N

N

Variabilité climatique de deux périodes clés de
1 'Holocéne, c. 7000-6000 et 3500-2500 années BP, dans
le Pacifique Sud-Ouest a partir de 1’analyse d’ archives
bio-carbonatées.
Nicolas Noél Duprey

» To cite this version:

Nicolas Noél Duprey. Variabilité climatique de deux périodes clés de 1 "Holocene, c. 7000-6000 et 3500-
2500 années BP, dans le Pacifique Sud-Ouest a partir de | ’analyse d’ archives bio-carbonatées.. Océan,
Atmospheére. Université Pierre et Marie Curie - Paris VI, 2012. Frangais. NNT: . tel-00794476

HAL Id: tel-00794476
https://theses.hal.science/tel-00794476
Submitted on 26 Feb 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00794476
https://hal.archives-ouvertes.fr

THESE DE DOCTORAT DE
L’'UNIVERSITE PIERRE ET MARIE CURIE

Spécialité
Paléocéanographie / Paléoclimatologie
Ecole Doctorale des Sciences de I'Environnement (ED 129)
Présentée par
M. Nicolas Duprey
Pour obtenir le grade de

DOCTEUR de I'UNIVERSITE PIERRE ET MARIE CURIE

Sujet de la these

Variabilité climatique de deux périodes clés de I'Holocene,
c. 7000-46000 et 3500-2500 années BP, dans le Pacifique Sud-Ouest

a partir de I'analyse d’archives biocarbonatées.

Directeurs de thése : G. Cabioch et D. Cardinal
Co-directrice de thése : C.E. Lazareth

Soutenue le 25/10/2012, devant le jury composé de :

C.E. Lazareth co-Directrice de these
M. Elliot Rapporteur
Y-M. Paulet Rapporteur
T. Correge Examinateur
A. Juillet-Leclerc Examinateur

A. Saliot Examinateur







"Ce manuscrit ne représente que quelques grammes de papier... mais
beaucoup de travail, que je voudrais dédier & mes parents, Marie-France et
Jean-Louis. Merci a tous les deux pour votre soutien, votre réconfort, vos
encouragements et pour cette vie voyageuse, pleine de belles surprises, qui
m’ont amenées sur ces pas et fait de moi quelqu’un d’heureux. Parmi ces
surprises, il y avait toi, qui m’attendais dans une petite ville au bord de la
mer... et qui m’a suivi (2 moins que ce ne soit 'inverse) dans pas moins de 5
pays et sur 4 continents pour continuer cette aventure pas banale qui est la
nodtre !! Merci Marielle pour ton soutien sans faille, tes critiques au vitriol, tes
encouragements et ta patience pendant ces trois ans. Je m’envolerai bientét

vers I'empire du milieu, pour continuer, avec toi, cette belle histoire...



Remerciements, Acknowledgements, Agradecimientos

Joie, surprise, jubilation, déception, colére (rare...), ennui, partage (beaucoup !), exaltation, curiosité
(indispensable), tristesse, émerveillement et enthousiasme (surtout !) se mélangent entre les lignes de
ce manuscrit. Trois années, qui composent une tranche de vie bien remplie, se cachent dans les feuilles
de cette thése... En écoutant bien il est d’ailleurs possible d’entendre, au creux de ces pages, quelques
uns des milliers de fou-rires, exclamations, chuchotis, ronflements (?), discussions, hurlements (de
rage, de joie...) et rires qui ont été échangés avec de nombreuses personnes lors de ces trois années de
thése. Ce sont ces personnes que je voudrais remercier ici. Des photos mettant en scéne quelques-unes
de ces personnes «sur le terrain », se sont glissées entre les pages de ce manuscrit en guise de
remerciements...

Cette thése n’est pas seulement le résultat de mon travail, mais également de celui de mes encadrants,
Guy Cabioch, Claire Lazareth et Damien Cardinal. J’ai une pensée affectueuse pour Guy qui aurait
srement été treés heureux de lire ces lignes, je le remercie pour sa gentillesse et pour m’avoir fait
partager ses connaissances et m’avoir fait réver et rire avec ses anecdotes de bourlingueur du
Pacifique-Sud. Je remercie Damien pour ses conseils lors de la rédaction du manuscrit de thése, en
particulier pour m’avoir appuyé dans mon choix de présenter ce manuscrit sous forme d’articles
scientifiques. Je tiens tout particulierement a remercier Claire avec qui nous avons formé une équipe
de choc pendant ces trois années, malgré les déceptions (ah! la scléro...) et une vieille histoire de
trocas fluorescents... Merci d’avoir été a 1’écoute, disponible et présente... sans avoir été
omniprésente ! Merci de m’avoir fait confiance et d’avoir supporté mon entétement (... j’ai fait des
progrés, non ?). Merci pour ton soutien et ta réactivité dans le rush final de la rédaction de ce
manuscrit !

Je voudrais également remercier les membres de mon jury Mary Elliot, Yves-Marie Paulet, Thierry
Corrége, Anne Juillet-Leclerc et Alain Saliot d’avoir pris le temps d’examiner mon travail malgré leur
emploi du temps chargé. Merci également & Anne Lorrain et encore a Thierry Corrége d’avoir accepté
de faire partie de mon comité de these, ainsi que pour votre accompagnement et pour vos précieux
conseils.

Esa increible aventura empezo en el 2008 cuando entré en su officina del CIMAR por primera
vez...Desde este momento, he sido catapultado en el maravilloso mundo corallino : ayer Cahuita,
Matapalo, isla del Coco, ahora Nueva Caledonia...y tal vez mafiana, Hong Kong !! jUna locura !
Gracias a usted, gracias por haber confiado en mi !! Gracias Carlos Jiménez.

Merci Hans Hartmann grace a qui j’ai pu m’envoler pour le Costa Rica il y a quelques années... si
j’avais su que cela me meénerait la.... ! A San José, La Rochelle ou Banyuls, on finira bien par se
recroiser un de ces jours !

Un tres grand merci a John Butscher pour ta gentillesse, ton soutien infaillible et ton efficacité lors de
mon séjour & Nouméa. Merci de m’avoir fait partager ta connaissance de la mer et de la plongée lors
de nos sorties dans le lagon. Et merci de m’avoir fait réver avec tes récits de plongées et de chasse
sous marine !

Merci a Cécile Dupouy, Christophe Maes, Christophe Menkes, Jean-Yves Panché, Léocadie Jamet et
Philippe Gérard pour leur aide durant la calibration des bénitiers et leurs conseils. Merci a Marie Noél
Segura et Catherine Hartmann pour leur aide lors de mes séjours a Nouméa. Et je n’oublie pas Jacob
Waneux et Marcel Faubourg, merci pour votre bonne humeur !

Merci a Jean-Christophe Galipaud d’avoir rendu possible ce volet archéo qui me tenait tant a coeur.
Merci a Richard Farman, directeur de 1I’Aquarium des Lagons de Nouméa, d’avoir mis a notre
disposition un bassin a ’aquarium pour la calibration des bénitiers. Merci au propriétaire du Ratua
Island Resort et a Rufino Pineda pour leur contribution a la collecte des fossiles de coraux et de
benitiers du Vanuatu.



Un trés grand merci au staff de radiologie de I’hopital Jean Verdier de prendre soin depuis plusieurs
années de ces malades un peu particuliers que sont nos échantillons de bénitiers et de coraux. Merci
pour votre disponibilité, pour vos explications et surtout ... pour votre patience ! Merci en particulier a
Ketty Vadrot, Linda Eloi et Christophe.

Merci aux reviewers anonymes et aux autres pour la relecture des différentes parties de cette thése :
Henning Kuhnert, Ruth Gingold, Myrtille Pichon, Mercedes Mendez-Millan, ma mére, William Tran
Ba, Marielle Dumestre, Gavin Dunbar, Anne Di Piazza, Tina Omuombo, Sandrine Caquineau.

J’ai beaucoup apprécié la disponibilité et la patience de Magloire Madeng-Yogo et de Joél Ughetto
lors de mes doutes existentiels...isotopiques ! Merci a vous deux pour vos explications passionnées et
passionnantes ! Un grand merci a Marie Balasse pour les analyses isotopiques de bénitiers.

Pour les longues heures passées a explorer ensemble les mystéres de la densitométrie par rayons X,
pour tes bonnes idées, ta patience, ton enthousiasme et pour le happy end de notre projet « radioactif »,
merci Hugues !! Je voudrais également remercier ma petite équipe de Bondy : Sandrine Caquineau,
Florence Le Cornec, Jessica Cottet, Nathalie Teinturier, Mercedes MendeZ, Naznine Kalfane, Fethiye
Cetin et Thierry Pilorge pour leur bonne humeur et pour m’avoir remonté le moral lors des moments
difficiles ! Un remerciement particulier a Florence pour m’avoir initié aux « joies » de I'ICPMS.
Merci aux bikers de I'IRD Eric Opigez et Rainer Zeiss pour nos longues discussions cyclistes... et
autres ! Une pensée particuliére pour Laurence Goury a qui j’ai fait rechercher les références biblio les
plus improbables sans arriver a la coller ! Merci a Fatima pour tes encouragements !

Merci a mes compagnons de gatére thése Charlene, Antoine et Renato pour les bons moments passés
ensemble et pour les discussions passionnées...scientifiques ou non ! j Gracias Renato ! Tu has sido
un gran soporte durante esos tres afios, y me has ayudado mucho en mi desarrollo cientifico, aprendi
una cosa muy importante, no importa tanto la respuesta sino LA pregunta !

Merci frangin d’avoir été 1a pour me remonter le moral et me changer les idées ! Cuidate timoun !

Un grand merci en vrac a tous ceux qui ont contribué de maniére plus ou moins directe a cette these,
en tout cas de maniéere certaine a des moments de franche rigolade et a des soirées mémorables durant
ces trois ans. MERCI : les "anciens " de Noum’s : Merci Will’ pour ces moments d’anthologie
salvateurs @ Noum’s ou @ Paname. Arthur, je n’oublierai pas ce trajet en 206 tunning sur la route a
horaire, de nuit, en écoutant Wax Taylor — Florent, a quand la prochaine plongée dans la grotte-siphon
de Yaté ? — Nico et a Florentin je n’oublierai pas votre accueil surprise au champagne (avec verres a
pied !) a ma descente de I’avion a la Tontouta en plein milieu de la nuit !! Merci Amandine, Roman,
Cath, Balder et Julie pour votre gentillesse et votre bonne humeur !! / les cheveulux de La Rochelle :
Ad’ et Kvl, trois ans de thése et tous tondus ! Heureusement que ¢a n’a pas duré un an de plus !! /
Merci a Mays-Blia et a Tom pour votre générosité et ces bons moments passés autour d’un ti punch a
la belle cabresse bien sir !'"Merci a mes colocs Barbara, Isaline et Myrtille pour leur soutien pendant
ces deux ans, les filles : vous étes GE-NI-ALES ne changez pas!! / Thanks Craig Grove for your warm
welcome at the NIOZ, | really enjoyed working with you ! You brought a HUGE contribution to this
manuscript by teaching me how to use the climate explorer software!! THANKS!! | am indebted to
Laura Lehnoff for her help in the Cahuita project, | will invite you to a (french) restaurant, | swear!
Thanks Laura! / les lofteurs de I’'IRD, Gaby, Magalie, Christophe, la Tchambé Raid team du trophy
entreprise 2010 : Adrien et Dik pour cette aventure décoiffante en décapotable (jaune!), en
hélicoptere...et a pied bien sir !! Merci aux pom’potes de Banyuls : Marine, Nico, Julie et Nath’.
Merci aux étudiants de Bondy : Nico Pujol (un p’tit café ?), Tyna, Hassen, Caro, Nejma, Marianna,
Douglas, Keila merci !!

Cette étude a été financée grace au projet HOLBECO (INSU/IFREMER/IRD) et a I'’équipe
PALEOPROXUS du LOCEAN (IPSL/LOCEAN (UMR 7159), UPMC/CNRS/IRD/MNHN) et
contribue a ’ANR EL PASO (n°2010 BLANC 608 01). Cette étude n’aurait pas été possible sans le
soutien de la Province Sud de Nouvelle-Calédonie et de I’Aquarium des Lagons de Nouméa.




Résumé de la these

Cette étude a pour but de documenter le climat a deux périodes clés de I’Holocéne a partir
d’archives biocarbonatées.

Le potentiel du bénitier Tridacna maxima (géochimie et croissance) comme archive
paléoclimatique a été montré. Des specimens fossiles de cette espéce ont ensuite été utilisés
pour documenter la variabilité climatique du Pacifique Sud-Ouest durant la transition
Holocene inférieur-Holocéne moyen (7.0-6.0 ka BP) et lors de la migration Lapita en Océanie
Lointaine (3.5-2.5 ka BP) en complément d’enregistrements issus d’autres bénitiers et d’un
corail massif Porites sp. Des enregistrements Sr/Ca de Porites sp. ont aussi été utilisés comme
paléothermomeétre.

A 7.0-6.0 ka BP, la phase de réchauffement postglaciaire était terminée et la marge sud-est de
la Warm Pool était dans sa position actuelle. L’influence saisonniére de la SPCZ était plus
faible qu’actuellement dans le Pacifique S.O., montrant que la SPCZ était située au nord de sa
position actuelle. La variabilité El Nifio Southern Oscillation (ENSO) était réduite de 20-30%
par rapport a la variabilité actuelle.

La période coincidant avec 1’émergence de la culture Lapita, 3.6-3.4 ka BP, est caractérisée
par un état moyen de type La Nifa sur le Pacifique S.O avec une forte variabilit¢ ENSO. Le
climat a donc pu agir comme déclencheur et/ou favoriser la migration Lapita a 3.2-2.7 ka BP.
En effet, des conditions climatiques instables peuvent favoriser le développement et
I’expansion de populations nomades dépendantes des ressources marines, comme 1’¢tait la
population Lapita.

Mots-clés: Tridacna maxima, Lapita, Holocene, variabilité climatique, Pacifique Sud-Ouest,
ENSO.



B e S e e e
Thesis abstract

This study aims to document the climate for two key periods of the Holocene from
biocarbonated archives.

The giant clam Tridacna maxima was validated as a paleoclimatic archive. Fossil specimens
of this species were used to document the climatic variability in the Southwest Pacific during
the early mid-Holocene — 7.0-6.0 ka BP — and during the Lapita migration over Remote
Oceania — 3.5-2.5 ka BP — in addition to §'®0 records from fossils specimens of giant clams T.
gigas, Hippopus hippopus and fossils massive coral Porites sp. Records of Sr/Ca from Porites
sp. corals also provided paleo-SST records.

The post glacial SST rise was completed at 7.0-6.0 ka BP and the southeastern edge of the
WPWP was located in its current location. At that time the seasonal influence of the SPCZ
over the SW Pacific was weaker than it is today as a result of the more northerly location of
this structure. The EI Nifio Southern Oscillation (ENSO) variability was 20-30% weaker than
today.

The period when the Lapita culture at 3.6-3.4 ka BP, was characterized by a La Nifia-like
climatic mean state in the SW Pacific. The Lapita migration-phase at 3.2-2.7 ka BP is
coincidental with a strong ENSO variability supporting that the climate had a significant role
in the Lapita migration. Indeed, unstable climate may have triggered and/or promoted the
development and the expansion of nomad foraging population based on marine resources as
the Lapita were.

Keywords: Tridacha maxima, Lapita, Holocene, climatic variability, Southwest Pacific,
ENSO.
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Face a face avec un corail multiséculaire. Cette colonie se trouve sur le
site ou ont été collectés les bénitiers utilisés dans le chapitre I. Plongeur:
John Butscher, Fausse Passe de Uitoé, Nouvelle-Calédonie, Pacifique
Sud-Ouest. Septembre 2010. Crédit photo: N. Duprey.
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I.  Changement climatique : un constat inquiétant

Le forcage anthropique sur le systeme climatique est maintenant un fait : les émissions de gaz
a effet de serre, comme le dioxyde de carbone ou le méthane, liées aux activités humaines des
150 derniéres années, contribuent au réchauffement climatique global. Le dernier rapport du
groupe d’experts intergouvernemental sur I’évolution du climat, le GIEC (IPCC?, en anglais),
révele que I’élévation du niveau moyen des mers, ainsi que la fonte des glaciers et des calottes
glaciaires, sont étroitement liées au réchauffement du climat (Figure 1-1). D’autre part, le
réchauffement climatique modifie les systemes physiques — par ex., recul du permafrost
(Marchenko et al. 2007) — et biologiques — par ex., modification de la phénologie? d’espéces
animales et végétales (Walther et al. 2002). Bien que les contributions respectives des actions
anthropiques et de la variabilité climatique naturelle aux changements climatiques observés
restent encore a établir, il est tres probable que les activités humaines au cours des trois
derniers siécles soient la cause principale de ces changements.

La compréhension du contexte climatique actuel nécessite donc d’étudier la variabilité
naturelle du climat (i.e., exempte de forcage anthropique). La paléoclimatologie, c'est-a-dire
I’étude des climats du passé, est un outil privilégié pour comprendre la variabilité climatique
naturelle. Cet outil, qui permet de documenter le climat et les changements climatiques
survenus dans le passé, ameliore notre compréhension des paléoclimats et génére des bases de
donnees qui sont utilisables par les climatologues et les modélisateurs. Ces bases de données
sont des bancs d’essai pour les modéles climatiques et permettent de s’assurer que ceux ci

reproduisent fidélement les variations climatiques passées avant de simuler 1’évolution future
du climat (Kohfeld and Harrison 2000).

Dissocier les forcages naturels des forcages anthropiques est primordial pour mieux
appréhender les changements climatiques en cours, ainsi que leurs conséquences.

II. L’Holoceéne : une période clé pour étudier la variabilité naturelle du
climat

La période Holocéne, qui correspond au stade interglaciaire en cours et couvre les derniers
10 000 années BP?, est une période clé pour comprendre la variabilité climatique naturelle. En
effet, a D’exception de [I’insolation, les forgcages climatiques naturels agissant durant
I’Holocéne étaient similaires a ceux opérants aujourd’hui (Wanner et al. 2011). La période
Holocéne présente des variations climatiques de faible amplitude, opérant a 1’échelle
millénaire, séculaire et interannuelle (par ex., Koutavas et al. 2006a; Tudhope et al. 2001,
Wanner et al. 2011).

L IPCC : Intergovernmental Panel on Climate Change

2 Etude de linfluence des climats sur les phénoménes biologiques saisonniers végétaux (feuillaison, floraison, etc.) et
animaux (migration, hibernation, etc.). Encyclopédie Larousse

% Before Present, avant le présent, ou le présent est défini comme 1’année 1950.
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Figure I-1. Tendance au rechauffement climatique et changements consécutifs observés aux
cours des 150 derniéres années. a - température moyenne a la surface du globe, b - niveau
moyen de la mer a l’échelle du globe selon les données recueillies par les marégraphes (en
bleu) et les satellites (en rouge) et ¢ - couverture neigeuse dans [’hémisphére nord en mars —
avril. Tous les écarts sont calculés par rapport aux moyennes pour la période 1961-1990. Les
courbes lissées représentent les moyennes décennales et les cercles correspondent aux
valeurs annuelles. Les zones bleues représentent les intervalles d’incertitude qui ont été
estimés a partir d 'une analyse poussée des incertitudes connues (a et b) et a partir des séries
chronologiques (c). {Figure 1.1 — (Solomon et al. 2007)}.

Figure I-1. Global warming trend and related changes during the last 150 years a - global
average surface temperature; b - global average sea level from tide gauge (blue) and satellite
(red) data; and c - Northern Hemisphere snow cover for March-April. All differences are
relative to corresponding averages for the period 1961-1990. Smoothed curves represent
decadal averaged values while circles show yearly values. The shaded areas are the
uncertainty intervals estimated from a comprehensive analysis of known uncertainties (a and
b) and from the time series (c). {Figure 1.1, (IPCC — 2007) (Solomon et al. 2007)}.
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L’amplitude des variations du climat & I’'Holocéne est similaire aux changements climatiques
en cours, bien que les variations climatiques ne soient pas influencées par un forcage
anthropique. L’Holocéne est donc une période privilégiée pour la compréhension des
mecanismes régissant la variabilité climatique naturelle.

L’Holocéne est une période clé pour la compréhension de la variabilité climatique
naturelle. La variabilité climatigue opérant durant cette période est similaire aux
changements climatiques observés actuellement et le forcage anthropique y est absent.

lll.  L’océan Pacifique : une zone stratégique pour la compréhension du
climat

Le systéme climatique global est régi par les fluctuations de taille et de localisation des
structures climatiques tropicales de grande échelle. Parmi ces structures se trouvent les corps
d’ecau de mer chauds tropicaux (warm pools en anglais) et les zones de convergences
intertropicales (convergence zones en anglais). L'océan Pacifique est le plus vaste du globe
(166 241 700 km?) et les structures climatiques qui y sont associees — la West Pacific Warm
Pool (WPWP*), la zone de convergence intertropicale (ITCZ) et la zone de convergence du
Pacifique Sud (SPCZ®) jouent un réle central tant dans la circulation atmosphérique globale
que dans celle des eaux de surface.

La WPWP s’étend sur plus de 15 millions de kilométres carrés (27 fois la France) et sur une
centaine de metres de profondeur (Wyrtki 1989). La WPWP est située a I’est de la ligne
s’é¢tendant des Philippines a la Papouasie Nouvelle-Guinée, excluant 1’archipel Indonésien
(Figure 1-2a). Cette immense étendue d’eau, dont la température moyenne des eaux de surface
(SST’) dépasse les 28°C, génére le flux convectif le plus intense au monde qui transfére de
grandes quantités de chaleur et d’humidité dans I’atmosphére (Graham and Barnett 1995). La
convection permanente qui a lieu au-dessus de la WPWP transfere I’énergic issue du
rayonnement solaire au niveau de 1’équateur vers les pdles, contribuant ainsi a réguler la
température globale (Cane and Clement 1999). Les fortes pluies résultant de cette convection,
associées & un régime de vent faible, contribuent & maintenir une salinité inférieure a 35° dans
la WPWP, ce qui entraine une forte stratification des eaux de surface, qui est a I’origine de la
stabilité de cette structure.

* Afin d’éviter d’éventuelles confusions et pour assurer 1’homogénéité du manuscrit, les sigles communéments utilisés en
océanographie — issus des termes en langue anglaise — ont été adoptés dans le reste du document.

® Inter-Tropical Convergence Zone

® Southwest Pacific Convergence Zone

" Sea Surface Temperature

% échelle PSS-78
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Figure 1-2. Localisation des principales structures climatiques du Pacifique a - La West
Pacific Warm Pool (WPWP). La carte représente la moyenne des températures de surface sur
la période 1950-2010 HadISST1 (Rayner et al. 2003). La WPWP est délimitée par [’isotherme
28°C (orange), lintervalle entre les isothermes vaut 1°C. b-La zone de convergence
intertropicale (ITCZ en anglais) et la zone de convergence du Pacifiqgue Sud (SPCZ en
anglais). La carte représente les isohyétes en mm/jour (écart entre les isohyétes : 1 mm de
pluie par jour) sur la période 1979-2010 CMAP (Xie and Arkin 1997). Modifié¢ d’apres
Climate Explorer : http://climexp.knmi.nl.

Figure I-2. Main climatic structures of the Pacific area a - West Pacific Warm Pool. The map
shows the mean Sea Surface Temperature for the period 1950-2010 HadISST1 (Rayner et al.
2003). The WPWP is delimited by the 28°C isotherm (shown in orange). b - Intertropical
Convergence Zone (ITCZ) and the South Pacific Convergence Zone (SPCZ). The map shows
the isohyets for the period 1979-2010 CMAP (Xie and Arkin 1997). Modified from Climate
Explorer : http://climexp.knmi.nl.
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Suivre les fluctuations de taille et de localisation de la WPWP est donc un enjeu majeur pour
la compréhension et la prédiction du climat, et ce en particulier pour la marge Est de la warm
pool qui occupe un réle clé dans la dynamique de El Nifio Southern Oscillation — ENSQO®
(Picaut et al. 2001). Cependant, la température de surface seule ne suffit pas a définir la
WPWP dont la masse d’eau posséde des caractéristiques complexes (Le Borgne et al. 2002;
Maes et al. 2010). Néanmoins, I’isotherme 28°C est communément considéré comme
délimitant la WPWP (e.g., Godfrey et al. 1998; Ho et al. 1995; Wyrtki 1989).

Ce sont en effet les masses d’eau dont la température de surface atteint la valeur seuil de 28°C
qui sont le moteur du processus de convection atmosphérique (Waliser et al. 1993). La zone
de convergence intertropicale (ITCZ, Figure 1-2b) est une zone d’intense convection de
chaleur et d’humidité associée a une pluviométrie trés importante. Cette étroite ceinture
nuageuse, qui entoure la Terre approximativement au niveau de 1’équateur, correspond a la
zone de confluence des Alizés des deux hémisphéres et a la branche ascendante de la cellule
de Hadley™ (Philander et al. 1996; Waliser and Gautier 1993; Xie and Saito 2001). Au niveau
de I’océan Pacifique se trouve une autre structure convective, la zone de convergence du
Pacifique Sud (SPCZ). Celle-ci se sépare de I'ITCZ au niveau de la Papouasie Nouvelle-
Guinée et s’étend diagonalement dans I’hémisphére sud jusqu’a la Polynésie Francaise
(Figure 1-2b). La SPCZ est une des structures climatiques les plus importantes de
I’hémisphere sud (Kiladis et al. 1989; Trenberth 1976; Vincent 1994). Dans le Pacifique Sud-
Ouest, qui s’étend de la Papouasie Nouvelle-Guinée, a I’ouest, jusqu’aux Iles Fidji, a I’est, en
incluant le Vanuatu et la Nouvelle-Calédonie, les variations de SST et de salinité des eaux de
surface (SSS™) a I’échelle saisonniére et interannuelle (ENSO) sont étroitement liées aux
fluctuations de la marge sud-est de la WPWP et de la SPCZ (Gouriou and Delcroix 2002).

Le Vanuatu et la Nouvelle-Calédonie ont été choisis comme sites d’étude car le climat y
est fortement influencé par la WPWP et la SPCZ.

IV. Le contexte climatique du Pacifique Sud-Ouest

Durant 1’été austral (janvier, février, mars), la marge sud-est de la WPWP (isotherme 28°C)
s’étend jusqu'au nord de la Nouvelle-Calédonie ce qui provoque un réchauffement de
I’ensemble du Pacifique Sud-Ouest (Figure 1-3a). En été, la SPCZ s’étend vers le sud-ouest,
générant des précipitations (P) supérieures a 1’évaporation (E) se traduisant par une baisse
notable de la SSS sur I’ensemble de la zone (Figure I-3b). Durant I’hiver austral (juillet, ao(t,
septembre), la SST diminue suite a la migration de la WPWP vers le nord, qui déplace la
marge sud-est de la WPWP au niveau des Tles Salomon (Figure 1-3c). A cette période, la

® voir section IV : Le contexte climatique du Pacifique Sud-Ouest

0 Circulation atmosphérique latitudinale entre la zone dépressionnaire située au niveau de 1’équateur et les zones
anticycloniques situées approximativement a 30°N et a 30°S.

! Sea Surface Salinity
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SPCZ fusionne avec I'ITCZ dans la zone équatoriale, la balance evaporation / precipitation
(E/P) est alors déplacée vers un déficit de précipitation, causant une augmentation de la SSS
dans le Pacifique Sud-Ouest (Figures I-3c et 1-4d).

Dans le Pacifigue Sud-Ouest, I'été austral est caractérisé par une SST élevée et une
SSS faible (précipitation > évaporation) et 'hiver austral est caractérisé par une SST
faible et une SSS élevée (précipitation < évaporation).

Dans le Pacifique Sud-Ouest, les variations interannuelles de température de surface et des
précipitations sont fortement influencées par ENSO (Figure 1-4). Ce mode de variabilité
climatique entraine des échanges de chaleur entre 1’océan et I’atmosphére a grande échelle ce
qui influe sur la température globale (Cane 2005). ENSO se caractérise par I’alternance de
phases El Nifio (ou phases “chaudes”) et La Nifa (ou phases “froides”) qui affectent le cycle
hydrologique et sont associées a des évenements climatiques extrémes tels que : inondations,
sécheresses, etc. (Cane 2005; Lyon 2004).

L’alternance des phases El Nifio et La Nifia s’effectue a I’échelle interannuelle avec une
fréquence comprise entre 2.5 et 7 ans environ (Wang and Wang 1996). Lors d’événements El
Nifo, la WPWP se déplace vers le centre du Pacifique équatorial, entrainant avec elle le
systéme convectif et les précipitations qui y sont associées (Rasmusson and Carpenter 1982).
Le Pacifique Sud-Ouest connait alors une légere baisse de température des eaux de surface,
causée par la remontée de la thermocline, et une diminution importante des précipitations qui
résulte du réarrangement des centres convectifs et de la circulation de Walker? (Delcroix and
Picaut 1998; Picaut et al. 1996; Ropelewski and Halpert 1987).

Lors d’événements La Nifia, le régime des Alizés est bien établi, grace a une circulation de
Walker renforcée, poussant ainsi les masses d’eau chaudes équatoriales vers I’ouest ce qui
génere une convection anormalement forte au-dessus du Pacifique Ouest-Equatorial. Dans le
Pacifique Sud-Ouest, la phase La Nifia s’accompagne donc d’une hausse des températures de

surface et surtout d’une augmentation importante des précipitations (Gouriou and Delcroix
2002).

Les variations de SST et de SSS sont des variables clés pour I'étude du cycle saisonnier
ainsi que de la variabilité interannuelle (El Nifio Southern Oscillation) dans le Pacifique
Sud-Ouest.

12 Circulation atmosphérique zonale entre la zone dépressionnaire située au niveau de la WPWP et la zone anticyclonique
située dans le Pacifique Est tropical.
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Figure 1-3. Variations saisonniéres des principales structures climatiques du Pacifique Sud-
Ouest. La West Pacific Warm Pool (WPWP) est délimitée par I’isotherme 28°C (aire rouge —
HadISST1 moyenne sur la période 1980-2011 (Raymer et al. 2006)). La zone de convergence
du Pacifique Sud-Ouest (SPCZ) est délimitée par 1’isohyéte 6 mm de pluie par jour (aire bleue
— CMAP 1980-2010 (Xie and Arkins, 1997)). a et b - Configuration des structures
climatiques durant 1’été austral (janvier, février, mars). ¢ et d - Configuration des structures
climatiques durant I’hiver austral (juillet, aott, septembre). L’archipel du Vanuatu (V) et la
Nouvelle-Calédonie (NC) sont représentés sur chaque carte. Modifié d’aprés Climate
Explorer : http://climexp.knmi.nl. Cette carte est extraite du chapitre 1V.

Figure 1-3. Seasonal location of the main climatic features of the Southwest Pacific. The
Western Pacific Warm Pool (WPWP) is delimited by the 28°C isotherm (red area - HadISST1
mean 1980-2011 period, (Raymer et al. 2006)). The South Pacific Convergence Zone (SPCZ2)
is delimited by the 6 mm.d™ isohyet (blue area - CMAP 1980-2010 (Xie and Arkins, 1997)).
aand b - Austral summer settings (January, February, March) candd - Austral winter
settings (July, August, September). Vanuatu archipelago (V) and New Caledonia (NC) are
located on each map. Modified from Climate Explorer : http://climexp.knmi.nl. This map is
from chapter IV.
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Figure I-4. Influence de EI Nifio Southern Oscillation (ENSO) sur les températures de
surface et sur le régime des précipitations dans le Pacifique a - Degré de significativité (p-
value) de la corrélation entre I’Index Nifio 3.4 et la SST (HadISST1 moyenne sur la période
1970-2011 (Raymer et al. 2006)). b - Degré de significativite (p-value) de la corrélation entre
[’Index Niiio 3.4 et les précipitations (CMAP 1979-2010 (Xie and Arkins, 1997)). Le rectangle
noir délimite la zone Pacifique Sud-Ouest (la zone d’étude). Modifié d’aprés Climate
Explorer : http://climexp.knmi.nl.

Figure I-4. Influence of the EI Nifio Southern Oscillation on the SST and on the precipitation
regime in the Pacific Ocean. a - Degree of significance (p-value) of the correlation between
the El Nifio 3.4 Index and the SST (HadISST1 mean 1970-2011 period, (Raymer et al. 2006)).
b - Degree of significance (p-value) of the correlation between the El Nifio 3.4 Index and the
precipitations (CMAP 1979-2010 (Xie and Arkins, 1997)).The black rectangle shows the
Southwest Pacific area (the study area). Modified from Climate Explorer
http://climexp.knmi.nl.
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V. Variabilité climatique au cours de I’Holocéne

Les ¢études paléoclimatiques montrent qu’une transition climatique s’est opérée entre
I’Holocéne inférieur et ’Holocéne moyen aux alentours de 7.0-6.0 ka'® BP. Cette transition
s’accompagne d’un changement d’état climatique moyen dans le Pacifique : 1’état moyen de
type La Nifa opérant a I’'Holocéne inférieur laisse place a un état moyen de type El Nifo
(Figure 1-5). Cette transition climatique s’accompagne de 1’émergence de la variabilité ENSO
actuelle (par ex., Gagan et al. 2004; Haug et al. 2001; Koutavas et al. 2006a; Moy et al. 2002;
Rodbell et al. 1999; Sandweiss et al. 2001).
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13 Kilo annum : en latin : millier d'années.
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Figure 1-5. Evolution de la fréquence des
evenements El Nifio durant [’Holocene
d’apres des enregistrements de charbons
provenant de Papouasie Nouvelle-Guinée (a
gauche) et synthése paléoclimatique (a
droite). Les ages sont exprimés en *C ka BP.
Les auteurs associent la frequence des feux
de forét, c'est-a-dire la présence de
charbons, a wune augmentation de la
variabilitét ENSO. Modifié d’apres Haberle
et al. (2001).

Figure 1-5. El Nifio events frequency during
the Holocene as indicated by charcoal
records from Papua New Guinea (left) and
paleoclimatic synthesis (right) issued from
these results. Age is expressed as *‘C ka
years BP). Authors link the fire frequency
(i.e., charcoal abundance) to the increase in
ENSO variability. Modified from Haberle et
al. (2001).
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La seconde phase remarquable de la période Holocéne est caractérisee par le renforcement de
I’activité ENSO ca. 3.5-2.5 ka BP dans le Pacifique Tropical — Figure 1-5 - (Haug et al. 2001,
Koutavas et al. 2006b; Moy et al. 2002; Rodbell et al. 1999; Sandweiss et al. 2001; Tudhope
et al. 2001). Cette deuxieme transition climatique est particulierement intéressante car elle
s’accompagne de la colonisation de I’Océanie Lointaine (Figure 1-6) par la population Lapita
(e.g., Denham et al. 2012; Sheppard 2011). La population Lapita est caractérisée par la
fabrication d’une poterie incisée a4 engobe'® rouge, dite poterie Lapita, présentant des
décorations extrémement riches et variées (Kirch 1997). Des études archéologiques ont révélé
que les Lapita avaient un style de vie nomade basé sur I’exploitation des ressources marines et
qu’ils étaient capable d’effectuer des trajets maritimes réguliers sur des embarcations pouvant
remonter au vent (Gosden and Pavlides 1994; Irwin 2008; Di Piazza et al. 2007;
Summerhayes 2007).
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Figure 1-6. Carte de la zone Pacifique Sud-Ouest montrant [’emplacement des deux sites
étudiés au cours de ma thése : [’archipel du Vanuatu et la Nouvelle-Calédonie (modifié
d’aprés Climate Explorer . http://climexp.knmi.nl). La frontiére entre 1’Océanie Proche et
[’Océanie Lointaine est figurée en pointillés.

Figure 1-6. Map of the Southwest Pacific area showing the location of the two study sites of
my thesis: the Vanuatu archipelago and New Caledonia (modified from Climate Explorer :
http://climexp.knmi.nl).The frontier between Near and Remote Oceania is shown by the
dashed line.

La migration Lapita survient il y a 3200 ans, alors que la présence humaine est signalée au
nord-est de la Papouasie Nouvelle-Guinée (Bismarck) et aux fles Salomon— Figure 1-6 —
depuis 35 000 ans (Kirch 2000; Sheppard 2011). Cette vague de migration sans précédent
s’est étendue sur prés d’un dixieme de la circonférence du globe terrestre (45000 km)

4 Matiére terreuse dont les potiers recouvrent leur pate pour en changer la couleur.
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jusqu’aux iles Tonga et Samoa, atteintes en moins de cing siécles (Burley et al. 1999; Denham
et al. 2012).

VI.  Archives paléoclimatiques

Certains matériaux reésultant de processus tels que la sédimentation ou la précipitation de
carbonate de calcium “passive” (par ex., spéléothémes) ou active (par ex., squelette corallien
ou coquille de bivalves) intégrent a la fois des marqueurs temporels (par ex., dépOts
sédimentaires laminés ou bandes/stries de croissance) et des informations environnementales
(par ex., SST) au moment de leur formation (par ex., Anand et al. 2003; Aubert et al. 2009;
Correge 2006). Suivant le matériau considéré, ces informations peuvent étre enregistrées
durant des périodes s’étendant sur plusieurs dizaines d’années a plusieurs millénaires. Les
matériaux remplissant ces conditions sont alors considéré comme des archives climatiques.

Dans le Pacifique Sud-Ouest, deux types d’archives donnent accés a la variabilité saisonnicre
et interannuelle : les bénitiers (mollusques bivalves; genres Tridacna et Hippopus) et les
coraux massifs du genre Porites. En effet, les bénitiers et les coraux massifs grandissent en
précipitant une coquille ou un squelette aragonitique®® dont la composition et/ou les propriétés
varient de maniere journaliere pour les bénitiers (par ex., Aubert et al. 2009; Sano et al. 2012)
ou saisonniére pour les coraux massifs (par ex., Corrége 2006; DeLong et al. 2011). Ces
variations périodiques permettent de prélever des échantillons d’aragonite dont la date de
déposition est connue. Le taux de croissance de ces organismes est de I’ordre du centimétre
par an, ce qui rend possible le prélévement d’échantillons a une résolution mensuelle ou
supérieure. La duree de vie des benitiers couvre plusieurs décennies et celle des coraux
massifs est de I’ordre du siécle. L’ensemble de ces caractéristiques permet d’obtenir, a partir
de ces archives, des enregistrements dont la durée et la résolution temporelle sont adéquates a
I’étude de la variabilité climatique a 1’échelle saisonniére et interannuelle.

