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AVANT-PROPOS

Cette thése a été rédigée sous forme de trois articles en anglais formant chacun un
chapitre. Le premier a ¢été soumis et accepté a Paleoceanography (doi:
10.1029/2011PA002152), revue & comité de lecture. Le deuxiéme est soumis & Quaternary
Science Reviews (JOSR-D-11-00441), revue spécialisée & comité de lecture. Le troisieme
article sera soumis prochainement dans une revue spécialisée & comité de lecture. La mise en
page de ces trois chapitres suit donc les directives propres a chaque revue. Pour cette raison,
les titres et figures de chaque chapitre ne sont pas nécessairement numérotés selon le Guide
de présentation des mémoires et thése; & la place, les numéros tels qu'apparaissant dans les
articles ont été conservés. De plus, les formats des références sont légérement différents d'un
chapitre a l'autre, afin de rester conformes aux revues dans lesquelles ils ont été ou seront
publiés.

Ma contribution aux publications qui constituent le corps de cette thése couvre la
quasi-totalité du domaine analytique. Dans les chapitres I, II et III j’ai réalisé ’ensemble les
traitements chimiques préalables aux analyses (lessivage). J’ai également réalisé 1’intégralité
des analyses des isotopes du Nd, Sr et Pb sur les carottes MC04 et MC16. J’ai effectué les
analyses de '°Pb de la carotte MC16. Les autres analyses géochimiques et/ou isotopiques,
ont été réalisées en collaboration avec les équipes de géochimie et micropaléontologie du
Geotop et du CRPG. J’ai collecté¢ I’ensemble des données obtenues et réalisé le travail
interprétatif. J’ai également rédigé les manuscrits, aux fins de publication sous la supervison
et les conseils de mes directeurs de thése, Jean Carignan, Claude Hillaire-Marcel et Laurie
Reisberg. Les co-auteurs de ’article qui constitue le chapitre 3 ont participé & mes recherches
en effectuant des analyses des isotopes de Nd et Sr sur la carotte MC-18 et en discutant
I’interprétation des résultats. J’ai pour ma part réalisé les analyses complémentaires des
isotopes de Nd et Sr sur la carotte MC16 ainsi que I’'interprétation et la rédaction de ce
chapitre.

Le premier chapitre est un article accepté a la revue Paleoceanography (doi :
10.1029/2011PA002152) et ayant pour titre « Pb isotopes and geochemical monitoring of

Arctic sedimentary supplies and water-mass exports through Fram Strait since the Last
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Glacial Maximum », avec pour co-auteurs Claude Hillaire-Marcel, Jean Carignan et Laurie
Reisberg. Ce chapitre porte sur la validation d’outils géochimiques et isotopiques afin de
déterminer la provenance des sédiments du détroit de Fram. Ce chapitre présente notamment
deux tendances temporelles avec un changement de source pendant un intervalle de temps
correspondant au Dryas Récent.

Le deuxiéme chapitre, « Geochemical signatures of sediment to document sea-ice
and water mass exports through Fram Strait since the Last Glacial Maximum », est un article
soumis & Quaternary Science Reviews (JQSR-D-11-00441) et écrit avec Jean Carignan,
Claude Hillaire-Marcel et Laurie Reisberg. Il présente la distribution des éléments dans les
sédiments du détroit de Fram en mettant en évidence une fraction terrigéne, une fraction
biogénique et une fraction authigéne. Enfin, les données présentées dans ce chapitre
permettent d’affiner la détermination des sources et donc améliorent les reconstructions de
’origine et de la circulation de la glace de mer dans I’Océan Arctique depuis le dernier
maximum glaciaire.

Le troisiéme chapitre, « Canadian radiogenic isotope signature of Younger Dryas
age ice-rafted sediments in cores from Lomonosov Ridge and Fram Strait », est un article qui
sera soumis prochainement et écrit avec Christelle Not, Claude Hillaire-Marcel et André
Poirier. L’intervalle correspondant au Dryas Récent présente une forte excursion isotopique
vers des sources canadiennes, dans deux carottes arctiques, et confirmerait donc un drainage

de la calotte Laurentienne par le Nord, vers 1’océan Arctique.
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RESUME

La circulation océ€anique est un élément important du systéme climatique, notamment
via les courants de surface, les upwellings et la formation d’eaux profondes. Les flux d’eau
douce, glace de mer et courants océaniques, de 1’Océan Arctique vers les mers nordiques
jouent un réle critique en ce qui a trait, en particulier, & I'Atlantic Meridional Overturning
Circulation (AMOC). Les facteurs contrlant ces flux, a I'échelle géologique, sont encore
partiellement méconnus. Un moyen indirect de retracer I’intensité et les schémas de
circulation de la glace de mer est de retracer I’origine des sédiments transportés par la glace
de mer, et sédimentés au long des grands courants de glace et d'eau douce vers I'Atlantique
Nord. Il s’agit donc de tracer un flux particulaire direct, lié 4 la matrice des particules
détritiques. Un second flux, indirect, provient des éléments dissous dans les masses d’eau,
marqués par les processus d'adsorption/désorption le long des marges ot les flux particulaires
terrigénes sont les plus importants. L’extraction de la phase authigéne d’un signal dissous par
lessivage spécifique, nous a permis de documenter I’évolution des masses d’eau transitant par
le détroit de Fram depuis le dernier maximum glaciaire.

Dans les deux premiers volets de notre étude, nous avons analysé la composition
géochimique et les isotopes de Pb, Nd et Sr d’échantillons de surface prélevés le long d’un
transect NE-SO dans le détroit de Fram. Ces analyses ont permis de définir trois domaines
sédimentaires distincts : I’extréme est du détroit (i.e. la marge continentale du Svalbard), la
partie est du détroit et enfin, la partie ouest du détroit. La marge continentale du Svalbard est
sous I’influence des apports sédimentaires proximaux du Svalbard. La partie est du détroit
regoit du matériel sédimentaire des mers nordiques et possiblement des marges russes (e.g.
mer de Barents et mer de Kara). Enfin, la partie ouest du détroit est sous 1’influence des
courants océaniques en provenance de 1’océan Arctique. La carotte MC16, située dans le
centre du détroit, est sous 1’influence principale des masses d’eaux et de la glace de mer
arctiques malgré et remonte jusqu’au dernier maximum glaciaire. Des recirculations dans la
mer du Groenland peuvent influencer le régime courantologique du détroit de Fram,
notamment lorsque ces gyres s’étirent vers le nord en période interglaciaire. Les sédiments de
cette carotte (MC16) ont été lessivés afin de récupérer les fractions détritique (résidus) et
échangeable (lessivats).

La composition élémentaire des sédiments du détroit de Fram a permis de répartir les
éléments en trois groupes : terrigeénes ; biogéniques et authigénes. La matiére organique
délivrée de maniére discontinue aurait, par modifications des conditions d’oxydo-réduction,
entrainé la redistribution de certains €léments tels que le manganése et le molybdéne. Le fer
quant & lui, présente une mobilité moins importante que celle du manganése et ne semble pas
avoir subi de redistribution majeure. Le plomb et le néodyme incorporés dans les hydroxydes
de fer n’auraient ét€ que peu ou pas redistribués, validant ainsi la pertinence des analyses de
lessivats le long de la colonne sédimentaire.

Les rapports **Pb/2*Pb et 2*Pb/*°Pb ainsi que les isotopes de Nd et Sr de la fraction
détritique définissent deux tendances (A et B) correspondant respectivement aux intervalles
pre- et post-Dryas Récent. Une revue de la littérature nous a permis d’identifier la signature
isotopique de trois sources majeures d’Ice Rafted Detritus (IRD), les marges continentales
russes, canadiennes et groenlandaises. La tendance A (pré-Dryas Récent) refléte I’influence
des marges canadiennes et des marges russes occidentales (mers de Barents et de Kara),
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régions occupées alors par de larges calottes de glace: les calottes Laurentienne et
Innuitienne en Amérique du Nord et la calotte Eurasienne de la Scandinavie aux mers de
Barents et Kara. Une excursion isotopique est enregistrée a ~19.8 ka BP et présente une
composition isotopique vers le pble russe, suggérant quelques instabilités de la calotte
Eurasienne. Les échantillons de I’Holocéne présentent des compositions isotopiques moins
variables provenant de sources plus diverses : les marges canadiennes, les marges des mers
Est Sibérienne et de Chukchi ainsi que des marges groenlandaises. L’intervalle du Dryas
Récent (~12.9-11.6 ka BP) est marqué par une excursion isotopique vers le pole canadien
suggérant un drainage via I’océan Arctique du lac proglaciaire Agassiz.

La composition isotopique de la fraction lessivable est liée aux processus d’échange
de surface (boundary exchange processes), aux sites a flux particulaire élevé. Les masses
d’eau acquerraient leur signature isotopique par échange avec les flux particulaires le long
des marges continentales canadiennes et russes. Cette étude illustre la complémentarité des
informations issues de I’analyse des fractions héritées (résidus) et échangeables (lessivats)
dans les sédiments du détroit de Fram.

Dans le troisi¢me chapitre, nous nous sommes plus particuliérement intéressés au
Dryas Récent, €pisode froid de la derniere déglaciation qui s’est produit entre 12.9 et 11.6 ka
BP. Cet événement est un des mieux documentés & 1’égard de son impact climatique. Un
drainage du lac proglaciaire Agassiz dans 1’Atlantique Nord, via le Saint-Laurent, est
fréquemment évoqué comme cause du Dryas Récent. Cet apport d’eau douce dans
1’ Atlantique Nord aurait provoqué un ralentissement de 1’AMOC et donc un refroidissement
aux moyennes et hautes latitudes de I’hémisphére nord. Toutefois, un passage par le nord via
la riviére Mackenzie aurait été plus efficace pour ralentir ’AMOC. L’étude de deux carottes
prélevées dans le centre du bassin Arctique (Ride de Lomonosov) et dans le détroit de Fram a
mis en €vidence une forte augmentation de la sédimentation lors du Dryas Récent. Ce
matériel sédimentaire présente une signature similaire a celle des marges canadiennes. Nos
résultats confirment ’hypothése d’un événement paléocéanographique dans 1’ Arctique durant
le Dryas Récent et révélent également de profonds changements de la circulation arctique
suite & cet événement. Le changement de source des /RD aprés le Dryas Récent suggére une
modification de la circulation de la glace de mer.

Mots clés : Océan Arctique ; Paleocéanographie ; Sédiments ; Isotopes Radiogéniques



INTRODUCTION

Le climat se définit comme un état moyen de 1’atmosphére sur une période de temps
donnée, en termes de températures, de précipitations ou encore d’humidité (Deconinck,
2006). Les échanges entre les différents réservoirs thermiques (e.g. atmosphére et océan)
régissent le climat, mais leur variabilité temporelle reste cependant encore partiellement
inconnue. Sous I’effet de I’insolation, les océans emmagasinent de 1’énergie et constituent le
plus grand réservoir de chaleur (Cronin, 1999). Ils jouent donc un réle prédominant dans le
systéme climatique. Cette chaleur est alors redistribuée depuis les basses latitudes, jusqu’aux
hautes. L’intensité et les schémas de circulation océanique ont un contréle direct sur la
redistribution de chaleur dans 1’océan et les échanges vers 1’atmosphére donc, in fine, sur le
systéme climatique lui-méme.

Ainsi, dans I'Atlantique Nord, aprés transfert de la chaleur vers I’atmosphére, les
eaux de la dérive nord-atlantique se densifient. Par suite, cette masse d'eau de I'Atlantique
Nord pénettre par subduction dans 1’océan Arctique, sous la masse d'eau superficielle de
I'Arctique, moins salée. Le budget d’eau douce exportée de 1’ Arctique vers 1’ Atlantique Nord
a donc un impact direct sur la stratification de la colonne d’eau de I'Atlantique Nord et sur la
formation d’eaux intermédiaires et profondes et donc, sur le climat.

On se réfere généralement & '« amplification arctique» pour exprimer
l'amplification de la réponse thermique de 1'Arctique par rapport a celle de 1'ensemble du
monde. De par ses caractéristiques propres (localisation au pdle nord, importance des marges
continentales, présence de glace de mer, etc.), I’océan Arctique est sensible aux changements
internes du systéme climatique. La compréhension des boucles de rétroactions, positives
et/ou négatives (e.g. I’albédo) ainsi que celle des mécanismes reliés a4 ces boucles de

rétroactions est donc cruciale.

L’océan Arctique




Figure 1: Carte bathymétrique de 1’océan Arctique (https://sfb574.geomar.de/gmt-maps).
Les noms des mers arctiques sont indiqués en bleu, ceux des principales riviéres, en rouges,

ceux des bassins océaniques des rides sous-marines respectivement en gris et en en noir.

