0 01 17 221 04 1.6 05 0.1 252 [164.8 0.3 182 27 251 101 36.7 285 922 466 0.9 7.7 96.7
123 286 94 3.6 01 17 258 0.3 14 04 0.1 283 140803 178 21 229 9.1 341 265 813 604 08 6.9 77.6

Tableau8-4 Mosson drainage basin (channel deposits, sugzesediment), sandy barrier and PB06 concentradiomajor and selected trace

elements.



Résumé

Les effets du changement climatique sur les évéenterextrémes sont difficiles a estimer car
ces phénoménes présentent une large variabilifgaretonséquent il est délicat d’identifier
des tendances significatives compte tenu de l'alesete longues séries de données
instrumentales. Dans cette étude, nous présentoasragistrement de ces tempétes extrémes
sur la c6te Méditerranéenne francaise au courg@@8 dernieres années a partir de carottes
sédimentaires prélevées dans un systéme lagunait@otfe du Lion. L'utilisation d’'une
approche multi-traceur a haute résolution avecatedyses granulométriques, faunistiques,
géochimiques (XRF), en minéraux argileux associéedes données chronologiques de
radiocarbone et dé'Pb, **'Cs; nous a permis de reconstruire I'histoire, aurs de
I'Holocéne, des dépbts lagunaires en relation Heaetivité des tempétes.

Bien que les parametres morphologiques de cet@meament lagunaire aient changé durant
I'Holocéne, ne permettant pas de comparer ces éwems au cours du temps en terme
d’intensité, nous enregistrons six périodes d’augaten de I'activité des tempétes datées a
6200, 5500, 4400, 3200, 1500 an cal B.P. et dueaRetit Age Glaciaire (de 450 a 100 an cal
B.P.). Ces changements de l'activité hydrodynamicfitéere, en antiphase avec les périodes
d’aridifications en Méditerranée de I'Ouest, sootrélées avec celles observées dans le
bassin Nord Atlantique et correspondent aux événgsnde refroidissement Holocéne.
L’augmentation de I'activité des tempétes danseldecrégion de la Méditerranée durant les
périodes froides, associée a une diminution depdestures au pble Nord, est probablement
liée a 'augmentation du gradient thermique qur, ipgeraction barocline, favorise les cycles
d’évolution des tempétes dans toute I'Europe eMkditerranée de I'Ouest. Cette étude
démontre ainsi que la température dans la régiom Mdlantique influence I'activité des
tempétes extrémes et donc du climat Méditerranééclielle de 'Holocéne.

Mots clés: paléotempétes, lagune, Climat Méditerranéengcadoone, Holocene

Abstract

The effects of climate change on extreme eventsddfieult to assess because extremes
present large variability and consequently, it ifiallt to identify significant trends in
relation to the lack of instrumental long time ssriHere we present a record of these extreme
storm events in the French Mediterrannean coast theepast 7000 years based on a long
sediment core from lagoonal environment in GulfLains. Using a high resolution multi-
proxies approach on core associating grain sizasafato reconstruct Mid to Late Holocene
history of backbarrier deposits in relation to I&diéhg activity.

Even if change in lagoon geomorphological settingrothe Holocene does not allow to
compare storm events in terms of intensity troughet we have recorded six periods of
increase in storm activity at 6200, 5500, 4400,832®00 yr cal B.P. and over the LIA (450
and 100 yr cal B.P.). These evidences of changesoastal hydrodynamic, inversely
correlated to periods of aridification in Westerediterranean region, are in phase with those
observed over the North Atlantic and corresponda@cene cooling events. This increase in
storm activity during Holocene cold events over Medanean region was probably due to
thermal gradient increase leading to enhanced |dvm@ospheric baroclinicity over a large
Central Atlantic-European domain. This study demratss that temperatures in North
Atlantic region influence the severe storm actiatyd therefore the Mediterranean climate at
Holocene timescale.

Keywords: paleostrom, lagoon, Mediterranean climate, raatioon, Holocene