Les coraux massifs du genre Porites sp. et les bénitiers Tridacha maxima, Tridacna gigas et
Hippopus hippopus ont des aires de répartition similaires sur la zone Pacifique (Figure 1-7) et
les individus fossiles sont abondants sur les terrasses récifales quaternaires émergées des fles
du Pacifique Sud-Ouest (par ex., Aharon 1980; Ayling 2006; Taylor 1992). Les coraux
massifs, qui contribuent a la formation de récifs coralliens, sont retrouvés plus fréquemment
que les bénitiers. En revanche, la coquille trés dense de ces derniers résiste mieux aux
processus diagénétiques*® (Aharon 1980; Chappell and A. Polach 1972). De plus, les bénitiers
étant une source de nourriture privilégiée des premiers habitants du Pacifique, des coquilles
de bénitiers fossiles sont présentes dans les sites archéologiques du Pacifique (Galipaud and
Kelly 2007; Kinch 2008; Moir 1989; Seeto et al. 2012).

15 Aragonite : minéral composé de carbonate de calcium (CaCOs) dont le systéme cristallin est orthorhombique.
'8 Diagénése : ensemble des changements biochimiques et physico-chimiques affectant un sédiment, une roche ou les
carbonates biogéniques, apres leur dépot.
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a — Distribution of giant clams

> b

== we == H. hippopus w T, derasa T. rosewateri = T. maxima T. costata

e H. porcellanus === T gigas e we = T. squamosa s T. mbalavuana T. crocea

b — Distribution of the massive coral Porites lutea

Figure I-7. Répartition géographique actuelle a - des espéces de bénitiers, adapté de
Rosewater (1982; 1965); Lucas (1988); Howard (1988); Zann and Ayling (1988); Gomez and
Mingoa-Licuanan (2006) et Richter et al. (2008). Les triangles bleus représentent les données
de Reef Check (http://www.reefcheck.org), les individus n’ont pas été identifiés au niveau des
especes). Abréviations utilisées pour les genres : T. pour Tridacna, H. pour Hippopus. dans
Bin Othman et al. (2010) b - du corail massif Porites lutea, qui est [’espéce de Porites massif
la plus largement répandue. D ‘apres http://coral.aims.gov.au.

Figure I-7. Present distribution of a - giant clams species. Adapted from Rosewater (1965,
1982); Lucas (1988); Howard (1988); Zann and Ayling (1988); Gomez and Mingoa-Licuanan
(2002) and Richter et al. (2008). The blue triangles represent Reef Check records and
therefore the species are unknown (http://www.reefcheck.org). Abbreviation used for genera :
T., Tridacna; H., Hippopus b - massive coral Porites lutea, which is the most common massive
Porites species. Data from http://coral.aims.gov.au.
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Dans leurs tissus, les coraux hermatypiques’’ et les bénitiers contiennent, des algues vertes,
les zooxanthelles, qui produisent leur énergie a partir de la photosynthése. Ces zooxanthelles
sont en symbiose avec leur hote: elles lui assurent un apport énergétique en excrétant les
produits de la photosynthése et profitent en retour des résidus de la respiration de I’hote (par
ex., Griffiths and Klumpp 1996; Jantzen et al. 2008; Yonge 1975). La photosynthese nécessite
un apport de lumiére optimal impliquant que les coraux et les bénitiers sont inféodés aux eaux
de surface, rarement en-dessous de 50 metres pour Porites sp. et rarement en dessous de 10-
20 métres pour les bénitiers (Hardy and Hardy 1969). Des variables telles que le taux de
croissance et la composition géochimique de ces archives reflétent donc les paramétres
environnementaux de la surface de la mer.

Les bénitiers Tridacna sp., Hippopus sp. et le corail massif Porites sp. sont des archives
environnementales adéquates pour la reconstruction des paléoclimats dans la zone
Pacifique tropicale.

VII. Proxies

I1 est possible d’obtenir des informations sur I’environnement dans lequel se sont développés
des bénitiers ou des coraux fossiles en mesurant des parametres, comme la composition
isotopique ou la concentration en éléments traces de leur coquille/squelette, qui reflétent des
variables physiques (par ex., la SST) ou chimiques (par ex., la SSS). Ces parametres sont
alors appelés proxies.

a. Utilisation du &0 chez les coraux et les bénitiers

La composition en isotopes stables de 'oxygéne (5*%0™) du squelette corallien et de la
coquille du bénitier est en équilibre avec le '%0 de I’eau de mer (8*%04,). Lorsque le §*%0qy
de I’eau de mer est fortement corrélé a la SSS, comme c’est le cas dans le Pacifique Sud-
Ouest, le 5'®0 des archives carbonatées refléte également la salinité du milieu environnant
(Juillet-Leclerc et al. 2006; Kilbourne et al. 2004; Morimoto et al. 2002). Lors de la
précipitation de la coquille, ou du squelette corallien, le 5'®0 subit un fractionnement qui
dépend de la SST (par ex., Aubert et al. 2009; Epstein et al. 1953; Jones et al. 1986;
McConnaughey 1989; Weber and Woodhead 1972). Le §'®0 du squelette corallien et de la
coquille du beénitier reflete donc a la fois les variations de SST et de SSS, on parle alors de
proxy géochimique. Mesurer ce proxy (520) permet donc de caractériser un environnement

7 Les coraux hermatypiques vivent en symbiose avec des zooxanthelles photosynthétiques qui se situent dans leurs tissus a
I’inverse des coraux ahermatypiques qui n’en possédent pas.
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passé en termes de SST et de SSS : une valeur haute de 5'®0 indique des conditions froides et
salées alors qu’une valeur faible de 8*°0 indique des conditions chaudes et peu salées.

b. Utilisation du &"°C et de la sclérochronologie chez les Bénitiers

i. Les isotopes stables du carbone

Chez les bivalves ayant une coquille aragonitique, la composition en isotopes stables du
carbone (8"3C) de la coquille dépend de différents facteurs. Ainsi, la température et la
physiologie de Iorganisme peuvent influencer la valeur *3C de I’aragonite en induisant un
fractionnement isotopique du carbone — on parle dans ce dernier cas “d’effet vital” (Gillikin et
al. 2009; Gillikin et al. 2007; Gillikin et al. 2006; Lorrain et al. 2004; McConnaughey et al.
1997; McConnaughey and Gillikin 2008; Tanaka et al. 1986). Le 5'*C de la coquille dépend
également de la proportion de carbone issu de la respiration et de la proportion de carbone
fixé par I’activité photosynthétique des zooxanthelles dans la solution & partir de laquelle est
précipité la coquille (Gillikin et al. 2009; Gillikin et al. 2007; Gillikin et al. 2006;
McConnaughey et al. 1997; Owen et al. 2008; Tanaka et al. 1986; Wanamaker Jr et al. 2007).
L’influence respective de la température, des effets vitaux et de la proportion de la respiration
et de la photosynthese dans la composition isotopique de la coquille de bénitier est encore mal
estimée. Ces facteurs ont vraisemblablement une influence modérée sur le §**C de la coquille
étant donné que la majeure partie du carbone précipité provient du carbone inorganique
dissous dans 1’eau de mer — Dissolved Inorganic Carbon — DIC (Gillikin et al. 2006;
McConnaughey et al. 1997; McConnaughey and Gillikin 2008; Mook and Vogel 1968; Owen
et al. 2008). Le 5™°C refléte donc majoritairement la composition isotopique du DIC.

Le *C du DIC varie suivant sa source, en effet, le carbone d’origine marine a une signature
isotopique plus élevée alors que le carbone issu de la végeétation terrestre presente des valeurs
faibles de 5'°C. Le carbone provenant du couvert végétal terrestre est présent en milieu marin
en particulier au niveau des zones estuariennes ou il est acheminé par les rivieres et par les
fleuves. Le 8'°C de I’eau de mer va donc refléter la proportion de DIC d’origine marine et de
DIC d’origine terrestre. Le §'*C du DIC permet donc d’estimer la salinité d’un environnement
donné (Fry 2002; Gillikin et al. 2006; Mook 1971; Surge et al. 2001). La valeur du 8*3C de la
coquille des bénitiers renseigne donc potentiellement sur la salinité du milieu dans lequel c’est
developpé I’organisme.

ii. La sclérochronologie

La mesure de I’épaisseur des incréments de croissance des bivalves peut également fournir
des informations sur I’environnement dans lequel ils se sont développés. L’ épaisseur de ces
incréments de croissance est influencée par les cycles de SST (infra-journaliers, journaliers,
saisonnier etc.), les épisodes de reproduction, les saisons, marées ou bien encore les
occurrence de tempétes (par ex., Pannella and MacClintock 1968; Poulain et al. 2011;
Rodland et al. 2008; Rodland et al. 2006; Schéne 2008). Parmi ces facteurs, les variations de
SST liées aux cycles journaliers ou saisonniers sont la principale cause de variation de
I’épaisseur des incréments de croissance des bivalves, en particulier chez les bénitiers (Aubert
et al. 2009; Schwartzmann et al. 2011; Watanabe and Oba 1999). Il a ainsi été montré, chez
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les bénitiers, que 1’épaisseur des incréments de croissance journaliers était fortement corrélée
a la SST, offrant la possibilité d’obtenir des enregistrements de SST.

c. Utilisation du rapport Strontium/calcium chez les coraux

Depuis les années 1980, le rapport strontium sur calcium (Sr/Ca) du squelette corallien est
couramment utilisé comme paléothermometre (par ex, Beck et al. 1992; Corrége 2006;
Schneider and Smith 1982; Swart 1981). Le Sr/Ca est considéré comme un proxy exclusif de
la SST, c'est-a-dire que sa valeur n’est, en théorie, pas influencée par d’autres facteurs
environnementaux (par ex., la salinité) ou vitaux (i.e, liés a la physiologie de 1’organisme). Il
est ainsi possible, dans le cas des coraux, de séparer la composante température de la
composante salinité du §'®0 en utilisant la relation entre le Sr/Ca et la température (Kilbourne
et al. 2004; Ourbak 2006; Ren et al. 2002). A I’heure actuelle, il n’a pas été trouvé de proxy
exclusif de la SST chez les bénitiers. Ainsi, chez les bénitiers, le rapport Sr/Ca de la coquille
est sous l'influence de la physiologie de I’organisme qui peut prendre le pas sur la
température (cf. effet vitaux), empéchant I’utilisation du Sr/Ca comme paléothermomeétre (par
ex., Elliot et al. 2009).

Des études, dites de calibration, visent a déterminer s’il existe une relation empirique entre la
composition géochimique ou le taux de croissance de ces archives et la SST ou la SSS. Des
études de calibration ont permis d’identifier plusieurs proxies de SST et de SSS pour les
bénitiers et les coraux. Les relations liant la composition géochimique et 1’épaisseur des
incréments de croissance (dans le cas des bénitiers) a la SST et/ou a la SSS ont été calibrées
pour des coraux massifs Porites sp. (e.g., Corrége et al. 2000; Gagan et al. 1998; Lough and
Cooper 2011) et pour les bénitiers Tridacna gigas (Aharon 1980; Ayling 2006; Elliot et al.
2009; Patzold et al. 1991; Watanabe et al. 2004; Welsh et al. 2011), T. squamosa (Batenburg
et al. 2011) et Hippopus hippopus (Aubert et al. 2009; Schwartzmann et al. 2011; Watanabe
and Oba 1999). Les travaux de Romanek (1985) sur T. maxima ont mis en évidence le fort
potentiel de cette espéce comme archive paléoclimatique en montrant que le §'°0 de la
coquille variait avec la SST. Cependant il n’a pas été produit d’équation reliant ces deux
parametres.

Le rapport isotopique 520 de la coquille de bénitier et du squelette corallien est un proxy
a la fois de la température et de la salinité de la surface de la mer — SST et SSS. Le ratio
strontium sur calcium — Sr/Ca — du corail est un proxy de la SST. Dans le cas du coralil, le
ratio Sr/Ca permet de déconvoluer l'influence de la SST dans le rapport isotopique 320
afin d’obtenir un proxy de la SSS. D’autres proxies permettent de fournir des informations
supplémentaires : ainsi le rapport isotopique 3°C de la coquille de bénitier peut étre
utilisé pour caractériser la salinité de I'environnement. Par ailleurs, I'épaisseur des stries
de croissance journaliere des bénitiers peut apporter des informations sur la SST.
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VIll.  Problématiques, objectifs et organisation de la thése

Problématiques — Les changements climatiques observés durant 1’Holocéne soulévent
plusieurs interrogations :

- Dans quel contexte climatique (état-moyen, variabilité interannuelle et saisonniere)
s’est mise en place la variabilit¢é ENSO actuelle durant la transition Holocéne inférieur
/ Holocéne supérieur ?

- Dans quel contexte climatique a eu lieu ’augmentation de la variabilit¢ ENSO ca.
3000 années BP ?

- Pourquoi a-t-il fallu attendre prés de 30 000 ans avant que les premiers Océaniens
entreprennent la traversée des 200 milles nautiques qui séparent I’Océanie Proche de
I’Océanie Lointaine ?

- Le renforcement de I’activité ENSO ca. 3.5-2.5 ka BP dans le Pacifique Tropical a-t-il
pu avoir un réle dans la migration Lapita ?

Bien que les nombreux fossiles du bénitier Tridacna maxima présents dans le Pacifique
Sud-OQuest devraient permettre d’apporter des éléments de réponse aux questions précedentes,
certains points doivent étre éclaircis avant de pouvoir utiliser cette archive a des fins
paléoclimatiques :

- Aquelle fréquence sont deposés les incréments de croissance chez Tridacna maxima ?
Quelle est I’influence de la SST sur les variations d’épaisseur de ces incréments de
croissance ? sur le rapport 520 de la coquille ?

- Est-il possible de produire une fonction de transfert reliant 1’épaisseur de ces
incréments de croissance et la composition isotopique de cette espece a la SST ?
Quelles sont les limitations de ces proxies ?

Dans le Pacifique Sud-Ouest, les reconstructions paléoclimatiques sont trop peu
nombreuses et trop dispersées géographiqguement pour comprendre les mécanismes
associés a I'’évolution d’ ENSO durant la transition entre ’'Holocéne inférieur et I’'Holocene
supérieur, ainsi que pour élucider les modalités du peuplement de I'Océanie Lointaine ca.
3.5-2.5 ka BP. De plus, le bénitier Tridacha maxima, susceptible d’apporter des éléments
de réponse a ces questions, n'a pas fait 'objet d’'une étude de calibration, privant la
paléoclimatologie de précieuses informations.

Objectifs — L’objectif général de cette thése est d’étudier la variabilité climatique de deux
périodes clé de I’Holocéne en décrivant la position moyenne ainsi que les variations
saisonnieres et interannuelle (cf. variablité ENSQO) de taille et de localisation de la West
Pacific Warm Pool et de la zone de convergence du Pacifique Sud. Les résultats de cette étude
ont pour but d’apporter des ¢léments de réflexion sur la transition climatique s’opérant entre
I’Holoceéne inférieur et ’Holocéne moyen et sur le contexte climatique durant la migration
Lapita. Cette étude s’appuie sur des enregistrements géochimiques et sur la sclérochronologie
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de bénitiers et de coraux fossiles. Une étude de calibration portant sur I’espéce de bénitier
Tridacna maxima a été effectuée, au préalable, afin de valider I’utilisation du rapport
isotopique 5'®0 et de I’épaisseur des incréments de croissance comme proxies de la
température de surface de la mer chez cette espéce.

Organisation — Cette these se décline en quatre chapitres, dont trois sont rédigés sous forme
d’articles scientifiques, en anglais. Le potentiel du bénitier Tridacha maxima en tant
qu’archive paléoclimatique est étudié dans le chapitre IlI. Pour comprendre la réponse de la
WPWP et de la SPCZ lors la transition climatique s’opérant entre 1’Holocéne inférieur et
I’Holocéne moyen [chapitre III] et pour savoir si la migration Lapita, survenant aux alentours
de ca. 3.2 ka BP, a coincidé avec un contexte climatique particulier [chapitre V], les
variations saisonniéres et interannuelles de la température et de la salinité de la surface de la
mer ont éteé étudiées dans la zone Pacifique Sud-Ouest. Ce manuscrit se termine par une
synthése [chapitre V] qui reprend les résultats obtenus au cours de ma these en les plagant
dans le contexte climatique Holocene.

Remarque : Afin d’éviter les redondances, les références bibliographiques ont été compilees
en une seule liste placée a la fin de ce manuscrit. En annexe de cette thése se trouve une
réflexion sur la fiabilité des analyses géochimiques effectuées au cours de ma thése et sur les
améliorations méthodologiques a apporter. Un article scientifigue méthodologique, écrit
durant ma thése, dans le cadre d’un projet mené en paralléle, y figure également.
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Prélevement d’eau de mer dans le bassin des bénitiers durant [’expérience
de calibration. Aquarium des Lagons, Nouméa, (de g. a d.) Cécile Dupouy
et Claire Lazareth. Novembre 2009. Crédit photo: N. Duprey.




Chapitre Il — Calibration of giant clam Tridacna maxima

growth increments thickness and shell 5'°0 as proxies of
sea surface temperature: implications for

paleoclimatology

Le chapitre suivant sera soumis a la revue Coral Reefs durant le premier semestre 2013.
Auteurs (dans I’ordre):

Duprey Nicolas,
Lazareth Claire E.,
Butscher John,
Dupouy Cécile,
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RESUME

Cette étude a pour but d’établir un lien entre la largeur des incréments de croissance et la
composition isotopique de I’espéce de bénitier Tridacna maxima avec la température de
surface de la mer (SST). Trois spécimens de T. maxima ont été collecté, vivants, sur le récif
barriere de Nouvelle-Calédonie, marqués avec de la calcéine puis €levés en aquarium de
septembre 2008 a juin 2010. L’observation, en lumiére transmise, de lames minces issues de
la coquille de ces bénitiers révele des incréments de croissance simples et complexes. Ces
incréments, de taille micrométrique, sont déposés journalierement. Les incréments infra-
journaliers qui caractérisent les incréments complexes refletent vraisemblablement les phases
d’ouverture et de fermeture des valves de T. maxima. L’épaisseur des incréments journaliers
est corrélée positivement a la SST, ce qui a permis d’établir une fonction de transfert reliant
ces deux variables. Cette équation a été appliquée a un profil sclérochronologique obtenu sur
un T. maxima fossile de Nouvelle-Calédonie, daté aux environs de 3000 années BP. L’étude
de ce fossile suggere que la SST était plus élevée qu’actuellement et que I’amplitude
saisonniere etait réduite a cette époque. Cependant des anomalies de croissance ont été
observées sur les individus actuels, qui alterent la réponse du taux de croissance aux
variations de la SST. L’impact de ces anomalies sur la reconstruction de SST peut étre réduit
en travaillant avec des profils sclérochronologiques obtenus sur différents individus dont les
périodes de vie se recoupent. La composition en isotopes stable de "oxygéne (5'%Oger) de la
coquille de I’un des trois spécimens actuels de T. maxima a été analysée a une résolution
hebdomadaire. Le 8" g est fortement corrélé avec les variations saisonniéres de la SST.
Une fonction de transfert reliant le 8*®Oqey et la composition isotopique de 1’eau de mer
(6"®04y) & la SST a été établie :

5 80ghenl - 61804y = -3.56 X SST+20.5

L’écart-type des résidus de la régression (1o) est de +1.23°C, le §'®Ogen de T. maxima peut
donc étre utilise comme un paléothermometre.
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ABSTRACT

Giant clam Tridacna maxima sclerochronology and shell geochemical composition’ response
to sea surface temperature (SST) variations was investigated. Three modern T. maxima were
collected in New Caledonia, stained with calcein and grew in a seawater-fed aquarium from
September 2008 to June 2010. Thin sections of the T. maxima outer layer, viewed under
transmitted light, revealed simple and complex daily growth increments. The sub-daily
growth layers that composed the complex daily growth increments most likely reflected the
opening and closing behavior (i.e., gaping) of the giant clam. Growth increment thickness is
positively correlated to SST and transfer function linking SST to the growth increment
thickness was produced. This equation was used on the sclerochronological profile of a fossil
T. maxima specimen, dated ca. 3000 years BP, from New Caledonia, revealing higher mean
SST than today and reduced seasonal amplitude. However, growth anomalies, that may alter
the response of growth to SST, were observed on the T. maxima growth increments profiles.
Such anomalies can be avoided using overlapping sclerochronological profiles in paleo-SST
reconstructions. One of the three modern T. maxima was sampled at a weekly resolution for
oxygen stable isotope composition (8*30gnen). *2Oghen correlates well with the seasonal SST
cycle. An equation linking 5Oger and oxygen stable isotope composition of seawater
(8"0gw) to the SST was produced :

8" 0ghell - 8204y = -3.56 X SST+20.5
The standard deviation (1o) of the residuals was +1.23°C, showing that T. maxima 58 0qhen

can be used as a paleo-thermometer.
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l. Introduction

The geochemical composition of massive corals has been widely used to assess the past
climatic variability (Ayling et al. 2006; Beck 1997; Beck et al. 1992; Corrége 2006; Corrége
et al. 2000; Gagan et al. 1998). However, the use of massive corals as a paleoclimatic archive
is sometimes hampered because of the poor preservation state of the porous coral skeleton
which is prone to diagenesis (e.g., Nothdurft and Webb 2008). Therefore, interpreting coral
geochemical data in terms of climatic variability is sometimes critical (Enmar et al. 2000;
Hendy et al. 2007; McGregor and Gagan 2003; Muller et al. 2001; Quinn and Taylor 2006).

The dense shell of giant clams is less prone to diagenetic alteration, offering the opportunity
to open windows over the past climate, as far as 400,000 years ago (Aharon and Chappell
1986; Ayling 2006; Chappell and A. Polach 1972). The current distribution of the two
existing giant clam genera — Tridacna and Hippopus — overlaps the distribution of the massive
coral, Porites sp., (Bin Othman et al. 2010). Moreover, fossil giant clams and coral colonies
are commonly found together on uplifted reef terraces (Aharon 1980; Ayling 2006).
Additionally, giant clams were heavily targeted as a food source during the prehistoric period
(e.g., Galipaud and Kelly 2007; Seeto et al. 2012) so that abundant and well dated specimens
are commonly unearthed from archaeological sites in the Indo-Pacific area (Faylona et al.
2011; Seeto et al. 2012). Therefore, giant clams are a promising alternative (or a
complementary) archive to massive corals for paleoclimatic reconstructions.

The giant clam shell is secreted in oxygen isotopic equilibrium with seawater (e.g., Aharon
1991; Aubert et al. 2009; Jones et al. 1986; Watanabe and Oba 1999). The shell oxygen
isotopic composition (5®Ogen) reflects thus the SST and the SSS conditions experienced by
the giant clam during its life. Transfer functions linking (81805he|| - 81805W) and SST were
obtained for the Tridacna and Hippopus genera (Aharon 1980; Aubert et al. 2009; Watanabe
and Oba 1999). Nevertheless, despite the density of their shell, giant clams may be affected
by diagenesis, precluding any paleoenvironmental reconstruction from shell geochemical
analysis (Faylona et al. 2011). In such circumstances, the study of the shell growth increments
(i.e., sclerochronology) can potentially replace geochemical studies. Indeed, the thickness of
the bivalve growth layers and the rhythm of deposition of these layers are controlled by
physiological, e.g., reproduction, ontogeny, disease and environmental factors, e.g., tidal
cycle, water temperature, storm events, food availability (reviews in Rhoads and Lutz 1980;
Richardson 2001; Schéne 2008). Previous studies showed that Tridacna gigas, T. maxima, T.
squamosa, and Hippopus hippopus deposit daily growth increments, potentially providing
high-resolution paleoclimatic or paleoenvironmental archives (Aharon and Chappell 1986;
Aubert et al. 2009; Bonham 1965; Henocque 1980; Pannella and MacClintock 1968; Pétzold
et al. 1991; Schwartzmann et al. 2011; Watanabe and Oba 1999). The daily growth increment
thickness of H. hippopus varies seasonally, being thicker in summer and thinner in winter
(Aubert et al. 2009; Schwartzmann et al. 2011; Watanabe and Oba 1999). Higher growth rate
was also observed during summer for T. gigas and T. maxima (Ambariyanto 1997; Lucas et
al. 1989). In addition, it was shown that the seasonal variations in H. hippopus daily growth
increments thickness are related to the SST variations (Aubert et al. 2009; Schwartzmann et
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al. 2011; Watanabe and Oba 1999). Tridacnidae’s high-resolution (daily) sclerochronology
appears thus as a promising tool for past-SST reconstruction.

The giant clam Tridacna maxima has the largest distribution area compared to those of the
other giant clam species (Bin Othman et al. 2010). It is also abundant on the uplifted reef
terraces of the West Pacific (Aharon and Chappell 1986) and it generally dominates in the
archaeological giant clam assemblages (Faylona et al. 2011; Moir 1989). T. maxima is thus a
potential archive for paleoclimatic or paleoenvironmental reconstructions. Nevertheless, at the
exception of the early work of Jones et al. (1986), the potential of T. maxima as a
paleoclimatic archive has not been investigated. The aim of this study is to investigate the
growth increments thickness and the shell 50 variations of T. maxima as potential recorder
of SST changes. This was done through an aquarium growing experiment, which lasted 1.5
yrs, in New Caledonia. Potential application of sclerochronology as a proxy for SST was
tested on a fossil T. maxima shell recovered in an archaeological site.

[I.  Materials and methods
a. Tridacna maxima specimens

Three Tridacna maxima giant clam specimens were collected on 22/09/2008, at 2.5 meters
depth, on the outer crest of the barrier reef surrounding New Caledonia main island (Fausse
Passe de Uitoé, 22°17'S; 166°11'E - Figure 11-1). The three giant clams were living in a sub-
tidal environment, with a semidiurnal tidal regime. The tide amplitude in New Caledonia is
generally inferior to 1.6 m. Each giant clam was carefully removed from the reef with the
coral piece it was fixed to. The T. maxima specimens, T-02-08, T-03-08, and T-05-08, were
then placed in an open-air seawater-fed aquarium for a 1.5 year-long calibration experiment
(Aquarium des Lagons, Nouméa, New Caledonia - Figure II-1). The water level in the
aquarium was kept at approximately 60 cm height during all the experiment. To produce
sclerochronological profiles and geochemical time-series, specimens T-02-08 and T-03-08
were stained on 23/02/2009, in a 75 ppm calcein solution for two hours. To ensure that the
staining procedure did not affect the giant clam growth, the third specimen, T-05-08, was not
stained. From the staining date, the three giant clams were visited once a week and specific
giant clam’s behavior, meteorological conditions or any peculiar event was reported.
Specimen T-02-08 was collected alive the 03/06/2010. Specimens T-03-08 and T-05-08 were
found dead on 17/12/2009 and on 12/11/2009 respectively. Because the aquarium was
checked once a week, the death dates of T-03-08 and T-05-08 are comprised in the time
interval 09-17/12/2009 and 05-12/11/2009 respectively. To study the potential of fossil
Tridacna maxima shells for paleoenvironmental and paleoclimatic reconstructions, a
sclerochronological study was done on a fossil T. maxima shell. The fossil specimen was
unearthed from an archaeological site in Bourail, New Caledonia (21.38°S, 165.26°E; Figure
I1-1b). The conventional radiocarbon date for this specimen was 3236 + 32 years BP. This age
was corrected for the marine reservoir effect using the CALIB marine04 database using a
deltaR value of -3 £ 9 years (Petchey et al. 2008; Reimer et al. 2009). The calibrated age of
this specimen is 3.2-2.9 ka cal. BP (20).
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Bourail’

(fossil)

Q- Fausse Passe
de Uitoé reef

Aquarium
5km

coral reef - land

Figure 11-1. Location of the study sites. a - Location of New Caledonia in the Pacific area
b - Location of the archaeological site, on the “Grande Terre”, were the fossil Tridacna
maxima specimen was recovered ¢ — Detail of the southwest lagoon of New Caledonia
showing the collection site of the three modern T. maxima specimens (Fausse Passe de Uitoé
Reef) and the location of the aquarium were the three specimens were grown. Map sources :
Pacific area map modified from climate explorer (http://climexp.knmi.nl), maps b and ¢ were
modified from maps provided by the Service de cartographie de I’Institut de Recherche pour
le Développement (IRD), Bondy, France.
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b. Weekly monitoring

To determine the relation between sea surface temperature (SST) and i) growth increment
thickness variations and ii) oxygen stable isotope composition of Tridacna maxima shell
(8" Ognenr), the SST in the aquarium was recorded hourly, using a TidbiT®-logger. In addition,
aquarium seawater samples were collected weekly from February 2009 to June 2010 for
oxygen stable isotope (5'°0sy) measurements. The seawater samples for isotopic analysis
were filtered on Millipore® filters (0.45 pm) and stored at 4°C in 50 ml glass flasks until
analyzed. Air bubbles were carefully avoided from the seawater flasks to prevent oxygen
exchange between seawater and air after the sampling.

c. Age determination

The growth increment thickness variations and the isotopic composition of the giant clams
might be influenced by ontogenic effects (Green and Craig 1999; Jones et al. 1986; McKoy
1980; McMichael et al. 1974; Munro and Heslinga 1983; Smith 2011), so that the age of each
specimen must be estimated prior to interpret the sclerochronological and geochemical data
produced. Molluscan age can be determined using the Von Bertalanffy Growth Function
(VBGF) growth model; L; = L, * (1 — €™ where L, is the shell length at time t, L., the
asymptotic growth constant and K the growth constant (Bertalanffy 1957; Bertalanffy 1938).
Various VBGF functions for Tridacna maxima are available in the literature, but none was
produced for New Caledonian populations.

An average VGBF function was thus calculated by averaging the L., and K coefficients from
previous studies (Table I1-1). The resulting averaged VBGF function is :

L;=28.6 + 1.7 * (1 — 09002 (VBGF,.)

Table I1-1 : Compilation of Von Bertalanffy Growth Function parameters (Lir. and K)
obtained from Tridacna maxima giant clam populations and the averaged parameters used in
this study (VBGFaye).

Reference Lint. (cm) K
McKoy, 1980 30.5 0.082
Munro and Heslinga, 1983  30.5 0.112
McMichael, 1975 275 0.074
Green and Craig, 1999 27.8  0.065
Smith, 2011 269 0.118

MEAN 28.6  0.090
VBGFave. sd 1.7  0.024

d. Thick and thin section preparation

The shell of the Tridacnidae is aragonitic with two types of microstructures : crossed-lamellar
for the outer layer and the hinge area and prismatic for the inner layer (Bonham 1965; Carter
1980; Péatzold et al. 1991). The outer layer of Tridacna maxima is deposited at a higher
growth rate (i.e., thicker growth increments) than the other shell parts (Figure 11-2). The outer
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shell layer is thus the most suitable part for growth increments counting and measurements
and for high-resolution geochemical analyses. T. maxima valves have generally five scaled-
ridges (Rosewater 1965), the central one being often better preserved on fossil specimens. The
sclerochronological and the geochemical studies presented here were based thus on the outer
layer of the central ridge of modern and fossil specimens (Figure 11-2a). Shells were cut from
the shell edge to the umbo following the center of the central ridge using a Buehler® precision
saw. Then, a 1 cm-thick section was removed from the shell of each modern and fossil
specimen (Figure 11-2). The side of the thick section in contact with the center of the central
ridge was glass-mounted using epoxy resin and cut to obtain a thin section. The remaining of
the thick section was used for the geochemical analyses. Thin sections were ground on
polishing-disks of decreasing abrasiveness, down to g 15 pum, with frequent visual checks
under a microscope until growth increments appeared. Then, the thin sections were polished
with successive diamond suspensions (down to g 1 um) before microscopic observations.

e. Sclerochronological profiles

The thin sections were studied using an optical microscope under transmitted light. The
calcein staining was visualized under reflected UV light. Thin sections were digitized using
the free geographic information system software (GIS) QuantumGIS® (http://qgis.org/). In a
first step, thin sections were photographed at a 40x magnification and pictures were
assembled. That way, a global view of the thin sections was obtained and used to locate
transects along which growth increments were counted. Transects were drawn following the
growth direction, approximately at three millimeters from the outer surface of the shell (i.e.,
the surface in contact with seawater in living giant clams — Figure I1-2b), where the growth
increments are the thickest. In a second step, pictures focusing on this three millimeter shell
band were taken at a 100x magnification and added to the virtual thin section so micrometric
growth increments could be identified easily and accurately measured along the transects. All
photographs were scaled before added into the GIS-thin section so the growth increments
thickness can be measured directly on the virtual thin sections. For the modern specimens,
sclerochronological profiles were obtained on the shell part deposited while they were in the
aquarium (i.e., from September 2008 to death). This part could be easily identified due to the
abrupt change in the shell aspect that accompanied the transfer of the three modern specimens
from the reef to the aquarium (see section : Ill1-b Shell and growth pattern description). A
composite profile was then obtained by averaging the three modern sclerochronological
profiles. The sclerochronological profile of the fossil giant clam was measured from the last
deposited increment toward the umbo until bioerosion prevented growth increments
observation. This resulted in a 110 mm-long sclerochronological profile. To determine
whether natural cycles (tides, seasons, etc.) influence giant clam growth increments
deposition, spectral analyses were done on the modern composite and the fossil
sclerochronological profiles. The spectral analysis was made using the PAST® software
(Hammer et al. 2001).

f. Oxygen stable isotopes analyses

The giant clam specimen T-02-09 was selected for oxygen stable isotope analyses because it
had a longest lifetime than the two other giant clams. Shell samples were milled on the thick
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section of the central ridge, so sclerochronological and isotopic profiles are comparable. Shell
samples were collected along a 24 mm-long section that encompasses the section deposited
when the specimen was in the aquarium. Fifty-eight samples were milled at 0.5 mm steps in
the outer shell layer following growth increment’s shape using a micromilling device
(MicroMill New Wave®). Each carbonate sample weighted ~ 50 to 100 pg. The §*¥Ognen and
8804 were analyzed on a GV IsoPrime® mass-spectrometer coupled to a Multiprep
carbonate Gilson® at the LOCEAN laboratory (University of Paris 6). The analytical precision
(1o) on the shell and water oxygen isotopic measurements was 0.08%o vpdb (10 runs of
homemade calcitic standard) and 0.1%. smow (10 runs of homemade water standard). To
assign time to each isotopic sample, a photograph of the micro-milled thick section was
integrated into the virtual GIS-thin section. The picture and the GIS-thin section were
superimposed so that the thick section’ contours matched those of the GIS-thin section. That
way, each micro-milled groove was replaced in the sclerochronological profile and time was
thus assigned to each 5'%Ogen sample.

lll.  Results
a. Age determination

Lengths of the three T. maxima specimens, T-02-09, T-03-09, and T-05-09 were measured at
the end of the experiment. Then, the averaged VVon Bertalanffy Growth Function was used to
estimate the age of each giant clam specimen. Specimens T-02-08, T-03-08, and T-05-08
were respectively 14 + 6 years-old (shell length : 204 mm), 14 + 6 years-old (shell length :
207 mm) and 13 £ 5 years-old (shell length : 201 mm). The fossil specimen was 12.5 £ 5
years-old (shell length of 194 mm). According to previous studies, these specimens have
reached the adult phase and thus their sexual maturity (Jameson 1976; Jones et al. 1986;
LaBarbera 1975; Raymakers et al. 2003).

b. Shell and growth pattern description

Thick sections — An abrupt change in the shell aspect occurs at 1-2 cm from the shell edge of
the three modern specimens. Most the outer shell layer is greenish and translucent, except the
last 1-2 cm where the shell becomes white and opaque (Figures I1-2b-d). A similar
observation was reported for a Tridacna squamosa shell transferred from the field into an
aquarium (Batenburg et al. 2011). Consequently, the aspect change observed on the T.
maxima specimens is interpreted as reflecting the transfer of the specimens from the natural
environment (i.e., greenish and translucent shell), to the aquarium (e.g., white and opaque
shell). Specimens T-02-08 and T-03-08 present scars indicating disturbed shell deposition
(Figures 11-2b-c). For T-02-08, two scars are visible, one before and one after the specimen’s
transfer to the aquarium (Figure 11-2b). For T-03-08, the scar occurred while the specimen
was in its natural environment (Figure I1-2c). The fossil specimen has a homogeneous outer
shell layer (Figure 11-2¢).
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Figure 11-2 (previous page). Thick sections of the central ridge cut in the modern Tridacna
maxima specimens Dotted black lines indicate the shell color transition related to the transfer
of the specimens from the reef (in situ) to the aquarium (aqua.) the 22/02/2009. The
thunderbolts show the scars associated to a growth stop. a - Global view of a Tridacna
maxima valve before the extraction of the central ridge. Ridges are numbered from | to V. The
part of the central ridge (l11) to be extracted is shown in grey. b - Specimen T-02-08 : outer
layer (OL), inner layer (IL) and hinge area c - Specimen T-03-08 d - Specimen T-05-08
e - Fossil specimen.

Thin sections — The fluorescent calcein line resulting from the 23/02/2009 staining procedure
is clearly visible under reflected UV light, providing an accurate tie-point to establish the
sclerochronological and the geochemical time-series. Micrometric growth increments are
observed on the three modern specimen thin sections (Figure 11-3a). Tridacna maxima
micrometric growth increment appears, under transmitted light, as a couple of one translucent
layer and one opaque layer. The transition between the translucent and the opaque layer is
sharp and the opaque layer thickness represents on average 55 to 85% of the total increment
width (Figure 11-3b). Each couple indicates a cycle of shell deposition composed of two-
phases, with a higher deposition during the “opaque phase” of the cycle. Such banding pattern
matches the definition of “simple growth increments” as proposed by Panella and
MacClintock (1968) for Tridacna squamosa. Consequently, T. maxima shell growth
increment was defined, and measured, as a couple of one translucent layer and one opaque
layer (under transmitted light). Each growth increment was measured from the sharp
transition between the opaque and the translucent layers, following the shell growth direction
(Figure 11-3Db).