Principales caractéristiques

L’océan Arctique peut étre défini comme étant de type « méditerranéen », c’est a dire comme
un océan semi clos et dont les échanges avec 1’océan global sont limités (Fig. 1). L’océan
Arctique est reli¢ & P'océan Pacifique par le détroit et la mer de Béring, et a P'océan

Atlantique, par le détroit de Fram, les mers nordiques, la mer de Barents, et également par la




baie de Baffin via I’archipel arctique Canadien (Darby et al., 2006). L’océan Arctique a une
superficie d’environ 9.4x10° km® dont prés du tiers est constitué de marges continentales
(Jones, 2001). La ride sous-marine de Lomonosov, qui s’étire de 1’Amérique du Nord & la
Sibérie, sépare le bassin amérasien (canadien) du c6té Pacifique, d’une part, et le bassin
eurasien du c6té Atlantique, d’autre part. Chacun de ces bassins est lui-mé&me subdivisé par
des rides sous-marines. La ride de Nansen-Gakkel sépare les bassins eurasiens d’Amundsen
au nord et de Nansen plus au sud. Le bassin de Makarov et le bassin du Canada sont séparés

par la ride Alpha-Mendeleyev dans le bassin amérasien (Herman, 1974; Stein, 2008a, b).

Propriétés des masses d’eau arctiques
La colonne d’eau de I’océan Arctique se stratifie en eaux i) de surface (Fig. 2a), ii)
intermédiaires (Fig. 2b) et iii) profondes (Fig. 2c) :

* La Polar Mixed Layer (PML : couche polaire de mélange), de 30 & 50 m de
profondeur, est caractérisée par de faibles salinités en raison d’importants apports
d’eau douce des riviéres sibériennes et de la riviére Mackenzie. Ces apports
représentent environ 10% des flux fluviaux mondiaux. L’halocline arctique, pouvant
atteindre 200 m de profondeur dans le bassin amérasien, comprend des eaux froides
peu salées et stratifiées de diverses provenances (Pacifique, Atlantique et glace de
mer; Rudels et al., 2004) et limite les échanges avec les masses d’eau plus profondes.

* L’Atlantic Layer (AL : couche atlantique, température potentielle 6°>0°C ; salinité
S~34.85) est une masse d’eau intermédiaire présente dans 1’ensemble du bassin
arctique, entre 200 et 800 m de profondeur environ. Cette couche atlantique
correspond au prolongement du North Atlantic Current (NAC) qui se refroidit
légérement en entrant dans le bassin arctique via 1’est du détroit de Fram. Une
branche de la méme masse d'eau atlantique pénétre via la mer de Barents et rejoint la
branche passant par le détroit de Fram. Par la suite, celles-ci longent la marge
continentale sibérienne en une boucle cyclonique (Jones, 2001; Rudels et al., 2004).

* Les masses d’eaux profondes représentent prés de 60% du volume total de l'océan
Arctique (Stein, 2008a, b). La présence de la ride de Lomonosov limite le mélange
des eaux profondes entre les deux bassins. Dans le bassin amérasien (canadien) la

Canadian Basin Deep Water (CBDW) est plus chaude et plus salée (6°~-0.5°C ;




4

$>34.95), que I’Eurasian Basin Deep Water (EBDW : 8°~0.7°C ; $>34.94) dans le

bassin eurasien (Jones et al., 1995).
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Figure 2 : Circulation arctique des eaux a) de surface, b) intermédiaires et ¢) profondes. Les
cercles croisés indiquent le lieu de plongement des masses d’eau (carte bathymétrique

https://sfb574.geomar.de/gmt-maps).

En terme de transport, I’océan Atlantique est le principal « échangeur » de masses
d’eau avec ’océan Arctique puisqu’en moyenne, plus de 60% des apports océaniques
proviennent de 1’ Atlantique Nord, via le détroit de Fram et la mer de Barents. De méme, plus
de 50% des flux sortant de 1’ Arctique transitent via le détroit de Fram (Dickson et al., 2007).
Etant le seul passage pour les eaux profondes, entrantes et sortantes, le détroit de Fram
constitue une région clé pour déterminer 1’échange de masses d’eau entre I’océan Arctique et
I’océan mondial.

Le buget sédimentaire de 1’Océan Arctique, tel que récemment estimé par Macdonald et
Gobeil (2011), montre qu’actuellement, en période interglaciaire, deux tiers des apports
sédimentaires sont issus de 1’érosion costale et les riviéres délivrent le tiers restant. Les autres
sources sédimentaires (e.g. apports éoliens, apports pacifiques et atlantiques) sont mineures.
En termes de déposition, prés de 66% des apports se déposent sur les vastes marges
continentales et 24% dans les bassins profonds. Les exports sédimentaires par les courants
océanographiques et la glace de mer représentent prés de 10% des exports totaux. Compte
tenu des caractéristiques physiques de ’Océan Arctique, il est facilement envisageable que
ces apports/exports sédimentaires aient pu changer en période glaciaire, ol notamment un

tiers de I’aire de 1’ Arctique correspondant aux marges continentales était émergé.

Le détroit de Fram : principale voie de communication entre I’Atlantique Nord et
I’océan Arctique

Large de 600 km, le détroit de Fram sépare le Groenland de I’archipel du Svalbard,
entre 76°N et 82°N. La région comprend des plateaux continentaux, a la fois sur les marges
est du Groenland et ouest du Svalbard, et des pentes continentales qui se poursuivent
jusqu’aux plaines abyssales (~2600m; Winter et al., 1997). Les rides de Mohns, de Knipovich
et de Gakkel dans le bassin eurasien de 1’océan Arctique, correspondent a I’extension- vers le

nord de la ride médio-Atlantique (Baturin et al., 1994).
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Les eaux chaudes et salées (S>34.9 ; 8°>3°C) du NAC entrent dans 1’océan Arctique
via la mer de Barents (1.5-2 Sv, 1Sv = 10° m’/s) et le secteur est du détroit de Fram (1-1.5
Sv). Le West Spitsbergen Current (WSC) correspond au prolongement du NAC et transite
vers le Nord, a I’ouest de I’archipel du Svalbard (S>34.9 ; 8°>3°C). Ce sont des eaux froides
et salées qui ressortent dans la partie ouest du détroit de Fram (East Greernland Current, EGC
: 3-3.5Sv ; S~34.9 ; 6°<0°C), puis entrent dans 1’ Atlantique Nord par le détroit du Danemark
ou elles forment la partie la plus dense de la North Atlantic Deep Water (NADW). Une partie
du WSC recircule vers le sud-ouest du détroit, il s’agit du Return Atlantic Current (RAC)
(Dickson et al., 2007; Fahrbach et al., 2001; Jones, 2001; Jones et al., 1995; Rudels et al.,
2005; Rudels et al., 2000).

3

'\g\ Svalbard
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Figure 3 : Carte bathymétrique du détroit de Fram (https.//sfb574.geomar.de/gmt-maps) avec

les principaux courants océaniques : i) Atlantique (rouge) et ii) Arctique (bleu). EGC : East
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Greenland Current ; RAC : Return Atlantic Current; WSC: West Spistbergen Current ;
NAC : North Atlantic Current

L‘es exports d’eau douce Arctiques

Tel que mentionné précédemment, les exports arctiques ont un impact direct sur la
circulation océanique et donc sur le climat. Les détroits de Nares, d’Hudson et de Fram sont
les trois exutoires de 1’Arctique. Cependant en période glaciaire, seul le détroit de Fram
permet 1’exportation d’eau douce depuis 1’ Arctique. Celle-ci s'effectue & la fois sous forme
d’eau, essentiellement de surface, et de glace de mer. Actuellement, la glace de mer est régie
par deux courants principaux : la Gyre de Beaufort et la dérive trans-polaire (ou Trans-Polar
Drift). La Gyre de Beaufort est une gyre anti-cyclonique, localisée principalement au-dessus
du bassin ouest, a I’intérieur de laquelle la glace peut circuler plusieurs années avant d’étre
prise en charge par la dérive trans-polaire. Cette derniére transporte la glace de mer depuis les
marges sibériennes jusqu’aux mers nordiques via le détroit de Fram. Ces courants de glace
sont régis par les vents et leur intensité varie en fonction des conditions de pression
atmosphérique qui régne aux hautes latitudes (Darby et al., 2006; Serreze and Barry, 2005;
Stein, 2008a, b).

Par exemple, en hiver, des zones de basse pression sur I’Islande et sur les iles
Aléoutiennes entrainent une Gyre de Beaufort plus active et donc une exportation de glace de
mer plus importante qu’en été. En effet, en été, I’Arctique est une zone de basse pression
réduisant la vigueur de la Gyre de Beaufort. Cette variabilité, mise en évidence & 1’échelle
saisonniére, a pu également changer au cours des temps géologiques, notamment entre les
périodes glaciaires et inter-glaciaires (Serreze and Barry, 2005).

La glace de mer se forme principalement le long des marges continentales et en
particulier dans la zone du plateau continental de la mer de Sibérie (cf. sea ice factory ou
« usine de glace de mer »). En effet, les faibles profondeurs ainsi que les apports fluviaux
important créent une couche de surface de faible salinité facilitant la formation de la glace.
Lors du gel, des particules en suspension, ou arrachées le long du littoral, sont incorporées a
la glace de mer et sont transportées jusqu’au lieu de fonte (Darby et al., 2006; Stein, 2008a,
b). Ainsi la sédimentation du bassin arctique est-elle directement liée aux décharges de glace

de mer et d’icebergs.
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Méthode : le tragage isotopique

La paleocéanographie emploie de nombreux outils dont la mesure des compositions
chimique, minéralogique, physique et isotopique des sédiments. Toute caractérisation du
sédiment donne des indications sur son origine, les mécanismes de transport mis en jeu mais
également les altérations subies durant et aprés la sédimentation (i.e. diagenése précoce et/ou
tardive ; Fig. 4). La détermination des sources sédimentaires renseigne sur les courants
océaniques et, dans le cadre de ce projet de thése, sur les trajectoires de la glace de mer. Le
tragage des circulations océaniques par les isotopes radiogéniques fut proposé, dés 1978, par
O’Nions et al. (1978), sur la base du systtme Sm-Nd. Le principe général du tragage
isotopique repose sur les rapports spécifiques des compositions isotopiques des roches, en
fonction de leur histoire (formation, 4ge, type, etc.; e.g. Goldstein and Hemming, 2003). La
mesure de ces rapports ainsi que la connaissance de la géologie des terrains adjacents permet
de relier les sédiments aux roches méres, ou sources, dont ils sont issus.

Les isotopes radiogéniques sont ainsi couramment employés comme traceurs
géochimiques dans les sédiments marins (Abouchami et al., 1999; Baskaran, 2001; Bayon et
al., 2004; Eisenhauer et al., 1999; Fagel and Hillaire-Marcel, 2006; Fagel et al., 2002; Frank,
2002; Gartside, 1996; Grousset et al., 2001; Haley et al., 2008; Innocent et al., 2000; Land
Farmer et al., 2003; McManus et al., 2004; O'Nions et al., 1978; Tiitken et al., 2002; Winter
et al, 1997). Les processus biologiques et de dissolution ne modifient pas ou peu les
abondances des isotopes radiogéniques. Ceux-ci peuvent donc étre considérés comme de
bons marqueurs de sources et de trajectoires des courants océaniques (Frank, 2002; Goldstein
and Hemming, 2003). Les méthodes de séparation, de purification et d’analyse sont
maintenant bien établies et décrites dans les chapitres 1 et 2.

Une seconde approche basée sur les isotopes radiogéniques et utilisée en
océanographie est la détermination de la composition isotopique d’éléments dissous dans
I’eau de mer. Les éléments traces sont introduits dans ’océan via les riviéres (sous forme
particulaire, dissoute et/ou colloidale), transportés sous forme de fines poussiéres par les
vents (avec dissolution partielle ou totale dans I’océan) et/ou par les vents hydrothermaux
(Fig. 4). Le néodyme (Nd) et le plomb (Pb) sont des traceurs paleocéanographiques

particuliérement intéressants dans la mesure oul leur temps de séjour dans 1’océan est inférieur
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au temps de mélange global (~1500 a; Broecker, 1991) et permettent donc de tracer

I’évolution des masses d’eau.

\\ (Glaeeen \ Iceberg chargé

e 4 de detritus
o gl \ v
= N E Cilace de mer circulant selon

-

. .. Apports des rivitres les courants de surface
dérivés de I'érosion

des continents e

23 e B N
Production Detritus | ¢ 7
l biogénique 2¥s

Bioturbation . -~
-

st groford o e
T S e -
i -

oot e
" ety

Figure 4 : Origines et mécanismes de transport des éléments dans I’océan Arctique.