Most micrometric growth increments observed are simple growth increments. However, some
growth increments, present an opaque layer splitting into thin couples of opaque and
translucent sub-layers of variable thickness (Figure 11-3c). Up to four couples of sub-layers
are observed (Figure 11-3c). Transitions between each of these sub-layers present various
degrees of sharpness. This complex banding pattern is similar to the “complex growth
increments” described by Pannella and Mac Clintock (1968) in Tridacna squamosa shell. The
boundaries of each complex growth increment were identified in the deep part of the outer
layer, where the growth layers display a simple pattern. Once identified, growth increment
boundaries were projected on the transect and then measured following the shell growth
direction (Figure 11-3c).
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Figure 11-3 (next page). Details of the GIS-thin section of the shell of the Tridacna maxima
specimen T-02-08, viewed under transmitted light a - View of the thin section showing
different growth patterns at a x100 magnification. The white dotted line shows the transition
between the greenish and translucent shell to the white and opaque shell, transition related to
the transfer of the specimen from the reef to the aquarium (22/02/2009). Areas b, ¢, and d are
enlarged below. b - Simple growth increment, i.e., daily increment, succession. Three daily
increment are enlarged in the red insert (right). Arrows show how the measurements were
done, ticks delimits one daily increment. The anomalous growth event A occurring in
December 2008 is shown by the dark green arrow (see text for details). ¢ - Complex daily
growth increments, three are enlarged in the red insert (right). Arrows show how the growth
thickness measurements were done, ticks delimits one daily increment. d - Blurry banding
pattern characterizing the shell deposited in situ. On these parts, the crossed-lamellar
microstructure of the outer layer appears as a banding pattern parallel to the growth
direction, obscuring the daily growth increment pattern.

The shell aspect change observed on the thick sections of the three modern specimens, as a
response to the transfer into the aquarium, is associated to an abrupt change in the
micrometric banding pattern. The greenish and rather translucent outer shell layer, deposited
in situ, is characterized by a blurry micrometric banding pattern (Figure 11-3d) that turns
abruptly into a clear and continuous micrometric banding pattern after the transfer of the
specimen into the aquarium. The transfer of the modern giant clam into the aquarium on
22/09/2008 is thus identifiable with precision in the three giant clam thin sections and can be
used as a tie-point to assign time to the sclerochronological profile. The banding pattern of the
three modern specimens became almost invisible in the last millimeter of growth, i.e., at the
shell edge. The fossil specimen has a well-preserved banding pattern (except in the bio-eroded
part) with the same simple and complex increment pattern as observed in the modern
specimens.

c. Temporal resolution of the growth increments

To determine the deposition rhythm of “simple” and “complex” growth increments and
potential cycles in the Tridacna maxima shell growth, time must be assigned to the
sclerochronological profiles. Two tie-points are available for the modern specimens. The first
tie-point is the fluorescent calcein line that indicates the 23/02/2009. The second tie-point is
the shell aspect change reflecting the transfer of the individuals from the natural environment
to the aquarium (22/09/2008). T-02-08 shell has two scars indicating growth disturbances
(Figure 11-2a). Microscope observations of the scar located after the specimen transfer into the
aquarium revealed the presence of filamentous forms of bio-eroders on the shell deposition
surface (i.e, the part corresponding to the shell edge before the growth disturbance occurs).

44



[l — CALIBRATION OF GIANT CLAM TRIDACNA MAXIMA

wr og

aquarium

.J.fcw«ﬂc-iht!z‘ird..}.m.w»r
q W % L3 AR T I Y

event A

transfer
45

. e

growth direction —»




[l — CALIBRATION OF GIANT CLAM TRIDACNA MAXIMA

Bio-eroders settlement on the shell edge indicates that the giant clam mantle was not fully
extended during that period and that shell deposition had ceased for an unknown period.
Consequently, growth increments were counted independently on each side of the scar.
Growth increments preceding the scar were counted from the calcein staining (23/02/2009)
toward the scar (Figure 11-4). For the shell portion following the scar, growth increments were
counted from the last visible increment backward toward the scar, assuming that this
increment was deposited during the period May-June 2010 (Figure 11-4). The
sclerochronological profile of specimen T-03-08 was obtained by counting growth increments
from the calcein staining (23/02/2009) toward the last visible growth increment (i.e., in the
growth direction) and from the calcein staining backward in the direction of the shell color
change (Figure 11-4). For the specimen T-05-09 (not stained), the sclerochronological profile
starts from the shell color change (22/09/2008) and continues toward the last visible
increment (Figure 11-4).

The number of increments between the calcein staining and the shell color change is 153 for
T-02-08 and 133 for T-03-08 for a corresponding number of solar days (24 hours) of 154 and
a corresponding number of lunar days (24.8 hours) of 160. This suggests that Tridacna
maxima growth increment deposition occurs following a ~ 24 h frequency. Consequently, T.
maxima growth increments will be termed daily increments. The sclerochronological record
of specimen T-03-08 shows that in T. maxima, the number of days recorded may be
underestimated by 7%.

I—) AQUARIUM
M5 18T~ 234 T 113 120

T-02-08 I I D 20

507
Ts4 133 ! 229

T-03-08 | I 443-451 361

E}

Z4] 408-416 357

T-QS-DBr

Jan. Feb. Mar. Apr. May Jun.’
2010

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept’ Oct. Nov. Dec.
2009

‘Sept. Oct. Nov. Dec.
2008

~ direction for increment measurements

O uncertainty in death date

I in situ period (black) and transfer (shell aspect change, white)

Figure Il1-4. Life history of the three modern Tridacna maxima specimens during the
calibration period. On the figure are shown the number of days (underlined) and number of
counted growth increments (non-underlined and italic). The calcein staining is indicated by a
vertical grey dotted line and by “Cal.”.
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d. Description of the modern sclerochronological profiles

Time was assigned to the daily increments to obtain sclerochronological time-series. The
growth increment corresponding to the calcein staining was defined as day 23/02/2009 in the
profiles of specimens T-02-08 and T-03-08. Date was then incremented at a daily step,
backward until the shell color change (i.e., transfer into the aquarium) and forward until the
scar for the specimen T-02-08 and until the last visible increment for the specimen T-03-08
(i.e., before the death of the specimen — see also Figure I1-4). For the specimen T-02-08, the
part of the shell deposited after the growth stop (i.e., scar) was anchored in time assuming that
the last visible increment corresponded to the death of the animal. This assumption implies
some imprecision’s in the sclerochronological profile time assignation, considering that no
increment are visible in the last deposited part of the shell. For specimen T-05-08 (not
stained), date was incremented from the color change toward the last visible increment.

The sclerochronological profile of specimen T-02-08 spans 22/09/2008 to 14/10/2009 and
03/02/2010 to 03/06/2010. Approximately four months are missing in this record, from
October 2009 to February 2010 (cf. scar — Figure I1-4). The sclerochronological profiles of T-
03-08 and T-05-08 span 14/10/2008 - 09/10/2009 and 22/09/2008 - 08/09/2009 respectively
(Figure 11-4). According to the counting procedure, T-03-08 and T-05-08 sclerochronological
records stopped in September and October 2009, respectively, whereas these specimens died
in December 2009 and November 2009. T-03-08 and T-05-08 sclerochronological records are
thus shorter by about three and two months than the lifetime of the giant clams. This
mismatch is beyond the 7% precision previously observed (cf. above section Il1lI-c Temporal
resolution of the growth increments) suggesting that the specimens T-03-08 and T-05-08 had
ceased growth three or two months before dying.

The three sclerochronological profiles share a common period : September 2008 to September
2009. A composite profile was constructed by averaging the three sclerochronological profiles
for the common period and the T-02-08 profile was used to complete the record beyond
September 2009. The three specimens ceased growth between September and October 2009
resulting in a gap in the sclerochronological records (Figures 11-4 and 11-6). On the spectral
analysis of the composite profile, a significant frequency peak occurs at 0.00277 days™,
indicating a ~ 360 day cycle that confirms a daily increment deposition. No peak occurs at
around 15 days, excluding a tidal influence on shell growth (Figure 11-5).
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The mean daily increment thickness of the Tridacna maxima specimens, T-02-09, T-03-09,
and T-05-09 are 35 £ 21 pum, 36 £ 17 um, and 42 + 17 um over the period September 2008 to
September 2009. The sclerochronological profiles of the three specimens present similar
seasonal variations (Figure 11-6). The seasonal variations in the daily growth increments
thickness are due to a change in the thickness of both the opaque and the translucent layers.
However, opaque layers remain generally wider than the translucent ones. Linear regressions
between the three sclerochronological profiles for the common period (22/09/08 —
08/09/2009) show that the three profiles are well correlated (Table 11-2). The
sclerochronological profile of T-02-09 presented the lowest correlation coefficient with the
others profiles. This specimen is characterized by higher daily growth variability than the two
other specimens, which probably explains the lowest correlation.

~ 360 days cycle ~ 14 days cycle
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Figure 11-5. Spectral analysis of the modern composite (red) and of the fossil (black)
sclerochronological profiles.

Table 11-2 : Pearson correlation coefficient (R) between the sclerochronological profiles of
the three modern giant clams for the period : 22/09/2008 to 31/10/2009. * p-value < 0.01.

T-03-08 T-05-08 composite
T-02-08 0.37* 0.47* 0.77*
T-03-08 0.72* 0.83*
T-05-08 0.91*
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Sclerochronological profiles of the three specimens follow SST changes rather accurately
(Figure 11-6). Nervetheless, on the T-02-08 profile, a severe growth reduction is observed in
mid-November 2008 (Figure 11-6a). Daily increment thickness passes within six days from 45
pm to 8 pum, and stays at around 8 pum for 20 days before to resume growth again, up to the
values preceding the anomalous growth event. This event will be termed “event A”. On the
thin section, this event is characterized by a very discrete, almost translucent daily banding
pattern (Figure 11-3b). An anomalous growth event is also visible in the T-05-08 profile at the
beginning of March 2009. The daily growth started to decrease and reached 20 pm.d™ by
mid-March (Figure 11-6¢).
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Figure 11-6. Sclerochronological profiles of the three modern Tridacna maxima shells (black)
together with the SST variations (red). Regressions between daily increment thickness and
SST are shown on the right of each profile. The R? values are significant at a 95% threshold.
atoc- T-02-08, T-03-08, and T-05-08. d - Composite profile. For T-02-08 and the composite
profile, regressions did not include the data after the scar. Dotted lines indicate the date of
death of the specimens. Anomalous growth events A and B are shown by green arrows (see
text for details).
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From mid-March, growth is characterized by daily increments with highly variable
thicknesses. Normal growth resumes at the beginning of April. This oscillating growth event,
termed thereafter “event B”, lasted one month. The composite profile (i.e., average of the
three sclerochronological profiles) matches well the SST variations from September 2008 to
September 2009 (Figure 11-6d). The mean daily growth rate calculated from the composite
profile is 37 + 16 um.d™. The mean summer (January to March : JFM) growth increment
thickness for this profile is 51 + 6 um, the mean winter (July to September : JAS) value is 21
+ 5 pm. In New Caledonia today, giant clam Tridacna maxima growth is thus on average 58%
higher in summer than in winter.

e. Relation between growth increment thickness and SST

The individual and the composite sclerochronological profiles are significantly correlated to
the SST measured in the aquarium on the period September 2008 to September 2009 (Figure
[1-6). Apart from T-02-08, the R? are higher than 0.5. The highest regression coefficient is
found for the composite profile (R? = 0.75, p<0.001), with the resulting equation :

SST = 0.151 x growth + 19.15 (1)

where SST is the sea surface temperature in degree Celsius and growth is the composite T.
maxima daily growth increments thickness (micrometer). The standard deviation of the
residuals is 1.3°C (10).

f. Fossil sclerochronological record

The sclerochronological profile of the Late Holocene Tridacna maxima presents five cycles of
alternating periods of thick and thin growth increments (Figure 11-7). According to the
observations made on the modern sclerochronological profiles, these cycles have presumably
a yearly frequency and thicker and thinner growth increments most likely correspond to
summer and winter periods. Winter periods are better defined than summer periods, they were
thus used as tie-points for cycles numbering. After the cycle V, no cycle is visible and the
daily growth increments decrease until the death of the specimen. Consequently, the
sclerochronological study and the spectral analysis focused on cycles | to V. Time was
arbitrarily assigned to the fossil record by attributing a date to each growth increment. Growth
increments present a clear Gaussian shape during the transition from cycle Il to 111, the lowest
growth increment thickness was thus set as August, 15™ which is the center of the coldest
month observed today in New Caledonia. Then, dates were incremented to the preceding and
following months, toward each extremity of the record. The mean daily growth increment
thickness recorded from cycle | to V is 48 £ 12 um. The mean summer (JFM) growth
increment thickness is 53 £ 13 pum and the mean winter (JAS) value is 44 £ 11 um. The
difference between summer and winter growth for the fossil specimen is 26%. The spectral
analysis revealed a significant (95%) frequency at ca. 0.00277 days™ corresponding to the
annual cyclicity (Figure 11-5). The daily increment deposition of the fossil T. maxima is thus
confirmed. No tidal influence appears in the spectral analysis (Figure 11-5).
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g. Reconstruction of SST mean seasonal cycle from daily growth increments

Past SST seasonal cycle is a key parameter to study climate changes and paleo-SST seasonal
cycles are a valuable benchmark against which to evaluate climate models. Such information
may be obtained from the sclerochronological profiles of Tridacna maxima. The daily
sclerochronological profiles of the modern (composite 09/2008-09/2009) and the fossil data
were averaged into monthly time-series. For the 5 year-long fossil data, monthly values were
calculated by averaging all daily growth values corresponding to months of January, to
February, etc. The mean-seasonal growth cycles were then converted into SST using
equation 1 (Figure 11-8).
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Figure 11-7. Sclerochronological profiles and equivalent SST values (equation 1) versus time
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The SST record reconstructed from the modern sclerochronological data present mean,
summer, and winter values comprised within the standard deviation interval of the SST value
recorded by the logger for the period 09/2008-09/2009 (Table 11-3). The modern
sclerochronological record underestimates the annual amplitude by 18%. The fossil record
presents a mean SST value higher by ~ 2°C than the two modern mean SST values (Table I1-
3).

Table 11-3. Instrumental sea surface temperature (SST — °C) recorded in the aquarium
(logger) and reconstructed SST from the modern and the fossil Tridacna maxima
sclerochronological profiles. Modern data encompass the period September 2008 to
September 2009. JFM: January to March - summer; JAS: July to September — winter.

logger modern fossil
mean = sd 24824 245+24 265+19
JFM 27.7+09 269+09 27.2+19
JAS 222+08 223+08 257+17
amplitude 5.5 4.5 1.5

The reconstructed SST records from the fossil and the modern specimens displayed similar
summer SST values whereas the mean winter value recorded by the fossil is ~ 3°C higher
than the modern mean winter values. The fossil SST seasonal amplitude is lower than the
amplitude recorded by the modern specimen by 70% (Table 11-3).

h. Oxygen stable isotope data

The 5'®Ogen time-series obtained on the giant clam T-02-08 has approximately a weekly
resolution. The §'®0gen profile displays a clear seasonal pattern whereas the 5'%0s, profile
remains around 0.24 + 0.18 %o vpdb during the calibration period (Figure 11-9). The (8**Oger -
8*804w) profile displays a clear seasonal pattern. Data corresponding to the January to March
(July to September) months were averaged to obtain summer (winter) mean values. Mean
summer value was -1.51 + 0.10%o vpdb and mean winter value was -0.39 + 0.17%o vpdb
(Figure 11-10). The annual amplitude (JFM minus JAS) is 1.12%0 vpdb. The isotopic
composition (8"°Ognerr - 6®0sw) 0f the shell deposited after the growth stop of September 2009
is poorly correlated to SST (Figure 11-10), probably because of the peculiar event that
disturbed shell deposition (i.e., scar) evidenced by the sclerochronological study (Figure 1l-
6a). Those data were thus excluded from the following calculation. The (61805he|| - 81805W) is
significantly anti-correlated to SST (Figure 11-10). The equation that links (8**Ognerr - 8*%Ogw)
to SST for that period is :

SST = -3.56 X (5" Ognen - 6*%0s) + 20.5 (2)

where (8" 0gneir - 8'%0gy) is expressed in %o vpdb and SST is the sea surface temperature in
degree Celsius. The standard deviation of the residuals is 1.23°C (lo) and the regression
coefficient is R?= 0.70 (p<0.05).
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Figure 11-9. Oxygen stable isotope composition of Tridacna maxima specimen T-02-08
(6" O¢nen) and aquarium seawater 620, The grey dashed line represents the averaged **Ogy
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Figure 11-10. Seasonal variation of (6"®Ognerr - 6'°Osy) from the Tridacna maxima specimen T-
02-08 (black dots) and SST (red curve) and regression of (6*2Ognerr - 6'20sy) against SST. The
data after the scar are excluded from the regression.
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IV. Discussion
a. Shell deposition cycles in Tridacna maxima

Thin sections of the three modern Tridacna maxima revealed micrometric growth pattern that
reflect shell deposition cycles occurring at different frequencies. The main growth increment
pattern, composed of couples of translucent and opaque layers, records the ~ 24 hour cycle. A
more discrete growth increment pattern was observed in some of the daily growth increments,
evidencing sub-daily deposition cycles.

Influence of the tidal cycle — The three modern giant clams Tridacna maxima were collected
in a sub-tidal environment and then grown in an aquarium with a constant water level.
However, tidal regime may still influence the properties of the seawater : dissolved organic
carbon, suspended matter, particulate organic carbon, biomass and salinity (Cadée 1982;
Weber and Woodhead 1971). Such changes might influence giant clam growth. Nevertheless,
no tidal frequency occurred in the spectral analysis of the sclerochronological profile of the
modern specimens : tidal regime did not influence the T. maxima growth in the environmental
context of this study. This is in agreement with previous studies that revealed that giant clams
growth increments reflect solar days (Aubert et al. 2009; Henocque 1980; Sano et al. 2012;
Schwartzmann et al. 2011; Watanabe and Oba 1999).

Daily variation in shell deposition rate — Tridacna maxima daily increments are characterized
by an opaque layer being thicker than the translucent one, characterizing thus a higher
deposition rate. In bivalves, shell-forming tissues are located on the mantle; consequently,
shell deposition occurs when valves are open and the mantle extended along the shell
margins, bringing the shell-forming tissues in contact with the internal surface of the shell
(Pannella and MacClintock 1968; Schone 2008; Wheeler 1992).

Moreover, in giant clams, mantle expansion also permits an optimal lightening of the
zooxanthellaes located in the mantle of the animal, enhancing the photosynthetic production
of the symbionts, which ultimately benefit their host (e.g., Griffiths and Klumpp 1996;
Jantzen et al. 2008; Yonge 1975). As a consequence, the thick opaque layer of a daily
increment, characterizing fast shell deposition rate, is most likely deposited during day-time,
when the valves are opened and the mantle fully extended. At the opposite, phases of lower
shell deposition rate, leading to the thin translucent layer, may occurs at night, when giant
clam valves are partially closed and mantle contracted. This indicates that, although reduced,
shell deposition occurs also at night. These assumptions are supported by a study performed
on Hippopus hippopus that showed that this giant clam species has its valves open during the
day and partially closed during the night (Schwartzmann et al. 2011). Consequently, in T.
maxima, daily increment thickness and the geochemical composition of the shell deposited
within a day, reflects both night-time and day-time conditions with a greater influence of day-
time conditions.

Sub-daily deposition cycles — The Tridacna maxima shell growth pattern is also characterized
by a sub-daily pattern, forming complex growth increments (Figure 11-3b). By analogy with
the day/night depositional cycles, it may be inferred that the opaque layers may reflect high
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shell deposition rate that occurs when the valves are open and the mantle fully extended,
allowing optimal photosynthetic performances. Thin translucent increments, in turn, indicate
periods of low shell deposition rate while valves are partially closed and the mantle partially
retracted. This sub-daily banding might thus be related to sub-daily rhythms in shell
deposition, itself related to sub-daily gaping behavior in Tridacna maxima.

b. SST reconstruction from daily growth increments thickness

The daily increments of the three modern Tridacna maxima specimens from New Caledonia
recorded the seasonal variations of the sea surface temperature (SST) from September 2008 to
September 2009. Seventy five percent of the composite daily increment thickness variations
were explained by the SST, the T. maxima shell growth is thus strongly influenced by SST. A
transfer function, linking the growth increments thickness and the SST was calculated (1).
This equation may apply to fossil sclerochronological profiles and would potentially provide
paleo-SST records. However, the reliability of this equation relies on the coupling between
growth increment thickness and SST that may be disrupted by various environmental or
physiological factors.

Ontogenic influence may biases the relation between growth increment thickness and SST,
indeed, Tridacna maxima growth follows an asymptotic trend (Green and Craig 1999; McKoy
1980; McMuichael et al. 1974; Munro and Heslinga 1983; Smith 2011). This implies that the
equation linking growth increment thickness to SST may change during the bivalve’s life,
because the growth increments thickness decreases with the age of the specimen.
Consequently, equation 1, that link daily shell growth to SST, may not be applicable in the
earliest parts of the shell. In this study, this ontogenic effect was avoided by studying three
modern specimens that have the same age.

Observation of the modern Tridacna maxima sclerochronological profiles revealed that
decoupling between the growth increment thickness and SST variations occurred during the
period of experiment. The first growth anomaly was only observed on the T-02-08 shell. It
lasted approximately one month and occurred before the weekly observation program started
(event A). This event is characterized by a very discrete daily banding pattern (Figure 11-3a).
This section has an aspect similar to that of the night-time shell deposition and is thus
interpreted as reflecting slow shell deposition phases, which occur when the valves are
partially closed. In giant clams, the energy brought by the photosynthetic symbionts and, to a
lesser extent, by filter feeding, is allocated to growth, reproduction, or energy storage. Thus, a
shell deposition decrease, as observed during event A, indicates that less energy was allocated
to growth, which traduces a reorganization of the giant clam energy budget, possibly in
response to various stressing factors (e.g., reproduction, disease, predators, bio-erosion,
storms etc.).

Spawning-related growth slowdown has been described in various bivalve shells (e.g.,
Kanazawa and Sato 2008; Rhoads and Lutz 1980; Schéne 2008). In giant clams, reproduction
requires a lot of energy, which is thus transferred from growth to reproduction (Hean and
Cacho 2003; Klumpp and Griffith 1994; Lucas 1994). Growth decrease, without any other
identifiable cause, like bio-erosion or environmental stress, has been interpreted as spawning-
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related in Hippopus hippopus (Aubert et al. 2009). For recall, all Tridacna maxima specimens
studied here have reached sexual maturity. In addition, the “event A” observed in the T-02-08
shell does not correlate with any peculiar SST variation and this growth anomaly mimics what
has been observed in H. hippopus. Consequently, “event A”, in the sclerochronological
profile of T-02-08, is most probably linked to a spawning event.

The second independent growth anomaly (event B - Figure 11-3c) occurred in T-05-08, just
after the summer SST maxima. Event B probably indicates a temperature-induced
physiological disorder. However, the growth of the two other giant clams was not affected by
this SST peak suggesting inter-individual differences in T. maxima SST tolerance. Inter-
individual differences are also revealed by the sclerochronological profile of specimen T-02-
08 which. This specimen presents a higher growth rate and higher daily increments thickness
variability than the two others specimens during the calibration period, which cannot be
related to any peculiar SST variations. These observations show that, although SST is the
main factor influencing T. maxima growth, other factors, intrinsic to the individual, e.qg.,
physiological or genetic, may also play a role in the shell deposition rate of T. maxima.

The three sclerochronological profiles of the modern Tridacna maxima specimens displayed a
simultaneous growth stop in September/October 2009. A change in the three giant clam
behaviors was observed on November 2009. The three giant clams had their mantle retracted
and had a poor response to shading and touching stimuli. Two specimens even died in the
three following months and the sole specimen that survived this peculiar event presents a well
pronounced scar (Figure 11-2a). The simultaneity of these growth stops suggests that they
have a common origin. During the weekly monitoring it has been reported that five Porites sp.
colonies were introduced in the aquarium from the 19/08/2009 to the 27/08/2009. These coral
specimens were not part of the calibration experiment. The introduction of these coral
colonies might have brought some infectious agent inside the aquarium that would have
caused the death of two of the T. maxima specimens. Norton et al. (1993) reported cases of
juvenile and adult clams mortalities by the bacterial parasite Rickettsial sp. Interestingly, the
authors also mentioned that one of the symptoms of a Rickettsial sp. infestation is a retraction
of the giant clam mantle, as observed here, suggesting that such an infection occurred in the
aquarium, in September 2009. A scar, similar to the one visible on specimen T-02-08 shell
during the peculiar September 2009 event, is visible in the shell of the same specimen and in
the shell of specimen T-03-08. These scars are located on the shell portion deposited while the
specimens were still on the reef (Figures I1-2a and I1-2b). This reveals that similar growth
stops also occur in the natural environment, most likely under adverse conditions.

This study on Tridacna maxima shell growth showed that 1) adverse conditions, such as a
Rickettsial sp. (or others) infestation, may generate a simultaneous growth stop ina T. maxima
population that can lead to a scar formation in some specimens, 2) T. maxima can cease
growth for four months when facing adverse conditions, 3) the sensitivity level of individual
T. maxima specimens to adverse conditions is variable, 4) scars in T. maxima shell indicate
potentially prolonged growth stop and possibly a population die-off, 5) in a shell portion
overgrowing a scar, the relation between the growth increment thickness and SST can be
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disrupted for a period up to four months and 6) replicated and overlapping
sclerochronological profiles are necessary for accurate SST reconstruction.

Composite Tridacna maxima sclerochronological profiles can thus provide information on
past SST, with a precision of about 1.3°C. To investigate further the potential of fossil
Tridacna maxima specimen for past-SST reconstruction, the sclerochronological profile of the
fossil specimen was converted into SST using equation 1. The mean seasonal cycle was
reduced by about 70% compared to the modern T. maxima specimen record (Figure 11-8). The
low seasonal amplitude recorded by the fossil giant clam is beyond the difference of
amplitude recorded by the modern giant clam compared to the instrumental SST record (Table
[1-3). This suggests that the seasonal SST cycle was significantly reduced 3,000 years ago.
The record of the fossil specimen revealed that the SST may have been about 2°C higher
3,000 years ago, due to warmer winters. It is beyond the scope of this study to interpret the
fossil data in terms of paleoclimate and paleoenvironment, however, this study demonstrates
that Tridacna maxima sclerochronology is an interesting alternative to stable isotopic studies
to obtain information about the average, minimum, and maximum past SSTs.

Moreover, the seasonality in Tridacna maxima daily increment thickness change provides
additional information about the seasonal SST amplitude. This point is of prime interest
because SST amplitude is a key variable to investigate the climatic system, e.g., in response to
an orbitally-induced insolation change as it occurred during the Holocene (e.g., Braconnot et
al. 2000; Sun et al. 2005). In an archeological context, sclerochronology may help to
determine seasonal patterns in human harvesting habits (Lutz and Clark 1984; Rhoads and
Pannella 1970). However, although this goal could not be achieved in this study because of
the dramatic ontogenic growth decrease observed in the last years of the 3000 year-old
Tridacna maxima specimen, it would be possible to get such information with younger
specimens.

c. Oxygen stable isotope as a proxy for SST

This is the first time that an equation linking (8*®Oghen - 8'°0sy) and SST is produced for
Tridacna maxima (equation 2). This study showed that SST can be reconstructed using the
(8" Ogneir - 8"°0s) values with a precision of + 1.23°C. The precision of Tridacna maxima
8" 0gnen €quation is similar to the range reported for Hippopus hippopus; 1°C - 1.4°C (Aubert
et al. 2009; Watanabe and Oba 1999). The equation produced for Tridacna maxima has a
similar slope than that published for Hippopus hippopus records (Aubert et al. 2009;
Watanabe and Oba 1999) and that of a composite record including various giant clam species
(Aharon and Chappell 1986). This observation suggests that giant clam 5804nen records SST
variation independently of the genus. The main difference between these equations is the y-
intercept (Figure 11-11). Y-intercept is generally the main source of uncertainties for transfer
functions linking geochemical proxies and SST (e.g., Sr/Ca in corals, see Correge 2006). The
causes of these uncertainties may be related to the carbonate sampling method, i.e.,
micromilling (Aubert et al. 2009; this study) versus freezing microtome sampling technique
(Watanabe and Oba 1999) and on the instrumental datasets used for the calibration, e.g., in
situ measurements (this study) versus local datasets (Aubert et al. 2009; Watanabe and Oba
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1999). Moreover, the use of calcitic standards (e.g., NB19), to correct the isotopic
fractionation occurring during the phosphoric acid dissolution of the carbonate samples, may
be inappropriate for aragonitic samples like the giant clam shell. Indeed, it has been
demonstrated that the fractionation coefficients of the aragonite and of the calcite versus the
phosphoric acid temperature were different, although still subject to uncertainties (Gilg et al.
2007; Kim et al. 2007). This point may be a major cause of systematic biases among
laboratories, possibly leading to the observed differences in the y-intercept of the SST proxy
transfer functions.
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Figure 11-11. (6" Oghen - 6"®0gy) and SST empirical transfer functions produced for giant
clams, Hippopus sp. and Tridacna sp. genus. (6*®Ognen - 5-°Os,) data produced in this study is
shown by black dots.

However, systematic analytical biases may not affect the slope of the equation linking
(8" Ogneir - 5'°0sw) and SST. An averaged SST/(8"°Ognenr - 6'20sn) slope was thus calculated
from both Tridacna and Hippopus genera data; this returns a mean slope of -3.82 = 0.75°C.%o
vpdb™ (Aharon 1980; Aubert et al. 2009; Watanabe and Oba 1999; this study). The standard
deviation of 0.75°C.%o vpdb™ associated to this slope shows that Tridacnidae (5'*Ogspen -
8'%0g) is a reliable proxy for past climate reconstruction and gives the opportunity to work
with the abundant fossils of this species, in particular with those found in the archaeological
deposits of the Pacific islands (Moir 1989).
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Collecte d’un bénitier Tridacna maxima fossile, datant de la
transition Holocéne inférieur / Holocene moyen, sur les terraces
récifales quaternaires de Espiritu Santo (Vanuatu). Jean-Christophe
Galipaud — Octobre 2009.Creédit photo: Claire E. Lazareth.
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RESUME

Des enregistrements de Sr/Ca, 8*°0 et de §'®0s, ont été obtenus & partir de fossiles de coraux
massifs Porites sp. (6.7-6.5 ka BP) et d’un bénitier Tridacna maxima (6.2—6.0 ka BP) datant
de la transition Holocéne inférieur / Holocéne moyen. Les données de Sr/Ca, 8'°0 et de
8804 sont ici considérés comme des proxies de la température (SST) et de la salinité (SSS)
de surface de ’océan. Les enregistrements géochimiques issus des fossiles ont été comparés a
des enregistrements similaires obtenus a partir de spécimens actuels de coraux Porites sp. et
de bénitiers Tridacha maxima.

Les SST reconstruites & partir des coraux fossiles et du corail actuel sont similaires ce qui
implique que la position de la marge sud-est de la Western Pacific Warm Pool (WPWP) était
analogue a sa position actuelle aux alentours de 6.7-6.5 ka BP. Le réchauffement psot-
glaciaire du Pacifique Sud-Ouest était donc achevé durant la transition Holocéne
inférieur/moyen.

Les coraux et le bénitier fossiles ont enregistré des conditions plus salées que I’actuel dans le
Pacifique Sud-Ouest en lien avec 1) un découplage entre le régime des précipitations et la
SPCZ due a une position plus septentrionale de cette derniére et 2) une intensification du
transport de chaleur vers la zone extra-tropicale due a un renforcement de la circulation de
Hadley.

L’enregistrement de 20 obtenu & partir de la colonie corallienne couvrant la plus longue
période de temps montre que I’amplitude de EI Nifio Southern Oscillation (ENSO) était
réduite de 20-30% comparé a la variabilité ENSO de la période 1928-1992. Cette observation
est en accord avec la tendance a une réduction de ’activité ENSO durant la premiére partie de
I’Holocéne mise en évidence a partir d’autres reconstruction paléoclimatiques. Cependant, le
découplage entre la SPCZ et le régime des précipitations, mit en évidence précédement, a pu
¢galement contribuer a reduire ’amplitude du signal ENSO enregistré dans le corail fossile.
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ABSTRACT

We present early mid-Holocene records of Sr/Ca, 8'*0 and §'®Qgy from marine archives
collected in Vanuatu: two Porites sp. corals (6.7-6.5 ka BP) and a Tridacna maxima giant
clam (6.2-6.0 ka BP). Sr/Ca, 5'0, and 50y, were used as proxies for sea surface
temperature (SST) and sea surface salinity (SSS). The fossil geochemical records were
compared to modern Porites sp. and T. maxima records.

Reconstructed mean SSTs from the two fossil Porites sp. and from the modern coral are
similar, implying that the Western Pacific Warm Pool (WPWP)’ southern edge had reached
its modern location by 6.7-6.5 ka BP. The post-glacial SST rise in the Southwest Pacific was
thus completed by the early mid-Holocene.

The two early mid-Holocene corals and the giant clam recorded saltier conditions than
modern related to 1) a decoupling between the precipitation regime and the SPCZ due to a
northerly position of this climatic feature and 2) an increase of the moisture transport to the
extra-tropics, driven by a strengthened or extended Hadley cell.

The longest 5'®0 coral profile displays an El Nifio Southern Oscillation (ENSO) signal
reduced by 20-30% compared to the period 1928-1992, in concordance with the reduced
ENSO variability observed in the Pacific area during the first half of the Holocene. However,
the decoupling between the SPCZ and the precipitation regime may have also contributed to
the weak ENSO signal recorded in the early mid-Holocene coral 20 profile.
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l. Introduction

The transition from the early Holocene to the mid-Holocene (~ 7.0-6.0 ka BP) was
accompanied by a progressive, but significant, change of the climate mean-state which took
place at the millennial timescale. The early Holocene, which started at around 11 ka BP, was
characterized by a cold post-glacial climate that warmed progressively until reaching
temperature higher than modern ones during the Holocene Thermal Maximum, at around 9.0—
5.0 ka BP (see the review proposed by Renssen et al. 2012). During the first part of the
Holocene the summer insolation in the Northern Hemisphere was higher than present
conditions as a response to the orbital forcing (Berger and Loutre 1991). This strong
insolation resulted in higher monsoon activity in Africa (deMenocal et al. 2000) and in Asia
(Zhang et al. 2011). During the mid-Holocene period, that started ca. 7.0-6.0 ka BP, the
boreal summer insolation decrease (Berger and Loutre 1991) and the monsoon regimes
weakened (Wang et al. 2005; Wanner et al. 2008; Zhang et al. 2011).

Superimposed to these changes, occurring at the millennial time-scale, the mid-Holocene also

witnessed the strengthening of the more prominent high frequency climatic variability mode:
the EI Nifio Southern Oscillation — ENSO (e.g., Gagan et al. 2004; Haberle et al. 2001;
Koutavas et al. 2006b; Moy et al. 2002; Sandweiss et al. 2001; Tudhope et al. 2001; Vargas et
al. 2006). ENSO is associated with dramatic changes in the precipitation regime and sea
surface temperature (SST) throughout the world, leading to ecological and socio-economical
disasters (e.g., Cane 2005; Lyon 2004; McPhaden et al. 2006). The heart of this climatic
oscillation is nested in the Pacific Ocean; however ENSO’ influence extends beyond the
Pacific boundaries and reaches remote areas through strong teleconnections (Ambrizzi et al.
1995; Diaz et al. 2001; Kiladis et al. 1989). Improving predictability of the ENSO evolution
represents a major challenge for the coming decades; this goal requires refining our
understanding of the links between ENSO variability and the changes in the climatic mean-
state as well as improving climate simulations based on numerical models. Early mid-
Holocene climatic changes present the same order of magnitude as the ongoing climate
changes. Documenting such changes will provide thus invaluable clues to understand the
mechanisms involved in the climate dynamic. However, the spatial and the temporal
resolution of the early mid-Holocene paleoclimatic reconstructions are still insufficient to
fulfill such an objective.

The Southwest (SW) Pacific area is a key-region of the Pacific Ocean to track past climate
changes. Indeed, the SW Pacific climate is governed by two major climatic structures that
influence the global climate: the Western Pacific Warm Pool (WPWP) and the South Pacific
Convergence Zone (SPCZ). ENSO strongly influences the position and size of both the
WPWP and SPCZ at the interannual timescale (e.g., Vincent 1994). The WPWP can be
defined as the permanent body of warm seawater located to the east of a line between the
Philippines and Papua New Guinea (PNG), excluding the warm waters within the Indonesian
Archipelago. This warm water body causes a strong atmospheric convection over the SW
Pacific, influencing the global distribution of heat and water evaporation [Cane and Clement,
1999]. To date, the exact definition of the spatial extent of the WPWP has been elusive as the
warm pool margins are not solely defined by a specific SST front, but rather by distinct
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hydrological features and ecosystem dynamics (Le Borgne et al. 2002; Maes et al. 2010;
Picaut et al. 2001). Nevertheless, the WPWP area is usually defined as the water body
enclosed within the 28°C SST isotherm (Wyrtki 1989).The SPCZ is the largest extension of
the Inter-Tropical Convergence Zone — ITCZ (Kiladis et al. 1989; Trenberth 1976; Vincent
1994). The SPCZ is a band of low-level convergence, cloudiness and precipitation, present all
year long, characterized by warm SST and low sea surface salinity (SSS). The SPCZ is
generally defined as the maximum precipitation tongue extending southeastward from PNG
and the Solomon Islands down to the south of French Polynesia.

SSS and SST thus represent key-variables to assess the variability of these climatic features in
terms of location and activity. The geochemical composition of massive coral skeleton and
giant clam shell is sensitive to changes occurring in the surrounding seawater. Past changes in
sea surface conditions can thus be assessed from the geochemical composition of coral and
giant clam fossil specimens. The strontium calcium (Sr/Ca) ratio of coral skeleton is now
widely used as a paleothermometer (e.g., Beck et al. 1992; Corrége 2006; Schneider and
Smith 1982; Swart 1981). Concerning giant clams, the Sr/Ca composition of the shell is
influenced by vital effects, hampering the use of this ratio as a paleothermometer (Elliot et al.
2009).

Stable oxygen isotopes composition (5'20) of coral skeleton and giant clam shell is a function
of both temperature and oxygen isotopic composition of the surrounding water (8**Ogy)
(McConnaughey 1989). In regions dominated by strong atmospheric convection, as in the SW
Pacific area, the 50, is a reliable proxy of SSS since both SSS and §'®0, depend on the
surface-ocean water balance, i.e., the evaporation/precipitation balance (Juillet-Leclerc et al.
2006; Kilbourne et al. 2004; Morimoto et al. 2002). Obtaining Sr/Ca and §'®0 profiles from
coral and giant clam can thus provide useful information on the size and location of the
WPWP and of the SPCZ.

Early mid-Holocene SST and §*%0g,, monthly resolved data sets have been reconstructed from
Sr/Ca and 80 records obtained from two fossil Porites sp. coral colonies and a fossil
Tridacna maxima giant clam from Vanuatu archipelago (SW Pacific). These data are
compared to modern records based on a Porites sp. colony from Vanuatu and a modern
specimen of T. maxima from New Caledonia (SW Pacific). Based on these comparisons, the
early mid-Holocene climate variability in the SW Pacific is documented, focusing first on the
post-glacial SST evolution in this area and its implications in terms of WPWP’ southern edge
location. Then, the surface-ocean water balance variability is investigated to study the
seasonal influence of the SPCZ in the SW Pacific area. Finally ENSO variability is presented
and discussed.

II.  Climatic Setting

The climate in the SW Pacific (Figure I11-1) is mainly influenced by the seasonal extension of
the WPWP southern edge and of the SPCZ (Figure 111-2). During the austral summer, the
WPWP and the SPCZ move southward, bringing warmer and fresher waters in this region
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(linked to precipitation increase). The northward migration of the WPWP and the SPCZ
during the austral winter results in cooler and saltier (less precipitation) waters. In Vanuatu,
seasonal variations of SSS and SST are thus anti-correlated (Figure I11-3). Because of its
southern location compared to Vanuatu, New Caledonia is less influenced by the WPWP
southern edge and by the SPCZ. This explains the differences with the Vanuatu SST and SSS
data in terms of mean values and seasonal cycle amplitude (Figure 111-3).

' 167°E
i Volcanic rocks

D Quaternary coral limestone

EQ

Major coral reef terraces
[Taylor, 1992]

¢ wq\'f/}? % Solomon Islands
N

j\ig’ .
| =
10s{ . I N .

N2 ~

Vanuatu - Espiritu Santo Is. W porites

sp.*
; New Caledonia Xﬁ
. v
Ho

Tridacna
PACIFIC L sp. x2
OCEAN N maxima

30S :

140F 160E 180

[}
&

20S

AUSTRALIA

* modern specimens

Figure 111-1. Location of New Caledonia and of the Vanuatu archipelago in the Southwest
Pacific. Crosses: sampling sites of the modern specimens. The insert shows a detailed map of
the Espiritu Santo Island with the collection sites of the fossil material (stars). Uplifted coral
reef data is from Taylor (1992).

In the SW Pacific, interannual climatic variability is influenced by ENSO. During an EIl Nifio
event, the southern edge of the WPWP and the SPCZ both move northward of their mean
position, resulting in cooler and saltier conditions in Vanuatu. During a La Nifia event, the
WPWP and the SPCZ migrate southward of their mean position, bringing warmer and fresher
conditions. An anomalous decrease (increase) in SST associated with an anomalous decrease
(increase) in SSS indicates thus La Nifia (EI Nifio) phase of ENSO. In the SW Pacific area,
precipitation, and thus SSS, variations present a higher correlation with ENSO than SST
(Figure 111-2).
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Figure 111-2. Seasonal location of the main climatic features of the Pacific Ocean: (a) The
Western Pacific Warm Pool (WPWP). The gray (black) curve represents the 28°C isotherm in
winter (summer) (HadISST1 mean 19802011 period, (Rayner et al. 2003)). The insert shows
the Pearson correlation coefficient (r) between the SST data set (same as above) and the SST
in the El Nifio 3.4 box for the SW Pacific area. (b) The Inter-Tropical Convergence Zone
(ITCZ) and the South Pacific Convergence Zone (SPCZ). The gray (black) curve represents
the 4 mm.d™ isohyet in winter (summer) (CMAP 1980-2010). The insert shows the Pearson
correlation coefficient (r) between the precipitation data set (same as above) and the SST in
the EI Nifio 3.4 box for the SW Pacific area. Black cross: Vanuatu archipelago. Modified
from Climate Explorer (http://climexp.knmi.nl).
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Figure 111-3. Instrumental SST and SSS data. The modern SST and SSS conditions in New
Caledonia were recorded by a thermo-salinograph located on the Fausse Passe de Uitoé reef
(22.28°S, 166.98°E), from 1992 to 2009. Data were provided by the Réseau d’observation des
stations cotieres of the Institut de Recherche pour Développement (IRD Nouméa, New
Caledonia). Vanuatu SSS data for the 1949 to 2008 period came from a 2°x2° grid, centered
on 16°S, 165.5°E (Gouriou and Delcroix 2002). SST data was selected for the period 1970-
2011 on a 3°x3° grid, centered on 15.5°S, 164.5°E — HadISST1.1 (Rayner et al. 2003).

. Materials and Methods
a. Fossil Material

For this study, fossil corals and giant clams that grew in a shallow fringing reef environment
were targeted. Fossils specimens were collected on uplifted fringing reef areas of Espiritu
Santo Island (15.35°S, 167.18°E), the main island of the Vanuatu archipelago. Two fossil
Porites sp. colonies, Psp- 06-09 and Psp-07-09, were collected on an islet (Ratua Island)
located in the southeast of Espiritu Santo (Figure 111-1). The length of the colonies was 29 cm
and 35 cm along the growth axis. Psp-07-09 is composed of two slabs. One of these slabs
presents a growth stop, marked with a one-millimeter layer of altered skeleton, causing a
temporal hiatus. The left valve of a Tridacna maxima giant clam was recovered on the
Southeast part of Espiritu Santo Island (Figure 111-1). This sample, labeled T-10-09, measured
25.5 cm along the antero-posterior axis and 16.5 cm along the dorso-ventral axis.
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b. Modern Material and SST/SSS Data Sets

To define a modern baseline against which to compare the fossil records, a Tridacna maxima
and a Porites sp. modern colony were collected in New Caledonia and in Vanuatu
respectively. These two sites were described in terms of averaged values and seasonal
variations of instrumental SST and SSS.

New Caledonia — A modern Tridacna maxima was collected alive in 2008, on the Fausse
Passe de Uitoeé reef (22.28°S, 166.98°E — New Caledonia — Figure I11-1). This giant clam (T-
02-08) grew then in a seawater-fed aquarium at the Aquarium des Lagons (Nouméa, New
Caledonia) for 13 months. The seawater feeding the aquarium was continuously pumped from
a coastal fringing reef nearby the aquarium. Modern conditions in New Caledonia were
characterized using SST and SSS records extending from 1992 to 2009. These data were
measured on the clam collection site (Fausse Passe de Uitoé reef) and were provided by the
Réseau d’observation des stations cotieres of the Institut de Recherche pour le
Développement (IRD-Nouméa, New Caledonia).

Vanuatu — A modern living Porites sp. colony (VA-EPI) was collected in 2007 on a fringing
reef of the Epi Island in Vanuatu (Figure 111-1). The §*®0 record from a modern Porites lutea
that grew from 1928 to 1992 on Espiritu Santo (Kilbourne et al. 2004) was also used to assess
possible changes in ENSO variability during the early mid-Holocene. Modern SSS conditions
in Vanuatu were taken from the data set compiled by Gouriou and Delcroix (2002), on a
2°x2° grid centered on 16°S-165.5°E, for the 1949-2008 period. The HadlSST1.1 data set
was used to characterize the modern SST in Vanuatu (Rayner et al. 2003). Data were selected
for the period 1970-2011 on a 3°x3° grid, centered on 15.5°S 164.5°E.

c. Dating and Preservation of the Fossil Samples

Fossil samples were dated using conventional **C measurements and dates were calibrated
using the Marine09 database (Reimer et al. 2009). The DeltaR value used for the Vanuatu
area was 29+28 years according to Petchey et al. (2008). The coral samples and the fossil
giant clam shell were screened for their mineralogical composition and micro-structure
preservation before geochemical analysis to ensure they were well-preserved. Mineralogical
analyses were carried out using X-ray diffraction (XRD) on a Siemens® D500 device (Cu-
Ka, 40 kV, 30 mA) with a scan velocity of two seconds at a step size of 0.02° 20. Minerals
were identified by comparison with the reference JCPDF database (Joint Committee of
Powder Diffraction File). The preservation state of the fossil specimens was evaluated by
comparing Scanning Electronic Microscopy (SEM) images of modern and fossil specimens of
coral and giant clams. Samples were sputter-coated with platinum and observed on a
Cambridge® S360 device at 15 kV.

d. Geochemical Sampling

Coral samples - Corals were cut in 10 mm thick slabs parallel to the major growth axis. X-
radiographs revealed the annual density banding. A couple of high- and low-density bands
was assumed to represent one year of coral growth (Knutson 1972). Before sampling, coral
slabs were cleaned in milli-Q water in an ultrasonic bath and oven-dried at 40°C. Coral slabs
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were sampled continuously along the main growth axis with a step of 1 mm with a diamond
drill-bit using a three-axis positioning system.

Giant clam samples — The central ridge of the modern (T-02-09) and of the fossil (T-10-09)
Tridacna maxima left valves were cut off with a diamond saw. For oxygen stable isotope
analyses, samples were obtained using a Micro-Mill device (New Wave®). Samples were
milled following growth increments in the outer shell layer, every 0.25 mm (modern) and 0.80
mm (fossil). The modern giant clam was sampled on the part of the shell deposited from
September 2008 to October 2009 while the specimen was in the aquarium.

e. Geochemical Analysis and Data Processing

Strontium/Calcium — The Strontium (Sr) and Calcium (Ca) concentrations of coral samples
VA-EPI, Psp-06-09, and Psp-07-09 were determined following the method detailed by Le
Cornec and Correge (1997). Analyses were made using an inductively coupled plasma mass
spectrometer (ICP-MS; Agilent 7500 CX®). The certified reference material JCp-1 (coral
material) from the Geological Survey of Japan (Hathorne et al. 2010; Inoue et al. 2004; Okai
et al. 2002) was used to validate the accuracy of the analyses. Analytical reproducibility (1o)
on coral Sr/Ca measurements was 0.05 mmol.mol™, based on 30 runs of a home-made coral
standard on a six-month period. Time was assigned to the coral geochemical profiles based on
both Sr/Ca ratio and density banding. Considering that today lower (higher) SST is found in
August (February) in Vanuatu, the highest (lowest) Sr/Ca values were arbitrary set as August
(February - Figure I11-3). Each so-obtained time series was then mathematically re-sampled at
a monthly resolution by linear interpolation. To avoid any data smoothing that could result
from the interpolation process, the re-sampling was made by interpolating six points between
each Sr/Ca minima/maxima pairs, assuming that coral growth is linear within six-month
periods.

580 - The oxygen stable isotope samples of the modern Porites sp. (VA-EPI), the fossil
Porites sp. (Psp-07-09), and the two Tridacna maxima (T-02-08 and T-10-09) were analyzed
on a GV IsoPrime® mass-spectrometer at LOCEAN (Paris 6 University), whereas fossil
Porites sp. Psp-06-09 was analyzed on a GV Optima® mass-spectrometer at EPOC
(Bordeaux | University). Both instruments were coupled to a Multiprep carbonate Gilson®.
To ensure the inter-spectrometer comparison, 70 duplicates samples of Psp-07-09 were
analyzed on both equipments. Results are expressed as 50 (standardized against Vienna
Peedee Belemnite - vpdb). The analytical precision (1) on oxygen isotopic determinations,
based on 10 runs of the reference material NBS-19, was 0.08%. vpdb within one day, for both
spectrometers. Time was assigned to the 50 profiles based on the tie-points determined
previously from the Sr/Ca ratio and the density banding. Each time series was mathematically
re-sampled as previously described.

50w — The 804y values were calculated from the coral Sr/Ca and the §'®0 records using
the equation established by Juillet-Leclerc and Schmidt (2001): 8"®Ogragonite - 6'°Osw = 0.45 -
0.20*SST (Sr/Ca was converted into SST using the mean equation for Porites sp. (Corrége
2006). Mean seasonal cycles of Sr/Ca and %O, were calculated for all coral records by
averaging each monthly re-sampled value (e.g., average of all January values, all February
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values, etc.). Most of the monthly §'®0, values, excluding the seasonal peak values, were
averaged to obtain a mean surface ocean water balance. Seasonal extremes below the mean
surface ocean water balance reflect a freshening of the superficial waters and extremes above
the mean define a salinity increase in the superficial waters.

ENSO frequency band-pass filtering — The §'°0 profiles of the modern coral of Kilbourne et
al. (2004) and of the continuous fossil coral record Psp-06-09 were band-pass filtered as
described by Tudhope et al. (2001). This process extracts the 2.5- to 7-yr frequency of the
signal (i.e., the dominant mode of modern ENSO - (Trenberth 1976). First, the modern coral
880 record was compared with to the 2.5-7 years band-pass filtered El Nifio 3.4 index
(Kaplan et al. 1998) to ensure that the ENSO variability was faithfully recorded. Second, the
ENSO variability was quantified by calculating the standard deviation of the modern and
fossil band-pass filtered 5'20 time series. To assess possible changes in ENSO variability
during the early mid-Holocene compared to modern conditions, the standard deviation of the
25-yr long fossil ENSO record was compared to the standard deviation of the modern ENSO
record calculated on different time periods lasting approximately 20 years: 1928-1950, 1951
1970, and 1971-1992.

IV. Results
a. Samples Dating and Preservation

The two Porites sp. colonies were dated at 6.7-6.5 ka BP (see Table 1 for 14C ages). The
fossil Tridacna maxima was dated at 6.2-6.0 ka BP. XRD analyses revealed that the three
coral samples (modern and fossils one) and the fossil giant clam are composed of 100%
aragonite. Comparison of SEM images of modern and fossil specimens revealed that the fossil
material is well-preserved. Indeed, the fossil corals present unaltered primary aragonite
needles and the centers of calcification are affected neither by dissolution nor by secondary
aragonite deposition (Figure I11-4a and 4b). The crossed-lamellar aragonitic micro-structure of
the giant clam outer shell layer is also well-preserved (Figure 111-4c and 4d).

Table 1. Main geochemical characteristics of the samples presented in this study®

Archive Tridacna maxima Porites sp.
Reference T-02-09 T-10-09 VA EPI Psp-06-08 Psp-07-08
Date "C (yr. BP + uncert.) modern 5737 £ 27 modern 6208 &+ 35 6220 £ 32
Date cal (yr. BP — 2o range) — 6.2-6.0 — 6.7-6.5 6.7-6.5
Location New Caledonia Vanuatu Vanuatu Vanuatu Vanuatu
Record length (yr.) 1 6 7 25 19
6'%0 (vpdb %) 1.04 £+ 0.53 0.99 +0.33 4.68 + 0.21 4.35 £ 0.16 4.29 + 0.28
680, (vpdb %) — — 0.01 £ 0.05 0.27 + 0.05 0.28 + 0.04
Sr/Ca (mmol mol~") — — 8.99 + 0.9 9.01 £+ 0.08 9.03 + 0.08

“Geochemical mean values are calculated from monthly re-sampled time series.
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Figure 111-4. Microstructural comparison between modern and fossil (this study) corals and
giant clam (SEM images, scale: 50 mm). Massive coral Porites sp. specimens: (a) modern
coral VA EPI; (b) early mid-Holocene coral Psp-07-09, with arrow indicating center of
calcification. Giant clam Tridacna maxima specimens: (c¢) modern giant clam T-02-09; (d)
early mid-Holocene giant clam T-10-09 (scale 50 mm).

b. Coral Growth Stop

A one-millimeter layer of altered skeleton, interpreted as a growth stop, was observed on one
slab of the fossil Psp-07-09 #2. On this particular section of the skeleton, sponge chips were
observed (SEM study). This confirms that this part of the colony suffered tissue loss during a
short period. The density banding pattern, 5'°0, §0s,, and Sr/Ca records of this slab present
annual variations, except for a 4-cm part that overgrew the growth stop. Time could not be
assigned for the geochemical profiles in that 4-cm thick section, these data are not included in
the study (shaded area in Figure 111-5).

c. Coral Records

Comparison of the density banding and of the geochemical profiles revealed that the Psp-06-
09 record is 25 years long and the Psp-07-09 record is 19 years long. The §'®0 reproducibility
obtained from the samples analyzed twice, i.e., on the two different mass spectrometers, is
good (mean relative error = 3%, n = 48), excluding analytical bias that could have been due to
the use of two different equipment. Psp-06-09 and Psp-07-09 50 records have a similar

72



Il — EARLY MID-HOLOCENE CLIMATE VARIABILITY

mean &0 (Table 1). The modern coral VA-EPI from Vanuatu recorded a 7 year period (1999
to 2006 - Figure I11-5). The Sr/Ca composition of the modern coral reflects the mean SST,
which was 27.7 + 1.1°C for the 1970-2011 period (SSS was 34.9 = 0.3 — 1949-2008, based
on the PSS-78 scale). The fossil Sr/Ca mean values are similar to the modern mean (9.00
mmol.mol™). The skeletal Sr/Ca, §'%0, and §'°Qs, time series generated from the fossil corals
(Psp-06-09 and Psp-07-09) all display seasonal variations (Figure 111-5). The Sr/Ca records of
the modern and of the two early mid-Holocene corals have a mean value of _9.00
mmol.mol_1 (Table 1, Figure 111-5). The two fossil §'%0 (5"®0s) records have similar mean
values and are 0-enriched by +0.3%. vpdb (+0.3%. vpdb) compared to the modern record

(Table 1, Figure 111-5).
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Figure 111-5. Monthly resolved geochemical data obtained from the modern and the two
fossil Porites sp. corals from Vanuatu: Sr/Ca (red), 6**0 (green) and 5**Osy (blue). The thick
horizontal line represents the average value of each record. The growth hiatus of the colony
Psp-07-09 is showed by the black arrow and the shaded area indicates the anomalous part of
the record not included in the study (cf. text). Note that both Sr/Ca-axis and 5*°0-axis are

inverted.
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d. Giant Clam Records

The 80 composition of the modern Tridacna maxima from New Caledonia shows one
annual cycle corresponding to the 13 months spent in the aquarium — September 2008 to
October 2009 (Figure 111-6a). The mean 50 composition of this specimen is -1.04 + 0.53%o
vpdb. This value reflects the mean SST and SSS conditions in New Caledonia today: average
SST and SSS values recorded in the period 1992-2009 are 24.1 + 1.6°C and 35.4 £ 0.22
(based on the PSS-78 scale) respectively. The §'0 composition of the modern T. maxima is
used as a baseline for modern conditions against which to compare the 8**0 composition of
the early mid-Holocene T. maxima. The &20 record from the fossil T. maxima is
characterized by four clear annual cycles and two less defined cycles (Figure 111-6b). The 6.2—
6.0 ka BP T. maxima record from Vanuatu has a mean 8*°0 value of -0.99%. vpdb which is
similar to the modern specimen from New Caledonia (Table 1).
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Figure 111-6. 6'®0 records obtained from the modern and the fossil Tridacna maxima giant
clams as a function of distance (zero corresponds to the animal death). The 5™%0 axis is
inverted. (a) Record obtained from the modern T. maxima T-02-09 collected in New
Caledonia and (b) record of the 6.2-6.0 ka BP T. maxima collected in Vanuatu.

e. Seasonal variability from the coral records

The modern coral Sr/Ca record (Figure I11-7a) displays seasonal variations that reflect well
the instrumental SST variations measured in Vanuatu (Figure 1l1-3). The modern coral
recorded low §'®0s, values oscillating around 0%o vpdb during most part of the year, excepted
of a 5'®0sy peak reaching 0.3%. vpdb in October (Figure 111-7a). The §'®0s, data recorded
well the SSS signal with low salinity conditions all year long, excepted in winter, that reflect
well the seasonal patterns observed today in Vanuatu (Figure 111-3).
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The two early mid-Holocene coral records display almost identical seasonal Sr/Ca and §'%0gy
variations. The two early mid-Holocene Sr/Ca records have amplitudes similar to that of the
modern Sr/Ca record (Figure I11-7). The 8O, cycle recorded by the fossil coral is
characterized by a rather flat profile centered on 0.3%. vpdb with a positive peak reaching
0.5%o vpdb in February and a negative peak reaching 0.0%. vpdb in August (Figure I11-7b and
7¢). Unlike the modern coral records, the two early mid-Holocene coral colonies revealed
saltier summer and fresher winter conditions. The consistency of the Sr/Ca and the 8%y
profiles in the two fossil records indicates that the synchronous seasonal variation of SST and
SSS is a robust feature of the early mid-Holocene.
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Figure 111-7. Seasonal variations of Sr/Ca (red) and 5**Ogy (blue) from corals collected in
Vanuatu. The average 6%, (black line and 1 standard deviation interval in blue) was
calculated by averaging the data points represented by the squares (i.e., extremes not
included), a — modern coral record, and b & ¢ — 6.7— 6.5 yrs BP fossil coral colonies.

f. ENSO Variability

The ENSO-filtered 5'%0 data of the modern coral (Kilbourne et al. 2004) correlates well with
the ENSO-filtered EI Nifio 3.4 index (Figure 111-8a), indicating that the Vanuatu modern coral
recorded faithfully the ENSO variations. The amplitude of the filtered 25-years long 50
profile of the fossil coral Psp-06-09 is slightly lower than the modern record (Figure I11-8b).
The standard deviation of the 25-yr long fossil record is equal to 0.067 %o vpdb. This value
was compared to the standard deviation of the modern ENSO-filtered 50 record calculated
over three distinct periods: 1928-1950 (sd = 0.081), 1951-1970 (sd = 0.088) and 1971-1992
(sd = 0.097). The variability of the early mid-Holocene record is respectively 17%, 24%, and
31% lower than the modern ENSO signal recorded during these three periods.
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V. Discussion
a. Post-Glacial SST Rise in the Southwest Pacific

The mean Sr/Ca values of the two fossils and of the modern coral colonies from Vanuatu
indicate that the early mid-Holocene mean SST was similar to its modern value (Figure 111-5).
Considering the analytical error on strontium calcium analyses (+0.05 mmol.I'*) and the
average coral Sr/Ca versus temperature slope — +0.0607 mmol.I'*.°C™ (Corrége 2006) — the
accuracy of the Sr/Ca paleothermometer is +1°C within the analytical settings of this study.
Mean SST gridded instrumental data is ~28°C in Vanuatu implying that the reconstructed
early mid-Holocene mean SST was between 27 and 29°C.

In the SW Pacific area, SST reconstructions from coral Sr/Ca and §'%0 giant clam archives
revealed cooler conditions than present until ca. 7.0 ka BP (Abram et al. 2009; Aharon 1980;
Beck 1997). Cooler SSTs in the early Holocene are supposedly linked to the delayed SW
Pacific postglacial SST rise (Beck 1997; Gagan et al. 2004). Our results show that the post-
glacial SST rise was completed by the early mid-Holocene in the SW Pacific. This
observation is in agreement with the slightly warmer SST reported from other coral records
from New Caledonia (Montaggioni et al. 2006) and in the Australian Great Barrier Reef
(Gagan et al. 2004; Gagan et al. 1998). All these coral records, support the hypothesis of a
moderate warming of the equatorial Western Pacific during the “Holocene Thermal
Maximum” (ca. 8-7 ka BP), as it is also suggested by marine sediment records (Stott et al.
2004) and by global atmosphere-ocean-vegetation model simulations (Renssen et al. 2012).

b. Short-Lived Contraction of the WPWP Southern Edge at 6.2—6.0 ka BP

The 6.2-6.0 ka BP Tridacna maxima record revealed that the SW Pacific experienced slight
SST fluctuations during the post-glacial stabilization of the SST around its present values.
Because the modern New Caledonian giant clam and the fossil Vanuatu giant clam mean §'%0
values are similar, they may have grown in similar environmental conditions. Considering
that New Caledonia surface water is on average ~3.5°C cooler and ~0.5 saltier compared to
the Vanuatu ones (Figure 111-3), conditions in the Vanuatu region at around 6.2-6.0 ka BP
were most likely cooler and saltier than today. However, a SST drop of ~3.5°C at 6.2-6.0 ka
BP is very unlikely considering that the two fossil coral records from Vanuatu showed mean
SST values similar to modern ones at 6.7-6.5 ka BP. This SST drop is thus most likely
overestimated. The two fossil coral 0 records revealed that the seawater was enriched in
the heavier oxygen isotope by +0.3%0 vpdb indicating saltier than present mean conditions at
6.7-6.5 ka BP (Figure 111-7). Assuming that the §'®0, recorded by the fossil corals remain
unchanged at 6.2-6.0 ka BP, such seawater **0-enrichment would have shifted the giant clam
shell 5'®0 value in the same proportion, because giant clam aragonite is deposited in isotopic
equilibrium with seawater. Considering an average 8'°0 versus SST slope of 0.26%..°C™ for
Tridacnidae shells (Aharon 1980; Aubert et al. 2009; Watanabe and Oba 1999), the SSS
change in the early mid-Holocene would account for an apparent SST cooling of about 1°C.
In addition, the equations linking giant clam &0 to SST show that the accuracy of this proxy
is between +1°C and +£1.4°C (Aubert et al. 2009; Watanabe and Oba 1999). This accuracy of
giant clam 8'°0 as a temperature proxy must also be considered and could explain this
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overestimated SST change. The SST negative anomaly recorded by the fossil giant clam is
thus most probably around 2 + 1°C.

This value is consistent with the 1-2°C cooling observed ca. 6.0 ka BP at the margins of the
IPWP by Abram et al. (2009). According to Lea et al. (2000) and Stott et al. (2004), the SST
in the western equatorial Pacific during the Holocene presented weak variations around the
modern SST values.Colder conditions observed at the southern edge of the WPWP at 6.2-6.0
ka BP are thus probably not related to a cooling trend of the WPWP, but rather to a short-
lived contraction or northward migration of the WPWP. This suggests that the southern edge
of the WPWP retracted below its actual boundaries at that time. Such fluctuation of the
WPWP’ southern edge during the Holocene is also suggested by the planktonic foraminifera
880 record from the Ocean Drilling Program sediment core 828A, collected offshore
Vanuatu (Martinez et al. 1997). Interestingly, the timing of this event matches the global
cooling event reported at around 6.3 ka BP (see the review in Wanner et al. 2011). However,
additional mid-Holocene paleo-SST records in the Vanuatu region are needed to confirm the
timing of such a northward shift of the WPWP at 6.2-6.0 ka BP and to determine to which
extent the SW Pacific cooling may be linked to this global cold event.
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Figure 111-8. Comparison of modern versus early mid-Holocene ENSO amplitudes. (a)
ENSO-filtered modern coral 5*°0 data (data from Kilbourne et al. 2004) and El Nifio 3.4
Index. (b) Porites sp. Psp-06-09 ENSO-filtered 5*°0 data.

c. Early Mid-Holocene Surface-Ocean Water Balance

The post-glacial stabilization of SST around its present value in the SW Pacific at 6.7-6.5 ka
BP was accompanied by change of the surface-ocean water balance compared to modern
conditions. The modern coral record from Vanuatu displays a low average §'®Og, value
(0.0%o vpdb) that reflects the strong influence of *®0-depleted waters brought by the SPCZ-
related precipitation (Figure 111-3). The modern coral record shows a positive 82Oy peak in
October linked to a reduction in precipitation input (Figure Il1-7a). Indeed, Vanuatu is not
influenced by the SPCZ in winter (Figure 111-2b) and the increased easterlies in winter induce
a strong evaporation that contributes to enrich the surface seawater with the heavier oxygen
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isotope. This 5'®0qy peak reflects a higher SSS in agreement with the instrumental record
(Figure 111-3). As such, any change of the surface-ocean water balance (i.e., SSS) would be
recorded in the early mid-Holocene coral §'%0, profiles.

The early mid-Holocene corals recorded an average 8'°0g, composition enriched by about
+0.3%0 vpdb compared to the modern seawater (Figure Il1-7). The early mid-Holocene
average %0, composition is similar to the modern winter value, suggesting that the average
surface-ocean water balance at ca. 6.7-6.5 ka BP was shifted toward modern winter-like
conditions, i.e., when the SPCZ is not affecting the Vanuatu region (Figure 111-2b). Such a
dramatic reduction of SPCZ-related precipitation input indicates that the SPCZ was most
likely located northward from its present location and possibly merged with the inter tropical
convergence zone. Moreover, the seasonal 5'®0s, cycle reveals that the early mid-Holocene
summers were characterized by saltier conditions whereas fresher conditions would have been
expected regarding the southward summer migration of the SPCZ observed today (Figure I11-
2b). This supports the assumption of a northerly located SPCZ during the early mid-Holocene.

However, these results seem in contradiction with numerical climate simulations at 6 ka BP
that evidenced a southward shift, and intensification, of the SPCZ (Brown et al. 2008; Brown
et al. 2007; Chiang et al. 2009). It may be argued that saltier conditions recorded by the fossil
corals during the early mid-Holocene summers may reflect the occurrence of seasonal
upwelling that could have counter-balanced the SSS dilution due to SPCZ-related
precipitation in the SW Pacific. Nevertheless, the water masses located beneath the
thermocline are characterized by higher SSS and lower SST than superficial waters (Maes and
Varillon 2011), so that a seasonally easterlies-driven upwelling regime in the SW Pacific
would have led to opposite reconstructed SSS and SST variations. Consequently, the dramatic
precipitation deficit and dry summers during the early mid-Holocene strongly suggest that the
precipitation regime was decoupled from the SPCZ during the early mid-Holocene. Fossil
coral records would thus reflects local variations of the precipitation regime rather than
variations of the SPCZ location or intensity.

The northerly located SPCZ during the early mid-Holocene as demonstrated in this study is
consistent with the northward location of the ITCZ during the early mid-Holocene evidenced
from sediment proxy data (Haug et al. 2001) and from coupled ocean-atmosphere model
simulations (Braconnot et al. 2007). This suggests a synchronous northward displacement of
both the ITCZ and the SPCZ during the early mid-Holocene, explaining the high SSS
observed in the Western Pacific during the first half of the Holocene (Figure 111-9). These
observations evidence that the Pacific Ocean convective features experienced an important
northward re-organization during the early mid-Holocene, possibly in response to the orbital
forcing.
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Figure 111-9. Holocene 6®Oqy evolution in the Western Pacific area — Diamond: coral data
(this study), Blue dots: coral data from Gagan et al. (1998) Blue area — foraminifer’s data
from sediment cores ODP806B, MD70, MD76 and MD81. The blue area represents one
standard deviation interval of the mean values calculated from the four sedimentary records
(Lea et al. 2000; Stott et al. 2004).

However, the northward location of the SPCZ solely cannot explain the salinity recorded in
summer by the early mid-Holocene corals. Indeed, this summer §'¥0s, value reaches 0.5%o
vpdb which indicates even drier conditions than recorded today during winter (0.3%. vpdb —
Figure 111-7), when Vanuatu is not affected by the SPCZ. This suggests that evaporation had
also played a significant role in the surface ocean water balance during the early mid-
Holocene. An average surface-ocean water balance shifted toward evaporation during the
mid-Holocene was shown from a Australian Great Barrier Reef coral record (Gagan et al.
1998). Increased evaporation in the early mid-Holocene is also supported by the similar or
warmer conditions than today recorded by early mid-Holocene fossil corals from PNG, GBR,
and New Caledonia (Abram et al. 2009; Gagan et al. 2004; Gagan et al. 1998; Montaggioni et
al. 2006). Moreover, general circulation model simulations indicate a strengthening, or an
extension, of the Hadley cell as a response of a slight warming of the tropical zone (Lu et al.
2007; Rind 2000). Stronger, or extended, Hadley cell would enhance the poleward water
vapor transport, and thus the poleward heat flux, increasing the evaporation in the tropics.
This suggests a stronger coupling between the tropics and the extra-tropical regions during the
early mid-Holocene as compared to the modern era.

d. ENSO Variability

Since coral §'%0 is sensitive to both SST and SSS variations, it is a reliable proxy to study the
ENSO variability. Indeed, a synchronous increase (decrease) in SST and decrease (increase)
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in SSS influences the coral 8*%0 in the same way, resulting in enhanced interannual coral 50
variations as observed in the modern Vanuatu coral record (Figure I11-8a). The early mid-
Holocene coral from Vanuatu recorded an ENSO variability that was in average 20-30%
lower than the variability recorded by the modern coral for the period 1928-1992 (Figure I11-
8b). Several factors may have caused the ENSO variability to weaken during the early mid-
Holocene. On the one hand, previous studies suggested that ENSO teleconnections may not
be stationary (e.g., Diaz et al. 2001; Stahle et al. 1998; Vargas et al. 2006). Consequently, a
change in the ENSO teleconnections over the Pacific area during the early mid-Holocene may
result in a reduced ENSO signal in the SW Pacific fossil corals records. On the other hand, the
decoupling between the precipitation and the SPCZ in the SW Pacific, evidenced from the
early mid-Holocene coral records, may also have contributed to a reduced ENSO signal in the
80 coral record. Indeed, the strength of the ENSO signal in the coral 8*20 record relies on
the tight coupling between the SPCZ and the precipitation. The decoupling of the SPCZ and
the precipitation regime observed during the early mid-Holocene would have lead to a
disruption between the ENSO variability and coral 520 variations, leading to a weaker ENSO
signal in the 50 record.

Non stationary ENSO teleconnections in the SW Pacific, or a decoupling between the
precipitation and ENSO would thus appear as locally reduced ENSO variability while
stronger ENSO variability prevails in the regions where ENSO is tightly linked to, i.e., the
WPWP, the Pacific cold tongue or western South America. However, paleo reconstructions
from PNG charcoal and coral records revealed a significant reduction of the ENSO variability
during the early mid-Holocene (Haberle et al. 2001; Tudhope et al. 2001). Moreover,
mollusks, archeological and sedimentary records from South America and the cold tongue
area evidenced a reduced ENSO variability during the early and the early mid-Holocene
(Koutavas et al. 2006b; Moy et al. 2002; Sandweiss et al. 2001; Vargas et al. 2006). Weak
ENSO variability during the first half of the Holocene is also observed in ocean-atmosphere
coupled model runs. All those evidences strongly suggest that the reduced ENSO variability
recorded by the early mid-Holocene Vanuatu coral reflects a real ENSO trend, although the
role of the forcing involved in the ENSO variability decrease are still greatly debated
(Braconnot et al. 2012; Chiang et al. 2009; Clement et al. 2000; Liu et al. 2000; Roberts 2007,
Zheng et al. 2008). Consequently, the reduced amplitude of the ENSO signal in the early mid-
Holocene coral 50 record reflect both 1) a global weaker ENSO variability and 2) the
decoupling between the precipitation and the SPCZ.

VI. Conclusion

Monthly resolved 3'%0 records from two 6.7-6.5 ka BP Porites sp. colonies and from a 6.2—
6.0 ka BP Tridacna maxima opened a window on the SW Pacific climate during the early
mid-Holocene. The post-glacial SST rise was found to be completed by about 6.7-6.5 ka BP
with conditions as warm, or slightly higher, than today suggesting a weak Holocene Thermal
Maximum in that region. Cooler conditions were recorded at 6.2-6.0 ka BP, possibly related
to a short-lived contraction of the WPWP southern edge. Early mid-Holocene Porites sp.
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records revealed drier than modern conditions, caused by a northward mean position of the
SPCZ and an increased moisture transport in the extra tropics related to a strengthened or
extended Hadley circulation. Such configuration strongly suggests that the climatic mean state
was La Nifa-like during the early mid-Holocene period.