Le Nd est réactif aux particules et son temps de séjour dans ’océan est relativement
court (quelques centaines d'années; Tachikawa et al., 1999). Le Nd est semi-conservatif dans
’océan et a été vastement employé comme traceur océanographique (Andersson et al., 2008;
Jeandel et al., 2007; Lacan and Jeandel, 2004a, b, ¢, 2005a, b; Porcelli et al., 2009) et
paleocéanographique (Bayon et al., 2004; Gutjahr et al., 2008; Martin et al., 2010; O'Nions et
al., 1978; Piotrowski et al., 2004, 2005; Piotrowski et al., 2008; Piotrowski et al., 2000;
Rutberg et al., 2000). Les isotopes du Nd dans ’eau de mer sont propres a une masse d’eau
donnée et reflétent en partie la nature des terrains adjacents. Ainsi, I’ Atlantique Nord présente
les compositions les moins radiogéniques (i.e. eng trés négatives) reflétant des croites
continentales anciennes, le Pacifique présente des compositions plus radiogéniques (i.e. eng
élevées) influencées notamment par le volcanisme, et enfin, ’océan Indien présente des
compositions intermédiaires entre les deux bassins précédents. L’absence de corrélation entre
les profils de concentration et de composition isotopique a permis de mettre en évidence le
« paradoxe du Nd » (Bertram and Elderfield, 1993; Jeandel et al., 1995; Jeandel et al., 1998;
Tachikawa et al., 2003; Tachikawa et al., 1999). En effet, alors que les isotopes de Nd
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semblent indiquer un mélange binaire entre deux péles principaux (nord et sud), les teneurs
en Nd ne présentent pas le méme comportement. Afin de concilier concentration et
composition isotopique, 1’équipe de Catherine Jeandel a, la premiére, proposé un échange
entre Nd dissout et Nd particulaire, appelé Boundary Exchange Process ou processus
d’échange de surface. Le Nd acquerrait donc sa signature isotopique au contact de particules
détritiques par des processus de dissolution/adsorption (Jeandel et al., 1995; Tachikawa et al.,
2003).

Le Pb est plus réactif aux particules (i.e. moins soluble) et son temps de séjour dans
I’océan, de moins de 100 a (Henderson and Maier-Reimer, 2002), est plus court que celui du
Nd. Cependant, depuis le début de la révolution industrielle, de fortes quantités de Pb ont été
émises et incorporées dans les écosystémes (Hamelin et al., 1990; Veron et al., 1987). Ces
apports anthropogéniques rendent malaisée toute analyse de la composition isotopique
naturelle du Pb, postérieurement au début de la révolution industrielle. Comme pour le Nd, la
composition isotopique du plomb n’est pas affectée par des processus biologiques ou par
évaporation. Toutefois, Harlavan et al. (2002; 1998) ont montré que I’altération de
granitoides, par exemple en période glaciaire, larguait du plomb dissous plus radiogénique
que la roche mére dont il était issu. L’effet de recul lors de la chaine de désintégration, ajouté
a I’action de I’altération mécanique glaciaire qui augmente la surface d’échange, serait a
I’origine de ce phénoméne. Le Pb serait donc un bon traceur de 1’altération des continents
avoisinants (Frank, 2002). Ceci est largement démontré dans le secteur nord-ouest de
I’ Atlantique nord (Gutjahr et al., 2009; Gutjahr et al., 2008; Kurzweil et al., 2010; Vance et
al., 2009; Von Blanckenburg and Négler, 2001). Cependant, sur la base de deux études
(Haley et al., 2008; Maccali et al., 2011), cette caractéristique n’est pas aussi évidente dans
I’océan Arctique. La possibilité d’un processus de « Boundary exchange » similaire en cela
au Nd sera envisagée dans notre étude.

Le Strontium (Sr) quant & lui, a un temps de séjour dans I’océan bien supérieur au
temps de mélange océanique global (~Ma; Faure, 1986). Sa composition peut donc étre
considérée comme constante a 1'échelle de temps considérée. Les isotopes de Sr seront
utilisés pour estimer la contribution de la fraction détritique lors de l'extraction des fractions

échangeables (voir ci-aprés).
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Les isotopes du Nd et, dans une moindre mesure, ceux du Pb, permettent ainsi de
tracer les masses d’eaux océaniques. O’Nions et al. (1978) ont appliqué ces caractéristiques a
la paleocéanographie en déterminant la composition isotopique & partir d’archives de I’eau de
mer, tels que les nodules de manganése. En effet, les terres rares sont en concentration
suffisamment élevée (plusieurs pg/g) dans les oxydes de manganése et/ou de fer pour
permettre des analyses isotopiques. Toutefois, la croissance de ces nodules, de 1’ordre de
quelques millimétres par millions d’années (mm/Ma) ainsi que la masse minimale qui peut
étre physiquement prélevée limite la résolution temporelle de telles archives. La présence
d’oxydes mixtes de fer-manganése (Fe-Mn) dans le sédiment lui-méme, avec des
concentrations en éléments traces suffisantes, fournit une archive temporelle a plus haute
résolution (la résolution étant fonction du taux de sédimentation). En effet, Tessier et al.
(1979) ont établi une classification des éléments traces dans les sédiments marins : i)
adsorbés a la surface des minéraux (i.e. échangeables ou labiles), ii) associés ou incorporés
aux carbonates, iii) extraits ou « scavenged » par les oxydes de Fe-Mn, iv) liés aux composés
organiques, et enfin, v) liés a la fraction résiduelle détritique. La concentration et la
composition isotopique totale du sédiment repésentent donc la somme de chacune de ces
phases. La fraction détritique est dérivée de 1’érosion de la crofite continentale ainsi que
d’apports volcaniques. La fraction biogénique refléte ’activité biologique et comprend la
matiére organique ainsi que des restes minéralisés. La fraction authigéne quant a elle
correspond aux composés formés lors du dépo6t (i.e. dans la colonne d’eau) ou in situ, via les
réactions chimiques de diagénése (précoce ou tardive), principalement contr6lées par les
conditions potentiel rédox-pH (Eh-pH).

Les oxydes de Fe-Mn sont distribués de maniére variable le long de la colonne
sédimentaire, incorporant les éléments traces issus des masses d’eaux locales. Le signal
enregistré dans cette fraction authigéne est donc un "proxy" direct (i.e. un témoin) de la
composition isotopique des éléments dissous dans les masses d’eau. La difficulté est
cependant de pouvoir extraire spécifiquement ce signal sans induire une dissolution partielle
des autres phases, notamment la phase détritique. Pour cela des protocoles de lessivage
séquentiels et sélectifs ont été développées, dans un premier temps par Chester and Hughes
(1967). Par la suite, Tessier et al. (1979), Rutberg et al. (2000), Bayon et al. (2002) et

Gutjahr et al. (2007) ont proposé d'importantes améliorations.
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Dans cette étude, nous avons adapté le protocole de lessivage décrit par Gutjahr et al.
(2007) afin d’extraire la fraction échangeable principalement issue de la mise en solution des
oxyhydroxides mixtes de Fe-Mn. En effet, les sédiments arctiques présentent de fortes

teneurs en oxydes de Fe-Mn (Rusakov et al., 2010).

Objectifs de la thése

L’émergence récente de protocoles de lessivage sélectif des sédiments marins permet
de distinguer les fractions labile et héritée. Ces deux fractions illustrent deux flux
particulaires : I'un, direct, est 1i¢ a4 la matrice des particules détritiques; 'autre, indirect,
provient des éléments dissous dans les masses d’eau, marqués par les processus
d'adsorption/désorption le long des marges ou les flux particulaires terrigénes sont les plus
importants. Ces deux flux particulaires livrent ainsi des informations sur les sources

"terrigéne" vs "authigéne" des éléments ou isotopes considérés.

Un premier objectif méthodologique de cette thése a été la validation de 1’outil
géochimique et isotopique appliqué aux sédiments du détroit de Fram. Les sources terrigénes
potentielles ont-elles des signatures géochimiques et isotopiques suffisamment distinctes pour
pouvoir les différencier ? Nous démontrerons, dans un premier chapitre, que tel est le cas. La
composition géochimique et isotopique en tant que traceur de provenance semble donc tout &
fait adaptée a la région d’étude.

Au vue de la teneur élevée en oxydes mixtes de fer et manganése dans 1’océan
Arctique, un second objectif méthodologique a été I’extraction sélective des deux signaux
"authigéne" et "terrigéne". La méthode de Gutjahr et al. (2007) a été utilisée, mais a requis
un temps de lessivage plus élevé que le proposent ces auteurs. En conséquence si le signal
détritique issu de l'analyse de la fraction résiduelle est clairement déterminé, le signal
« dissous » de la fraction lessivable, beaucoup plus discret, est susceptible d'étre 1égérement

contaminé par la fraction détritique.

D'un point de vue thématique, plusieurs objectifs ont également été retenus. Le
premier, surtout traité dans le second chapitre de la thése, visait & identifier I'évolution des

signaux hérité et authigéne en relation avec les changements paléogéographiques et
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paléocéanographiques importants qui ont marqué l'océan Arctique et les continents qui le
délimitent, depuis le dernier maximum. Les implications et reconstructions
paleocéanographiques des données géochimiques de 1'étude renseignent sur la dynamique de
la glace de mer ainsi que son évolution au cours de la déglaciation. Une des conséquences de
ces reconstructions paleocéanographiques est de donner un apergu du rdle des marges
glaciaires sur cette circulation.

Enfin, nous nous sommes intéressés & un événement bref de la déglaciation, le
Younger Dryas (YD, ou Dryas Récent). Le YD (~11.6-12.9 ka) est enregistré dans les
carottes de glaces du Groenland (Alley et al., 2010; Alley et al., 1993; Dansgaard et al., 1993;
Dansgaard et al., 1989) et correspondrait & un bref retour & des conditions plus froides et un
fort ralentissement de la production des eaux profondes de 1'Atlantique Nord. L'objectif, ici, a
été de tester une hypothése avancée par Tarasov et Peltier (2005), sur le réle déclancheur
éventuel du drainage d'un grand lac glaciaire de la calotte Laurentienne, le lac Agassiz, vers
I’océan Arctique, via la vallée de la riviere Mackenzie. Ce drainage aurait eu trois
conséquences notables : i) un événement sédimentaire marqué par une augmentation de la
sédimentation, ii) un transport d'eau douce accru a travers le détroit de Fram, vers les mers
nordiques, lieu de formation des eaux profondes, et, iii) une déstabilisation de la banquise,

rendant la circulation plus dynamique.

Le premier chapitre valide ainsi l'utilisation des isotopes du Pb comme outil
paléoceanographique ainsi que les reconstructions interprétées a partir de ces données. Ce
chapitre a été accepté dans la revue Paleoceanography (doi : 10.1029/2011PA002152).

Le second chapitre détaille la distribution des éléments dans les différentes fractions
étudiées et valide notamment le signal extrait de la phase authigene. Il inclut des données
isotopiques complémentaires (Sr et Nd) en vue d'une meilleure identification des sources
sédimentaires du circum-arctique. Ce chapitre, présenté sous forme d’article est soumis a
Quaternary Science Reviews (JOSR-D-11-00441).

Enfin, le troisi¢eme chapitre met l'accent sur le Dryas récent et étaye l'existence d'un
signal spécifique issu de la marge glaciaire canadienne, reflétant probablement le drainage du
lac glaciaire Agassiz. Ce chapitre est présenté sous forme d’article en vue d’une soumission

prochaine dans une revue spécialisée.
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ABSTRACT

Flemental and Pb-isotope measurements were performed on leachates and residues
from surface sediments and two <50 cm cores (MC04 and MC16) collected along a NE-SW
transect through Fram Strait. Geochemical and isotopic properties of residues from surface
sediments define three distinct spatial domains within the Strait: i) the easternmost edge of
the Strait; ii) the eastern part of the Strait off the Svalbard margins; and iii) the western part
of the Strait, influenced respectively by supplies from Svalbard, the Nordic seas with possible
contributions from northwestern Siberian margins and sea-ice and water outflow from the
Arctic. Core MC16, in domain (iii) beneath the outflowing Arctic waters, spans the LGM-
Present interval. Sediments from this core were leached to obtain detrital (residues) and
exchangeable (leachates) fractions. Detrital supplies to core MC16 are believed to originate
mainly from melting of the overlying sea-ice and thus can be used to document changes in

2%8pp/2%P ratios illustrate two mixing

Arctic sedimentary sources. Detrital *Pb/***Pb and
trends (Trend A and B) corresponding respectively to the pre- and post-Younger Dryas (YD)
intervals. These trends represent binary mixtures with a common end-member (Canadian
margins) and either a Siberian- (Trend 4) or Greenland- (Trend B) margin end-member. The
YD is marked by an isotopic excursion towards the Canadian end-member, suggesting a very
active Beaufort Gyre possibly triggered by massive drainage of the Laurentide ice sheet. Pb-
isotope compositions of leachates, thought to represent the signature of the overlying water
masses, define a unique linear trend coincident with Trend 4. This suggests that water masses

acquired their signature through exchange with particulate fluxes along the Canadian and

Siberian continental margins.

1. INTRODUCTION

Freshwater/sea-ice exports from the Arctic into the North Atlantic have a direct
impact on the Atlantic Meridional Overturning Circulation (AMOC) and thus on the circum-
Atlantic climate [Broecker, 1991; Broecker and Peng, 1992; McManus et al., 2004a; Peltier
et al,, 2006]. Fram Strait, situated between Greenland and Spitsbergen, the main and
westernmost island of the Svalbard Archipelago, is the only deep gateway allowing passage

of North Atlantic Water (NAW) as a sub-surface water mass into the Arctic [Rudels et al.,
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2004]. It is also the major route of freshwater/sea-ice export into the North Atlantic and its
marginal basins [Fahrbach et al., 2001; Hebbeln and Wefer, 1997; Jones et al., 1995; Rudels
et al., 2005]. Documentation of water mass exchange through this strait, using geochemical
and sedimentological records in deep-sea cores, may thus help elucidate the influence of
Arctic sea-ice or freshwater export on the AMOC [Birgel and Hass, 2004; Hebbeln and
Berner, 1993] (Fig. 1).

Sediments in the Arctic basin are mainly derived from surrounding land masses, and
delivered as suspended particulate matter and bedloads from rivers and as wind-transported
dust. In shallow margins, suspended particles are incorporated in sea-ice during its formation
and are transported over long distances throughout the Arctic Ocean [Darby et al., 2006]. Pb
isotopes in bulk sediment from deep-sea cores have proven to be useful tracers of the source
areas for such detrital supplies [Fagel et al., 2002; Fagel et al., 2004; Haley et al., 2008; Von
Blanckenburg and Ndgler, 2001; Winter et al., 1997]. In a complementary manner, the
isotopic composition of Pb of exchangeable fractions leached from sediments (i.e. the
authigenic sediment fraction) can be used to trace water mass circulation. This is facilitated
by the short marine residence time of Pb in its dissolved form (< 100 a) [Henderson and
Maier-Reimer, 2002] which allows regional inputs to be identified. Whereas Pb isotopes are
not fractionated by biological processes, recent studies have demonstrated that weathering
processes can lead to some isotopic fractionation. Physically eroded rocks such as granitoids,
in high latitudes, may preferentially release radiogenic Pb from damaged crystal structures
[Foster and Vance, 2006; Gutjahr et al., 2009; Harlavan and Erel, 2002; Harlavan et al.,
1998; Kurzweil et al., 2010; Von Blanckenburg and Ndgler, 2001]. Thus the isotopic
composition of exchangeable and dissolved Pb-fractions derived from continental weathering
could potentially differ from that of the detrital residue.

Trace metals are precipitated from ambiant sea-water onto sinking and sedimented
particles by incorporation in authigenic Fe-Mn coatings. Such coatings have been studied in
the western North Atlantic [Gutjahr et al., 2009; Gutjahr et al., 2008] and in the Arctic
Ocean itself [Haley et al., 2008] following the procedure developed by Gutjahr et al. [2007]
to specifically leach this phase. The residual detritus left after the leaching procedure is
thought to represent the pure terrigenous/detrital fraction of the sediment while leachates

provide information concerning water masses.
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Here, we document changes in detrital supplies to marine sediments, mostly linked to
Ice-Rafting Deposition (IRD), and variations in water mass geochemical properties that
occurred since the Last Glacial Maximum (LGM). Our conclusions are based on Pb isotope
data and a few trace element ratios, in residues and leachates from two sediment cores and
surface sediments taken along a NE-SW transect across Fram Strait (Fig. 1). In a preliminary
study of these samples, Carignan et al. [2008] demonstrated that several elemental ratios (e.g.
Th/U, Th/Zr) and Pb isotopes in bulk sedimentary fractions from the same area are sensitive
tracers of changes in sources and trajectories of Fram Strait sediments. Previously, Gobeil et
al. [2001] used Pb-concentrations and -isotopic compositions of surface sediments from
several Arctic and sub-Arctic basins, to document anthropogenic Pb-fluxes and -sources. In
this study, we use Th/Zr ratios of bulk sediments and residues as a first criterion for
identifying the source components of the terrigenous fraction. In addition we use Pb isotopes
in leachates and residual sedimentary fractions to document particulate transport (sediment
sources and trajectories) and exchange with carrier water masses, as well as mixing processes
in surface sediment. The time frames of the two sediment cores, MC04 and MCI6,
encompass respectively the very late Holocene and the LGM-Present interval, and thus
provide time resolution varying from the centennial to the millenial scale. We particularly
concentrate our efforts on core MC16, both because this core provides a record since the
LGM and because it is composed primarily of ice-rafted detritus, thus allowing
reconstruction of sea-ice and water mass exports from the Arctic into the northern North

Atlantic over the past ~20 ka.

2. MATERIAL & METHODS

2.1 Sampling sites and settings

The sediment cores were collected during the 2006 WarmPast Cruise on the R/V
JanMayen along a NE-SW transect across Fram Strait [Husum, 2006a). Ten sites (Fig. 1,
Table 1) provided material that can be used to document modern particulate sources and
trajectories. Here, we examine surface samples obtained from eight of these sites using box
cores or multi-cores, as well as two long (40-50 cm) multi-cores, JM06-WP-04-MC (MC04)
and JM06-WP-16-MC (MC16). MC04 was taken in the east, below the NAW incoming from
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the Greenland, Icelandic and Norwegian (GIN) seas, whereas MC16 was taken in the west,
below the outflowing Arctic waters (Fig. 1) [Dickson et al., 2007; Husum, 2006a). These
cores were sub-sampled at 1 cm-intervals onboard the JanMayen. Core MCO04 illustrates
conditions below the West Spitsbergen Current (WSC) that enters the Arctic basin through
the eastern Fram Strait area. Core MC16 is under the influence of cold Arctic waters and sea-
ice flowing south. The outflowing water masses are i) at the surface, the Modified Atlantic
Water (MAW), ii) in the upper subsurface, the Arctic Atlantic Water (AAW), iii) at greater
depths, the Arctic Intermediate Water (AIW) and, iv) at the sea-floor, the Canadian Basin
Deep Water (CBDW) and Eurasian Basin Deep Water (EBDW), which eventually merge into
the North Atlantic Deep Water NADW) [Fahrbach et al., 2001; Jones, 2001; Rudels et al.,
2005; Rudels et al., 2000].

2.2 Age Model

All ages will be presented in calibrated years BP. The age models used for
establishing the chronology of the two cores are based primarily on radiocarbon ages
calibrated using the Calib 6.0 curve [P. J. Reimer et al., 2009]. In the absence of a consensus
regarding reservoir ages within the Arctic, no reservoir age has been added to the
MARINEO9 calibration (AR of 0). MCO04 chronology is based on *C dating of planktonic
foraminifera assemblages [see Bonnet et al., 2010 for more details]. Core MC04 (~2.5 ka-
Present) displays a mean sedimentation rate of ~18cm/ka. Site MCO04 is influenced by
productive Atlantic waters [Dokken and Hald, 1996; Hebbeln et al., 1994] and hence has a
relatively high microfossil accumulation rate.

Site MC16 is influenced by Arctic waters and remains ice-covered almost all year
long [Elverhoi et al., 1998; Hebbeln, 2000]. As a result, most of the sediment is derived from
ice-rafting processes and sedimentation rates are much lower than those of core MC04. The
age model established for sitt MC16 is based on three '*C measurements from three
planktonic foraminifera assemblages [Zamelczyk et al., 2010], a tephrochronological date
[Zamelczyk et al., 2010] and correlations with cores (MC-18 and TC-18) from the
Lomonosov Ridge [Hanslik et al., 2010; Not and Hillaire-Marcel, 2011a). Cores MC-18 and

TC-18, located in an intra-basin of the Lomonosov Ridge, are upstream of core MC16, on the
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pathway of the merging Beaufort Gyre and Trans-Polar Drift (Fig. 1). MC-18 revealed a 5-
fold higher sedimentation rate during the Younger Dryas (YD; ~12-13 ka), compared to the
mean Holocene rate, that Not and Hillaire-Marcel [2011a] ascribed to enhanced sea-ice
drifting along the Beaufort Gyre which deposited detrital material carrying a strong NW
Canadian margin (Mackenzie River area) mineralogical signature.

In core MCI16, ash grains found at 16 cm were tentatively identified as belonging to
the Vedde Ash event on the basis of their geochemical characteristics. This ash deposit has
been dated elsewhere at ~12.1 cal. ka [Thornalley et al., 2011 ; and references therein] and
thus falls near the end of the YD event. Slightly lower in the core, at a depth of 20 cm, Pb
isotopes display a strong excursion towards compositions similar to that of the Mackenzie
River indicating a Canadian margin source area (see below). The onset of the YD has been
assigned to this excursion, which we correlate to that observed in the Lomonosov Ridge,
though we recognize some circularity in this reasoning.

The age model retained for MC16 (Fig. 2) suggests a mean sedimentation rate of 2.3
cm/ka below 20 cm, i.e. for the LGM-early deglacial interval. The sedimentation rate
increased to about 5 cm/ka from 20 to 14 cm, during the YD event itself. Finally, during the
Holocene, it has decreased to a mean value of ~1.1 cm/ka. Unfortunately, this poorly
constrained age model does not allow us to identify potential intervals of hiatus or short-term
changes in sedimentation rates. However, it suggests similar ~5 fold higher sedimentation
rates during the YD, compared to the Holocene, as estimated by Not and Hillaire-Marcel

[2011a], upstream on the IRD route, in the Lomonosov Ridge area.

2.3 Analytical methods

2.3.1%°Pb and "¥’Cs measurements

Bulk fractions from sediment samples were used for 2°Pb and "*’Cs measurements
(Table 2 and supplements), in order to document mixing processes in surface sediments. Pb
isotopes in modern sediments (Table 3) carry an anthropogenic signature [Gobeil et al., 2001]
and, along with 2% and *'Cs measurements, allow assessment of the maximum depth of
anthropogenic inputs in the sediment and hence help define the mixed layer. Sediment

subsamples were dried and ground. 2'°Pb activities were determined by measuring the
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radioactive decay of its daughter isotope 2°Po (t;,=138.4 days; a=5.30 MeV) by alpha
spectrometry [Ghaleb, 2009]. A *®Po spike was added as a yield and counting efficiency
tracer. Po was extracted and purified by chemical treatment and deposited on silver disks
following the method of Flynn [1968]. The **Po and #°Po activities were measured in a
silicon surface barrier o spectrometer (EGG and ORTEC type 576A). *’Cs was measured by
O-spectrometry at 66.6 keV, using a low background high-purity Ge well-detector
(Canberra). IAEA-300 standard reference material was used as a counting efficiency tracer of

the detector and to estimate the reproductibility (10 = 1%).

2.3.2 Separation of authigenic and residual components

Bulk sediments are composed of distinct fractions: i) exchangeable, ii) bound to
carbonates, iii) bound to Fe-Mn oxides, iv) bound to organic matter, and v) the residual
detrital fraction [Bayon et al., 2002; Gutjahr et al., 2007; Tessier et al., 1979]. Fe-Mn oxides
are leachable phases that are thought to precipitate either during settling of particles within
the water column or at the sediment/water interface, incorporating trace metals directly from
the water masses. The leachable fractions may thus record properties of overlying deep-water
masses, but may also include some soluble/exchangeable elements hosted by detritic phases
(e.g. exchangeable metals in clay). Thus it is important to choose a leaching technique that
releases "authigenic" fractions, i.e., that exchanged with or formed directly from dissolved
fractions in overlying water masses. However, it is necessary to first remove the carbonate
fraction, as it may have a mixed detrital-authigenic origin. The methodology we have chosen
is based mostly upon techniques developed by Bayon et al. [2002] and Guthjar et al. [2007].
Sediments are first sieved through a nylon mesh with milli-Q™ water to obtain fractions with
grain sizes <100um. As nearly all of the sediment is in this size range, this step serves to
remove stray, unrepresentative large grains. After drying and grinding, aliquots of ca. 300 mg
are accurately weighed in Teflon™ beakers. Weighing and all subsequent chemical treatment
were performed in a class 100 clean lab. Carbonates are removed by adding 12mL of a Na-
acetate buffer (IM - Acetic acid 1M; 52:48) and shaking at room temperature for 3 hours.
Samples are centrifuged and the supernatant, containing the carbonate fraction, is removed.
Residues are rinsed three times with milli-Q™ water, then subjected to repeated

centrifugation (typically 3 times), dried, weighed and ground in an agate mortar. 12 mL of a
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solution of 0.05 M Hydroxylamine Hydrochloride (HH) - 15% acetic acid - 0.03 M Na-
EDTA, buffered to pH 4 with analytical grade NaOH, is added to the residue and shaken at
room temperature for 24 hours. The supernatant, which will henceforth be referred to as the
leachate, is recovered, and residues are rinsed as previously described and the rinse water is
added to the supernatant. The leachate obtained from this procedure is dominated by the Fe-
Mn oxyhydroxyde fraction, but we cannot exclude the possibility of a minor contribution

from other phases.