One of the early mid-Holocene corals recorded a lower ENSO variability than the modern
one. This reflects the reduced ENSO variability evidenced by previous studies during the first
half of the Holocene, although the decoupling between the SPCZ and the precipitation regime
in the SW Pacific may also have contributed to the reduced ENSO signal observed in our
coral record. The combined use of corals and of a giant clam improves the temporal and
spatial coverage of early mid-Holocene data in the SW Pacific area. The information brought
by our study provides an benchmark against which to test climate models and should help
constraining the SPCZ behavior in simulations of past and modern climate conditions.
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RESUME

Afin d’explorer la relation entre la migration Lapita dans I’Océanie Lointaine, survenue ca.
3200 années BP, et le climat, la composition isotopique globale ou “bulk” (5'%0 et §'*C) de
bénitiers a été analysée. Huit spécimens appartenant aux genres Tridacna et Hippopus ont été
collectés sur des sites archéologiques Lapita au Vanuatu et en Nouvelle-Calédonie. Les
enregistrements isotopiques “bulk” de §'°0 et §'°C, intégrant des périodes comprises entre 3
et 10 ans, ont été utilisés respectivement comme proxies des conditions de
température/salinit¢ et de D’influence estuarienne ou océanique. La composition en
strontium/calcium (Sr/Ca) d’une colonie de corail massif Porites sp., contemporaine de la
migration Lapita, a été également analysée et interprétée comme un indicateur des
paléotempératures de 1’cau de mer de surface. Ces données ont été comparées a des
enregistrements similaires obtenus & partir de bénitiers et de coraux actuels afin d’évaluer
dans quelle mesure les conditions passées ont pu différer des conditions actuelles. Les
enregistrements de Sr/Ca du coral fossile indiquent que les conditions ca. 3600-3400 années
BP étaient plus chaudes qu’actuellement dans le Pacifique Sud-Ouest. Ceci est en accord avec
les conditions chaudes et peu salées enregistrées par un beénitier fossile sur cette méme
période. Ceci suggére des conditions du type La Nifia sur le Pacifique Sud-Ouest ca. 3600-
3400 années BP. Cing bénitiers fossiles, datés dans I’intervalle ca. 3200-2700 annees BP,
présentent deux compositions isotopiques distinctes, le premier groupe est appauvri en
isotopes lourds du carbone et de I’oxygene par rapport au second. La différence entre ces deux
groupes est supérieure aux valeurs trouvées sur des bénitiers actuels vivants sur un récif
frangeant ou sur un récif barriere. Les bénitiers fossiles ont donc enregistrés, sur cette période,
a la fois des conditions peu salées et des conditions plus froides et plus salées alternant a
I’échelle interannuelle. Dans le Pacifique Sud-Ouest, ce mode de variabilité est caractéristique
d’El Nifio Southern Oscillation, ce qui suggere fortement que I’activité ENSO était forte ca.
3200-2700 years BP. La migration Lapita ca. 3200 années BP s’est donc déroulée dans un
contexte climatique caractérisé par une forte variabilit¢ ENSO, indiquant que le climat a pu
agir comme élément déclencheur et/ou favoriser cette migration. En effet, des conditions
climatiques instables ont pu favoriser le développement et I’expansion de populations
nomades dependantes des ressources marines, comme 1’était la population Lapita.
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ABSTRACT

To explore further the possible influence of the climate on the Lapita migration, ca. 3,200
years BP, bulk oxygen (5'0) and carbon (8*3C) isotopic composition of eight shells of
Tridacna and Hippopus, giant clams, unearthed on Lapita archaeological sites (Southwest
Pacific — SW), were analyzed. Shell §*®0 and §'3C are proxies for sea surface temperature/sea
surface salinity — SST/SSS — and disolved inorganic carbon source — estuarine vs. oceanic.
Bulk samples encompassed time periods ranging from 3 to 10 years. A fossil massive coral
Porites sp., contemporaneous of that period, was also analyzed for Strontium/Calcium — Sr/Ca
— considered as a proxy for SST. These records were compared to modern equivalents, to
assess whether past climatic conditions had changed. The Sr/Ca ratio of the fossil coral
indicated that conditions were warmer than they are today in the Southwest Pacific, ca. 3,600
to 3,400 years BP, in agreement with a giant clam record that evidenced warm and wet
conditions during that period. This suggests that La Nifa-like conditions were most likely
operating in the SW Pacific at that time. Five giant clams, all dated within the interval ca.
3,200 to 2,700 years BP, presented two different isotopic composition : one group is strongly
depleted in the heavier isotopes of both carbon and oxygen whereas the other is enriched in
carbon and oxygen heavy isotopes. This reveals that, during that interval, conditions were
alternatively warmer and fresher with a rather estuarine environment and colder and saltier
with a more oceanic environment, at the interannual timescale.The difference in the isotopic
composition of the two groups is beyond the range of isotopic values recorded by modern
giant clams living in different reefs environements (fringing and barrier reefs). In the SW
Pacific, such interannual variability is characteristic of El Nifio Southern Oscillation,
suggesting that the fossil giant clams recorded a strong ENSO variability ca. 3,200 to 2,700
years BP. The Lapita migration, ca. 3,200, occurred thus in parallel with a strong ENSO
variability suggesting that climate had most likely played a role in the triggering of the Lapita
migration. Indeed, unstable climate may have favored the development and the expansion of
nomad foraging populations relying on marine resources, as the Lapita were.
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l. Introduction

Pacific colonization started with a first human settling phase reported in Near Oceania (PNG,
Solomon Islands, and the Bismarck Archipelago) ca. 45,000-42,000 years BP'® (O’Connell
and Allen 2004). The easternmost advance of this migration phase was the Bismarck
Archipelago, reached ca. 40,000 years BP (Groube et al. 1986; Leavesley et al. 2002;
O’Connell and Allen 2004). There is no evidence of further eastward expansion for the next
35,000 years, until the emergence of the Lapita culture in the Bismarck archipelago ca. 3,470-
3,250 years BP (Denham et al. 2012; Kirch 1997). There are strong archaeological evidence
that the Lapita culture emerged in foraging populations relying on marine and land resources
(Gosden and Pavlides 1994; Summerhayes 2007). It is commonly thought that the Lapita
people were voyaging routinely across the islands of Near Oceania with canoes able to sail
windward (Irwin 2008; Di Piazza et al. 2007). The Lapita resumed the eastward colonization
of the Pacific ca. 3,200 years BP, from the Bismarck archipelago (Denham et al. 2012). The
Lapita spread in less than five centuries over the hitherto uninhabited archipelagos of Remote
Oceania (east of the Salomon islands, i.e., islands of Santa Cruz, Vanuatu, New-Caledonia,
Fiji, etc.), as far as the western Polynesian archipelagos of Samoa and Tonga, reached by
2,850 years BP (Burley et al. 1999; Denham et al. 2012).

This unprecedented 4,500 km-migration event was characterized by phases of rapid eastward
expansion with pauses in-between (Sheppard 2011). Digital navigation simulations, using
instrumental winds and currents records, were used to provide information on the feasibility
of eastward voyages across the Pacific. Such simulations revealed that the Samoa and Tonga
archipelagos can potentially be reached from the Bismarck Archipelago by drifting/downwind
sailing canoes (Anderson et al. 2006; Avis et al. 2007) and windward sailing canoes (Irwin
2008; Di Piazza et al. 2007), like the ones used by the Lapita people.

This is quite surprising then, that the Lapita migration occurred so lately in the Holocene (ca.
3,300 years BP) whereas human occupation is reported in Near Oceania ca. 40,000 years BP.
Many questions rise regarding the factors that have triggered the late, intriguing, Lapita
migration. Climate may have played a significant role in the Lapita migration : whereas
relatively stable La Nifia conditions prevailed during the Holocene, a strengthening of the El
Nifo Southern Oscillation variability was reported ca. 4,000-3,000 years BP, concomitantly to
the Lapita migration (Haberle et al. 2001; Haug et al. 2001; Koutavas et al. 2006b; Moy et al.
2002; Rodbell et al. 1999; Sandweiss et al. 2001; Tudhope et al. 2001).

Many works documented climate-driven prehistoric human settlement and migration patterns
(Dolukhanov 1997; van Geel et al. 1996; Gribchenko and Kurenkova 1997; Gupta et al. 2006;
Huntley 1999; Tyson et al. 2002; Yesner 2001). Unstable climate greatly increases population
vulnerability; indeed, unpredictable and highly variable climate hampers the development and
the continuity of animal domestication and agriculture (Gupta 2004; Richerson et al. 2001)
and could increase wildfires frequency (Haberle et al. 2001), potentially leading to large-scale

19 Compte tenu de Iéchelle de temps  laquelle c’est déroulée la migration Lapita, les dates, exprimées en milliers d’années,
sont plus adaptées et remplacent donc, dans ce chapitre, la notation en kilo annum (ka).
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migrations. Moreover, increased climatic variability may have favored the emergence of
disease epidemics, like malaria for instance, which development is favored during El Nifio
events (Poveda et al. 2001; Zhou et al. 2004). However, to date, the Southwest (SW) Pacific
climate during the late-Holocene is poorly documented, so the potential role played by the
climate in the Lapita migration in Remote Oceania remains obscure. To investigate whether
the Lapita migration coincided with a peculiar climatic context, the Southwest Pacific climate
variability ca. 3,000 years BP was studied.

Fossil Tridacna and Hippopus giant clams and massive coral Porites sp. geochemical records
have been widely used for past climatic reconstructions in the western Pacific because their
geochemical composition reflects changes occurring in the surrounding environment (e.g.,
Aharon 1980; Ayling et al. 2006; Beck 1997; Corrége et al. 2004; Gagan et al. 1998). Both
fossil giant clams and massive corals are widely found in the SW Pacific area. Moreover,
because giant clams were particularly targeted by the prehistoric gatherers as a food source,
entire valves of Tridacna or Hippopus genus are commonly found on Lapita archaeological
sites (Galipaud and Kelly 2007; Moir 1989; Seeto et al. 2012). Giant clams and massive
corals provide thus an opportunity to document further the relation between climate
variability and Lapita migration.

The Strontium-Calcium ratio (Sr/Ca) of coral skeleton is a reliable proxy for SST (Beck et al.
1992; Correge 2006; Schneider and Smith 1982; Swart et al. 1991). Stable oxygen isotope
composition (5'%0) of giant clam shell is deposited in equilibrium with the oxygen stable
isotope composition of seawater (5'°Osy), as such, giant clam §'®0 is a proxy for both sea
surface temperature — SST — and sea surface salinity — SSS — (Aharon 1980; Aubert et al.
2009; Jones et al. 1986; McConnaughey 1989: Watanabe and Oba 1999). High %0 values
indicate colder and saltier conditions whereas low §'®0 values are associated to warmer and
fresher conditions.

In bivalves, the carbon stable isotopes composition (8**C) of the shell is affected by several
factors, including the SST and the organism physiology that may cause a fractionation of the
stable carbon isotope (Gillikin et al. 2009; Gillikin et al. 2007; Gillikin et al. 2006; Lorrain et
al. 2004; McConnaughey et al. 1997; McConnaughey and Gillikin 2008; Tanaka et al. 1986).
Information is however still lacking to fully understand the mechanisms linking these factors
to the shell 8*3C. In marine bivalves, the stable carbon isotope (5'*C) fractionation due to vital
effect seems limited and it is believed that the shell §*C composition reflects mostly the
seawater Dissolved Inorganic Carbon — DIC — (Gillikin et al. 2006; McConnaughey et al.
1997; McConnaughey and Gillikin 2008; Mook and VVogel 1968; Owen et al. 2008). So, shell
83C may reflect mostly the DIC isotopic composition. Because fluvial DIC is often
isotopically lighter than oceanic DIC, the shell 8*3C would thus reflect the proportion of
fluvial/estuarine versus oceanic DIC source in the environment : low (high) 5'°C values
would reflect a greater (lower) fluvial/estuarine (oceanic) DIC input which potentially reflect
higher (lower) precipitation. In an estuarine environnement the DIC isotopic composition is
correlated to SSS permitting thus to use the shell §*C as an indirect proxy for SSS (Gillikin et
al. 2006; McConnaughey et al. 1997; McConnaughey and Gillikin 2008; Mook and Vogel
1968; Owen et al. 2008).
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To document the climatic variability during the Lapita migration, fossil Tridacna and
Hippopus giant clams were collected on Lapita archaeological sites in Vanuatu and New
Caledonia — Southwest Pacific — and analyzed for oxygen bulk isotopic composition (520
and 8'°C). In addition, a fossil massive coral Porites sp., contemporaneous to the Lapita
period, was collected on an uplifted reef terrace of the Espiritu Santo Island (Vanuatu) and
analyzed for its Sr/Ca composition. To document the climatic variability ca. 3000 years BP,
the fossil records were compared to 520 and 8*3C records of modern Tridacna and Hippopus
giant clams from New Caledonia and to a Sr/Ca record of a modern Porites sp. coral from
Vanuatu. Then, the possible link between the climate variability and the Lapita migration ca.
3000 years BP is discussed.

[I.  Southwest Pacific climate
a. Main Climatic features

In the South West Pacific (Figure 1V-1), the climate variability is mainly driven by changes in
the size and the location of two main climatic features, the West Pacific Warm Pool (WPWP)
and the South Pacific Convergence Zone (SPCZ). The WPWP is the permanent warm
seawater body located to the east of a line between the Philippines and the Papua New Guinea
(PNG), excluding the warm waters from the Indonesian Archipelago. The WPWP is
commonly defined by the 28°C SST isotherm (Wyrtki 1989), although a more accurate
definition would integrates hydrological features and ecosystem dynamics criterion (Le
Borgne et al. 2002; Maes et al. 2010). The SPCZ is a band of low-level convergence,
cloudiness and precipitation, present all year-long, which is generally defined as the
maximum precipitation tongue extending south-eastward from Papua New Guinea and the
Solomon Islands to the south of French Polynesia (Kiladis et al. 1989; Trenberth 1976;
Vincent 1994).

Figure 1V-1 (next page). Map of the Southwest Pacific area. The insert focuses on the
Vanuatu archipelago and New Caledonia. Black dots show the location mentioned in the text,
Lapita archaeological sites are underlined. The reference of the site used in the text is given
in parenthesis when abbreviated.
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b. Seasonal patterns
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er is characterized by reduced easterlies and by warm and
wet conditions related to the southward expansion of the southern edge of the WPWP and of
the SPCZ (Figures IV-2a and IV-2b). The SST rises whereas the SSS diminishes due to
| winter is characterized by strengthened easterlies and by
e northward migration of the WPWP southern edge and of
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Figure 1V-2. Seasonal location of the main climatic features of the Southwest Pacific. The
Western Pacific Warm Pool (WPWP) is delimited by the 28°C isotherm (red area - HadlSST1
mean 1980-2011 period, (Raymer et al. 2006)). The South Pacific Convergence Zone (SPCZ)
is delimited by the 6 mm.d™ isohyet (blue area - CMAP 1980-2010 (Xie and Arkins, 1997)).
aand b - Austral summer settings (January, February, March) cand d - Austral winter
settings (July, August, September). Vanuatu archipelago (V) and New Caledonia (NC)
location are shown on each map. Modified from Climate Explorer (http://climexp.knmi.nl).

c. Inter-annual variability

The EIl Nifio Southern Oscillation (ENSO), characterized by a 2 to 7 years periodicity, is the
main mode of variability affecting the Pacific at the inter-annual time-scale (Wang and Wang
1996). The neutral climatic mean-state is characterized by a moderate zonal sea level pressure
(SLP) gradient across the Pacific Ocean that drives moderate easterlies wind regime; this
wind circulation is the lower branch of the Walker circulation. During a La Nifia phase of
ENSO, the zonal SLP gradient increases and the easterlies wind regime strengthens across the
Pacific Ocean. In the SW Pacific, during a La Nifia phase, the WPWP and the SPCZ move
south-eastward, leading to warmer and fresher conditions around the SW Pacific islands
(Gouriou and Delcroix 2002). The El Nifio phase of ENSO is characterized by a collapse of
the Walker circulation, causing the wind regime to reverse from an easterly to a westerly
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regime. In El Nifo-phase, the southern edge of the WPWP and the SPCZ both move
northward of their mean position, resulting in cooler and saltier conditions in the SW Pacific
islands. An anomalous increase (decrease) in SST associated to an anomalous decrease
(increase) in SSS indicates thus La Nifia (EI Nifio) phase of ENSO in the SW Pacific region
(Gouriou and Delcroix 2002).

d. Modern material and reef environments

This study is based on isotopic data from fossil giant clams and a massive coral colony from
New Caledonia and Vanuatu — Southwest Pacific — (Figure 1V-1). To interpret these data in
terms of paleoenvironmental conditions, the geochemical composition of modern specimens,
living in various modern reef environments was analyzed. SST and SSS dataset were used to
characterize these modern reef environments.

e. New Caledonia

The New Caledonia main island, Grande Terre, is surrounded by a barrier reef delimiting a
shallow lagoon with platform reefs. Some important sections of the Grande Terre shore are
lined by fringing reefs. Four Tridacna maxima were collected alive the September 22", 2008
on the outer barrier reef surrounding the Grande Terre (Fausse passe de Uitoé reef; n°l on
Figure 1V-3) and a recently dead specimen was collected (September 23", 2009), inside the
lagoon, on the Larégneére islet reef (lagoon platform reef; n°2 on Figure 1V-3). Two Hippopus
hippopus were collected live on Larégnére reef on September 22" 2008 (lagoon platform
reef; n°3 on Figure 1V-3). Finally, an H. hippopus specimen collected in 2003, on Ducos
Island fringing reef, studied by Aubert et al., (2009), was added to this study. Living
specimens collected for that study were part of a growing experiment designed to calibrate
geochemical and sclerochronological proxies (chapitre 1). The living giant clam specimens
were grown in open-air, seawater fed aquarium from September 2008 to June 2010
(Aquarium des lagons, Noumeéa — n°4 on Figure 1V-3). The H. hippopus specimen studied by
Aubert et al. (2009) also grew in the same aquarium from May 2003 to July 2004. The
seawater of the aquarium was directly pumped from a lagoon fringing reef nearby. It was thus
considered that the geochemical composition of the shell deposited while the giant clams were
in the aquarium represented a “lagoon fringing reef-like” environment, whereas the
geochemical composition of the shell deposited in situ was considered to reflect barrier or
platform reef, depending on the site. At the end of the experiment, the shell of the giant clams
collected alive had thus recorded two types of successive environments — barrier reef / lagoon
fringing reef — and — lagoon platform reef / lagoon fringing reef. These environments are
characterized in terms of average SST and SSS in Table 1V-1.
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Figure 1V-3. Location of the
modern reef environments
where the modern giant clam
specimens grew (1) Uitoé
reef  (barrier reef); (2)
Larégnére Islet (platform-
reef), (3) Larégnére reef
(platform-reef) and  (4)
Aquarium of Nouméa
(lagoon fringing reef-like).
(3) | \ Note the barrier reef complex
‘ gy (grey) that delimits the
fringing reef lagoon area from the Coral

Sea. Map background
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Table IV-1 : Instrumental records of sea surface temperature (SST — °C) and sea surface
salinity (SSS) characterizing the three modern reef environments studied. Results are given +
1 standard deviation. NC : New Caledonia; VA : Vanuatu.

marine type of

! location station source SST 55520
environment data
Lagoon fringing Anse Vata Féisse;l;t?o?gsgg\t/%t;g: 24.7+£22 35.3+0.7
reef 22.3°S, 166.4°E . . (1997-2010) (1977-2005)
NG I|n situ cgthﬁ In?]tltut de
Fausse Passe de ogger echerche pour
. Y ; 241+1.6 35.4+0.2
Barrier reef Uitoé 22.3°S, Développement -
167°F IRD (1992-2009) (1992-2009)
?(’:e r’]‘tsregr('ﬂ' HadISST1 27711 )
Open-ocean A 15.5°S. 164.5°E - -Rayner et al., 2003 (1970-2011)
P o no s satellite
fringing reef %:er)l(tezregrcl)% Gouriou and ) 34.9+0.3
Delcroix, 2002 (1949-2008)

16°S, 165.5°E

f.  Vanuatu

Vanuatu Archipelago is composed of 83 islands located at 15°S, 166°W (Southwest Pacific).
Most of Vanuatu islands are surrounded by fringing reefs characterized by an open-ocean
context due to the absence of barrier reefs. A modern Porites sp. colony, VA-EPI, was

2 hased on the PSS-78 scale
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collected on August 2007 on a fringing reef of the Epi Island (Figure 1VV-1). This colony was
used to characterize the Sr/Ca signature of coral living in a modern fringing reef in an oceanic
context. This environment is characterized in terms of average SST and SSS in Table IV-1.

lll.  Archaeological sites and material
a. Archaeological material

In New Caledonia, four fossils were collected on the west coast of the Grande Terre, on two
coastal archaeological sites, Koumac and Bourail-Nessadiou, and two fossils were collected
on two sites on nearby islands, Isle of Pines —Vatcha — and Lifou Island — Gaxapo — (Figure
IV-1). In Vanuatu, two fossil giant clams were collected on two archaeological sites located
on Espriritu Santo Island — Shokraon — and on Aoré Island — Makué — (Figure 1V-1). Each site
is described in terms of archaeological context, past marine environment, and potential
freshwater input from the available literature and personal field experience in Table 1V-2.
Each fossil giant clam is referenced by two letters indicating the genus and the species (Hh :
Hippopus hippopus, Tg : Tridacna gigas, Tm : Tridacnha maxima) followed by an indication of
the archaeological site where the specimen was collected (e.g., Bo : Bourail, ES : Espiritu
Santo, etc.).

b. Dating and fossil samples preservation

Fossil samples were dated using conventional **C measurements and dates were corrected for
the Marine Reservoir Effect (MRE) using the Marine09 database (Reimer et al. 2009). The
offset between the MRE and the local atmosphere-ocean **C (Delta R) is responsible for
uncertainties in the radiocarbon ages; the Delta R values used here were 29 + 28 years for the
Vanuatu specimens and -3 + 9 years for the New Caledonia specimens (Petchey et al. 2008).

Fossil clam shells and coral skeleton can be altered (diagenesis) through time. Various types
of diagenesis can occur, like dissolution or precipitation of new material (i.e., secondary
aragonite in coral skeleton pores). Such processes might modify the archive’s geochemistry,
resulting in biased paleoenvironmental records (e.g., Muller et al. 2001; Nothdurft and Webb
2008). Moreover, the giant clam valves are frequently found associated to cooking structures
in the Lapita archeological sites (Galipaud and Kelly 2007). When removed live from the sea,
giant clams maintain their valves tightly closed suggesting that Lapita might have exposed the
recently harvested giant clams to fire to collect the meat. Such treatment might have caused
the biogenic aragonite to transform into the more stable calcium carbonate calcite polymorph
(Foster et al. 2008; Gaffey et al. 1991). Consequently, shell mineralogical composition and
microstructure preservation must be checked on each fossil specimen prior to any chemical
analysis.

Mineralogical X-ray diffraction (XRD) analyses were done using a Siemens® D500 device
(Cu-Ka, 40 kV, 30 mA) with a scan velocity of two seconds at a step size of 0.02° 26.
Minerals were identified by comparison with the reference JCPDF database (Joint Committee
of Powder Diffraction File). To examine the micro-structural preservation of the fossil
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specimens, small shell and coral pieces were cut, sputter-coated with platinum and observed
using a Scanning Electronic Microscopy (SEM) Cambridge S360 device at 15 kV.

Table 1V-2 : Description of archaeological sites in which the fossil giant clam specimens
were collected and of the marine environment in which they grew (NC : New Caledonia; VA :

Vanuatu).
marine otential
site location archeological excavations environment ?reshwater Genus specimen comments
context at 3000 inout specie P
years BP P
1981 mangrove
Koumac NC unknown (Gah_paud and lagoon river Trld_acna TmKoum whole
1996; Sand N maxima valve
2010). fringing reef
H_|ppopus HhBo broken
hippopus valve
Bourail- 1979 mangrove .
Nessadiou "NC Lapita D. and lagoon river Tridacna ~ TmBo whole
Frimigacci fringing reef maxima valve
Tridgcna TmBo2 whole
maxima valve
Lifou . 2008 open-ocean freshwater ~ Tridacna . whole
(Gaxapo) NC Lapita F. Wadra fringing reef  resurgences maxima TmLifou valve
open-ocean
Isle of 1978 L .
Pines NG Lapita D. fringing reefs  freshwater H_|ppopus HhPines broken
(Vatcha) Frimicacci / shallow resurgences hippopus valve
g lagoon
2000 .
oA open-ocean . Tridacna broken
Shokraon VA Early-Lapita JGC;.Iipaud fringing reef river gigas TgES valve
(Galipaud ) .
Makué VA Early-Lapita  and Kelly, ?pen_oceanf river rl;!lppopus HhES br(IJken
2007) ringing ree ippopus valve

c. Geochemical sampling

i. Giant clams

The central ridge of each modern and fossil giant clam was cut off from the valves using a
diamond saw (Figure 1V-4). Each central ridge was sampled along a single transect
perpendicular to the growth direction and encompassing the shell deposited during the entire
life of the specimen, using a Micro-Mill device — New Wave®. This method is termed bulk-

sampling.

For the Tridacna maxima specimens, the shell deposited during the early life of the animal is
usually highly bio-eroded and it was thus not sampled (Figure IV-4a). To avoid any
fractionation due to the heat generated during the milling process and to obtain a fine-sized
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and homogeneous carbonate powder, the drilling device was parameterized as follow : drilling
speed : 50%, scan speed : 15 pm.s™, depth per pass : 30 um, with a number of pass ranging
from 2 to 8 depending on the transect length. With such settings, enough material was
obtained to analyze, at least, three replicates for each giant clam specimen (stable isotopes
analyzes).

Tridacna maxima specimens were sampled on the outer shell layer (Jones et al. 1986). For the
modern specimens, the shell section deposited in situ and the section deposited in the
aquarium were bulk-sampled independently. The transition between the two environments is
clearly visible in the outer layer of the shell : most of the shell is greenish and translucent and
it turns abruptly white and opaque on the last centimeter of growth (Figure 1VV-4a).

Hippopus hippopus specimens were bulk sampled in the shell inner layer (Aubert et al. 2009;
Watanabe and Oba 1999). Unlike the modern T. maxima specimens, the modern H. hippopus
did not reflect the environmental change (i.e., in situ to aquarium) in the inner layer of the
shell (Figure IV-4b). Consequently, it was not possible to sample independently the shell
deposited in the two environments. The entire inner shell layer was thus sampled, averaging
the geochemical signature of both environments.

In Tridacna gigas, the hinge and the inner layer have a similar 50 composition (Elliot et al.
2009). Consequently, the fossil Tridacna gigas shell was sampled in the hinge and the inner
layer to obtain a duplicate of the shell 5*30 composition.

ii. Coral sample

The two coral colonies were sliced parallel to the main growth axis to obtain a 10 mm-thick
slab for each colony. The annual density banding was revealed by x-radiographs of the coral
slabs (Knutson 1972). Before sampling, the slabs were cleaned in an ultrasonic bath with
milli-Q water and oven-dried at 40°C. A diamond drill-bit coupled to a three-axis positioning
system was used to collect carbonate samples at a 1 mm step, along a transect parallel to the
growth axis, for strontium and calcium analyzes.

iii. Estimation of the time period averaged in the bulk records

The Von Bertalanffy Growth Function (VBGF) was used to i) determine the age of the giant
clams collected and ii) determine the period averaged in each bulk sample. Various VBGF are
available both for Tridacna maxima (Green and Craig 1999; McKoy 1980; McMichael et al.
1974; Munro and Heslinga 1983; Smith 2011) and Hippopus hippopus (Beckvar 1981; Munro
and Heslinga 1983; Shelley 1989)
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a — Tridacha maxima

bio-eroded part

w in situ
, transfer

umbo

b — Hippopus hippopus

Figure 1V-4. Bulk sampling design for the giant clams a - Tridacna maxima : the shell was
sampled following the growth axis (dashed black line) in the outer layer — OL, note the color
of the shell before and after the transfer of the specimen into the aquarium (red).
b - Hippopus hippopus : the shell was sampled following the growth axis (dashed line) in the
inner layer — IL. The shell part cut for the bulk sampling in represented by the white dotted
rectangles on the whole shell images.
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Ages of modern and fossil specimens were determined using an average equation (VGBF,ye -
Tables V-3 and 1V-4). However, the VBGF could not be applied to the specimens presenting
incomplete, i.e., broken, valves because the shell length could not be measured (fossil T. gigas
and H. hippopus). In such case, ages were determined by counting the translucent and opaque
growth layers visible in the hinge or in the inner layer (e.g., H. hippopus in Figure 1V-4b)
assuming that they reflect yearly growth (e.g., Aharon 1980; Aubert et al. 2009).

Table 1V-3 : Compilation of Von Bertalanffy Growth Function parameters (Liy. and K)
obtained from Tridacna maxima giant clam populations and the averaged parameters used in
this study (VBGFaye).

Reference Line. (cm) K
McKoy, 1980 30.5 0.082
Munro and Heslinga, 1983 30.5 0.112
McMichael, 1975 27.5 0.074
Green and Craig, 1999 27.8 0.065
Smith, 2011 26.9 0.118
MEAN 28.6 0.090
VBGFave sd 1.7 0.024

Table 1V-4 : Compilation of Von Bertalanffy Growth Function parameters (Lin;. and K)
obtained from Hippopus hippopus giant clam populations and the averaged parameters used
in this study (VBGFaye).

Reference Lint. (cm) K
Munro and Heslinga, 1983 40 0.213
Beckvar, 1981 40 0.1
Shelley, 1989 - Iris Point 347 0.205

Shelley, 1989 - Pionner Bay 415  0.155
MEAN 39.1 0.168
sd 3.0 0.052

VBGFape.

For the Tridacna gigas and Hippopus hippopus specimens, the bulk sampling integrated the
entire lifetime of the specimens. For the T. maxima specimens, the strong bio-erosion
observed in the earliest parts of specimens prevented sampling the entire lifetime, so the time
period averaged in each bulk sample is necessarily shorter than the lifetime of the specimen.
No annual growth layer are visible in the T. maxima shells so the mean annual growth rate of
T. maxima was estimated by measuring the shell deposited from the transfer of the specimens
from the barrier reef to the aquarium (Sept. 2008) to the death of the animal (Oct. 2009). This
annual growth rate was then used to determine the time period averaged in the bulk record
sampled in the shell deposited in situ. However, considering that giant clams annual growth
rate decreases with age (Shelley 1989), the period calculated is an estimation of the maximum
period recorded by each T. maxima bulk sample.
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d. Geochemical analyses

i. Stable isotopes

The oxygen and carbon stable isotopes composition was analyzed on a Thermo Delta V
Advantage® mass-spectrometer coupled to a Thermo Kiel IV carbonate device at the Service
de Spectrométrie de Masse Isotopique du Museum National d'Histoire Naturelle (Paris,
France). Results are expressed as 8°0 and 8"°C (standardized against Vienna Peedee
Belemnite — vpdb). Analytical reproducibility (15) on isotopic determinations was 0.04%o
vpdb for 'O and 0.01%o vpdb for 5'°C. These values are based on 32 runs of a homemade
calcitic standard during the period of analysis (4 days).

ii. Strontium/Calcium

The Strontium (Sr) and Calcium (Ca) concentrations of the coral samples were analyzed using
an inductively-coupled plasma mass spectrometer (ICP-MS; Agilent 7500 CX®), following
the method of Le Cornec and Correge (1997). Analytical precision on Sr/Ca was assessed
using the certified reference material JCp-1* (coral material) from the Geological Survey of
Japan (Hathorne et al. 2010; Inoue et al. 2004; Okai et al. 2002). Analytical reproducibility
(16) on coral Sr/Ca measurements was 0.05 mmol.mol™, based on 30 runs of a home-made
coral standard over a six months period.

e. ENSO variability

ENSO variability in the SW Pacific is characterized by periods of high SST and low SSS
named La Nifia phases alternating with periods of low SST and high SSS refered as EIl Nifio
phases. These events occurs every 2 to 7 years. Considering that the giant clam bulk 5'%0
records obtained in this study integrated time periods comprised between 3 to 11 years, they
may have recorded the interannual variations of the SST and the SSS related to the ENSO
variability. The amplitude of the La Nifia/E| Nifio events in the giant clam 8*%0 signature can
thus be quantified by calculating the standard deviation of the modern and of the fossil bulk
records.

IV. Results
a. Samples dating and preservation

All samples are composed of 100% aragonite (XRD results). The aragonitic microstructure of
the giant clam shells and the primary aragonite needles and centers of calcification of the
coral sample are well preserved, without dissolution or secondary aragonite (SEM
observations). The conventional (i.e., non-calibrated) age of the fossil Porites sp. coral colony
was 3,583 + 36 years BP. Non-calibrated radiocarbon ages of the archaeological giant clam
specimens are reported in Table IV-5.

2 The certified value for the Sr/Ca ratio was : 8.82 mmol.mol™.
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Table V-5 : Uncalibrated radiocarbon ages of the archeaeological giant clam specimens
presented in this study.

Reference age *C uncal. + uncert.

TmKoum 2,648 + 33
HhBo 3,120+ 24
TmBo 3,236 = 32
TmBo2 3,198 + 33
TmLifou 3,064 + 23
HhPines 3,047 £ 24
TgES 3,172 + 24
HhES 3,625 + 30

Calibrated radiocarbon dates of the giant clam specimen HhES and of the fossil Porites sp.
colony from Vanuatu fall within the interval (2c) 3,600-3,400 years BP (Table IV-6).
Calibrated dates of giant clam specimens HhBo, TmBo, HhPines, TmBo2 and TmLifou are
comprised in the interval 3,200 — 2,900 years BP. Specimen TmKoum is younger : 2,500-
2,300 years BP (Table IV-6).

b. Giant clams

Hippopus hippopus — Ages of the modern and the fossil H. hippopus specimens are reported
in Tables 1VV-6 and 1V-7. Because the bulk sampling procedure included the entire inner layer,
the period captured by the bulk sampling corresponds to the age of the H. hippopus
specimens.

Tridacna sp. — Modern T. maxima ages are reported in Table IV-6. The three modern T.
maxima specimens that grew in the aquarium deposited around 10 mm of shell during the 13
months period. The annual growth rate in the outer of the shell layer was thus ~ 10 mm.yr™.
This growth rate value was used to determine the time period averaged in the bulk record
sampled in the part of the shell deposited in situ. The longest in situ-bulk transect was 7 cm-
long, which correspond to a maximum time period of 7 years. Considering that the four
modern T. maxima specimens were collected in 2009, the bulk samples integrated a time
period spanning the decade of the 2000’s. Time periods included in the fossil specimens’ bulk
samples are reported in Table 1V-7.
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Table 1V-6: Characteristics of the giant clams specimens collected on modern reef
environments (New Caledonia).

Genus Reef Specimen height  length Age (yr) Record C%. 8'°C%o mean mean
specie environment (cm) (cm) length  vpdb vpdb 813C%0 8'°C%0
(years) vpdb vpdb
T-02-08 12.6 20.4 1446 1 1.45+0.01 -0.47+0.05
Lagoon/
Fringing reef T-03-08 16 20.7 1446 1 1.41+0.01 -0.72£0.05 1.46+0.06 -0.72+0.25
(aquarium)

g T-05-08 135 20.1 13+5 1 1.52+0.01 -0.96+0.02

é Platform reef  T-04-08 95 167 9#38 <7  158#002 -046:0.05 1.58+0.02 -0.46+0.05

[5+]

§ T-01-08 13.4 18.7 1245 <7 1.34+0.01 -0.20+0.01

=]

= Barrier reef T-02-08 12.6 20.4 14+6 <3 1.50+0.02 -0.09+0.01 1.45+0.08 -0.16+0.05
T-03-08 16 20.7 14+6 <5 1.51+0.00 -0.14+0.02
T-05-08 135 20.1 1345 <7 1.44+0.00 -0.19+0.00

29 Platform reef H-06-08 19.8 29 8+4 1.66 +0.00 -0.34+0.02

S and lagoon/

o - - - -

% % Fringing reef H-07-08 154 22 5+2 1.51+0.01 -0.49+0.06 1.46+0.22 -0.48+0.14

T=c (aquarium)  Hh N5 04 18 26 4 1.22+0.01 -0.61+0.03

Table 1V-7 : Characteristics of the giant clams specimens collected on the archaeological
sites of Vanuatu (VA) and New Caledonia (NC). Hh : Hippopus hippopus; Tm : Tridacnha
maxima; Tg : Tridacna gigas. Specimens are classified in three groups according to their
isotopic signature (see section IV- d).

Spec. Reef env. Date YC  height length Age Record 8"C%o 5'8C%0 mean mean
calib. (cm)  (cm) (yr) Length vpdb vpdb 33C%o 5'8C%0
(ka BP) (yr) vpdb vpdb

. HhBo Lagoon 3028 na  na 7 7 253001 -0.68+0.02
g fringing reef
o TmBo Lagoon
2 fringing reef 3.2-29 11.6 194 1345 <9 2.29+0.02 -0.50+0.02 2.61+0.36 -0.56+0.10
(f HhPines  Openocean  ,q,,  a wa 11 11 300002 -0510.02

fringing reef
. TmBo2 Lagoon 3129 92 155 9+3 <4  209+000 -1.80+0.01
(Z) fringing reef
N TmKoum Lagoon
z fringing reef 2.5-2.3 8.4 14.2 813 <3 2.13+0.01 -1.50+£0.02 2.06+0.09 -1.58+0.19
£ Tmiifou  Openocean — ,q,5 156 .50 ~13 <6 195000 -145+001

fringing reef
< HhES 3.6-34 n/a n/a 3 3 1.89+0.02 -2.27+0.01 1.89+0.02 -2.27+0.01
>
? Open ocean
= TgES fringing reef 3415 10.7 n/a 10 10 2.32+0.08 -1.99+0.28 2.32+0.08 -1.990.28
8
[T
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The hinge of the T. gigas specimen presents 10 couplets of opaque and translucent bands, i.e.,
10 years. Considering that the bulk samples milled in the hinge and in the inner layer
integrated the entire life of the animal, the bulk sample was assumed to average a 10 years
period (Table 1V-7). Because of the small size of the giant clam shells studied here and
because marks of tool-uses were absent (Moir 1990), it was assumed that all the
archaeological giant clams specimens were harvested on nearby reefs for consumption.
Considering that the time periods included in the giant clam bulk isotopic composition ranged
from 3 to 11 years (Tables IV- 6 & 7), they most probably reflects the interannual
environmental variability of the giant clams collection sites (Table 1V-2).

c. Corals

The length of the modern and of the fossil Porites sp. records were determined by cross-
checking the annual density growth bands (Knutson 1972) and the Sr/Ca annual cycles. The
modern coral VA-EPI from Vanuatu recorded 7 years (1999 to 2006) and the fossil record
spans 22 years. Both records were averaged to obtain a bulk Sr/Ca composition. The mean
Sr/Ca value of the fossil Porites sp. colony is 8.80 + 0.09 mmol.mol™ and the mean Sr/Ca
value of the modern coral colony from Vanuatu is 8.99 + 0.08 mmol.mol™ (Figure IV-5).
This value is significantly lower (p<0.001, Mann-Whitney) by 0.18 mmol.mol™ than the
modern Vanuatu coral.
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Tg 287 I (87 BE
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Distance (mm)

Figure IV-5. Strontium/Calcium profiles and mean values of the modern (black) and the
fossil (grey) Porites sp. corals. Note that the y axis is reversed.

d. &0 versus &°C scatter plot

Modern and fossil giant clams 8*°0 was plotted against '°C to i) determine to which extent
the modern giant clam records reflect the different reef environments in which they grew, ii)
find out if the giant clam genus has an influence on the isotopic records and iii) to characterize
the past environments in which the fossil specimens grew. Four groups, one modern and three
fossils, with distinct isotopic compositions emerged from this scatter plot (Figure 1V-6).
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e. Modern giant clam baseline

A mean isotopic composition (6®0 and §C) for the modern group was calculated by
averaging the data of all the modern giant clams : mean &*C composition is 1.47 + 0.12%o
vpdb, and mean modern &0 composition is -0.42 * 0.27%. vpdb. The giant clams’ 820
composition presents significant differences depending on the environmental settings. The
Tridacna maxima specimens that grew on the barrier reef have a 0 composition enriched
by + 0.26%. vpdb compared to the mean modern §'0 composition (-0.42 + 0.27%o vpdb).
The T. maxima specimens that grew in the aquarium present a 8**0 composition depleted by -
0.30%0 vpdb compared to the modern group (Table IVV-7). The T. maxima specimen that grew
on the lagoon platform reef and the three H. hippopus specimens that grew on both the lagoon
platform reef and in the aquarium, present intermediate or similar §'20 values (Table 1V-7).

f. Fossil giant clams

Group fossil 1 — This group includes three specimens from New Caledonia, dated at 3,200-
2,700 years BP, one Tridacha maxima — TmBo — and two Hippopus hippopus — HhBo and
HhPines (Figure 1V-6). These specimens have the same 5'®0 composition than the Modern
group and present a §"3C composition enriched by + 1%o vpdb compared to the modern mean
value.