2.3.3 Major and trace element analyses

All subsequent analyses were performed on the <100um aliquot fractions. After
sieving, sediment samples were dried and ground in an agate mortar, The bulk sediment
powders, as well as leachates and residues obtained after carbonate and Fe-Mn oxide
removal, were analyzed for major and trace elements at the Service d’Analyse des Roches et
Minéraux (SARM-CNRS), Nancy, France, following procedures described by Carignan et al.
[2008; and references therein]. Calibration curves and accuracy controls were performed
using international geological reference materials. Total concentration uncertainties were
about 1% for major elements and between 5% and 10% for trace elements, depending on

concentration levels.

2.3.4 Pb isotopic analyses

Pb isotopic analyses were performed on residues of the sieved (<100um) sediment
after carbonate and Fe-Mn oxide removal, as well as on the leachates thought to represent the
Fe-Mn oxide fraction. In this respect, they differ from the Pb analyses presented in the
preliminary study of Carignan et al. [2008], which were performed on bulk sediment
powders. For the residues, approximately 100 mg of powder were weighed and digested with
a mixture of HF, HNO; and HCIl on a hot plate at 110°C. This acid mixture was also added to
the leachates, after partial evaporation, to ensure dissolution of any precipitates. Pb was
extracted using anion-exchange chromatography, following Manhés et al. [1980].
Measurements were performed on a (MC)-ICP-MS Isoprobe™, at either the CRPG
laboratory in Nancy, France or the GEOTOP laboratory in Montreal, Canada. In both cases,

the standard reference material NIST 981 was used as a reference. Instrumental mass bias
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was corrected internally after addition of SRM NIST 997 Tl solution [White et al., 2000].
Nominal isotopic values used for Pb and T1 (***T1”®TI of 2.3889) reference materials were
taken from Thirlwall [2002]. Analytical uncertainty was estimated by repeated measurement
of the Pb-Tl reference material. Calculated NIST 981 Pb-ratios indicate an overall
reproducibility better than 150 ppm/amu (2*sd of the mean: 2°*Pb/**Pb: 2.43380+0.00029;
20%pb/%Ph:  1.09308+0.00012; 2Pb/A%Pb: 0.91485+0.00017; **Pb/ *Pb: 36.722+0.011;
207pb2%Pb: 15.4974+0.0047; °Pb/***Pb: 16.9398+0.0053). Blanks for the Pb procedure in
detrital residues were under 0.9 ng and represent less than 0.30% of the total amount of Pb
present in the samples. Blanks for the leachate fraction represent less than 0.46% of the total

Pb present.

2.4 Sediment sample heterogeneity

Before discussing the results, we address the methodological issue of the
representativity/heterogeneity of glacial sediment subsamples. As illustrated in Table 4, some
variability is observed, not only with varying depth, but even between distinct ~lcc
subsamples taken from a single 1 cm-thick core slice. Two explanations can be suggested.
The first is procedural. We can rule out biases in the mass spectrometric measurements, since
analyses of the same homogenized residue powder performed in the two laboratories yield
identical results within standard deviation (Table 4, samples at 19-20 cm and 39-40 cm).
Incomplete digestion of certain heavy minerals could also potentially influence the measured
isotopic compositions. However, the reproducibility of replicates of the same leached
subsamples in different laboratories also argues against this possibility. On the other hand,
since different subsamples were sieved and leached in different laboratories, we cannot
exclude the possibility of small biases due to subtle procedural differences, particularly in the
leaching technique, despite our efforts to use identical techniques. A more likely explanation
from our point of view is that the sediments are intrinsically heterogeneous at the sampling
level. All of our analyses of duplicate subsamples are from the glacial to late-glacial interval.
This time period is marked by large Pb isotopic heterogeneities linked to a rapidly changing
sedimentary regime (see below). Therefore, 1 cm® of material that corresponds to several

hundred years may not be representative of the mean sedimentary properties of the
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corresponding layer. To get around this issue, in the discussion we use mean values from
available measurements for a given layer, and underscore the statistical uncertainties inherent

in this type of sampling.

3.RESULTS

3.1 'Cs and *'°Pb abundances: definition of the mixed layer

Previous 2°Pb and '*'Cs analyses of sediments from core MC04 suggested a thickness of
about 10 cm for the modern mixed layer [see Bonrnet et al., 2010 for more details]. In core
MCI16, elevated B37Cs levels extend down to at least the 3-4 cm interval, while above
background levels of 2!°Pb are found to around 6-7 cm (Table 2 and supplements). This
indicates that the modern mixed layer in this core is about 6 cm thick. This value is unlikely
to represent mixing conditions in the past, especially prior to the Holocene, because primary
productivity and benthic mixing were reduced [Zamelczyk et al, 2010]. In particular,
foraminiferal abundance presents very sharp peaks (with a significant increase in number)

deeper in the core, suggesting that bioturbation was less intense in the past.

3.2 The Pb budget in the sediment cores

Figure 3 presents both bulk and residue Pb/Al ratio profiles in cores MC04 (Fig. 3a,
Table 5) and MC16 (Fig. 3b, Table 3). Pb/Al ratios, rather than absolute Pb concentrations
are compared because absolute concentrations in bulk samples can be affected by dilution by
carbonates. Aluminum was chosen as the normalizing element for several reasons. Al is an
immobile element, as shown by the fact that less than 2% is removed during the leaching
procedure. Al is derived from terrigenous inputs and represents alumino-silicates, the main
group of minerals found in fine sediment fractions. Anthropogenic inputs of Al are
negligible. Al is also non-reactive, thus its levels will not change as a consequence of
chemical reactions within the sediment [Fiitterer, 2000]. In addition, Al is a major element
and thus does not usually display the ‘nugget’ effects frequently observed for crustal trace
elements. Al is hence an excellent choice when normalizing for terrigenous inputs.

Comparison of Pb/Al ratios of the bulk and residual fractions allows us to constrain the
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relative importance of the various components of the Pb budget (detrital, leachable geogenic
and leachable anthropogenic).

In both cores, Pb/Al ratios in residual fractions remain nearly constant with depth. In
contrast, Pb/Al ratios of the bulk sediment are significantly higher throughout the profiles,
and increase markedly in the mixed layers, most probably because of the addition of Pb of
anthropogenic origin. In accordance with this observation, common Pb concentrations in
leachates of the upper 6-7 cm of core MC16 are higher than those from deeper in the core
(Table 3), thus confirming the above estimate of the mixed layer thickness from 2'°Pb
abundances. Based on the quantities of Pb in the bulk, residual and leachate fractions, we
estimate that 59+4% and 65+5% of the Pb is removed during the leaching procedure in
samples from below the mixed layer in cores MCO4 and MCI16, respectively. (These
percentages correspond to the proportion of Pb removed during the final leaching step
relative to the total amount of Pb in the decarbonated sediment.) In the mixed layer these
proportions increase to 84+3% and 74+5% respectively. On average, the leaching procedure
thus removed 42% (MC04) and 14% (MC16) more Pb in the mixed layer than in the rest of
the core. This excess Pb probably represents the anthropogenic contribution (Fig. 3), larger in
core MCO04 than in MC16. The bulk fractions of the surface samples are thus imprinted by
anthropogenic Pb inputs [Gobeil et al., 2001]. Pb concentrations in residual fractions show
little difference between samples from the mixed layer and those from deeper sediments. We
conclude that the leachable Pb, including anthropogenic Pb, has been efficiently removed
during the leaching procedure.

The Pb contained in the fraction removed by Na-acetate leaching is thought to
represent the Pb contribution from carbonates. While the Pb content of this fraction was not
directly measured, it has been estimated by calculating the difference between bulk sample
Pb content and the sum of the Pb contents recovered in i) leachates (from the HH-acetic acid-
EDTA leaching step) and ii) residues. In the mixed layer of MCO04, almost no Pb was
removed by the Na-acetate leachates whereas in deeper sediment, an average of 30% of Pb
was _ap_parently removed. However, due to minor losses during each step of the analytical
procedure, the missing 30% should be seen as a maximum value for the Pb hosted by
carbonates. For comparison, in core MC16, an average of 1% was removed by the Na-acetate

solution in mixed-layer samples, whereas an average of 3% was removed downcore. Due to



X2

potential losses mentioned above along with a 10% uncertainty on the analysis itself, this

difference may be seen as insignificant.

3.3 Surface sediments

Elemental ratios and Pb isotopes from the surface samples of the transect (Fig. 1) are
plotted vs longitude in Figure 4 and corresponding data are listed in Table 6. Th/Zr ratios
depend almost entirely on detrital silicate supplies and provide a first criterion for
discriminating potential sources. This ratio can be used to define at least three distinct
sedimentary fields in the Fram Strait area. The easternmost field, on the west Spitsbergen
shelf (core MC07; Fig. 4), displays a Th/Zr value of 0.031. Off the Spitsbergen margin,
below the WSC, values ranging from 0.041 to 0.045 are observed. Westward, off the
Greenland margin, mostly under the influence of outflowing Arctic water masses and sea-ice,
Th/Zr ratios return to lower values (0.035 to 0.028).

Total Th/Pb ratios in surface sediments are influenced by anthropogenic Pb
contamination [Carignan et al., 2008; Gobeil et al., 2001]. Th/Pb ratios in the bulk sediment
of the surface samples, which contain both natural and anthropogenic Pb, show only limited
variability along the transect. In contrast, Th/Pb ratios of residual fractions vary
geographically in a manner similar to that of Th/Zr ratios. Residual Th/Pb values of 0.72,
0.81-0.91, and 0.71-0.75 are obtained respectively for each of the sedimentary fields
identified above, along the NE to SW transect. This confirms that the detrital-Pb fraction can
also be used to discriminate between sediment sources [Fagel et al., 2004 and references
therein]. This is further demonstrated by distinct Pb isotope signatures in this fraction, with
206pp2Mpb-ratios of ~18.650, 18.744 to 18.837 and ~18.554, respectively over the
Sptisbergen Shelf, off the Spitsbergen margin, and along the Greenland margin.
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3.4 Sedimentary time series

In the long cores, residual Th/Zr and 2°°Pb/**Pb ratios vary with depth within the
ranges of respectively, 0.038-0.49 and 18.650-18.958 (MCO04; Fig. 5 and Table 5) and 0.026-
0.042 and 18.404-18.823 (MCI16; Fig. 5 and Table 3). The two cores display different Late
Holocene values for these ratios in samples taken just below the mixed layer. Further back in
time (LGM to Late Holocene), in the MC16 record, Pb isotope data from the residues display
distinct trends, with a change in trend direction between sediments deposited before and after
the start of the YD, at ~13 ka, located at about 20 cm. Below this depth (i.e., throughout the
LGMe-early deglacial interval), 2Pb/**Pb ratios increased erratically with decreasing age,
defining a “LGM/late-glacial” trend (Trend A). In contrast, above the YD (i.e., since ~ 12 cal.
ka), 2%Pb/*®Pb ratios decreased rather steadily, defining a “Holocene” trend (Trend B). These
trends are clearly distinguished in the Pb isotope mixing diagram (Fig. 6). Each reflects a
dominantly binary mixing system with a common high ***Pb/***Pb end-member resulting in a
total of three end-members. End-member #1, common to both trends, has isotopic
compositions of ***Pb/**Pb > 18.8 and 2®Pb/*®Pb < 2.06 (Fig. 7). End-member #2, from
Trend A, displays 206pp2%ph < 18.4 and 2%°Pb/*®Pb > 2.085. End-member #3, from Trend B,
has **Pb/”*Pb < 18.6 and ***Pb/’"Pb > 2.085.

Three isotopic excursions are recorded in the residues from MC16. The sample at
20cm (i.e. during the YD interval considering the age uncertainty, Fig. 2) displays higher
206pp/2MPh ratios whereas samples at 28 and 36 cm (~16.4 and ~19.8 cal. ka respectively)
exhibit lower **Pb/”*Pb ratios (Fig. 5). Particular Pb isotopic compositions were also
observed for samples from levels 23 and 38 cm (~14.3 and ~20.7 cal. ka respectively) which
plot along Trend B (Fig. 6) whereas the other samples below the YD layer plot along Trend
A. This suggests a switch of the source regions to end-members #1 and #3 during the
deposition of these two samples. Finally, we note that two extreme excursions, at 25 and 38
cm, were also observed in one of the three analyzed subsamples at each of these levels (Table
4). However these subsamples also displayed unusually high Pb concentrations and the other
subsamples failed to reproduce the anomalous results. Thus while we cannot completely
exclude the possibility of extreme sample heterogeneity, we believe that the most likely
explanation of these surprising results is sample contamination and therefore they are not

plotted in the figures and we will not discuss them further.
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Below the YD-layer, **Pb/”*Pb ratios in leachates are similar to those of the
corresponding residues (Fig. 5), and both leachates and residues plot along the same mixing
trend (Trend A) in Fig. 6. In contrast, above the YD-layer, 205pb/*%Pb ratios in leachates tend
to be lower than those of the corresponding residues. Surprisingly, the leachates from this
section of the core also plot along Trend A in Figure 6, whereas the residues plot along Trend

B.

4. DISCUSSION

In the following sections we compare Pb isotopic compositions of Fram Strait
sediments to those of basalts, marginal crustal rocks and other marine sequences (both bulk
and residues). Considering that residues represent the detrital fraction, their compositions
should be comparable to those of the eroding continental crust in their source regions. The
Arctic Ocean is a semi-enclosed basin and major potential Arctic sources include Greenland,
the Arctic Archipelago (Queen Elizabeth Islands), the Mackenzie region, the Chukchi Sea,
the East Siberian Sea, the Laptev Sea, the Kara Sea, the Barents Sea and Svalbard. Atlantic
sources include Scandinavia, northwestern Europe and the Barents Sea (Fig. 1).
Unfortunately, only limited Pb isotopic data are available for many of these areas.
Nevertheless, these data provide important constraints on the provenance of material

delivered to Fram Strait though IRD.

4.1 The sedimentary domains

Pb isotope compositions coupled with selected geochemical ratios allow distinction
between Atlantic and Arctic sedimentary inputs that are controlled by the main active
currents in the Strait (Fig. 4). The bidirectional flow through Fram Strait leads to a zonation
in the sedimentary supply as a function of longitude within the Strait. Geochemical and Pb
isotopic compositions of surface sediments define the sedimentary domains under the
present-day current pathways. Pb isotopes of surface samples from cores MC07 and MCO04,
located on the continental slope off the Spitsbergen margin (Fig. 1, inset), plot along a linear
trend defined by Pb isotope compositions of the Svalbard basalts and the Pan-African crust of
northwestern Europe [Fagel et al., 2004] (Fig. 7a) suggesting that the North Atlantic Current
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(NAC) and the WSC control sedimentary fluxes in this area. Further to the west, under the
influence of incoming waters from the GIN seas, distinctly higher 2**Pb/”2%Pb ratios are
observed in surface samples from cores MC10, 12 and 14 (Fig. 4, Table 6). They point to a
stronger contribution from the western European Pan-African crust, (Fig. 7a). The central and
western parts of Fram Strait are unquestionably influenced by both surface and deep currents
from the Arctic Ocean [Darby and Zimmerman, 2008; Darby et al., 2002a; Rudels et al.,
2000]. This is evident in the fact that sediments from cores MC21, 24 and 26 have higher
298pb/2%ph and lower 2%Pb/**Pb than those from cores further to the east (Fig. 4), possibly
reflecting a contribution from the Pan-African Greenland crust (Fig. 7a).

The surface sample from core MC16 displays a Pb isotopic composition very similar
to those in cores MC04 and MCO7 (Fig. 4). However regarding the difference in
sedimentation rates, the first cm of core MC16 would correspond to the top 10 cm of core
C04 which, except for the surface, are distinct from core MC16. Cores MC04 and MC16
belong to distinct sedimentary domains and must be fed by different sedimentary source

regions.

4.2 Temporal variations

Core MCO4 is located on the continental slope off Svalbard and presents a
sedimentation rate ~15 times higher than that of core MC16. In addition, the sea-ice cover
over core MCO04 is much less extensive than that over core MC16 [Miiller et al., 2009]. All of
these considerations suggest that sediment transport mechanisms should be different between
core MC16 and core MCO04. Therefore MC16 sedimentation is thought to be mainly derived
from Arctic sea-ice. Pb isotopes from core MC04 display few variations suggesting constant
supplies over the last two millennia. 2°°Pb/**Pb ratios suggest that core MC04 was mostly
influenced by sediments derived from the Pan-African crust of western Europe through
northward flowing currents. Since core MC16 provides a record since the LGM and because
it reflects Arctic and/or proximal Greenland inputs and their variations since the LGM, we

will focus the discussion on data from core MC16, in central Fram Strait.

4.2.1 Detrital Residues - Identification of potential source regions
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The Pb isotopic compositions of the detrital residues from core MC16 are not
randomly distributed within the mixing field delimited by the three end-members defined
above. Instead they define two distinct trends, prior to and after the YD interval, with each
trend representing a mixture of only two of the end-members. This rather abrupt change in
the mixing pattern suggests a major change in sediment sources and thus in ice-drifting
pathways.

The three end-members have been tentatively assigned to specific circum-Arctic
sources based on (limited) data available in the literature. As illustrated in figure 7b, total and
silicate fractions of surface sediments from Alpha-Ridge, in the Canadian basin north of
Ellesmere Island, have Pb isotope ratios close to those of end-member #1 [Winter et al.,
1997]. Alpha-Ridge sediments are thought to be derived from the Queen Elizabeth Islands.
River sediments from the Mackenzie and the Red Arctic rivers [Millot et al., 2004] and
marine sediments from the Canadian Basin [Gartside, 1996; Gobeil et al., 2001; Stn 11 & Stn
18; Gueibe, 2009] display 2°Pb/”**Pb and 2®Pb/*Pb ratios that plot on or near Trend A.
Samples from the Arctic Mendeleyev (Stn 26) and Lomonosov (Stn 35) Ridges [Gobeil et al.,
2001] plot slightly off Trend A but not far from end-member #1, providing further evidence
that this end-member indeed corresponds to Canadian Arctic sources.

River sediments from the Lena display Pb isotopic compositions consistent with end-
member #2 (Fig. 7b). The Pb isotopic compositions of basalts from the Norilsk region
[Lightfoot et al., 1993; Wooden et al., 1993] and of samples from the Siberia region [Winter
et al., 1997 and references therein] both define large fields in the top left corners of figures 7a
and 7b that could encompass end-member #2. The Kathanga river, which drains the Norilsk
region, as well as the above mentioned Lena river, end in the Laptev sea. We thus assign end-
member #2 to the Central Siberia/Laptev Sea source area.

The Greenland Pan-African crust appears to be the most likely source matching end-
member #3 (Fig. 7b). Trend B, which is essentially a mixture between end-members #1 and
#3, shows higher variability (R? of 0.64 for the linear regression) than Trend 4 (R* of 0.85).
Some contributions from end-member #2 might explain this higher variability.

Results from previous studies tend to corroborate our source identification. Darby et
al. [2002a] and Darby and Zimmerman [2008] identified Fe-oxide grains and sediments from
IRD-events in a core very close to MC16 (core PS1230, Fig. 1), which they linked to a
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Northern Canada and Queen Elizabeth Islands provenance. These authors also provide
evidence for sediment inputs from the Siberian margin (e.g. Laptev Sea) region. Thus their
results are coherent with the end-members #1 and #2 that we have defined based on Pb

isotope compositions.

4.2.2 Isotopic Excursions

Considering the estimated sedimentation rate of core MC16, from 1.1 to 5 cm/ka,
each sample represents a time period of a few hundred years, assuming that mixing by
bioturbation remained negligible until recent time, when productivity increased drastically
[Zamelczyk et al., 2010). Thus changes in isotopic compositions at the level of the 1 cm
sampling slices are considered to illustrate paleogeographical events of a few hundred years
duration. Pb isotope ratios measured at 28 cm and 36 cm downcore tend towards end-member
#2, thus suggesting enhanced contributions from the Laptev/Siberian source area at ca 16.4
and 19.8 ka, respectively. In contrast, the isotopic composition at 20 cm tends towards end-
member #1 suggesting strong contributions from the Canadian Arctic region during the
interval assigned to the YD. Unlike the other pre-YD samples, sediment residues at 23 and 38
cm (at ca 14.3 and 20.7 ka respectively) plot along Trend B (Fig. 6). This might suggest a
pulse from end-member #3, that is, from Greenland, possibly linked to the LGM extreme
Greenland Ice advance, or more simply it might correspond to an isolated calved iceberg.
However we remain cautious regarding this interpretation since duplicate analyses of the
sample at 38 cm produced distinct values that do not agree within analytical uncertainty.
Enhanced heterogeneity of the sediment at this level, possibly linked to a large but rapid
paleoceanographic event at ~20.7 ka, might explain this lack of reproducibility. Darby et al.
[2002a] and Darby and Zimmerman [2008] report evidence for a glacial event at about that
time. We note that the two results obtained from the sample at 38 cm, though disagreeing
beyond analytical uncertainty, both plot along Trend B, which would be consistent with a
Greenland contribution.

Darby and Zimmerman [2008] also note some features suggestive of contributions
from Laptev/Siberian sources in the sediments from 16.4 and 19.8 ka, which would be
consistent with the Laptev/Siberian geochemical component that we see in these excursions

(Fig. 6, samples at 28 and 36 cm). According to recent paleogeographical reconstructions
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[Hubberten et al., 2004b; Siegert and Marsiat, 2001; Siegert et al., 1999; Spielhagen et al.,
2004], the extent of the ice-sheet over northern Siberia was limited to the Barents Sea and the
eastern part of the Kara Sea during this time interval. Cold and dry conditions would have
prevailed over the emerged Laptev Sea. Therefore, transport of material from the Laptev Sea
through ice rafting does not seem to be a viable explanation for these isotopic excursions. On
the other hand, a freshwater event in the Kara Sea and the Arctic Ocean at ~15.8 ka has been
recently reported, resulting from the drainage of the Chuya Katun lake through the Ob river,
into the Kara sea [Reuther et al., 2006]. Since we cannot distinguish between the Kara and
Laptev Sea source signatures, this event cannot be ruled out as a possible contributor to the

16.4 ka excursion, given the age uncertainties.

4.2.3 Leachates

In the mixed layer, the anthropogenic Pb signal overprints the natural signal as
illustrated by the higher Pb content of sediments and lower 2*Pb/**Pb of leachates in this
interval. In the following discussion, data from the mixed layer will hence be excluded and
only pre-anthropogenic data will be discussed.

Another issue that must be examined is the possibility that the leaching procedure
leads to some contamination of leachates by Pb derived from the detrital fraction, in which
case the leachates would not represent the purely authigenic component. Two distinct
approaches can be used to address this issue. The first, the Al/Ti test, suggested by Bayon et
al. [2002] to estimate detrital contributions to leachates, is uninformative here, because Ti
concentrations in leachates are often below detection limits. Nonetheless, such very low Ti
contents (<0.001%) already suggest that detrital contributions to leachates must be small. An
alternative approach involves mass balance calculations following the procedure of Gutjahr et
al. [2007], using Sr isotopic compositions in both the detrital and leached fractions, and
assuming that the Sr isotopic composition of the leachate should be that of seawater. Based
on our Sr isotope data (that will be published elsewhere) we demonstrate that the detrital
phase may contribute an average of 20% of the leachate Sr. Based on the hypothesis that Pb
would behave as Sr does, this level of contamination would modify 2°°Pb/2*Pb values in
leachates by up to 0.025. We thus decided to include this uncertainty in the calculation of

error bars of leachate Pb isotope ratios. Values reported for leachates can therefore be
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considered to represent Pb inherited through exchange with seawater (henceforth referred to
as "authigenic" Pb in contrast with the "detrital" Pb), within the shown uncertainty (Fig. 5).

Pb isotopic compositions in the authigenic vs detrital fractions varied differently
through time. In the pre-YD section of MC16, they track each other quite well (Fig. 5). In
contrast, in the post-YD interval, they diverge increasingly towards core top. Whereas Pb
isotopes in detrital fractions follow two distinct trends with one common end-member, as
discussed above, those from the authigenic fraction define a single binary mixing system
(Fig. 6, R2 of 0.97), broadly coincident with Trend A from the residue data. Potential sources
of the authigenic Pb in leachates are thus likely to be the same as those of end-members #1
and #2 defined for the residues (**Pb/?*Pb > 18.9 and 2®Pb/”*Pb < 2.06, and *Pb/**Pb <
18.3 and *®Pb/*°Pb > 2.09 respectively). The similarity between the Pb isotope values of
leachate end-members and detrital end-members #1 and #2 suggests that the water masses
developed their Pb isotope signature through exchange with particulate and dissolved fluxes
from the Canadian/Mackenzie area and/or the Siberian/Lena area. As discussed above,
dissolution of Fe-Mn oxyhydroxide precipitates should account for most of the Pb recovered
during the second step of the leaching procedure. Such precipitates may partly form in the
water column but are mostly generated by early diagenetic effects at the water-sediment
interface [Bayon et al., 2002; Gutjahr et al., 2007].