Group fossil 2 — The second group of fossil specimens is composed by three Tridacna maxima
from New Caledonia; TmLifou, TmKoum, and TmBo2 (Figure 1V-6). These specimens
present a 5'%0 composition depleted by - 1%o vpdb and a &"*C composition enriched by +
0.5%0 vpdb compared to the modern group. These specimens are contemporaneous to the
group fossil 1 (3,200-2,700 years BP) except the specimen TmKoum that post-dates the other
fossil specimens (2,500-2,300 years BP).

Group fossil 3 —The two fossil giant clams from Vanuatu compose the third group (Figure 1V-
6). Specimens of this group present the lowest §'°0 values of all the giant clam records. The
Hippopus hippopus — HhES — dated ca. 3,600-3,400 years BP, has a $'®0 composition
depleted by -1.85%0 vpdb compared to the modern group. The Tridacna gigas specimen —
TQES — dated ca. 3,200-2,700 years BP, has a 5'°0 composition depleted by -1.57%o vpdb
compared to the modern group. The 8*3C composition of specimens from groups fossil 3 and
fossil 2 are similar. Both groups have a 5'*C composition enriched by + 0.5%o vpdb compared
to the modern group from New Caledonia (Figure 1V-6).

Figure 1V-6 (next page). 620 versus 6"°C stable isotope bulk composition of the giant clam
specimens. Tridacha maxima modern specimens from the three different modern reefs
environment : barrier reef (empty squares), platform-reef (black cross) and lagoon fringing
reef (black squares). Hippopus hippopus specimen records (empty diamond) integrated both
platform and lagoon fringing reef environments. The isotopic composition of the fossil
specimens from New Caledonia (fossil 1 and fossil 2) and from Vanuatu (fossil 3) is plotted
using their reference’s name (Hh : Hippopus hippopus, Tg : Tridacna gigas, Tm : Tridacna
maxima). Note that the error on isotopic determinations is smaller than the label. Fossil
specimens are comprised between 3,200-2,700 years BP, except HhEs : 3,600-3,400 years BP
(underlined) and TmKoum 2,500-2,300 years BP (thick letters).
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g. ENSO variability in New Caledonia

The modern bulk §'®0 records, that encompass the period 2000-2009, present a standard
deviation of 0.27 %o vpdb (Figure IV-7). The standard deviation of the the fossil bulk §*0
records was calculated by pooling the records of groups fossil 1 and fossil 2 which only
include records from New Caledonia. The period considered here is 3,500-2,500 years BP.
The standard deviation of the fossil bulk §'®0 records is 0.57 %o vpdb, twice the modern
standard deviation (Figure I\V-7). Fossil 5'%0 values are more negative that the modern &0
values, reflecting warmer and fresher conditions than modern ones.

V. Discussion
a. Interpreting the bulk geochemical records

The bulk sampling method was used in this study to generate a consequent amount of
paleoclimatic data from many fossil specimens. A similar sampling method was used
successfully in paleoclimatic studies using massive coral colonies (Abram et al. 2009). In the
present study, the bulk sampling provided interannually resolved record which included time
periods comprised between 3 to 11 years. Such resolution is requested to study the ENSO
variability which frequency peaks around 2-7 years (e.g., Trenberth 1976; Tudhope et al.
2001).
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Figure 1V-7. Modern (2000-2009) and fossil (3,500-2,500 years BP ) giant clam Tridacna
maxima bulk 6'20 records. The black diamond is the mean fossil 520 value. Note that the y-
axis is inverted so that low 620 indicates warm and fresh conditions whereas high 6°0
values indicates cool and salty conditions.

Interpreting bivalve’s bulk data require careful consideration. Indeed, giant clams’ growth is
positively correlated to SST, i.e., more shell is deposited during warm periods (e.g., summer)
than during cold periods (e.g., winter). Consequently, warm periods tend to be over-
represented in the bulk samples (Aharon 1980; Aubert et al. 2009; Jones et al. 1986). This
bias implies that bulk records cannot be directly compared to instrumental records. However,
in this study, the same bulk sampling method was used on modern and fossil specimens.
Consequently, both datasets are comparable assuming that SST affects fossil and modern
giant clam’s growth similarly.

The shell geochemical composition may also be influenced by ontogenic effects. Jones et al.
(1986) evidenced, from the shell isotopic composition of a 28 years-old Tridacnha maxima,
that the growth of this species is characterized by a linear growth until age 10 and that growth
sharply decreased beyond age 10. They also observed that the shell isotopic composition of T.
maxima varied depending on the life-stage of the animal. These authors revealed that the shell
deposited after ~ age 10 had a "0 composition enriched by + 0.27%o vpdb, compared to the
shell deposited in the first 10 years. These authors interpreted the change in the 8*°0 record as
reflecting the transition from the juvenile to the adult phase (supposed to occur around age
10). However, more recent studies showed that T. maxima reaches its sexual maturity at
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around two years-old (Raymakers et al. 2003), suggesting that the geochemical composition
change observed in the 28 years-old T. maxima specimen would rather reflects a transition
from the adult toward the senescent phase.

Considering that the modern and fossil Tridacna maxima specimens studied here are between
~ 8 and ~ 15 year-old, bulk samples might include shell deposited during the senescent phase,
potentially biasing the environmental signature of the isotopic record. Regarding the &0
signature, the difference observed between pairs of groups — fossil 2 and 3 — versus — modern
and fossil 1 — is superior by a factor three to the isotopic difference between adult and
senescent shell isotopic composition as reported by Jones et al (1986) (Figure 1VV-6). Thus, a
potential bias due to ontogenetic trends cannot explain the anomalous negative 80
composition of groups fossil 2 and 3.

On the 8"°C record of the 28 years-old T. maxima specimen, a linear decrease of about 0.04%o
vpdb.year™ is observed along the 28 year-long record with no particular trend beyond age 10
(Jones et al. 1986). Considering that the longest bulk record produced in this study encompass
a time-period of about 11 years (Table I\V-6) and assuming a linear 5'*C ontogenic decrease of
about 0.04%o vpdb.year™, the ontogenic bias in the §**C record would be less than 0.2%o vpdb.
This value is lower than the inter-group differences previously described which range from
0.5 to 1.0%0 vpdb. This evidences that the differences observed in the bulk isotopic
composition of the four groups cannot be explained by the ontogenetic trend only.

b. Giant clam isotopic signature : genus, environment or climate ?

The giant clam data presented in this study shows no relation between the shell isotopic 520
and 8*3C composition and the giant clam’s genus (Figure 1V-6). The differences, observed in
the giant clams’ shell isotopic composition, were thus assumed to reflect environmental
changes rather than genus-specific isotopic signature. However, there is no agreement
between the isotopic composition of groups fossil land fossil 2 and the reef environment
surrounding the archaeological sites were fossils were collected (Table 1V-6). The best
example is shown on Figure 1V-6 by the three giant clams specimens (TmBo, TmBo2 and
HhBo) collected on the same archaeological site of Bourail (characterized by a lagoon
fringing reef environment); that are distributed in groups fossil 1(TmBo and HhBo) and fossil
2 (TmBo02). As such, the various environments cannot explain solely the differences observed
between the groups, implying that these differences reflect changes affecting the climatic-
mean state.

Oxygen stable isotopes —Stable oxygen isotope composition (8'°0) of giant clam shell is
commonly used as a proxy for both sea surface temperature — SST — and sea surface salinity —
SSS — (Aharon 1980; Aubert et al. 2009; Jones et al. 1986; McConnaughey 1989; Watanabe
and Oba 1999). Cold (warm) and salty (fresh) conditions are reflected by high (low) §*0
values. In New Caledonia, the §'®0 composition of modern giant clams reflects the reef
environment : the §*®0 composition of specimens living on the barrier reef presents higher
values than specimen living in a lagoon fringing reef or a in a platform reef, in agreement
with the SST and SSS gradients observed in these two reef environments (Table 1V-1).
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Carbon stable isotopes — Interpretation of stable carbon isotope composition (8*3C) of giant
clam shell is not straighforward and it implies a careful study of the context in which the
organism developped. In giant clams, the stable carbon isotope (8'°C) fractionation due to
vital effect seems limited and it is believed that the shell *3C composition reflects mostly the
seawater dissolved inorganic carbon (DIC) composition (McConnaughey and Gillikin 2008).
Considering that fluvial DIC is often isotopically lighter than oceanic DIC, shell §*3C
sensitivity to DIC could be used as an indirect proxy for SSS, and thus precipitations (e.g.,
Gillikin et al. 2006; Mook and Vogel 1968). However, the modern bulk 8*3C records of giant
clams collected in a fringing reef environment show no significant difference with those of
specimens collected on a barrier reef. All the modern giant clams from New Caledonia have a
8*3C composition depleted by - 0.5 to - 1.5%o vpdb compared to the fossil giant clams (Figure
IV-6). This shift may be related to the anthropogenic *2C input in the atmosphere and in the
ocean resulting from the fossil fuel massive burning that occured for the last 150 years (Suess
effect). The order of magnitude of the **C-depletion observed between modern and fossil
giant clam records is similar to the '*C shift attributed to the Suess effect observed in marine
bivalves shell or sclerosponges (e.g., Bohm et al. 1996; Butler et al. 2010; Swart et al. 2010).
This supports that the **C-depletion recorded by the modern giant clams reflects most likely
the Suess effect. Consequently, the modern 8*3C records cannot be considered as a reliable
baseline against which to compare fossil 8*3C records in terms of SSS. However, fossil 5°C
records that are not affected by this phenomenon are still comparable.

c. La Nifa-like mean state ca. 3,600-3,400 years BP

The Porites sp. colony and the giant specimen HhES from Vanuatu witnessed the climatic
conditions ca. 3,600-3,400 years BP. Specimen HhES, included in group fossil 3, present a
very low 5'®0 value compared to the giant clam specimens from New Caledonia (NC),
indicating that Vanuatu has experienced warmer and fresher conditions than NC at that time
(Figure 1V-6). Fresher conditions are also supported by the lower shell §'°C values of group
fossil 3 compared to the specimens of group fossil 1 (group modern is omitted due to
anthropogenic *2C contamination). This suggests that giant clam HhES was exposed to a
higher fluvial or estuarine DIC concentration than the giant clams from NC, reflecting most
probably a higher precipitation regime in Vanuatu than in NC ca. 3,600-3,400 years BP.
Warmer and fresher conditions in Vanuatu than in NC ca. 3,600-3,400 years BP is consistent
with the differences observed today between these two locations (~3.6°C and ~ 0.5 SSS). This
supports that the modern SST and SSS latitudinal gradients between Vanuatu and NC were
already in place 3,000 years ago.

The fossil Porites sp. colony presents a lower Sr/Ca ratio than the modern colony suggesting
that Vanuatu has experienced warmer conditions than today at that time (Figure 1V-5). The
equivalent SST anomaly using Corrége (2006)’ equation is +3 + 1°C compared to Vanuatu
current conditions. Such SST anomalies were already reported in Papua New-Guinea corals
during the Holocene (Abram et al. 2009). These authors hypothesized that warm anomalies at
the edges of the WPWP were related to a phase of expansion of the WPWP. The warm
anomaly, recorded in Vanuatu, could have been thus related to a southward migration of the
WPWP southern edge and of the SPCZ, as suggested by the warm and wet conditions
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recorded ca. 3,600-3,400 years BP by the giant clam HhES. Such configuration of the WPWP,
in the SW Pacific, strongly suggests that La Nifa-like conditions were most likely operating
in the SW Pacific ca. 3,600-3,400 years BP, in agreement with other paleoclimatic studies in
the Pacific area, which reported that a La Nifia-like mean-state prevailed during the Holocene
until ca. 4,000 years BP (Haug et al. 2001; Koutavas et al. 2006b; Moy et al. 2002; Rodbell et
al. 1999; Sandweiss et al. 2001).

d. Strong ENSO amplitude ca. 3,200-2,700 years BP

Five giant clams collected in New Caledonia — NC — (fossil 1 and fossil 2) and giant clam
specimen TgES, from Vanuatu, provide records of the period 3,200-2,700 years BP. Group
fossil 1 falls within the mean 8'0 composition of the modern specimens (modern), it was
assumed thus, that those giant clams grew under SST and SSS conditions similar to the
modern ones (Figure IV-6). The 50 composition of the other group (fossil 2) is closer to the
880 composition of the Vanuatu giant clam (fossil 3). This indicates that these specimens
grew in a warmer and fresher environment than observed today in NC, close to the warm
conditions found in Vanuatu ca. 3,200-2,700 years BP. These results are supported by the §*C
records: group fossil 1 presented high shell §*C values compared to those of group fossil 2
suggesting that the former experienced higher estuarine/fluvial DIN input, reflecting most
likely a strong precipitation input ca. 3,200-2,700 years BP. The contrasted bulk isotopic
signatures suggest that, in NC, the SST/SSS conditions changed within a 4 to 11 years period,
from near modern NC conditions to fresher and warmer conditions, with temperature being
similar or slightly warmer than experienced today in Vanuatu.

This observation implies that important latitudinal migrations of the southern edge of the
WPWP and of the SPCZ occurred at the inter-annual timescale ca. 3,200-2,700 years BP. In
the SW Pacific, the inter-annual variability in size or location of these climatic features is
strongly linked to ENSO (Gouriou and Delcroix 2002). The fossil giant clam’s isotopic
records are thus reflecting the ENSO activity ca. 3,200-2,700 years BP. The ENSO variability
recorded by the archaeological giant clams is 50% higher than the ENSO variability recorded
by the modern giant clams for the 2000’s decade (Figure IV-7). In addition, the records
available seem to suggest that the ENSO variability ca. 3,000 years BP was skewed toward
the La Nifia-phase (Figure IV-7). An increase in ENSO amplitude and frequency is observed
in many places around the Pacific ca. 3,000 years BP (Haug et al. 2001; Koutavas et al.
2006b; Moy et al. 2002; Rodbell et al. 1999; Sandweiss et al. 2001), however, this is the first
time that such an increase in ENSO amplitude is evidenced in the Southwest Pacific.
Interrestingly, the giant clam specimen from New Caledonia dated at 2,500-2,300 years BP
recorded warm and fresh conditions and fluvial/estuarine influence, suggesting that strong La
Nifa conditions were still operating during the post-Lapita era (TmKoum, fossil 2 — Figure
IV-6).

e. Relation between climate and Lapita migration

Coral and giant clam records from Vanuatu evidenced that a La Nifia-like mean-state was
operating in the Southwest Pacific ca. 3,600-3,400 years BP. Other paleoclimatic
reconstructions showed that stable conditions were prevailing in the Pacific during the
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Holocene, until ca. 4,000 years BP (Haug et al. 2001; Koutavas et al. 2006b; Moy et al. 2002;
Rodbell et al. 1999; Sandweiss et al. 2001). The ca. 3,600-3,400 years BP period encompasses
the emergence of the Lapita culture on the Bismark Archipelago ca. 3,470-3,250 years BP;
(Denham et al. 2012). The stable climatic conditions prevailing in the Pacific suggests that
conditions were favorable for human population development in Near Oceania until ca. 3,600-
3,400 years BP. This may explain why the Lapita migration did not occur earlier whereas
archaeological evidences suggested that Lapita people already matched the requirements for
long-term maritime voyaging, i.e., navigation skills and upwind sailing canoes (Gosden and
Pavlides 1994; Irwin 2008; Di Piazza et al. 2007; Summerhayes 2007).

Lapita settlement in Vanuatu ca. 3,250-3,100 years BP and in Fiji ca. 3,130-3,010 years BP
(Denham et al. 2012), coincided with a period of strengthened ENSO amplitude evidenced
from the archaeological giant clams records of New Caledonia and Vanuatu. This observation
is in agreement with other studies from the West Pacific reporting a increase in the ENSO
amplitude (Tudhope et al. 2001) and in the ENSO frequency (Haberle et al. 2001).
Continental records from Vanuatu and New Caledonia indicates prevailing drier ca. 3,250-
2,500 years BP, suggesting that the SW Pacific area experienced severe droughts, most likely
related to strong El Nifio events at that time (Wirrmann et al. 2011a; Wirrmann et al. 2011b;
Wirrmann et al. 2006). This last observation seems contradictory with the archaeological
giant clam’s records that tends to indicate a shift of the ENSO variability toward La Nifia-
phase. This point should be investigated further by increasing the number of giant clams
records to elucidate whether this observation reflects a real climatic trend toward the La Nifia-
phase or if this trend is due to the relatively limited fossil giant clam specimens available.

This study and the previous paleoclimatic reconstruction indicate that an abrupt increase in
the ENSO amplitude occurred synchronously to the Lapita migration, supporting the
hypothesis that climate had played a significant role in the triggering of the Lapita migration.
Indeed, unstable climate may have favored the development and the expansion of nomad
foraging populations relying on marine resources.

108



IV — LAPITA MIGRATION & CLIMATE VARIABILITY

109



Deux Tridacna maxima en milieu naturel, Fausse Passe de Uitoé,
Nouvelle-Calédonie, Pacifiqgue Sud-Ouest. Septembre 2010. Crédit

photo: N. Duprey.
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V — SYNTHESE

I.  Objectifs

L’objectif principal de ce travail de thése a été de documenter la variabilité climatique du
Pacifique Sud-Ouest a deux périodes clés de I’'Holocéne : 7.0-6.0 et 3.5-2.5 ka BP. Pour cela,
j’ai d’abord étudié le potentiel du bénitier Tridacha maxima comme archive paléoclimatique.
Une fois cette étape réalisée, il a été possible d’utiliser des spécimens fossiles de T. maxima,
en complément d’autres espéces (T. gigas, Hippopus hippopus) et de coraux massifs Porites
sp., a des fins paléoclimatiques. La prise de conscience, il y a quelques décennies, de
I’influence des activités anthropiques sur le systéme climatique global s’est accompagnée
d’un essor sans précédent de 1’étude du climat. La compréhension et la prédiction du climat
sont les objectifs principaux de la climatologie qui s’appuie d’une part sur 1’étude du climat
du passé, la paléoclimatologie et d’autre part sur la modélisation numérique.

La paléoclimatologie repose sur I’analyse d’archives climatiques diverses (par ex., carottes de
sédiments, de glaces, de coraux) qui fournissent des enregistrements de nature variée (par ex.,
humidité, précipitation, température de 1’eau, de I’air) a des échelles temporelles (du siecle
dernier au Paléozoique) et des résolutions temporelles diverses (millénaire a saisonniere).
Décoder les informations enregistrées par ces diverses archives requiert une étude préalable,
dite de calibration, qui a pour but de lier, de facon empirique une variable mesuree dans
I’archive (par ex., composant géochimique, pollinique, écailles de poissons), a un parametre
de I’environnement (par ex., humidité, précipitation, température de 1’eau, de 1’air), on parle
alors de proxy.

Dans le Pacifique tropical, les parametres océanographiques clefs permettant de comprendre
le climat sont la température (SST?) et la salinité (SSS%) de surface de la mer(par ex.,
Gouriou and Delcroix 2002; Picaut et al. 1996). La compréhension de la variabilité climatique
dans cette région nécessite d’atteindre une échelle temporelle assez fine, idéalement
interannuelle a saisonniere. Accéder a cette résolution temporelle est essentielle car c’est a
cette échelle que s’exerce le mode de variabilité le plus fort du systéme climatique, El Nifio
Southern Oscillation (ENSO), qui influe fortement la zone Pacifique (Philander 1990;
Trenberth 1976). Malheureusement, les données instrumentales de SST et de SSS remontent
trés rarement avant 1950. En revanche, la paléoclimatologie permet de pallier ce manque
grace a des enregistrements indirects de SST et de SSS, obtenus a partir d’archives telles que
les coraux et les bénitiers. Si les études de calibration sont abondantes pour les coraux, en
particulier sur le genre Porites sp. (par ex., Correge et al. 2000), elles le sont moins pour les
bénitiers. C’est notamment le cas de I’espéce Tridacna maxima, pour laquelle il n’existe
aucune étude de calibration a I’heure actuelle bien qu’elle possede actuellement la plus grande
aire de répartition et que de nombreux fossiles de cette espéce soient présents sur les
anciennes terrasses coralliennes et sur les sites archéologiques du Pacifique (Aharon 1980;
Moir 1989; bin Othman et al. 2010). C’est pourquoi un des premiers objectifs de mon travail
de these a été d’étudier le potentiel de T. maxima en tant qu’archive paléoclimatique.

22 5eq Surface Temperature
%3 Sea Surface Salinity
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Cet objectif a été réalisé en deux étapes. Dans un premier temps, trois spécimens vivants de T.
maxima ont été placés durant 1 an et 8 mois dans un aquarium dont la température (SST) et la
composition isotopique de 1’eau (8*%0yy) font été mesurées respectivement a une fréquence
horaire et hebdomadaire. Aprés avoir été analysés, les profils sclérochronologiques® ainsi que
la composition en isotopes stables de I’oxygeéne de ces bénitiers (618Oarag_) ont été mis en
relation avec la SST pour calibrer ces proxies.

Une fois les profils sclérochronologiques et la composition isotopique calibrés, il est devenu
possible d’accéder aux enregistrements de SST contenus dans les valves des bénitiers
Tridacha maxima. Ces enregistrements peuvent étre complétés par des enregistrements
similaires obtenus a partir de valves de T. gigas ou d’Hippopus hippopus ou encore de coraux
massifs du genre Porites sp. Ces enregistrements, de résolution interannuelle a saisonniere,
sont particulierement précieux pour mieux comprendre la variabilité climatique dans le
Pacifique Sud-ouest. La variabilité climatique de deux périodes de I’Holocéne mérite une
attention particuliere, I’une vers 7.0-6.0 ka BP, I’autre vers 3.5-2.5 ka BP.

La transition de I’Holocéne inférieur vers I’Holocéne moyen (~ 7.0-6.0 ka BP) s’accompagne
en effet de I’émergence de la variabilité ENSO actuelle. L’amplitude de la variabilit¢ ENSO
durant I’Holocéne inférieur est modérée puis elle augmente graduellement au cours de la
deuxieéme partie de I’Holocene. La fréquence et I’amplitude de la variabilit¢é ENSO augmente
brusquement il y a 3000 ans (~ 3.5-2.5 ka BP) pour atteindre une fréquence et une amplitude
qui n’ont pas d’équivalent au cours de la premiére partic de I’Holocéne (Haug et al. 2001;
Koutavas et al. 2006b; Moy et al. 2002; Rodbell et al. 1999; Sandweiss et al. 2001).
Documenter 1’état moyen du systéme climatique du Pacifique Sud-Ouest lors de ces deux
périodes particulieres est primordial pour comprendre les changements survenus dans
I’activité ENSO en absence de tout forgage anthropique. Dans le Pacifique Sud-Ouest, I’état-
moyen climatique est caractérisé par les variations de la marge sud-est de la West Pacific
Warm Pool (WPWP?) et de la zone de convergence du Pacifique Sud (SPCZ*®) qui
gouvernent respectivement les variations interannuelles et saisonnieres de la SST et de la SSS
— cad la balance évaporation / précipitation — (Gouriou and Delcroix 2002). La SST et la SSS
sont donc des parameétres-clés pour étudier les fluctuations de la taille et de la localisation de
la WPWP et de la SPCZ.

Il.  Potentiel du bénitier Tridacha maxima comme archive paléoclimatique

L’¢tude de la composition isotopique de la coquille de Tridacna maxima s’est également
révelée prometteuse. Cette étude, portant sur un specimen actuel collecté en Nouvelle-
Calédonie, a permis de mettre en évidence que la coquille aragonitique de Tridacna maxima
est précipitée en équilibre isotopique avec I’eau de mer (chapitre Il). Les variations

2 Sclérochronologie: du grec “sklero”, dur et “chronos”, le temps. C’est I’étude des parties dures des étres vivants, ici 4 des
fins paléoclimatiques.

% \West Pacific Warm Pool

% 5outh Pacific Convergence Zone
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saisonnigres de 8'°Ouay sont donc le résultat des variations saisonniéres de la SST et du
8"%0gw. Le 820y étant gouverné par la balance évaporation/précipitation, c’est donc un proxy
de la SSS. Le 80, refléte donc a la fois la SST et la SSS. Une fonction de transfert
empirique reliant le paramétre (5'°0amg - 6'°0Ow) & la SST a pu étre établie, validant
I’utilisation de T. maxima comme archive climatique (chapitre 11).

L’étude sclérochronologique de trois bénitiers modernes de Nouvelle-Calédonie a permis de
montrer (i) que les stries d’accroissement du bénitier Tridacna maxima étaient déposées a une
fréquence journaliere et (ii) que I’épaisseur des stries journaliéres était positivement corrélée a
la SST (chapitre II). Les stries d’accroissement enregistrent donc les variations saisonniéres
de SST. J’ai ensuite établi une fonction lin€aire empirique reliant 1’épaisseur des stries a la
SST permettant une estimation des extremums saisonniers et de 1’amplitude saisonniére.
Cependant, 1’épaisseur des stries d’accroissement n’est pas seulement fonction de la
température de 1’eau. Elle résulte également d’un ensemble de facteurs physico-chimiques
(nutriments, salinité, turbidité, marées) et physiologiques (reproduction, maladie, ontogénie)
(par ex., Aubert et al. 2009; Pannella 1976; Pannella and MacClintock 1968; Poulain et al.
2011; Rhoads and Pannella 1970; Schone 2008; Schwartzmann et al. 2011). Ces facteurs
peuvent altérer la relation reliant la SST a 1’épaisseur des stries de croissance et donc réduire
la fiabilité des stries d’accroissement de T. maxima comme proxy de la SST. En effet, notre
étude a mis en évidence des arréts de croissance ainsi que des périodes durant lesquelles la
relation linéaire entre SST et épaisseur des stries d’accroissement était altérée,
vraisemblablement en réponse a des facteurs non-climatiques (chapitre II). L’interprétation de
I’épaisseur des stries d’accroissement de Tridacha maxima en termes de paléo-SST nécessite
un examen approfondi des profils sclérochronologiques afin de détecter des anomalies ou des
arréts de croissance. L’utilisation de profils obtenus sur différents individus ayant enregistrés
la méme période de temps permet de s’affranchir des anomalies de croissance individuelles et
fait ressortir les variations climatiques saisonniéres, permettant ainsi de compléter et de
recouper les informations obtenues a partir de I’analyse géochimique de la coquille de T.
maxima (chapitre II).

La composition en isotopes stables de I'oxygéne (6180a,ag) de T. maxima est un proxy
fiable de la salinité et de la température des eaux de surface. L'étude des stries
d’accroissement de T. maxima fournit un proxy complémentaire de la température,
notamment dans le cas de fossiles affectés par des altérations diagénétiques.

lll.  Variabilité climatique durant la transition Holocéne inférieur — Holocéne
moyen : comparaison données / modeles

Température de surface de [’eau de mer — En analysant deux coraux massifs fossiles du genre
Porites sp. et un benitier fossile collectés au Vanuatu, j’ai pu obtenir des enregistrements de
SST et de SSS pour la période 7.0-6.0 ka BP. Les températures de surface reconstruites a
partir des coraux sont similaires aux températures actuelles (Figure V-1a). La marge sud-est
de la WPWP, définie par I’isotherme 28°C, atteignait donc le Vanuatu (15°S) a cette période.
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Ceci indique que la phase de réchauffement post-glaciaire était terminée lors de la transition
Holocene inférieur - Holocene moyen et que la WPWP était dans une configuration similaire
a celle observee actuellement. Ces résultats sont cohérents avec les simulations obtenues a
partir des modeles couplés océan-atmosphére-végétation du programme Paleoclimate
Modelling Intercomparison Project phase Il — PMIP Il (Figure V-3). En effet, dans la région
Pacifique Sud-Ouest les températures de surface moyenne simulées a 6000 ans BP ne
présentent pas de différence avec les températures actuelles. Les modeles utilisés dans le
cadre du programme PMIP-II reproduisent bien les valeurs moyennes de SST dans le
Pacifique Sud-Ouest.

Les variations saisonnieres de SST sont un paramétre-clés pour conprendre les forgages
climatiques opérant a 1’échelle saisonnicre aisni que pour €valuer les modeles numériques.
Les coraux fossiles ont enregistré une amplitude saisonniére de la SST similaire a celle
enregistrée par les coraux actuels (Figure V-2). Ceci implique que les variations latitudinales
saisonniéres de la marge sud-est de la WPWP avaient la méme amplitude qu’actuellement.
Cependant, le contraste saisonnier de I’insolation était plus faible durant la transition
Holocene inférieur-Holocéne moyen qu’il ne I’est actuellement (Berger and Loutre 1991).
L’insolation est le forgage majeur dans les modeles numériques. Par exemple, les modeles du
projet PMIP Il suivent les variations d’insolation et reproduisent une variation amplitude
saisonniere de SST reduite dans le Pacifique Sud-Ouest (Braconnot et al. 2000; Liu et al.
2000). Les modeles ne reproduisent pas les variations saisonniéres de SST observées dans les
enregistrements coralliens. Ceci souligne probablement les difficultés des modeles a
reproduire les variations saisonnieres de SST dans cette zone. D’avantage de données
paléoclimatiques sont nécessaire afin de mieux caractériser et de mieux comprendre les
variations saisonnieres de SST dans le Pacifique Sud-Ouest.

Balance évaporation / précipitation — L’¢tude des enregistrements coralliens datant de la
transition Holocene inférieur — Holocéne moyen a permis de mettre en évidence, d’une part,
des conditions plus salées dans le Pacifique Sud-Ouest indiquant un déficit de précipitations
(Figure V-1b) et d’autre part un cycle hydrologique saisonnier inversé montrant une influence
réduite de la SPCZ durant 1’été austral (Figure V-2). Dans le Pacifique Sud-Ouest le régime
des preécipitations était donc découplé de la SPCZ. Ceci implique que la position moyenne de
la SPCZ était au nord de sa position actuelle, en accord avec d’autres études montrant que la
zone de convergence intertropicale (ITCZ) était située au nord de sa position actuelle durant
I’Holocene inférieur, en réponse a une insolation supérieure de 1’hémisphere nord liée a la
configuration orbitale (Figures V-1c et V-1d). Cette information suggere que I'ITCZ et la
SPCZ ont un comportement analogue en réponse au forcage orbital. Le déplacement de
I’ensemble des structures convectives du Pacifique au cours de I’Holocéne inférieur aurait
maintenu ’essentiel des précipitations dans 1’hémisphére nord, causant ainsi 1’augmentation
de salinité observee dans le Pacifique Sud-Ouest dans la permic¢re moitié de I’Holocéne.
D’autre part une intensification du transport de chaleur vers la zone extra-tropicale due a un
renforcement de la circulation de Hadley a pu augmenter significativement 1’évaporation dans
la zone tropicale, contribuant a I’augmentation de la salinité¢ observé dans les enregistrements
fossiles (Gagan et al. 1998).

115



V — SYNTHESE

Figure V-1 (page suivante). Mise en perspective des enregistrements de SST et de SSS
obtenus au cours de ma thése dans le contexte climatique Holocene. La transition Holocene
inférieur — Holocéne moyen et la période correspondant a la migration Lapita sont figurées
en grisé.

a - SST enregistrée par les coraux étudiés dans ma thése. Les données sont normalisées par
rapport a la moyenne du corail moderne (chapitres 11 et 1V). La courbe en gris foncé est un
lissage Gaussien de 25 mois.

b - Reconstruction de la composition en isotopes stables de ['oxygene de l’eau de mer
(6'80sy). ™20, reconstruit & partir de carottes de sédiments collectées dans la WPWP en
bleu. L enveloppe représente l'intervalle correspondant a un écart-type des données issues de
Stott et al. (2004) et de Lea et al. (2000). Losanges blancs : 8Os, reconstruit & partir des
coraux fossiles du Vanuatu étudiés dans ma these (les barres d’erreur représentent un écart-
type - chapitre I11).

c - Teneur en Titane (%) de la carotte sédimentaire ODP 1002 prélevée dans le bassin de
Cariaco — moyenne glissante de 3 points — (Haug et al. 2001). La teneur en titane refléte les
apports terrigenes issus du ruissellement des eaux de pluies. Une teneur élevée est interprétée
comme indiquant un régime de précipitations fort et une position moyenne de ['ITCZ vers le
nord.

d - Insolation recue par la Terre aux mois de janvier et de juillet, aux latitudes 15N, 15S, 65N
et 65S (Berger and Loutre 1991). Cette figure illustre les changements d’insolation entre les
deux hémispheres et les changements dans [’amplitude du contraste saisonnier au sein de
chaque hémisphere.

e - Composition en isotopes stables de I’oxygéne (5*°0) de la stalagmite D4 collectée dans la
grotte Dongge (Chine) (Yuan et al. 2004). Le 60 refléte les précipitations issues de la
mousson asiatique (Asian Monsoon A.M.), un appauvrissement en 2O est interprété comme
indiquant des précipitations abondantes et une mousson forte, caractérisée par une position
moyenne de [’'ITCZ vers le nord.

f - Evolution du gradient zonal de SST dans le Pacifique. La SST est reconstruite a partir du
rapport Magnésium/Calcium de foraminiféres. Courbe rouge : SST dans la WPWP (carottes
sédimentaires MD70, MD 71 et MD 81 (Stott et al. 2004) et ODP 806B (Lea et al., 2000). La
courbe représente ['intervalle correspondant a un écart-type. Courbe bleue : SST dans la cold
tongue, Pacifique Est (carottes sédimentaires V21-30 et V19-28 (Koutavas et al. 2006a). Les
fleches verticales bleues illustrent le gradient zonal de SST dans le Pacifique aux deux
périodes étudiées.

g - Densité de charbons issus de carottes sédimentaires lacustres collectées en Papouasie
Nouvelle-Guinée et en Indonésie (Haberle et al. 2001). Les charbons reflétent la fréquence de
feu de foréts. Les auteurs associent la fréquence des feux de foréts a la fréquence des
événements ENSO.

-> The english version of this caption is on page 118.
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Figure V-1. SST and SSS records obtained in this work included in the Holocene climatic
context. The two periods studied are highlighted by the dashed areas.

a - SST anomalies calculated from the strontium calcium ratio of the fossil coral colonies
studied during my thesis (data were normalized with the mean of the modern coral - chapters
Il and IV). Dark grey curve is the 25-months Gaussian filtered data.

b - Reconstruction of the oxygen stable isotopes composition of seawater (5'20s,). Blue area :
5804y data from the WPWP area, the area represents one standard deviation calculated from
the data of Stott et al. (2004) and Lea et al. (2000). Empty diamonds: 6Oy, data from the
Southwest Pacific area, error bars represent one standard deviation (chapter I11).

¢ - Titanium content (%) of the sediment core ODP 1002 collected in the Cariaco basin (3-
points running mean) (Haug et al., 2001). Higher Ti content refRects greater terrigenous input
from riverine runoff and is interpreted to indicate greater precipitation and a more northerly
mean latitude of the ITCZ.

d - Earth insolation during January and July at latitudes 15N, 15S, 65N and 65S (Berger,
1978). This figure shows the inter-hemispheric insolation constrast evoluation and the
seasonal insolation contrast evolution for each hemisphere.

e - Oxygen stable isotopes composition (5*%0) of stalagmite D4 collected in Dongge Cave,
China (Yuan et al., 2004). 5'®0 reflect the asian monsoon (A.M.) precipitation regime, ‘20-
depletion is interpreted as reflecting abundant precipitation and strong monsoon,
caracterised by a northerly located ITCZ.

f - Pacific zonal SST gradient evolution. SST data are reconstructed from foraminifers’
magnesium calcium ratio. Red curve : WPWP SST from sediment cores MD70, MD71 et MD
81 (Stott et al., 2004) and ODP 806B (Lea et al. 2000). Curves represent the one standard
deviation interval. Blue curve : cold tongue SST (Eastern Pacific) from sediment cores V21-
30 and V19-28 (Koutavas et al. 2006).Vertical blue arrows indicate the zonal gradient across
the Pacific Ocean for the two periods studied.

g - Charcoal density from lacrustine sediment records collected in Papua New Guinea and in
Indonesia (Haberle et al. 2001). Charcoal density reflects the fire frequency. Authors related
the fire frequency to the ENSO events frequency.
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Figure V-2. Variations saisonniére du Sr/Ca (rouge) et du 6°Ogy (bleu) dans les coraux
collectés au Vanuatu. Les valeurs moyennes de 6O, (ligne noire) et [intervalle
correspondant a plus ou moins un écart-type (bleu) ont été calculés a partir des points
représentés par des carrés (ie., les extrémes saisonniers n’ont pas été inclus). a —
enregistrement d’'un corail actuel b et ¢ — enregistrements obtenus a partir des coraux datés a
6.7-6.5 années BP.

Figure V-2. Seasonal variations of Sr/Ca (red) and 6"*Osy (blue) from corals collected in
Vanuatu. The average 5°Os, (black line and 1 standard deviation interval in blue) was
calculated by averaging the data points represented by the squares (i.e., extremes not
included), a — modern coral record, and b & ¢ — 6.7— 6.5 yrs BP fossil coral colonies.
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Figure V-3. Cartékde synth_ése du hrbgramme PMIP2/MOTIF : différence entre la SST
moyenne annuelle simulée par six modéles de type océan-atmosphere-végétation et la SST
instrumentale actuelle. Unité Kelvin. source : http://pmip2.Isce.ipsl.fr/database/map.

Figure V-3. Synthesis map of PMIP2/MOTIF programme: difference between annual mean
SST simulated by six ocean-atmosphere-vegetation models and instrumental SST. Units :
Kelvin. source : http://pmip2.1sce.ipsl.fr/database/map.
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Les simulations du programme PMIP-11 montrent des changements important dans le régime
des précipitations dans la zone Pacifique Sud-Ouest (Figure V-4). Les modeles montrent un
deficit de précipitation au nord de I’emplacement actuel de la SPCZ a 6000 ans BP et un
excés de précipitation au niveau de 1’axe Papouasie Nouvelle Guinée- Salomon-Vanuatu-
Fidji. Ceci suggere que les modéles place la SPCZ au sud de sa position actuelle a 6000 ans
BP. Ces résultats sont en contradiction avec les enregistrements obtenus dans le cadre de ma
these qui indiquent, au contraire, un déficit de précipitation sur le Vanuatu en réponse a un
déplacement de la SPCZ au nord de sa position actuelle (Chapitre I11). Ces résultats
contradictoires indiquent soit une interprétation erronnée des enregistrements
paléoclimatiques, soit un biais dans la modélisation de la dynamique de la SPCZ. A I’heure
actuelle les données paléoclimatiques concernant la variabilit¢ de la SPCZ au cours de
I’Holocene sont insuffisantes pour pouvoir trancher entre ces deux hypotheses.
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Figure V-4. Carte de synthese du programme PMIP2/MOTIF : différence entre les
précipitations moyennes annuelles simulées par six modéles de type océan-atmosphére-
végétation et les précipitations instrumentales actuelles. Unité mm.jour™. Source :
http://pmip2.1sce.ipsl.fr/database/map.

Figure V-4. Synthesis map of PMIP2/MOTIF programme: difference between annual mean
precipitation simulated by six ocean-atmosphere-vegetation models and instrumental
precipitation. Units : mm.day™. Source : http://pmip2.lsce.ipsl.fr/database/map.

Variabilité ENSO — L’enregistrement de 8'°0 obtenu a partir d’un corail fossile datant de la
transition Holocéne inférieur — Holocene moyen montre que I’amplitude d’El Nifio Southern
Oscillation (ENSO) était réduite de 20-30% comparé a la variabilité ENSO de la période
1928-1992 (Chapitre I11). L’ordre de grandeur de la réduction de la variabilit¢ ENSO observé
dans notre enregistrement corallien est en accord avec les études paléoclimatiques précédentes
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(Figure V-5) ainsi qu’avec les simulations des mode¢les couplés océan-atmosphére (Zheng et
al. 2008).
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Figure V-5. Amplitude de ENSO enregistrée par des colonies de coraux massifs en
Papouasie Nouvelle-Guinée (Tudhope et al. 2001) et dans le Pacifique central (Woodroffe
2003; Woodroffe and Gagan 2000).

Figure V-5. ENSO amplitude recorded by fossil massive corals from Papua New Guinea
(Tudhope et al., 2001) and from the Central Pacific (Woodrooffe et al., 2003; Woodrooffe and

Gagan, 2000).

Les mécanismes liés a la diminution de I’activité ENSO soient encore sujet a discussion (par
ex., Chiang et al. 2009; Luan et al. 2012; Marzin and Braconnot 2009; Roberts 2007).
Cependant, un des mécanismes ayant pu contribuer a la baisse de I’acitivité ENSO durant
transition Holocéne inférieur — Holocene moyen pourrait étre lié au changement de
configuration orbital. En effet, durant I’Holocéne inférieur, le forgage orbital augmente le
contraste thermique entre les deux hémispheres ainsi qu’entre les continents et les océans.
Ceci génere un renforcement des alizés dans I’hémisphere sud et de la mousson asiatique dans
I’hémisphére nord (Figure V-1e). La mousson asiatique renforce a son tour le régime des
alizés, via la circulation de Walker, durant 1I’été boréal. L’action de ces deux facteurs a pu
contribuer a empécher le développement d’éveénements El Nifio durant I’Holocéne inférieur
(Marzin and Braconnot 2009). Cependant, dans le cas des enregistrements coralliens obtenus
dans le Pacifique Sud-Ouest, le découplage entre la SPCZ et le régime des précipitations, mit
en évidence précédement doit également étre considére. En effet, le découplage entre la SPCZ
et les précipitations a pu également contribuer a réduire I’amplitude du signal ENSO
enregistré dans le corail fossile.

Les comparaisons données - modéles a 6000 ans BP dans le Pacifigue Sud-Ouest ont
permis de mettre en évidence que i) les modeles ne reproduisent pas les variations
saisonnieres de SST ii) les modeéles et les données ne sont pas cohérent en ce qui
concerne la position moyenne de la SPCZ iii) les données confirment 'ordre de grandeur
de la baisse de ENSO simulée par les modeles. Ces conclusions mettent en avant i)
lincapacité des modéles a reproduire certains aspects de la variabilité climatique
Holocéne, ainsi que ii) le manque de données paléoclimatiques concernant les
changements de position et d’intensité de la SPCZ ainsi que les variations saisonniéres
de SST cours de I'Holocéne. Ces derniers points sont des axes de recherche
prometteurs aui mériteraient d’étre approfondis dans les années a venir.
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IV.  Peuplement de I’Océanie Lointaine ~ 3000 ans BP et variabilité
climatique

Les bénitiers collectés sur les sites archéologiques Lapita ainsi que le corail fossile ont permis
d’étudier le climat du Pacifique Sud-Ouest a deux périodes clés de la migration Lapita. Au
cours de la premiere période, qui s’étend de 3.6 a 3.4 ka BP, la culture Lapita apparait dans
les 1les Bismarck (Denham et al. 2012; Kirch 1997). La deuxieme période, de 3.2 a 2.7 ka BP,
correspond a la phase de migration de la population Lapita : c’est durant ce laps de temps que
les premiers navigateurs colonisent 1’Océanie Lointaine jusqu’aux iles Tonga et Samoa, soit
un périple de prés de 4500 km a travers 1’Océan Pacifique (Burley et al. 1999).

L’enregistrement Sr/Ca du corail fossile étudié au cours de ma these révéle que la période de
3.6 a 3.4 ka BP est caractérisée par des conditions plus chaudes que actuellement, ce qui
suggere une expansion de la marge sud-est de la WPWP dans le Pacifique Sud-Ouest. Cette
observation est en accord avec les conditions chaudes et humides enregistrées par les benitiers
fossiles datés de cette époque (chapitre 1V). Des conditions anormalement chaudes et humides
sont caractéristiques, dans le Pacifique Sud-Ouest, des phases La Nifia. Dans le Pacifique
Sud-Ouest, les phases La Nifna sont associées a un régime de vent d’est — les Alizés — bien
établi. Le Pacifique Sud-Ouest a vraisemblablement connu un régime de vent dominé par des
Alizes forts avant la migration Lapita. Les reconstructions paléoclimatiques précedemment
publiées montrent également que le climat de la zone Pacifique était caractérisé par des
conditions de type La Nifa et par une variabilit¢ ENSO faible jusqu’aux environs de 4.0-3.0
ka BP (chapitres I11 et 1V; Gagan et al. 2004; Haug et al. 2001; Koutavas et al. 2006a; Moy et
al. 2002; Rodbell et al. 1999; Sandweiss et al. 2001).

L’étude des bénitiers provenant des sites archéologiques Lapita a montré que la région
Pacifique Sud-Ouest a connu, durant I’intervalle 3.2-2.7 ka BP, une alternance de périodes
présentant des conditions similaires a la période actuelle et de périodes plus chaudes,
accompagnées d’un excés de précipitations (Figure V-6). Les positions de la marge sud-est de
la WPWP et la SPCZ ont donc fluctué entre une position proche de leur emplacement actuel
et une position située plus au sud. Cette variabilité interannuelle accrue reflete
vraisemblablement 1’occurrence de phases de type La Nifia prononceées, indiquant une forte
amplitude de la variabilit¢é ENSO. Bien que les enregistrements disponibles suggérent une
variabilit¢ dominée par des évenements La Nifia (conditions plus chaudes et exces de
précipitations), il est possible que les occurrences d’événements El Nifo (conditions froides et
déficit de précipitations) n’aient pas ¢été représentées dans I’effectif de bénitiers fossiles
étudiés (n=8). Des études sedimentaires et palynologiques menées au Vanuatu et en
Nouvelle-Calédonie ont montré I’existence de conditions plus séches et plus froides il y a ~
3000 ans, révélant que le Pacifique Sud-Ouest a également connu des phases El Nifio a cette
époque (Wirrmann et al. 2011a; Wirrmann et al. 2011b; Wirrmann et al. 2006). A I’inverse
des phases La Nifia, qui sont caractérisées par un régime de vents d’Est, les phases El Nifio
sont associées a des vents d’Ouest. Il est donc trés probable que le régime des vents ait été treés
variable au moment de la migration Lapita.

122



V — SYNTHESE

Les données paléoclimatiques disponibles dans la zone Pacifiqgue montrent une augmentation
de la fréquence d’ENSO il y a ~ 3000 ans (Figure V-5). Par ailleurs, la diminution de la
mousson asiatique (Figure V-1e) associée a la réduction du gradient zonal de SST le long du
Pacifique équatorial lors de I’Holocéne supérieur auraient réduit ’intensité de circulation de
Walker (Figure V-1f). La circulation de Walker réduite aurait permis une augmentation de
I’amplitude (Figure V-3c) et de la fréquence d’évenements ENSO, qui atteint des valeurs
élevées dans le Pacifique-Ouest ~ 3000 années BP (Figure V-1g et \VV-5). La coincidence de ce
changement dans la variabilit¢ ENSO, qui n’a pas d’équivalent au cours de I’Holocéne, et de
la migration Lapita il y a 3000 ans, souleve de nombreuses questions.
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Figure 1\V-6. Enregistrements de 60 “bulk” obtenus d partir de bénitiers Tridacna maxima
actuels (2000-2009) et fossiles (3500-2500 ans BP). Le losange noir est la moyenne des
enregistrements fossiles. Remarque : /’axe des ordonnées est inversé : les conditions chaudes
et humides sont donc indiquées par des valeurs faibles de 6'®0, et les conditions froides et
séches correspondent aux valeurs élevées de §'°0.

Figure 1V-6. Modern (2000-2009) and fossil (3,500-2,500 years BP) giant clam Tridacna
maxima bulk 60 records. The black diamond is the mean fossil 50 value. Note that the y-
axis is inverted so that warm and wet conditions correspond to Jow 620 values and cool and
dry conditions are indicated by high 620 values.
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V. Quelles hypothéses pour la migration Lapita ?

L’un des aspects intrigant de la migration Lapita vers I’Océanie Lointaine est son déroulement
survenant relativement tard au cours de I’Holocéne — ca. 3000 ans BP. En effet, des études
archéologiques ont montré que les populations présentes depuis 35 000 ans en Papouasie
Nouvelle-Guinée, dans les iles Salomon et les fles Bismarck possedaient a priori les
connaissances nécessaires en matiere de navigation a voile ainsi que des pirogues capable de
remonter au vent (Gosden and Pavlides 1994; Irwin 2008; Di Piazza et al. 2007,
Summerhayes 2007). Ces connaissances auraient été suffisantes pour mener & bien des
voyages d’explorations vers I’est du Pacifique avant la migration Lapita. Cependant la prise
de risque des explorateurs lors de tels voyages a la voile doit également étre considérée. De
tels voyages ont vraisemblablement ¢été entrepris dans le but d’assurer la survie de la
population et/ou lors que la prise de risque était minimale. Les conditions climatiques stables
mises en évidence avant la migration Lapita (Chapitre 111 & 1V) ont sirement été propice au
développement des populations présentes depuis 35 000 ans dans cette zone sans pour autant
encourager les voyages d’explorations vers I’est (Groube et al. 1986; Leavesley et al. 2002;
O’Connell and Allen 2004). De plus, le régime des alizés qui dominait vraisemblablement a
cette époque a pu restreindre ’accessibilité des iles de ’Océanie Lointaine a la voile. En
revanche, 1’augmentation de la fréquence (Haberle et al. 2001 - Figure V-1g) et de
I’amplitude (chapitre 1V; Tudhope et al. 2001) de la variabilité ENSO a partir de 4000 ans BP
ont pu rendre les populations de I’Océanie Proche plus vulnérables aux aléas climatiques. Un
régime climatique instable a pu empécher le développement et le maintien de I’élevage et de
I’agriculture (Gupta 2004; Richerson et al. 2001) et entrainer une augmentation de la
fréquence des feux de foréts en zone tropicale (Haberle et al. 2001). En effet, lors d’un
événement EI Nifio, le déplacement de la WPWP vers le centre du Pacifique, consécutif a la
baisse du régime des alizés, s’accompagne du déplacement du centre de convection vers 1’est,
générant d’importantes sécheresses dans la zone Pacifique Ouest (par ex., Haberle et al. 2001;
Lyon 2004; Picaut et al. 1996). Des conditions instables auraient donc favorisé un mode de
vie nomade, basé, dans le cas des Lapita, sur I’exploitation des ressources marines. Des
simulations démographiques de la migration Lapita tendent a appuyer ’hypothése que les
Lapita aient pu étre des “gitans de la mer”, du moins pendant les premiers temps de la
migration (Di Piazza and Pearthree 1999). De plus, les changements de régime de vents
associés a une activité ENSO forte, survenant de maniere réguliere et donc relativement
prédictible, ont pu étre mis a profit par ces “gitans de la mer” pour accroitre leur domaine
d’exploration dans un premier temps, puis, dans un second temps, pour assurer des échanges
réguliers entre les différentes iles de I’Océanie Lointaine et établir des colonies stables.

La migration Lapita vers I'Océanie Lointaine, ca. 3000 années BP, a coincidé avec la
transition depuis des conditions climatiques stables, dominées par des conditions du type
La Nifa, vers un régime instable caractérisé par une variabilité ENSO accrue. L’instabilité
climatique liee a ENSO a probablement rendu les populations en place plus vulnérables
aux aléas climatiques, forgant ainsi les habitants de I'Océanie Proche a privilégier un
mode de vie nomade, basé sur les ressources marines. La variabilité du régime des
vents associée a I'activité ENSO a également pu faciliter la migration Lapita.
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VI. Perspectives

Cette thése a permis de compléter nos connaissances sur 1’évolution de la variabilité
climatique dans le Pacifiqgue Sud-Ouest au cours de I’'Holoceéne. En retour, cette these a
également soulevé plusieurs questions, en particulier en ce qui concerne I’influence de la
SPCZ sur le Pacifique Sud-Ouest.

- Quelles ont été les variations latitudinales de la SPCZ aux échelles millénaire,
décennale, interannuelle et saisonniére aux différentes périodes de I’'Holocéne ?

- Comment a évolué I’amplitude saisonniere de la SST durant I’Holocene ?

- A quelle période de I’Holocéne la SPCZ a-t-elle atteint sa configuration actuelle ?

- Quelle a été la réponse climatique des différents archipels composant 1I’Océanie
Lointaine (Fidji, Tonga, Samoa) a la modification du régime ENSO ca. 3.0 ka BP ?

Les enregistrements paléoclimatiques de I’Holocéne obtenus sur les coraux fossiles lors de ma
these viennent étoffer la base de données déja existante pour la région Pacifique. L’ajout de
ces nouvelles données compléte en particulier la série d’enregistrements coralliens obtenus
dans le Pacifique Sud-Ouest (Vanuatu et Nouvelle-Calédonie) au cours de differentes études
effectuées en partenariat avec I’Institut de Recherche pour le Développement (IRD). Ces
enregistrements, qui s’étendent du Younger-Dryas®’ (Corrége et al. 2004) jusqu'a nos jours en
passant par ’Holocéne inférieur (Beck 1997; Beck et al. 1992; Montaggioni et al. 2006) et
I’Holocéne supérieur (Corrége et al. 2000) offrent une opportunité unique de répondre aux
interrogations précédentes. En effet, ces archives permettraient de documenter la variabilité
saisonniére, interannuelle et décennale, des fluctuations de la WPWP et de la SPCZ.

A I’ére de la modélisation climatique, le “patrimoine paléoclimatique” acquis par I’IRD offre
une dimension supplémentaire a la paléoclimatologie et mériterait d’étre exploré de nouveau.
Peu de données sont actuellement disponibles sur les variations de la SPCZ durant ’Holocéne
et un des défis majeurs pour les années a venir est justement la modélisation de cette structure
climatique qui est jusque la peu contrainte malgré son role-clé dans le climat du Pacifique
Sud-Ouest (par ex., Gouriou and Delcroix 2002). Je me suis apercu, en effet, que le
“patrimoine paléoclimatique” du Pacifique Sud-Ouest n’avait pas été exploité au maximum de
son potentiel car, d’une part, les données existantes ne sont pas comparables quantitativement
entre elles et, d’autre part, la nature des analyses (isotopes de I’oxygeéne, éléments traces)
differe d’une étude a ’autre.

La “révision” de ce “patrimoine paléoclimatique” impliquerait dans un premier temps un
(ré)examen approfondi de I’intégrité géochimique des fossiles ayant servi a la production de
ces enregistrements. Le deuxiéme handicap de ce patrimoine est 1’impossibilité de comparer
ces enregistrements de maniere quantitative tant pour les enregistrements isotopiques que
pour les éléments traces. En effet, ’existence de biais analytiques systématiques d’un
laboratoire a 1’autre et d’un instrument a l’autre limite fortement la comparaison des
enregistrements. L’annexe 1 développe de maniére plus approfondie ces difficultés auxquelles

2 Episode d’intense refroidissement global s’étant produit de 12800 & 11500 BP.
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j’ai été confronté lors de ma thése et des solutions sont proposées pour résoudre ces biais
systématiques. Le troisieme point-clé de cette ré-analyse est la “standardisation” du type
d’analyses effectuées. En effet, la majeure partie des enregistrements disponibles dans la
banque de fossiles de I’IRD sont des enregistrements de Sr/Ca et donc de paléo-SST. Or, la
SSS est un parametre-clé pour étudier la variabilité climatique dans cette région. La
valorisation de ce “patrimoine climatique” passe donc également par des analyses
complémentaires visant a obtenir des enregistrements de la composition en isotopes stables de
I'oxygéne (8'°0) des fossiles, en parallele des enregistrements de Sr/Ca, afin d’extraire
I’enregistrement de SSS contenu dans le 20 du corail.

Les travaux réalisés au cours de ma thése sur la calibration du bénitier Tridacna maxima
comme archive paléo-climatique ouvrent de nouvelles possibilités concernant 1’utilisation de
specimens fossiles de cette espéce dans des reconstructions paléo-climatiques. Il est ainsi
envisageable de compléter la ré-analyse du patrimoine-corail de I'IRD par des
enregistrements de bénitiers fossiles de I’espéce Tridacna maxima.

L’abondance de spécimens fossiles retrouvés lors de fouilles archéologiques offre également
une perspective intéressante pour mettre en relation les migrations humaines dans le Pacifique
et le climat. Les tendances observées dans cette étude (chapitre 1V) montrent une
augmentation de la variabilit¢ ENSO et une prédominance d’évenements La Nifa. Ces
tendances doivent étre confirmées ou infirmées en multipliant le nombre d’enregistrements
obtenus a partir de bénitiers datés autour de la période Lapita. La grande quantité de bénitiers
collectés sur les nombreux sites archéologiques Lapita devrait permettre d’évaluer ’amplitude
de la variabilité interannuelle liee a ENSO (par ex., en appliquant la méthode de bulk
sampling utilisée dans ma these — chapitre 1V) et ainsi obtenir un panorama de la variabilité
climatique sur I’ensemble du Pacifique-Ouest. Ces données devraient également permettre de
dater, de manicre précise, I’apparition et I’évolution du changement dans la variabilit¢ ENSO
au cours de I’Holoceéne supérieur.

L’étude de la variabilité de la SPCZ au cours de I'Holocene est un enjeu de taille pour la
compréhension de la variabilité climatique passée et future. La ré-analyse du “patrimoine
paléoclimatique” du Pacifique Sud-Ouest, acquis durant les dernieres décennies,
permettrait de remplir cet objectif. La possibilité d’utiliser le bénitier Tridacna maxima
comme archive climatique ouvre de nouvelles possibilités concernant ['utilisation de
spécimens fossiles dans des reconstructions paléoclimatiques. Ceci permet en particulier
d’utiliser les échantillons archéologiques prélevés dans la zone Indo-Pacifique, durant les
fouilles des derniéres décennies, pour mettre en relation les peuplements humains et le
climat.

Remarque : les enregistrements géochimiques obtenus au cours de ma these sur les coraux et
les bénitiers (actuels et fossiles) seront a termes disponibles au téléchargement sur le site de la
National Oceanic and Atmospheric Administration (NOAA) a partir du lien suivant :
http://www.ncdc.noaa.gov/paleo/datalist.html.
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Prélevement d’eau de mer pres du thermosalinographe (cylindre
vertical) de la Fausse Passe Uitoé, Nouvelle-Calédonie. Les données
SST et SSS de cet instrument ont été utilisées dans ma thése. John
Butscher, Aolt 2010. Crédit photo: N. Duprey.
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géochimiques de bio-carbonates (coraux, coquilles)
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Jai prélevé au cours de ma thése 2400 échantillons de poudre de squelette corallien et 300
¢chantillons de poudre de coquille de bénitiers a 1’aide d’un micro-échantillonneur. Parmi ces
2700 échantillons, 960 ont été analysés sur un ICP-MS pour obtenir la composition en
strontium/calcium et 1240 ont été analysés sur un spectrometre de masse pour obtenir la
composition isotopique (isotopes stables de I’oxygene et du carbone). Ne sont pas inclus dans
cette liste les analyses correspondant aux matériaux de référence, aux standards servant a la
calibration de I’appareil et les séries répliquées pour vérification. Cette banque de donnée
s’ajoute aux nombreux travaux déja publiés dont la plupart sont accessibles via le site internet
de la National Oceanic  and Atmospheric Administration (NOAA)
[http://www.ncdc.noaa.gov/paleo/datalist.html]. Il serait donc extrémement intéressant de
comparer mes données a celles obtenues au cours de travaux précédents afin d’avoir un
panorama des tendances climatiques au cours de I’Holocéne a I’échelle de I’Océan Pacifique.
Cependant les résultats d’une étude d’inter-comparaison entre les trois différents
spectrométres de masse utilisés au cours de ma thése m’ont amené a réfléchir sur les
méthodologies employées lors de I’analyse de bio-carbonates et a reconsidérer la fagon
d’utiliser les bases de données mises a dispositions via le net.

I.  Etude de reproductibilité des analyses isotopiques

Les analyses isotopiques présentées dans ma thése ont été réalisées sur trois modéles de
spectrometres de masse différents dont les caractéristiques sont listées dans la table A-1:

Table A-1 : Caracteéristiques des equipements de spectromeétrie de masse utilisés dans cette
étude.

équipement # 1 équipement # 2 équipement # 3

Systéme de génération Multiprep carbonate Multiprep carbonate

Thermo Kiel IV®

de CO, Gilson® Gilson®
Spectromatre Thermo DeltaV GV instrument GV instrument
P Advantage® IsoPrime® Optima®

Température piége a
eau (°C)
Température acide
Phosphorique (°C)

-120 -70 -70

70 90 90

Pour Vérifier dans quelle mesure il était possible de comparer les résultats obtenus sur ces
différents équipements, j’ai réalisé des tests d’inter-calibration en analysant des réplicats d’un
méme échantillon sur des équipements différents. La table A-2 récapitule la nature et le
nombre d’échantillons analysés ainsi que I’équipement utilisé.
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Table A-2 : Caractéristiques des échantillons analysés dans cette étude.

Reférence Nature Minéralogie Remarques Equ.  Equ. Equ.

#1 #2 #3
. Réplicats du méme
Marceau marbre calcite échantillon ) o 8
bivalve Réplicats du méme
Macha Mesodesma aragonite IDéchantillon ) 10 °
donacium
corail . Echantillons 102 (37°C)
PSp-07-09 Porites sp. aragomte indépendants 87 (6180)

Dans le cas des matériaux Marceau et Macha, plusieurs réplicats ont été analysés. Une valeur
moyenne et un écart type de 5'°C et de 530 ont ensuite été calculés pour chaque matériau et
pour chaque équipement (Figures A-la et A-1b). Dans le cas du matériau Psp-07-09, il s’agit
d’une série d’échantillons indépendants prélevés le long d’un transect parallele a I’axe de
croissance du corail et analysés une fois avec I’équipement #1 et une seconde fois avec
I’équipement #2 (Figure A-1c et A-1d).

Les résultats des inter-comparaisons pour les analyses de §3C et de 5'®0 sont trés différents.
Sur les deux comparaisons effectuées, #2 vs. #3 (Figures A-la et A-1b) et #1 vs. #2 (Figures
A-1c et A-1d), le §"3C montre une trés bonne reproductibilité avec des résultats se trouvant
sur la droite théorique (y=x). En revanche, les analyses de 820 affichent des résultats plus
contrastés, la comparaison #1 vs. #2 (Figure A-1b) montre un décalage moyen de 0.26%o0 vpdb
entre les deux spectrometres, avec un decalage minimum observé pour les valeurs les plus
faibles (0.15%o vpdb) et maximum pour les valeurs les plus élevées (0.36%o vpdb). Converti
en valeurs équivalentes de température en considérant un rapport moyen de 0.2%o par degrés
Celsius (par ex., Epstein et al. 1953; McConnaughey 1989; Weber and Woodhead 1972;
Wellington et al. 1996), ceci entraine un décalage moyen de plus d’un degré Celsius avec un
décalage maximum de 1.4°C. La comparaison entre les équipements #2 vs. #3 (Figure A-1d)
montre que la droite théorique y=x est inclue dans I’intervalle représentant 1’écart-moyen de
chaque analyse par rapport a la droite théorique, indiquant que les analyses de ces appareils
sont reproductibles. Cependant la dispersion des réplicats autour de la droite théorique est
importante, ce point sera discuté par la suite.

Les résultats de cette inter-comparaison montrent que la reproductibilité des analyses de §*3C
sur ces trois équipements est tres satisfaisante. En revanche, la reproductibilité des analyses de
8'%0 varie selon 1’équipement utilisé. Ainsi un biais systématique de 0.26%o vpdb équivalent a
un écart de température de plus de 1°C, a été observé entre les équipements #2 et #3. La
présence de biais systématique entre les équipements utilisés rend extrémement
problématique toute comparaison avec des données d’études précédentes dont les conditions
d’analyses ne sont pas connues. Ceci est d’autant plus vrai pour des études portant sur la
variabilité climatique Holocéne, cette derniére étant caractérisée par des variations de
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température de ’eau de surface, a 1’échelle millénaire, de faible amplitude, i.e., 1 — 3°C (par
ex., Abram et al. 2009; cette étude).

613C versus 613C 6180 versus 6180
(%ovpdb) (%ovpdb)
25 1.0
a b
05
2.0 1 /
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Figure A-1. Comparaison d’analyses isotopiques (5*°C et 6°0) obtenues avec les différents
équipements détaillés dans la Table A-1. Comparaison des résultats obtenus avec les
équipements #1 versus #2: a- rapport isotopique &C, b - rapport isotopique ¢'°0O.
L’intervalle grisé représente = un écart-type de part et d’autre de la droite de régression des
sets de données comparés. Comparaison des résultats obtenus avec les équipements #3 versus
#2: c-rapport isotopique °°C, d-rapport isotopique 0. L’intervalle grisé
représente /’écart-moyen de chaque analyse par rapport a la droite théorique y=x.

Ces biais systématiques remettent €¢galement en cause l’utilité des fonctions de transfert
établies entre un proxy géochimique et la variable qu’il représente, incluant celle produite
dans le chapitre IT de ma thése (isotopes stables de ’oxygéne de la coquille de bénitier vs.
SST). Ainsi on peut s’interroger sur les raisons du décalage systématique d’environ 0.5%o
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vpdb observé dans I"ordonnée a Iorigine des fonctions de transfert SST = f (8**Ognerr - 8*°Osw)
établies pour les bénitiers, alors que les pentes de ces fonctions sont quasiment identiques
(Figure A-2). Il m’a semblé important de développer ici une réflexion sur les causes possibles
des biais systématiques dans les analyses géochimiques des carbonates en m’appuyant sur les
résultats précédents i.e., Figure A-1, ainsi que sur une étude bibliographique?.

32
1 - Watanabe and Oba, 1999 . . .
| —— Aubert et al,, 2009 Figure A-2. Droites issues
| -===  Aharon and Chappell, 1983 des fonctions de transfert
30 4 e This study empiriques reliant la

différence (6*®Ogpen - 0'%0su) &
la SST pour les bénitiers
Hippopus hippopus (Aubert et
al. 2009; Watanabe and Oba
1999), Tridacna  maxima
(cette étude) et une fonction
calculee a partir de données
obtenus sur les deux genres de
bénitiers — Hippopus et
Tridacna — (Aharon 1980).

Sea Surface Temperature (°C)

T B T T LS T T TR . ST T

-2.5 -2 - -1 -0.5 0

6180shell = 618osw (%0 de b)

II. Causes possibles des biais systématiques pour les analyses isotopiques
(cas du 8§'°0)

Vapeur d’eau — Lorsque les valeurs de §'20 présentent un biais alors que le §*°C reste stable,
comme observé dans notre étude, il y a vraisemblablement eu un échange entre le dioxyde de
carbone (CO;) issu de I’échantillon lors de la dissolution par 1’acide phosphorique et
I’oxygeéne provenant d’une molécule d’eau (H,0O). Malgré 1’utilisation de pieges a eau dans le
circuit du spectrométre de masse, il n’est pas exclu que des molécules d’eau persistent dans
les volumes et/ou sur les surfaces du circuit de capillaires emprunté par le CO,. Les capillaires
constituent des surfaces d’échanges privilégiées entre le dioxyde de carbone issu de la
dissolution du carbonate et les molécules d’eau. La présence de molécules d’eau dans les
capillaires peut s’expliquer par le fait que ’acide utilisé lors de la dissolution du carbonate
(acide phosphorique) est fortement hygroscopique et a tendance a se dimériser en libérant une

% Remarque : le but recherché ici n’est pas de comparer les qualités analytiques des équipements présentés.

147



ANNEXE

molécule d’eau dont I’oxygéne peut potentiellement s’échanger avec I’oxygéne des molécules
de CO; issu de I’échantillon. C’est ici que la différence entre 1’équipement utilisé peut
intervenir. En effet, les températures de fonctionnement des pieges a eau (Table A-1) et la
géométrie du circuit emprunté par le CO; (i.e., les volumes et surfaces des capillaires) sont
différentes sur les trois équipements. De plus, les dispositifs d’extraction de CO, des
équipements #2 et #3 ne fonctionnent pas de la méme maniére. Avec le dispositif #2, aucun
échange avec I’atmosphére n’est possible a partir de la mise en vial®® jusqu'a I’analyse. En
revanche, si I’air contenu dans le vial contient de la vapeur d’eau, un échange peut survenir et
ce d’autant plus que le vial est préchauffé a 90°C pendant plusieurs heures avant I’analyse.
Dans le dispositif #3, les vials sont placés ouverts dans une enceinte close portée a 70°C ce
qui permet un échange avec I’extérieur tant que 1’analyse n’est pas réalisée. Ces différences
de technologies entre les équipements #2 et #3 pourraient expliquer les biais observés sur les
analyses de 5'%0.

Température de ['acide — La différence majeure entre les technologies utilisées dans les
équipements #2 et #3 réside dans la temperature a laquelle se déroule la réaction de
dissolution du carbonate par I’acide phosphorique (Table A-1). La température de I’acide
entraine un fractionnement des isotopes de 1’oxygene lors de I’attaque. Ce fractionnement,
fonction de la température de travail, est en théorie connu et corrigé par le logiciel fourni par
le constructeur du spectrométre de masse. Cependant, les équations reliant la température a la
valeur du coefficient de fractionnement disponibles dans la littérature ont été calculées a partir
de relativement peu de réplicats et les constantes de ces équations (pente et ordonnée a
I’origine) difféerent selon les études. Ainsi, la gamme de valeurs du coefficient de
fractionnement de la calcite a 25°C s’étend de 10.10 a 10.52 (Kim et al. 2007). Kim et al.
(2007) ont recalculé une valeur du coefficient de fractionnement de la calcite a 25°C a partir
d’un nombre plus conséquent de réplicats et ont obtenu une valeur moyenne de 10.25. Les
équations reliant la température a la valeur du coefficient de fractionnement possédent donc
une marge d’incertitude qui pourrait également expliquer les problémes de reproductibilité
observés.

La valeur d’usine pour le spectrometre de I’équipement #2 est 10.20. Je n’ai pas pu avoir
accés aux valeurs des deux autres équipements, on peut donc s’interroger sur le type
d’équation utilisé dans les deux autres spectrometres utilisés pour cette étude. Les données
isotopiques disponibles sur le site de la NOAA ne comportent pas de métadonnées précisant
ce type d’information, de sorte qu’il est risqué d’effectuer des comparaisons entre les
différentes séries de données.

Phénomene de “vieillissement” des échantillons — La figure A-1d montre que, bien qu’il n’y
ait pas de biais systématique entre les résultats donnés par les équipements #2 et #3, les
valeurs des réplicats de 80 présentent une variabilité importante comparée aux réplicats de
8"%C. Le fait que seul le 8'°0 soit affecté suggére qu’il y a eu échange d’oxygéne entre le
carbonate et la vapeur d’eau. Les équipements #1 et #2 utilisent le méme dispositif
d’extraction de CO3, I’échange entre carbonate et vapeur d’eau pouvant survenir lors de cette

% Nom donné au tube en verre au fond duguel se trouve la poudre de (bio) carbonate & analyser.
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¢tape n’est donc pas en cause. En revanche une étude de Tobin et al. (2011) a montré qu’un
phénoméne d’altération ou “vieillissement” de la poudre de carbonate pouvait survenir au
cours du temps. Ces auteurs ont ainsi observé une décroissance du rapport isotopique 520 de
—0.1%o.jour™ pour de la poudre de carbonate stockée & 70°C pendant 24 h. La granulométrie
de la poudre est un parametre important dans ce phénomene qui a été observé pour une
poudre dont le diametre des grains était d’environ 10 um. Aucune altération notable du
rapport isotopique 50 n’a été observée pour des grains d’un diamétre d’environ 20 pm.
Tobin et al. (2011) expliquent ce phénomeéne par un échange entre le carbonate et la vapeur
d’eau survenant a la superficie des grains. En effet, le volume d’une sphére augmentant plus
rapidement que la surface, plus le grain est gros, moins le vieillissement de la poudre a de
conséquences sur la valeur moyenne du 8*0. Le réle du phénomeéne de vieillissement des
poudres dans les biais systématiques de mesure reste cependant probablement limité car il
dépend de la proportion de la fraction de poudre de I’échantillon dont le diamétre est inférieur
a 10 um. En revanche il pourrait expliquer la variabilité observée dans la série des 100
réplicats analysés sur les équipements #1 et #2.

lll.  Matériaux de référence : clé de volte de la géochimie

Afin d’assurer la répétabilité et la reproductibilité d’une analyse geochimique, un (ou
plusieurs) échantillon d’un matériau dont la composition géochimique est connue avec
précision est analysé dans les mémes conditions que les échantillons dont on cherche a
déterminer la composition chimique. La composition chimique de ce matériau est déterminee
en le faisant analyser par plusieurs laboratoires. La valeur moyenne de ces analyses est
considérée comme étant la composition chimique du matériau, qui fera alors office de
référence. On parle de valeur certifiée. Les valeurs mesurées sur les matériaux dont la
composition est inconnue sont ensuite corrigées (si nécessaire) en fonction de la différence
entre la valeur certifiée et la valeur obtenue (mesurée) du matériau de référence. Un matériau
de référence doit avoir les caractéristiques suivantes :

- Il doit étre de la méme nature que le matériau utilisé (du carbonate si le matériau
analyse est composé de carbonate etc.),

- La concentration en éléments analysés doit étre dans la gamme des valeurs attendues
pour le matériau a analyser,

- Il doit étre composé de la méme matrice que le matériau analysé. Dans le cas des
carbonates, selon que 1’on travaille avec un matériau minéral ou biogénique, le minéral
(par ex., calcite ou aragonite) et la teneur en matiere organique (par ex., marbre ou
corail) peuvent varier fortement, induisant de potentiels “effets de matrice” qui
contribuent a diminuer la précision de ’analyse. Par exemple, on choisira un bénitier
de référence pour corriger des analyses géochimiques d’un bénitier dont on cherche la
composition.

Ce sont ces matériaux de référence qui sont les garants de I’inter-comparaison des données
géochimiques utilisées en paléoclimatologie. Cependant il existe des problemes liés a la
détermination de ces valeurs dite de référence et au choix du matériau de référence.
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Cas des analyses de Strontium/Calcium : Pour les analyses de rapport strontium/calcium dans
les coraux du genre Porites sp., un des matériau de référence utilisé est le JCp-1 qui est issu
du squelette d’une colonie de corail du genre Porites sp. collectée dans les fles Ryukyu —
Japon — (Inoue et al. 2004; Okai et al. 2002). Le matériau de référence choisi est donc tout a
fait adapté au matériau a analyser et le fait que le matériau de référence et le matériau a
analyser soient issus d’organismes du méme genre permet une correction optimale de 1’effet
de matrice. Le probléme majeur rencontré avec ce matériau est sa valeur de référence en
strontium/calcium qui n’est pas encore établie avec précision. La figure A-3 montre des
valeurs de température de surface reconstruites a partir de ce matériau de référence JCp-1
analysé par 18 laboratoires différents répartis sur 4 continents.
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Figure A-3. Reconstruction de température des eaux de surface (SST) obtenue a partir de
valeurs moyenne du matériau de référence JCp-1(corail Porites sp.) analysés dans 18
laboratoires différents. Les barres d’erreur représentent I’écart-type des analyses effectuées
dans les différents laboratoires. Dans certains cas ces barres d’erreurs sont plus petites que
les symboles. La bande grisée représente un intervalle de correspondant a 1°C. D apres
Hathorne et al. (2010).

La gamme de température obtenue est de prés de 7°C, correspondant a des valeurs en Sr/Ca
variant de 8.54 a 8.98 mmol/mol. Une telle différence de température reconstituée a partir
d’analyses d’un méme matériau est trés clairement bien trop importante par rapport a la
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précision nécessaire lors d’études paléoclimatiques. D’autre part, les études paléoclimatiques
(reconstructions ou calibrations) basees sur des analyses de Sr/Ca précisent rarement si un
matériau de référence a été utilisé ni, le cas échéant, quelle valeur certifiée a été utilisée (par
ex., Abram et al. 2009; Beck 1997; Gagan et al. 1998; Kilbourne et al. 2004; McCulloch et al.
1996; Morimoto et al. 2002; Ren et al. 2002). Comme pour les fonctions de transfert établies
pour les bénitiers, les fonctions calculées pour le rapport Sr/Ca et la SST dans les coraux
présentent des variations importantes de I’ordonnée a l’origine alors que les pentes sont
similaires (Figure A-4).