It is perhaps surprising that leachates do not exhibit a more radiogenic Pb signature
than the residues, in contrast to what has been observed in the Northwest Atlantic region
[Gutjahr et al., 2009; Gutjahr et al., 2008; Kurzweil et al., 2010; Von Blanckenburg and
Nigler, 2001]. The pre- YD samples show no coherent pattern as leachates can be either more
or less radiogenic than the corresponding residues, while the post-YD leachates are clearly
less radiogenic than their residues. In the Arctic Ocean, Haley et al. [2008] suggested that the
less radiogenic Pb signal found in leachates reflects glacial remobilization of erosional
products of the Siberian basalts. Subsequent partial exchange with these particles would have
imprinted the water masses in a way similar to that which is thought to occur for Nd [Lacan
and Jeandel, 2004b; c]. Indeed, though Pb and Nd are not completely analogous as illustrated
by their different marine residence times, Nd isotopic exchange between dissolved and
particulate phases along continental margins might shed some light on Pb isotope behaviour

(see for example: [4rsouze et al., 2009; Lacan and Jeandel, 2005a; Tachikawa et al., 1999]).
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The results of these studies suggest that the isotopic compositions of highly particle-reactive
elements such as Th, Pa, Pb and Nd, along continental margins, could be controlled by
adsorption/desorption processes through water/particle exchange. Perhaps such exchange
processes partially explain the lack of a systematic difference between the Pb isotopic
compositions of leachates and residues. The leachate data would hence reflect the ambient
water-mass signature, however this signature would be acquired by exchange with particles at
sites with high particle flux such as continental margins.

Data from MCI16 (pre-anthropogenic) leachates could suggest that Pb isotopic
signatures carried by deep-water masses were acquired through such “boundary exchange”
processes off the Siberian margin and/or off the Canadian/Mackenzie margin area i.e., at sites
where major particulate fluxes from either paleo-ice margins or large river systems occurred.
We suggest that the Pb-fractions from MC16 core leachates were inherited from the ambiant
water masses circulating over the sediment i.e., the Arctic deep-water. Leachate data define a
single mixing line suggesting that, unlike for the residues, the two sources thought to imprint
the leachate signature have not changed since the LGM period. Nevertheless, changes did
occur in the relative contribution of each end-member.

In conclusion, we think that the Pb isotopic composition of the leachates (i.e.
exchangeable fraction) precipitates from ambient sea-water, hence recording the properties of
dissolved metals in the sediment carrier water mass. However, the water mass itself is
thought to acquire this geochemical signature through adsorption/dissolution processes with
particles during its trajectory through circum-Arctic sites where high particulate fluxes occur

(off major rivers today).

4.3 Paleoceanographic implications

The two trends defining the three sources of particulate material exported through
Fram Strait are interpreted in relation to ice-rafting deposition and thus sea-ice and/or iceberg
routes. The pre-YD interval sediments originated from the Canadian/Mackenzie (end-
member #1) and Siberian (end-member #2) margins. Maximum influence of the Siberian
margins occurred during the isotopic excursions at ca. 16.4 and 19.8 ka. During the post-YD

interval (trend B), particulate supplies seem to have been mostly derived from
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Canadian/Mackenzie (end-member #1) and Greenland (end-member #3) sources. The YD
itself was apparently an interval with maximum and prominent input from the
Canadian/Mackenzie source area (end-member #1).

Recent studies have proposed a northward meltwater pulse from the Laurentide Ice
Sheet through the Mackenzie river system during the YD [Murton et al., 2010; Teller et al.,
2005]. It has also been suggested that this pulse destabilized the ice-pack and enhanced sea-
ice flux through the Beaufort Gyre [Not and Hillaire-Marcel, 2011a]. Two consequences
resulting from such a pulse are worth noting: i) an increased flux of sedimentary material
along the ice-rafting route notably over the central Lomonosov Ridge [Hanslik et al., 2010;
Not and Hillaire-Marcel, 2011a] and western Fram Strait (site MC16), and ii) a probable
increased freshwater/sea-ice export through Fram Strait towards the GIN Seas likely to
drastically reduce the AMOC [Tarasov and Peltier, 2005; 2006].

In fact, studies of the Northwind Ridge sediment, off the Chukchi Sea [Polyak et al.,
2007; Polyak et al., 2009b], have also suggested the presence of i) a gyre type circulation
over the western basin of the Arctic Ocean during the LGM/early deglacial period coexisting
with ii) a Trans-Polar Drift type circulation from the Eurasian basin [Polyak et al., 2009b;
Spielhagen et al., 2004]. This would produce a sea-ice circulation pattern in agreement with
our Trend A described above. The short Pb isotopic excursions during this interval might
relate to events such as ice-surging and/or drainage events from the Siberian margin area
[Darby et al., 2002a].

Several events, along with the YD, occurred during the LGM/deglacial intervals and
have likely contributed to changes in sea-ice and iceberg routes of the Arctic: i) the final
deglaciation of the Svalbard-Barents Sea Ice Sheet which presumably occurred at ~13-15 ka
[Elverhai et al., 1998; Hubberten et al., 2004b], ii) the opening of Bering Strait at ~13.5 ka [J
H England and Furze, 2008], iii) the sea level rise subsequent to meltwater pulse 1a at ~14.5
ka. Because of the sea level rise and of the new circulation dynamic after the YD, most of the
Siberian margins were at least partially submerged notably the Barents Sea area where sea-
ice could have been directly exported from the Arctic Ocean, depending on the atmospheric
regime [Hilmer et al., 1998].

During the post-YD interval, increasing relative particulate supplies probably from

Greenland (vs Canadian sources) are observed at the MC16 site (Trend B). As recently
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documented by Larsen et al. [2010] and Moller et al. {2010], the Holocene seems to have
been characterized by an eastward drift from northern Greenland towards Fram Strait. This
may have been responsible for the enhanced supply of detritus from the Greenland margin
and the concomitant relative decrease of the Siberian source material.

Deep-water circulation patterns, as illustrated by exchangeable Pb isotopes from
leachates (Fig. 6), seem to have been much less variable through time. This is illustrated by
the fact that the data fit a single mixing line, indicating that deep water masses were
influenced by particulate fluxes from both the Canadian margin (end-member #1) and the
Siberian margin (end-member #2). However the relative contributions of the two end-
members fluctuated substantially (Fig. 5). This supports the above interpretation that the Pb
isotopic signatures of the deep-water masses were acquired by exchange processes in regions

with high particulate fluxes.
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5. CONCLUSIONS

This study has demonstrated the ability of geochemical tracers and Pb isotopes in
deep-sea sediments to provide insights into paleoceanographical events that occurred during
the deglaciation of the circum Arctic, and the Holocene. Indeed, leachable fractions (at core
depths below anthropogenic influence) have isotopic signatures acquired by deep-water
masses near the continental margins of the Arctic Ocean, whereas residual detrital fractions
display isotopic compositions inherited from sediment source areas and thus document
sedimentary fluxes towards and across the Arctic Ocean.

This detrital fraction, mainly transported by ice, illustrates relative contributions from
three end-members (Canada, Siberia and Greenland margins) that varied significantly
through time, both gradually and during short events linked to specific ice-margin
instabilities. Our data argue for increasing influence of Greenland sediment supplies through
the Holocene suggesting deflection of the Trans-Polar Drift westward towards the northern
Greenland ice margin (with a weaker Beaufort gyre). The detrital fraction also records a
strong isotopic excursion during the YD-interval, pointing to a trigger event in the
Canada/Mackenzie area that resulted in enhanced Beaufort Gyre circulation, as is also
recorded in sediments from the Lomonosov Ridge [Not and Hillaire-Marcel, 2011a]. This
supports the hypothesis of Tarasov and Peltier [2005; 2006] that an Arctic freshwater/sea-ice
pulse might have been at the origin of the AMOC collapse of this interval. We suggest that
earlier isotopic excursions found in this core from the LGM to the YD-interval are mostly
related to paleogeographical events along the Siberian margins. The low sedimentation rate
of the studied core nevertheless limits more detailed paleoceanographic reconstructions.

Ongoing complementary radiogenic isotope measurements (Nd, Sr) will provide
tighter constraints on sediment sources and on how their relative importance varied through
time.
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Table 1 : Site locations of surface samples

Sample =~ Water ; .
Y Latitude Longitude
BC07 1497 N 78°52.620° E 07°20.459’
MC04 1181 N 78°54.931°  E 06° 46.005’
BC10 2483 N 78°56.176°  E 05°24.075°
BC12 2426 N 78°54.461° E02°24.919
BC14 2502 N 78°55.888°  E 01°06.460°
MC16 2546 N 78°53.767° E 01° 06.460°
MC21 1779 N 77°00.204° W 02°30.173°
MC24 2974 N 74° 38.000° W 03°23.662°
MC26 3064 N 74°53.490° W 10°46.100°
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Table 2 : *'°Pb and "*"Cs activity data from the bulk sediment from core MC16.

Sample Depth (cm) 219 activity (dpm/g) Bics (dpm/g)
0-1cm 29.34 0.38
1-2cm 24.86 0.39
2-3cm 11.42 0.26
3-4cm 8.21 0.13
4-5cm 491 -
5-6c¢cm 3.08 -
6-7cm 2.61 -
7-8cm 247 -
8-9cm 244 -
9-10cm 249 -
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Table 3 : Elemental and Pb isotopic data from total, detrital and leachable fractions from

MCI16/ Leachate concentrations are reported relative to the initial bulk sediment mass.

Interval Total
Age, cal. Ka
Depth, cm Alior, % Zry, ng/g Thyye, pg/g Pbyot, ng/g

0-1 0.2 7.0 137.9 7.3 28.0
1-2 11 6.9 161.3 7.8 39.8
2-3 2.0 6.9 148.9 7.0 25.3
3-4 2.9 7.0 202.7 o8 35.9
4-5 3.8 7.4 160.1 745 217
5-6 4.7 Ted 201.0 9.9 30.2
6-7 5.6 7.4 206.9 10.2 20.5
7-8 6.5 7.3 216.0 10.3 220
8-9 7.5 72 2249 99 23.6
9-10 8.3 7.4 186.0 7.8 222
10-11 9.2 73 205.0 10.2 27.4
11-12 10.0 7.5 188.9 10.3 28.2
12-13 10.9 7.6 189.9 10.7 28.8
13-14 11.8 7.8 191.7 11.3 28.2
14-15 12.0 8.0 205.0 10.2 26.6
15-16 122 83 208.0 10.7 30.6
16-17 12.4 8.1 221.6 11.1 26.4
17-18 12.6 8.0 236.1 10.6 2:3if]
18-19 12.8 8.0 2313 11.0 26.5
19-20° 13.0 83 188.9 103 21.8
21-22 13.9 83 189.9 10.7 29.8
22-23 14.3 83 191.7 11.3 254
24-25 15.1 7.8 225435 10.1+0.7 18.9
26-27° 16.0 82 228.1+3.3 8.8+0.1 24.9

27-28 16.4 8.0 221.6 11.1 23.0




54

29 -30° 17.3 8.2 189+13 9.1+1.3 19.2
34 -35° 19.4 8.2 219.9+5.2 10.0+0.5 20.4
35-36" 19.8 77 224435 10.00.1 20.0
3637 20.2 8.1 210 10.6 21.4
37-38° 20.7 7.6 23421 9.2+0.3 17.8
39 - 40° 21.5 7.8 174.2 7.9 17.7

“ Isotopic values correspond to the mean of duplicate analyses of the same leached aliquot

fraction

® Isotopic values correspond to the mean of analyses of leached aliquot fractions from

different sub-samples at the same level.