30
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Montaggioni et al 2006
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Sr/Ca Beck et al. 1992
24 \ Sr/Ca Corrége 2000
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Sea Surface Temperature (°C)
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Sr/Ca Porites sp. (mmol/mol)

Figure A-4. Droites issues des fonctions de transfert empiriques reliant le rapport strontium-
calcium a la température des eaux de surface (SST) calculées pour [’espéce de corail massif
Porites sp. (Beck et al. 1992; Correge 2006; Correge et al. 2000; Montaggioni et al. 2006;
Quinn and Sampson 2002)

Ceci laisse penser qu’une partie de ces erreurs pourrait étre due a des biais systématiques
liés 1/ & une absence d’utilisation de matériaux de référence 2/ a des valeurs certifiées non
unifiées. Ceci illustre d’une part les disparités qui existent entre les laboratoires et donc
I’importance d’utiliser le méme matériau de référence lors d’analyses a des fins
paléoclimatiques et d’autre part la difficulté a déterminer des valeurs de références certifiées.

Cas des analyses de 8'®0 : Lors de ’engouement des paléoclimatologues pour ’étude des
isotopes stables de I’oxygéne (5'°0) des archives carbonatées biogéniques dans les années
1950, un matériau de référence a été créé a partir de tests fossiles du bélemnite Belemnitella
americana provenant de la formation géologique PeeDee en Caroline de Sud, Etats-Unis
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(Craig 1957; Craig 1953; Epstein et al. 1953; Epstein et al. 1951). La composition isotopique
de ce matériau de référence, désigné par le sigle PDB, est arbitrairement définie comme le
point zéro des mesures de 5'%0 et de 8*3C. Lorsque ce matériau a été épuisé, il a été remplacé
par d’autres matériaux calibrés par rapport au PDB lui-méme : le Vienna PeeDee Belemnite et
le marbre NBS-19 qui sont toujours utilisés aujourd’hui pour corriger les mesures isotopiques
faites sur les bio-carbonates, incluant les coraux et les bénitiers.

Ces trois matériaux de référence sont composes de calcite alors que les coraux et les bénitiers
sont composés d’aragonite : la matrice des matériaux de référence utilisés depuis 50 ans n’est
donc pas la méme que celle des matériaux analysés. Ceci est en contradiction avec le point
numéro 3 concernant les caractéristiques des matériaux de références. Pourtant, une étude de
Kim et al. (2007) montre que, lors de la dissolution par I’acide phosphorique, les coefficients
de fractionnement de 1’aragonite et de la calcite ne varient pas de la méme fagcon suivant la
température de 1’acide (Figure A-5). Bien que les valeurs des coefficients produits par Kim et
al. (2007) soient contestés par Gilg et al. (2007) ces derniers s’accordent a dire que les
coefficients de fractionnement entre calcite et aragonite peuvent différer de 0.2%o. Bien que
Gilg et al. (2007) considérent cette valeur comme faible, il s’agit néanmoins d’une erreur de
I’ordre de 1°C en termes de paléo-température.
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Figure A-5. Relation entre le coefficient de fractionnement de [’aragonite (triangles bleus) et
de la calcite (cercles rouges) lors de la dissolution du carbonate de calcium par [’acide
phosphorique, en fonction de la température de ce dernier (exprimé en 10°kelvin™). Les deux
équations correspondantes sont également représentées. D aprés Kim et al. (2007).
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Parmi les 21 travaux (en 2012) qui citent le papier de Kim et al. (2007), aucun ne traite de
paléo-reconstructions basées sur des analyses de corail ou de bénitiers. L’article de Gilg et al.
(2007), quant a lui, n’est cité qu’une seule fois. D’autre part, il est intéressant de noter que les
logiciels intégrés aux trois spectrometres utilisés dans cette étude ne permettent pas de
modifier les valeurs de la relation entre les coefficients de fractionnement. Ceci montre le peu
d’intérét porté a ces problémes d’une part par la communauté des paléo-climatologues, et
d’autre part par les constructeurs des spectrométres de masse.

IV. Conclusions, Préconisations et Perspectives

Compte tenu des biais systématiques affectant potentiellement les fonctions de transfert, il
n’est pas possible de comparer quantitativement des données géochimiques issues d’archives
fossiles ou modernes analysées sur des équipements différents, sauf si une inter-calibration a
pu étre réalisée. Les données géochimiques issues de 1’analyse d’archives fossiles doivent étre
interprétées a la lumiére d’archives modernes analysées sur les mémes équipements et non a
celle de données instrumentales.

Dans le cas des bio-carbonates, il est impératif d’utiliser des matériaux de référence qui
proviennent d’un organisme de la méme espéce (ou au moins du méme genre) afin de pouvoir
corriger de maniere optimale 1’effet de matrice. Lorsqu’aucun matériau de référence n’existe
dans le commerce, comme ¢’est le cas pour les analyses de 520 et de §*3C pour les coraux et
bénitiers, ou lorsque la valeur certifiée d’un matériau est contestée, comme c’est le cas pour le
Sr/Ca pour JCp-1, il est indispensable de pallier ce mangue par la création d’un matériau de
référence interne pour corriger a minima I’effet de matrice de maniére optimale. Il est
¢galement possible d’envisager une correction a posteriori des séries d’analyses réalisées
alors que la valeur du matériau de référence ne reposait pas sur un nombre significatifs de
réplicats. La création d’un matériau de référence est donc un investissement a long terme pour
les laboratoires d’isotopie.

Plus généralement, il est indispensable de continuer les recherches sur I’influence de la
température de 1’acide phosphorique sur le coefficient de fractionnement de la calcite et de
I’aragonite afin d’établir des bases robustes qui permettraient une standardisation des mesures
isotopiques au niveau international. De méme, ces observations soulévent également le
probléme li¢ au manque de métadonnées concernant I’utilisation des matériaux de référence et
des valeurs certifiées utilisées lors de 1’analyse des données géochimiques accessibles sur
internet.
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Session Paleocéanographie et Paléoclimatologie de la
conférence de I’American Geophysical Union, lors de la
présentation des résultats du chapitre Il et de [’étude
suivante — annexe 2 (posters.) San Franciso, E.U.

Décembre 2011. Crédit photo: N. Duprey.
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The recent increase in sea surface temperature and ocean acidification raises major concerns about the evo-
lution of the coral calcification rate. Digitized X-radiographs have been used for coral skeleton density mea-
surements since the 1980s. The main limitation of coral densitometry from digitized X-radiographs is the
X-ray intensity heterogeneity due to spherical spreading (inverse square law) and heel effect. Until now,
extra X-ray images or aluminum standards have been used to correct X-radiographs. However, such correc-
tive methods may be constraining when working with a high number of coral samples. Here, we present an
inexpensive, straightforward, and accurate digital detrending (DD) method to correct the heterogeneities of
the X-ray irradiation that affect X-radiographs. The X-radiograph is corrected against the irradiation imprint
recorded by its own background using a kriging interpolation method, thus allowing reliable optical density
measurements directly on the corrected X-ray image. This digital detrending (DD) method was validated
using skeletal bulk density measurements and computerized tomography (CT). Coral densitometry using
DD corrected X-radiographs does not require the destruction of the coral sample and provides high-
resolution measurements. Since DD does not require extra aluminum standards to correct X-radiographs,
this method optimizes the working space available on the X-ray image. Moreover, it corrects the entire
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Density

Porites sp.
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X-radiograph, thus larger samples or numerous samples can be X-rayed at the same time.

© 2012 Elsevier B. . All rights reserved.

1. Introduction

Recent changes evidenced in global sea surface temperature (SST)
and oceans' pH, raise major concerns about the future of coral reefs
(IPCC, 2007; Kleypas, 1999; Pandolfi et al., 2011). A major consequence
of ocean pH decrease is the diminution of the aragonite saturation state
(Qarag)- A compilation of data documenting calcification response to the
Qarag decrease among individual coral species, coral mesocosms and in
situ reef communities, showed that this response was consistently neg-
ative (Pandolfietal., 2011). Since the early 1990's an unprecedented de-
clining trend of the coral calcification rate (product of the annual
extension rate and the coral skeleton density) has been observed in
Great Barrier Reef records, most probably due to the recent increase in
SST and to ocean acidification (Cooper et al., 2008; De'ath et al., 2009).
Conversely, coral response to combined ocean warming and pH de-
crease appears highly variable and often non-linear. Moreover, coral re-
sponse is also greatly influenced by other factors such as nutrients,
pollutants or salinity so that projecting the future of coral reefs in a glob-
al warming and ocean acidification context is still uncertain (Pandolfi et

* Corresponding author at: Institut de Recherche pour le Développement IRD, 32
Avenue Henri aragnat, 93140 Bondy France. Tel.: +33 688932745; fax: +33
148025554.
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al., 2011). As stated by the IPCC report (2007) “acidification is an emerg-
ing issue with potential for major impacts in coastal areas, but there is little
understanding of the details. It is an urgent topic for further research, espe-
cially programs of observation and measurement”. Documenting the long
term trends in coral calcification is crucial in understanding the mecha-
nisms and implications of ocean acidification on coral reefs, in order to
predict coral reef future.

Coral calcification rate (CR) is calculated by CR=ERxd, where
(ER) is the annual extension rate and (d) is the coral skeleton density.
Whereas extension rate can be directly measured from the banding
pattern revealed by X-radiography, many methods have been devel-
oped since the 1970s to measure skeletal density. Direct mea-
surements have been performed based on mercury displacement
(Dustan, 1975), water displacement (Hughes, 1987) and coral pore
volume calculation (Carricart-Ganivet et al., 2000). Although these
methods provide reliable measurements, they are time consuming,
imply the destruction of the sample and provide low measurement
resolution (generally performed by sampling annual growth in-
crements). Methods that do not require the destruction of the coral
sample, such as gamma densitometry (Chalker and Barnes, 1990) or
medical X-ray computerized tomography (CT) (Bosscher, 1993)
are quick and provide higher resolutions (less than one millimeter,
i.e., monthly resolution or higher). However, these methods rely on
specialized and expensive equipment, not always easily accessible.
Alternative methods for coral skeleton density measurement are
based on digitized X-radiographs (Carricart-Ganivet and Barnes,
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2007; Chalker et al., 1985; Helmle et al., 2000). Optical densities
(0OD)? of X-radiographs are measured on film or on digital images
and converted into density values using OD reference standards
(e.g., Tridacna maxima shells and/or aluminum wedges).

An important drawback is that X-radiographic instruments do not
provide uniform irradiation of the entire area covered by the X-ray
film and may therefore result in misleading density measurements.
Two reasons account for such irradiation heterogeneities: the heel
effect which is defined by an irradiation gradient along the anode-
cathode axis and the inverse square law which states that the irradi-
ation is inversely proportional to the square of the distance from the
X-ray source (Carricart-Ganivet and Barnes, 2007; Chalker et al.,
1985; Helmle et al., 2000; Meredith and Massey, 1971). The irradia-
tion gradient caused by the heel effect may lead to biases in density
measurements up to 26% (Chalker et al., 1985), which is similar to
the seasonal density variations that are reported for massive corals
Montastrea annularis (20% — Carricart-Ganivet and Barnes, 2007),
Porites sp. (15% — this study) and Siderastrea siderea (30% — this
study). Several alternative methods have been proposed to overcome
such miscalculations. For example, Helmle et al. (2002) performed
paired X-radiographs (using the same settings) of a coral sample
and an aluminum plate. Therefore, it was possible to correct the
coral sample image from the irradiation heterogeneities recorded by
the aluminum plate's X-radiograph. However, considering that each
X-radiograph has to be taken twice, this technique becomes expen-
sive and time-consuming when a high number of samples have to
be analyzed. Carricart-Ganivet and Barnes (2007) proposed a simple
way for correcting the heel effect. The correction is based on the
measurement of OD variations on an aluminum bar located beside
the coral sample along the anode-cathode axis. The heel effect-
related distortions are then measured, and extrapolated over coral
samples. The method provides a reliable one-dimensional correction
along the anode-cathode axis. Unfortunately, the extrapolation of
this correction to the whole X-radiograph image may only be applied
upon particular settings (X-ray source to film distance and film
dimension).

In the present study, we introduce a digital detrending (DD) meth-
od which corrects the heterogeneously irradiated X-radiographs. This
method is inexpensive, straightforward and accurate. The DD method
uses the X-ray irradiation imprint, recorded by the X-radiograph's
background, to reconstruct a full image of the irradiation pattern.
The X-radiograph's background is defined here as the image area
without any objects or graphical information such as letters or num-
bers. The resulting modeled image is then subtracted from the original
X-ray image, therefore enabling reliable optical density measure-
ments from the corrected X-ray image. This method provides a correc-
tion of X-ray irradiation heterogeneities on the whole X-radiograph,
which means a two-dimensional correction. The digital detrending
(DD) method was used for densitometry measurements on samples
of widely studied massive corals Porites sp. and S. siderea (De'ath
et al.,, 2009; Guzman and Tudhope, 1998; Lough and Cooper, 2011).

2. Materials and methods
2.1. Computed X-radiography

Experiments were performed using a medical computed radiogra-
phy (CR) device. CR produces digitized images obtained directly from
an imaging plate (IP) instead of a conventional photo sensitive film.
IP is placed beneath coral slabs before being irradiated (Fig. 1a).
The final result is an 8 bits digitized image (pixel values comprised
between 0 and 255). Such an image can be used for optical density

2 In the following study the Optical Density (OD) refers to the gray level from 0 to
255 corresponding to the 8 bits coding of the digital images.

(OD) measurements and be easily modified with conventional
image-processing software. CR is affected by heterogeneous X-ray
irradiation just like conventional radiography.

The CR device was a Super Contact® X-ray device (General Electric
Company). X-radiographs were acquired with Fuji® imaging plates
made of photosensitive phosphorus. Digitized images were then
obtained using an IP reader (Fuji® FCR 5000). The resolution of this
device is lower than conventional X-radiography.

2.2. X-ray irradiation heterogeneities

2.2.1. Heel effect

The heel effect is responsible for the irradiation intensity gradient
along the anode-cathode axis: the electrons emitted from the cath-
ode interact with the anode resulting in a high exposure at the cath-
ode side of the IP and a decrease toward the anode side (Fig. 1b).

2.2.2. Inverse square law

The inverse square law models the three-dimensional spherical
spreading of the X-ray beam: irradiation intensity is attenuated by a
factor proportional to the inverse of the squared distance from the
X-ray source to the IP surface. As IP is generally centered beneath
the X-ray source, the irradiation pattern shows over-exposed area at
the center of the image, decreasing toward the edges (Fig. 1b). The in-
fluence of spherical spreading on the irradiation pattern gets lower
with increasing source-subject distance.

The inverse square law specifies that the ratio of X-ray intensity
on the IP (I;) to intensity on the subject surface (I,) is:

L (5ms) 0

L= 2
* (%)
where Sp = source to IP distance and s = sample thickness.

2.3. Computed tomography

Computed tomography (CT), with its high-contrast resolution, al-
lows accurate and reliable density measurements, as this method is
not influenced by the X-ray beam distortion phenomena that usually
affect computed radiography. A CT-scan was used to compare density
profiles measured on DD corrected images to the density profile of
the CT scan. The computerized tomography device used was a Phillips
Brilliance 40®. CT density values are expressed as Hounsfield units.

2.4. Reference materials

We used two massive corals slabs as reference samples. Reference
slab Rg was cut off a core drilled in 2008 from a living colony of the
reef-building species S. siderea at Cahuita reef (9°44’N-82°48'W),
Limon, Costa Rica. Rg size was 280x 70 mm; slab thickness (s) was
5 mm. Reference slab R, was cut off from a living colony of the
reef-building species Porites sp. at the Fausse Passe de Uitoé reef
(22°17’S-166°10’E), New-Caledonia, France, in 2010. This coral was
collected alive and transferred into an aquarium in 2008. R, size
was 150x 150 mm and the slab thickness (s) was 10 mm. For coral
density measurements, a reference transect for both slabs was set
along the maximum growth axis, perpendicular to the growth
increments. For Rg, the reference transect trs was 87 mm long and
encompassed 15 couplets of high and low density bands; for R;, the
reference transect tr, was 130 mm long and encompassed 13
couplets of high and low density bands. In order to avoid as much
as possible intra-corallite density variations, the width of the density
transects was 10 mm to include approximately three S. siderea
corallites (polyps mean diameter~3 mm) and ten Porites sp. corallites
(polyps mean diameter~1 mm).
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Fig. 1. Computed radiography (CR). a — scheme of the settings used in this study: the anode-cathode axis is along the x axis, Sp is the X-ray source to IP surface distance, Ss is the
X-ray source to coral sample surface and s is the sample thickness. b — theoretical irradiation patterns that affect CR, the color scale shows the attenuation of the irradiation;
blue: no attenuation, red: high attenuation. ¢ — photograph of the two giant clam wedges (d..m) used for the density calibration, scale is given by the one Euro money coin.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.5. Density scaling

Density scaling is based on two, two-sided wedges (dqam —
Fig. 1c) cut from the internal layer of a giant clam's shell Tridacna
squamosa. One wedge is 17.4 mm high and 54.2 mm long with slopes
of 26.6° and 41.2°. The second wedge is 15.9 mm high and 71.8 mm
long with slopes of 43.4° and 16.0°. The bulk densities of the wedges
were obtained by weighing with a hydrostatic balance.

Care should be given when cutting a wedge into a giant clams’
shell as it is composed of three distinct aragonitic layers (internal
layer, external layer and hinge layer) which present their dis-
tinct density and crystallographic structure (N. Duprey, unpublished
data). To avoid any measurement bias, wedges must be cut into either
external or internal shell layer. X-radiographs revealed that the
density of the whole shell's internal layer (dshe;) Was homogeneous.

To ensure the consistency of the density scaling, another scaling
standard (dpowder) was added on some X-radiographs for comparison
purposes. Standard dpowder is composed of 14 plastic cubes filled with
Porites sp. coral aragonite powder (grain size<200 um). Each cube was
filled with a carefully weighted amount of powder to obtain a density
scale from O to 3 for an equivalent sample thickness of 12 mm.

Both plastic cubes filled with coral powder and wedges have a similar
range of density values. However, wedges were favored for their small
sizes because these optimize the space available on the X-radiograph,
so that more coral samples can be X-rayed at the same time.

2.6. X-radiographs

All the X-radiographs and their characteristics are listed in Table 1.
For this study, we used eight X-radiographs made with the CR device
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Table 1
Characteristics of the computed X-radiographs used in this study.
Group Label Samples orientation® Sp (cm) Reference samples® Density standard® k mAs date
A Al Perpendicular 130 Rs+Rp delam 73 8.0 04-2012
A2 Parallel
A3 Diagonal
B B1 Perpendicular 80 Rs+Rp delam 70 6.4 04-2012
B2 Parallel
B3 Diagonal
C c1 Perpendicular 100 Rs dpowder 73 8.0 07-2010
C2 Perpendicular Rp + coral cubes dpowder + detam 73 8.0 11-2010

2 Along the anode-cathode axis.
b Rq: Siderastrea siderea; Ry: Porites sp.

¢ dejam: Tridacna squamosa two-sided wedges; dpowder: Plastic cubes filled with coral powder.

previously described. The main purpose of these X-radiographs was
to test the reliability of the digital detrending method depending on
the distance Sp and sample orientation along the anode-cathode
axis. Therefore, coral reference samples were placed along three di-
rections with regard to the anode-cathode axis: perpendicular, paral-
lel and diagonal. Selected distances (Sp) were 130 cm, 100 cm and
80 cm. X-radiographs were acquired over a two-year period, provid-
ing the opportunity to test the DD method against a potential ma-
chine drift over time.

Merely considering the inverse square law and the IP size
(355x428 mm), the minimum exposures at image edges would be
11.8%, 8.1% and 5.0% less than the exposures at the center for Sp=
80 cm, Sp=100 cm and Sp= 130 cm, respectively.

X-radiograph C2 was used to test the density calibration of the
two density standards (dpowder and dciam). For that purpose we used
13 Porites sp. cubes (~2 cm?) which bulk densities were determined
by weighting with a hydrostatic balance. Coral cube density ranged
from 1.21to 1.39 g-cm 2.

2.7. Digital detrending procedure

The first stage of the digital detrending (DD) process is the back-
ground area selection. This area is used as a recorder of the irradiation
pattern. The background area selection aims to remove all saturated
margins, all pixels corresponding to samples and optical density
scale or information, from the original X-radiograph (Fig. 2a). This
background extraction is made using the magic stick tool of the
image processing software GIMP® (or equivalent). This step leaves
empty areas corresponding to objects' locations (Fig. 2b). Missing
OD values are interpolated using a kriging interpolation from the
dacefit MATLAB® toolbox (Lophaven et al., 2002). The result is a com-
plete image of OD variations (Fig. 2c) following the overall pattern
presented by the original background area. The corrected image is
obtained by subtracting the modeled background to the original
image (Fig. 2d).

The DD method initially supposes that the X-ray intensity at the IP
surface is similar to the X-ray intensity at the sample surface. Howev-
er, X-ray source to sample surface distance (Ss) is smaller than X-ray
source to IP surface distance (Sp). Considering Eq. (1), it can be stated
that the spherical spreading causes the X-ray intensity to be higher at
the sample surface than at the IP surface. This may generate a small
bias in measurement, thereafter referred as thickness bias, leading
to a slightly overestimated density. This bias can be reduced by de-
creasing the sample thickness and corrected during the DD process
by dividing corresponding background values with the ratio I;/I,.

X-ray attenuation in air may also account for the difference be-
tween X-ray intensities at sample and IP surfaces. Coral densitometry
studies are usually performed on samples with thickness less than
10 mm. According to the air mass attenuation coefficient table from
the National Institute of Standards and Technology, X-ray attenuation
for a 10 mm air layer is negligible (Table 2).

2.8. Digital detrending evaluation

In order to optimize the DD procedure we had to test first if the
X-ray irradiation imprint on the IP remains identical while maintaining
the X-ray source settings and the Sp distance constant (o). If this last
assumption is true, then a standard correction could be used within
a group of X-radiographs made with the same settings. Therefore,
the DD procedure would be simplified and faster. If not, each
X-radiograph should be corrected with the irradiation record of its
own background. By taking pair-wise images, o was tested using
the mean relative difference of OD (AODyj)).

The relative difference of OD (50D x,) at point k for images i and
j is defined as:

50D, j.k = ‘ (ODi (X(k)y(k)) —0D; <X(k)Y(l<))> ‘ 2
OD; (X(k)y(k)>

where OD; (X(k),y(1)) is the OD value at image coordinates (XY (x))
for image i and OD; (X(k),y(k)) is the OD value at image coordinates
(XY (1)) for image j.

The mean relative difference of OD (AOD ;;)) for images i and j is:

n
AOD, j = % x ) 60D jk (3)

k=1

where n is the number of pixel coordinates shared by image i and j
backgrounds.

Considering the causes of the X-ray irradiation heterogeneities,
the reliability of the digital detrending process had to be tested
through two other assumptions.

The DD method corrects and preserves the density information of the
sample independently of:

(B) — the sample orientation along the anode-cathode axis
(y) — the distance S,,.

The density information of the coral samples refers to the density
variability (qualitative information) and to the density value (quantita-
tive information). 3 was tested by measuring the coral density profiles
(trs and trp,) on sample set perpendicularly, parallel and diagonally to
the anode/cathode axis, while the other settings remained unchanged.
Intra-group A density transect comparisons evaluated the ability of
the DD method to correct the irradiation heterogeneities mainly caused
by the heel effect (independently of the sample orientation along the
anode-cathode axis). Intra-group B density transect comparisons
evaluated the correction of both the heel effect and the inverse square
law heterogeneities (independently of the sample orientation along
the anode-cathode axis). y was tested by inter-group (A and B)
comparisons. The comparison of inter-groups (A, B and C) was used to
assess the ability of the DD method to cope with a potential machine
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Fig. 2. X-radiograph C1 left: original and digitally detrended image in black and white right: optical density (OD) variations on the whole image (false colors) and along the red
transect (graph). a — original image: note the heterogeneities affecting the background, resulting on both effects of inverse square law and heel effect. b — original background
area: saturated margin, sample objects or graphical information have been removed. ¢ — modeled background d — detrended image: i.e., (b) minus (d). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

drift over time. Finally, to ensure that the DD method yields the same
density variations as other density measurement techniques, the densi-
ty measurements made on a DD corrected image were compared to
computed tomography scanning measurements.

To test the previous assumptions, density values were measured
along trs and tr, for each X-radiograph. The correlation between
the density profiles was tested using the regression coefficient R2.
Furthermore, relative standard deviations (RSD) were calculated
at each point along transects of the compared X-radiographs and

averaged in order to compile the results. These mean relative
standard deviation (RSD) values were used to evaluate the precision
(reproducibility) of density measurements.

The mean relative standard deviation (RSD) for compared tran-
sects is defined as:

p
RSD = — x » "rsd; (4)
i=1

o=
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Table 2
X-photon energy attenuation for 1 cm air layer and a 30-150 ke energy range.
Data from National Institute of Standards and Technology [www.nist.gov]).

X-photon energy (ke ) Energy attenuation for

1 cm air layer (%)

30 0.043
40 0.030
50 0.025
60 0.023
80 0.020
100 0.019
150 0.016

where p is the number of points along the compared transects
[p(trs) =439 and p(tr,) =666] and rsd; represents the relative stan-
dard deviation of the density at point i.

2.9. Density calibration

OD values were converted into densities using the two, two-sided
wedges cut from the internal layer of a giant clam's shell T. squamosa.
The OD values on DD corrected X-radiographs were measured along
the two sides of both wedges using the Image]J® software. As giant
clam shell also contains organic matter, which influences bulk densi-
ty, wedge thicknesses had to be corrected in order to obtain equiva-
lent thicknesses, corresponding to wedges made of pure aragonite.
Thereafter, a wedge's equivalent thickness was defined as Tw1oo.

The equivalent thickness scaling at each point along a wedge was
calculated by:

Tx X dshell

()

TWl 00 —
arag

where Ty = measures wedge thickness, dg,ey = shell wedge density
(g-cm™3) and d,.e. = density of pure aragonite (2.930 g-cm ™ 3).

OD values were then paired with corresponding equivalent thick-
nesses (Twigo) calculated along the wedges. Paired OD and Tw1go
values from the two wedges were pooled and fitted by a quadratic
polynomial function:

OD = a-Ty00° + b Ty100 + € (6)

where a, b and c constants are the coefficients determined by the
polynomial fitting for the studied X-radiograph.

Eq. (6) obtained from the wedges' data was then reversely used to
convert OD values of coral samples into pure aragonite equivalent
thicknesses (Tsig0). Subsequently, coral sample density values (d)
were obtained from Ts;go:

T
d= E[]-OO .darag (7)
s

where d = coral sample density (g-cm™3), Tsj00 = pure aragonite
equivalent thickness for coral sample, T = measured coral sample
thickness and da,g = density of pure aragonite (2.930 g-cm™3).

2.10. Calibration's validation

In order to validate our density calibration using T. squamosa
wedges, OD measurements were performed on coral cubes and plas-
tic cubes filled with coral powder on the detrended X-radiograph C1.
OD values were converted into densities using previous Egs. (5) to
(7). These values were regressed against bulk density measurements
performed on the same coral and plastic cube standards.

Table 3
Optical density mean relative difference AOD (%) of the X-radiograph
background area.

Groups compared AOD range (%)*

Intra-group A 8-77

Intra-group B 15-164
Intra-group C 59-290
Avs.B 25-147
Avs. C 41-223
Bvs. C 64-198

3 Pairs of pixels compared: 9.2 - 10°<n<2.3 - 10°.

The relative error (re;) of X-radiograph density measurements
was calculated for each coral cube:

— 100- [deate. (1) —dpuic ()]
e 100 dbull(.(i) (8)

where dcac (i) is the density of coral cube i calculated from OD after
digital detrending (g-cm ™) and dpu i) is the bulk density (g-cm™3)
of coral cube i.

The mean relative error (RE) of X-radiograph density mea-
surements was evaluated by averaging the relative errors (re;) of
coral cubes:

n
RE = % x ) rey 9)
i1

where n= 14 is the number of coral cubes (Porites sp.).
3. Results
3.1. Reproducibility of the irradiation imprint (c)

The background area of the eight X-radiographs viewed in false
colors show a strong OD gradient along the anode-cathode axis, with
low OD at the anode side increasing toward the cathode side. This pat-
tern is a characteristic of the heel effect (Fig. 1a). A concentric OD pat-
tern, characteristic of the spherical spreading, is noticeable on some
images. As expected, X-radiographs with high distance Sp (groups A)
present a less marked concentric pattern than X-radiographs with
low distance Sp (group B). OD mean relative difference (AOD) of
X-radiographs backgrounds ranges from 8% up to 290% (Table 3).
Intra-group and inter-group comparisons lead to similar AOD: most
X-radiographs present highly variable background OD values: assump-
tion o is thus not valid within our experimental settings.

3.2. Influence of the sample orientation along the anode-cathode axis
(B) and of the Sp distance (y)

Density profiles measured on corrected X-radiographs of groups A
and B are well correlated (Table 4). Inter-group and intra-group cor-
relation coefficient values (R?) are significant and have a similar
range from 0.90 to 1.00 (p<0.001).

Inter-group mean relative standard deviation and intra-group
mean relative standard deviation (RSD) of densities measured on

Table 4
Correlation coefficient R* range (p<0.001) for transects trs and tr, made on the
corrected X-radiographs of groups A, B and C.

Corrected X-radiographs trg tr,

Intra-group A 0.90<R?<0.98 0.99<R?*<1.00
Intra-group B 0.96<R*<0.98 0.95<R%<0.99
Inter-groups (A and B) 0.90<R?<0.99 0.97<R?<1.00
All X-radiographs 0.85<R?<0.99 0.95<R?<1.00
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Table 5
RSD measured along tr and tr,, using the uncorrected and corrected X-radiographs.

RSD (%) uncorrected RSD (%) DD corrected

Intra-group A 10.1 4.8
Intra-group B 131 43
Inter-groups (A and B) 16.0 5.5

All X-radiographs 16.1 6.8

uncorrected images range from 10.1 to 16.0% (Table 5). Density pro-
files measured on corrected images show a RSD reduced by a factor
of 2 to 3. No differences are noticed between the inter-group RSD
and intra-group RSD, which are both around 4-5%.

The variations and the precision of density measurements from the
corrected images show no difference regarding the sample orientation
along the anode-cathode axis (3) or the Sp distance (y). Assumptions
[ and <y are thus validated within our experimental settings.

3.3. Density measurement precision on DD corrected images

RSD calculated over all uncorrected X-radiographs (groups A, B
and C, 14 transects =7 x tr; and 7 x trp) reaches 16.1% (Table 5). RSD

calculated over all DD corrected X-radiographs is 6.8%. These values
include measurements made on X-radiographs of two coral samples
of different genus, set on three different ways along the anode-
cathode axis, with three different distances (Sp), made across a
two-year period.

3.4. Density variations

The tr, and tr, density profiles, measured on uncorrected images,
shown as examples in Fig. 3, present seasonal density variations com-
prised around 30 and 15% respectively. Profile try measured on the
uncorrected image presents an increasing trend with a maximum
density difference reaching 50%. The mean profile tr; from DD
corrected images does not present any remarkable trend. This mean
profile try shows density variations identical to the CT scan density
profile variations (Fig. 3a). This correlation is a robust result as
each of the seven density profiles tr; measured on corrected
X-radiographs, is significantly correlated with the density profile
made on the CT scan (0.89<R?<0.96; p<0.001; Table 6). The DD
method thus eliminates the density trend caused by the X-ray hetero-
geneities. Conversely, the magnitude of the seasonal density varia-
tions is not affected by the DD correction.

a - Density transect tr. (Sideratrea siderea)
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Fig. 3. Density measured along the reference transects trs (a) and tr,, (b). Black curve is the mean density calculated from the seven corrected images with one standard deviation
interval (dark blue). The red curve is the density measured on the CT scan (values are expressed in Hounsfield units). The light blue areas correspond to standard deviation of mean
densities calculated from the uncorrected images (10). Examples of density transects from uncorrected images are shown (dotted line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Correlation coefficient R? of transects tr, made on the corrected 4 deac=1.0029%d,,,,-0.0376
X-radiographs versus the measurements made on the CT-scan.
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Corrected X-radiographs

R? (p<0.001)

Al

A2 0.96 21
A3 0.95 |
B1 0.93
B2 0.94
B3 0.96 |
I 0.89

0.93
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Profile tr, from the uncorrected image (Fig. 3b) displays a density
drop that matches with the transfer of sample R, from the reef to the
aquarium. This profile also displays a parabolic trend with a maxi-
mum density difference reaching 50%. The DD method removes the
parabolic trend of the profile tr,, and highlights a linear declining
trend with density difference reaching 40%. The density drop (sample
R, transfer) is not affected by the DD correction.

3.5. Density calibration

The four sides of the two, two-sided T. squamosa wedges (Fig. 1c)
returned identical OD versus Twio profiles (R?=0.9998, p<0.001,
Fig. 4). Density values, calculated from corrected X-radiograph C2,
are regressed against the bulk density values (coral cubes and plastic
cubes filled with coral powder — Fig. 5). This regression presents a
significant correlation coefficient (R2=0.99; p<0.001; n=27).
Comparison between bulk densities of the 14 Porites sp. coral cubes
and the calculated density values show that the mean relative error
(RE — Eq. (9)) is 3.32%.

4. Discussion

Computed X-radiographs commonly show an uneven exposure
due to both the heel effect and the spherical spreading. Such irradia-
tion heterogeneities may lead to variations in coral density up to 50%
(Fig. 3). These density variations exceed the seasonal variations
commonly observed in massive coral: 30% for S. siderea, 15% for
Porites sp. and about 20% for Montastrea annularis (Carricart-Ganivet
and Barnes, 2007). These variations in density may lead to biased
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Fig. 4. OD from detrended X-radiograph C2 plotted versus wedge's equivalent thick-
ness (Tw100). Red dots: (OD, Tw100) pooled dataset. Black line corresponds to a quadrat-
ic polynomial fitting. Dashed lines indicate 99% confidence interval. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 5. Plot of bulk densities (dpuy) of cubes filled with coral powder (squares, n=14)
and coral cubes (circles, n=13) versus densities (dcac) calculated from digitally
detrended C1.

calcification rate calculation and thus to wrong environmental
interpretations.

The digital detrending method, presented here, aimed to correct
the irradiation heterogeneities that affect conventional and computed
X-radiography. X-radiographs were corrected against the irradiation
pattern recorded by the background of the image. The first step of
this study was to test if the X-ray irradiation imprint on the imaging
plates (IP) remains identical while maintaining the X-ray source set-
tings and the Sp distance constant. Our results showed that the X-ray
irradiation imprint recorded by the IP was highly variable, even with-
in constant X-ray source settings and Sp distance. X-ray irradiation
records must be considered as unique and thus cannot be transposed
to another X-radiograph, even within constant settings. These re-
sults are in accordance with previous studies (Carricart-Ganivet and
Barnes, 2007; Chalker et al., 1985). The X-ray irradiation records
may be affected by several factors including the X-ray device stability,
the X-ray tube aging and also the recording abilities of the IP or film
sensitiveness (Carricart-Ganivet and Barnes, 2007).

Density profiles from DD corrected X-radiographs were highly
correlated to the density profile measured on the computed tomogra-
phy scan. These R? correlation values were not affected by the orien-
tation of the sample along the anode-cathode axis and the distance
from the X-ray source (Table 6). The DD method was thus able to cor-
rect X-radiographs of coral samples, showing strong irradiation het-
erogeneities; independently of the sample orientation along the
anode-cathode axis and the distance from the X-ray source. Further-
more, this study revealed that the coral intrinsic density variations
(e.g., seasonal density variations or punctual events) contained by
the X-radiograph are preserved during the DD process (Fig. 3).

The mean relative error on density measurements of 14 coral
cubes of Porites sp., using giant clam T. squamosa wedges as density
standard (Eq. (9)), was 3.32%. Causes of such an error may be related
to the IP sensitiveness (i.e., signal to noise ratio) and to the chemical
composition differences between giant clam shell and coral skeleton
that could induce a bias up to 2% in density measurements (Chalker
et al., 1985). Carbonate structure differences between coral slabs
and shell wedges may also contribute to this error, potentially gener-
ating diffusion and/or diffraction of the incident X-ray.

Enhancing the number of density measurements from 14 up to
7735 measured points (439x 7 trs values and 666 x 7 trp, values), the
overall precision of the coral densitometry from DD corrected
X-radiographs reaches 6.8% (Table 5 and Fig. 3). It is important to no-
tice that this value includes the error intrinsic to X-radiography
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device (noise of the recorded X-ray signal and potential machine drift
over time), the error related to the DD correction itself and the error
of the density calibration process. This value is noteworthy compared
to the biases in density measurements, caused by uncorrected irradi-
ation heterogeneities that reach up to 50%. In addition, the overall
error on density measurement is below the range of the seasonal den-
sity variations reported previously for massive coral skeleton.

The efficiency of our DD method relies on the X-ray irradiation
pattern recorded by the background. As a result, it is necessary to op-
timize the background area all over the X-radiograph: samples must
be scattered all over the IP with spacing of a few centimeters in be-
tween and from the plate edges. We recommend to space X-rayed ob-
jects by more than 1 cm between each and to keep a two centimeter
margin from the edges. Consequently, larger samples or numerous
samples can be X-rayed at the same time and compared on the
same image as shown on X-radiograph C1 (Fig. 2). The DD method
is straightforward, as it does not rely on specific radiography device
settings and does not need any prior assumption on the causes of
X-ray beam heterogeneities. DD method saves time as it does not re-
quire extra X-radiographs to correct the irradiation heterogeneities.
Our detrending method could also be applied onto digitized conven-
tional X-radiographs. The DD method applied to such X-radiographs
would provide the opportunity to perform qualitative density mea-
surements on X-radiographs from previous studies. Quantitative den-
sity measurements would be even possible for X-radiographs
acquired with a density scale.

The digital detrending method is a powerful tool for monitoring
the impact of ocean acidification and global warming on coral calcifi-
cation rates. This cheap, inexpensive, quick and straightforward
method is appropriate for large scale studies. This method could
also be applied on paleo-environmental/climatic studies.
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