Table 3 (suite)

Interval Age, Residues
Depth, cal. Al, Zr, Th, 2 206py, 204p}) W7p A4p} 208p}, 204pp
cm Ka % pg/g nglg nglg
0-1 02 63 1525 53 74 18.633 15.601 38.628
1-2 1.1 6.7 1829 65 79 18.674 15.596 38.804
2-3 20 6.7 1859 62 175 18.660 15.594 38.773
3-4 29 64 1516 56 175 18.684 15.588 38.871
4-5 38 69 1929 6.1 75 18.701 15.602 38.719
5-6 47 69 1866 58 7.1 18.621 15.592 38.771
6-17 56 7.1 1820 62 7.1 18.711 15.608 38.863
7-8 65 6.8 1995 65 76 18.680 15.592 38.751
8-9 7.5 6.7 2157 68 8.0 18.655 15:992 38.871
9-10 83 69 2098 6.7 8.0 18.714 15.598 38.785
10-11 92 - - - - - - -
11-12 100 - - - = = = 3
12-13 109 - - - - - - -
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13- 14
14-15
15-16
16-17
17-18
18-19
19-20°
2~ 2%
2393
04—35°
227"
27138
29 -30°
34-35°
35-36
3637
37-38
39 - 40°
39 —40°

11.8
12.0
12.2
12.4
12.6
12.8
13.0
13.9
14.3
15:1
16.0
16.4
173
19.4
19.8
20.2
20.7
21.5

8.0
7.6
7.6
7D
7.4
7.4
7.6
7.2
7.7
7.3
21.5

181.1
204.4
221.2
211.6
202.0
199.2
221.6
2071
185.0

230.8

7.7
6.4
6.8
6.4
5:2
6.1
7.0
5.6
5.6
6.7
7.8

8.0
7.8
8.1
77
6.6
6.5
9.1
7.6
Tl

8.3

18.733

18.836+0.019
18.684
18.695
18.65+0.07
18.611+0.069
18.589
18.666+0.016
18.708+0.057
18.469+0.093
18.598
18.75+0.13
18.661+0.021
174.2

15.601

15.6178+0.0003

15.599
15.593
15.589+0.008
15.587+0.017
15.581
15.598+0.002
15.603+0.009
15.573+0.009
15.590
15.608+0.016
15.599+0.012

7:9

38.832

38.831+0.054
38.688
38.824
38.64+0.11
38.6060.042
38.569
38.650+0.022
38.696+0.040
38.45+0.18
38.621
38.806+0.057
38.623+0.025
17.7

“ Isotopic values correspond to the mean of duplicate analyses of the same leached aliquot

fraction

® Isotopic values correspond to the mean of analyses of leached aliquot fractions from

different sub-samples at the same level.

Table 3 (suite)

Interval Age, Leachates
Depth, cal. Al, Th, Pb, Removed 206ppp  WTppM4pp  M8ppMipp,
cm Ka % pg/g pg/lg Pb,%
0-1 02 09 23 1252 77 18.472 15.608 38.403
1-2 1.1 0.111 2.1 306 79 18.331 15.610 38.288




0 N A W AW N
|
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9-10
10-11
1L=1%
1813
13- 14
14-15
15-16
16- 17
17-18
18-19
19 -20°
) .
9923
24 -25°
26-27°
2728
29 -30°
34 -35°
35-36°
36-37
730"
39 —40°
39 — 40°

2.0
25
3.8
4.7
5.6
6.5
7.5
8.3
9.2
10.0
10.9
11.8
12.0
12.2
12.4
12.6
12.8
13.0
13.9
14.3
15.1
16.0
16.4
17:3
194
19.8
20.2
20.7
21.5

0.107
0.095
0.104
0.157
0.128
0.196
0.243
0.094

0.068
0.120
0.117

0.154
0.118
0.103
0.126
0.012
0.136

0.099
=

1.9
24
2.4
2.0
2.2
2.8
3.5
2.8

2.7
3.2
3.4

3.0
3.0
34
2.8
22
32

2.9

18.9
26.4
13.9
17.3
11.5
13.7
14.7
15:1

1253
18.7
17.0

16.5
15.5
12:9
11.4
9.4

17.0

10.3
7.8

72
78
65
71
62
64
65
66

60
69
66

66
68
64
58
54
68

74

18.503
18.338
18.608
18.442
18.787
18.709
18.593
18.584

18.831
18.569
18.647
17.621
18.558
18.579
18.728
18.764
18.592
18.537
17.223
18.770
174.2

15.620
15.601
15.608
15.608
15.630
15.632
15.629
15.613

15.632
15.623
15.626
15.562
15.618
15.616
15.620
15.630
15.618
15.620
15579
15.618
7.9
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38.485
38.298
38573
38.405
38.771
38.701
38.589
383545

38.771
38.516
38.599
§7.532
38.523
38.547
38.750
38.794
38.576
38.523
37.872
38.742
17.7
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“ Isotopic values correspond to the mean of duplicate analyses of the same leached aliquot
fraction
® Isotopic values correspond to the mean of analyses of leached aliquot fractions from

different sub-samples at the same level.

Table 4 : Elemental and Pb isotopic data from total, detrital and leachable fractions from
duplicate samples from core MC16. Leachate concentrations are reported relative to the

initial bulk sediment mass.

Interval Depth, Total
Age, cal. Ka
cm Zry, ng/g Thiot, ng/g Pbot, ng/g
19-20 13.0 188.9 10.3 21.8
Mean®+1*sigma
24-25 151 200.3 10.6 47.6
249.2 9.6 18.9
Meant]1*sigma 225435 10.1£0.7 18.9
26-27 16.0 230.4 8.9 249
2287 8.7 17.5
Mean*1*sigma 228.1+3.3 8.8+0.1 21.245.2
29-30 173 198.5 10.0 19.2
179.3 8.2 19.6
Mean+1*sigma 189+13 9.1+1.3 19.4+0.3
34-35 19.4 223.6 9.6 204
216.2 10.4 19.4
Mean £1*sigma 219.9+5.2 10.0+0.5 19.9+0.8
35-36 19.8 198.5 10.0 20.0
249.2 10.1 18.2
Mean £1*sigma 224435 10.0+0.1 19.1+1.3

37-38 20.7 248.4 9.0 424
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Mean £1*sigma

39-40

Mean®+1*sigma

21.5

218.8 9.5 17.8
17.8

234+21 9.2+0.3
174.2 12 17.7

? The first set of values of samples at 25 and 38 c¢cm have been rejected due to enhanced

concentrations of Pb in the bulk sediments that we have interpreted as a possible

contamination effect. The means have been calculated using the two subsequent values.

® Analyses were performed on the same leached aliquot fraction. (All other duplicate analyses

were performed on leached aliquots from different sub-samples of the same level.)

Table 4 (suite)
T Age, Residues
Depth, cm o I Th  Wepppuipp  Wipptipy, 203py, W4pp,
Ka pg/g ng/g ng/g
19-20 130 181.1 7.7 80 18.823 15.618 38.869
18.850 15.618 38.793
Mean®+1*sigma 18.836+0.019 15.6178+0.0003 38.831+0.054
24-25 150 = i £ 18.236° 15.562° 38.297°
18.696 15.595 38.713
18.597 15.584 38.636
Meanz1*sigma 18.65+0.07  15.589+0.008  38.64+0.11
2627 160 2116 64 177 18.562 15.578 38.577
18.659 15.596 38.636
Mean=1*sigma 18.611£0.069  15.587+0.017  38.606+0.042
29 -30 173 1992 61 65 18.677 15.597 38.666
18.655 15.3600 38.634
Mean+1*sigma 18.666+0.016  15.598+0.002  38.650::0.022
34-35 194 2216 70 9.1 18.668 15.596 38.667
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Mean +1*sigma
35-36 19.8 217.1
Mean +1*sigma

37-38 20.7 -

Mean £1*sigma

39-40 21.5 230.8

Mean®+1*sigma

5.6

6.7

7.6

8.3

18.749
18.708+0.057
18.536
18.404
18.469+0.093
18.027°
18.657
18.841
18.75+0.13
18.647
18.676
18.661+0.021

15.609
15.603+0.009
15.579
15.566
15.573+0.009
15.553"%
15.596
15.619
15.608+0.016
15.590
15.607
15.599+0.012

38.724
38.696:0.040
38.580
38.323
38.45+0.18
37.927°
38.766
38.846
38.806:£0.057
38.606
38.641
38.6230.025

“ The first set of values of samples at 25 and 38 cm have been rejected due to enhanced

concentrations of Pb in the bulk sediments that we have interpreted as a possible

contamination effect. The means have been calculated using the two subsequent values.

® Analyses were performed on the same leached aliquot fraction. (All other duplicate analyses

were performed on leached aliquots from different sub-samples of the same level.)

Table 4 (suite)
Age, Leachates
Interval l
cal. Th, Pb, Removed
Depth, cm 2%pbA%Pb  Pb/A%Pb  *™Pb/ ™Pb
Ka pg/g pglg Pb,%
19-20 130 27 123 60 18.831 15.632 38.771
Mean"+]*sigma
24-25 15.1 - - - 17.621° 15.562° 37.532¢
18.733 15.612 38.676
Meant1¥sigma 18.733 15.612 38.676
26 -27 160 3.0 165 66 18.558 15.618 38.523
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Mean+1*sigma
29-30

Mean+1*sigma
34-35

Mean %1 *sigma

35-36

Mean +1*sigma

37-38

Mean +1*sigma

39-40

Mean®+1*sigma

17.3

19.4

19.8

20.7

21.5

3.4

2.8

.

2.9

12.9

11.4

9.4

10.3

64
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1131

18.757
18.657+0.14
18.728
18.724
18.726+0.003
18.764
18.724
18.744+0.028
18.592
18.608
18.600+0.011
17.953°

' 18.676
18.714
18.695+0.03
18.770

15 .604
15.611+0.009
15.620
15.613
15.616+0.005
15.630
15.610
15.620+0.14
15.618
15.609
15.613+0.006
15.579°
15.601
15.605
15.605+0.0004
15.618

38.681
38.602+0.11
38.750
38.719
38.735+0.02
38.794
38.697
38.746+0.07
38.576
38.560
38.568+0.11
378727
38.620
38.658
38.639+0.03
38.742

? The first set of values of samples at 25 and 38 cm have been rejected due to enhanced

concentrations of Pb in the bulk sediments that we have interpreted as a possible

contamination effect. The means have been calculated using the two subsequent values.

® Analyses were performed on the same leached aliquot fraction. (All other duplicate analyses

were performed on leached aliquots from different sub-samples of the same level.)

Table 5 : Elemental and Pb isotopic data from total, detrital and leachable fractions from

MCO04. Leachate concentrations are reported relative to the initial bulk sediment mass.

Interval Depth, Total
cm Al % Zr, nglg Thor, 1/ Pbiot, ng/g
0-1 6.1 144.1 7.6 43.1
2-3 6.8 130.2 =E 3¢5
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4-5 6.8 146.0 9.4 58.7
5-6 6.9 141.2 94 49.0
6-7 6.9 154.7 9.6 51.8
7-8 6.9 163.8 9.8 50.0
8-9 6.8 165.5 9.6 543
9-10 6.7 131.6 73 39.0
10-11 6.8 165.0 9.9 41.6
11-12 6.8 165.8 9.5 33.8
12-13 6.9 167.0 9.7 26.5
13-14 7.0 173.1 10.1 372
14-15 7.0 182.3 9.9 26.4
19-20 7.1 136.7 7.6 21.6
24 -25 7.0 173.2 10.1 23:3
34-35a 7.1 176.0 9.9 26.6
34-35b 7.1 159.8 10.1 26.6
39-40 7.2 168.8 9.8 36.0
44 - 45 7.0 157.8 10.5 239
49 -50 7.3 144.1 7.6 35.8
Table 5 (suite)
Interval Residues
Depth, Al, % Zr, Th, ’ 206pp,204pp  207pp 204pY  W08pp 204p
cm ng/g ng/g ng/g
0-1 6.8 130.7 53 7.8 18.650 15.583 38.554
2-3 8.1 134.4 5.5 6.8 18.835 15.621 38.736
4-5 8.3 122.2 6.0 8.0 18.835 15.616 38.755
5-6 - - - - - - -
6-17 - - - - - - -
7-8 - - - - - - -
8§-9 - - - - - - -
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9-10 8.1 127.9 53 5.8 18.958 15.638 38.886
10-11 - - - - - - -
11-12 - - - - - - -
12-13 - - - - - - -
13-14 - - - - - - -
14-15 8.1 195.1 75 8.4 18.924 15.633 38.815
19-20 8.3 141.8 6.0 7.6 18.660 15.594 38.773
24 -25 8.2 191.5 7.6 8.2 18.956 15.632 38.829
34-35a 7.9 144.9 6.1 7.1 18.926 15.627 38.867
34-35b 7.9 151.0 5.8 7.0 18.914 15.627 38.843
39-40 8.5 128.3 6.2 8.0 18.895 15.631 38.811
44 —45 8.2 132.9 545 6.7 18.921 15.630 38.835
49 - 50 8.4 119.9 59 8.2 18.890 15.631 38.800
Table 5 (suite)
Interval Leachates
Depth, Al, Th, Pb, Removed 206py,204pp,  207pp204py,  208py 204py
cm ng/g nglg ng/g Pb, %
0-1 99 1.8 314 80 18.262 15.576 38.128
2-3 117 22 32:9 83 18.407 15.613 38.303
4-5 141 24 48.3 86 18.275 15.604 38.193
5-6 - - - - - - -
6-7 - - - - - - -
7-8 - - - - - - -
8-9 - - - - - - -
9-10 136 23 37.1 86 18.498 15.620 38.444
10-11 - - - - - - -
11-12 - - - - - - -
12-13 - - - - - - -

13-14
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14-15 1 1.9 11.9 58 18.655 15.635 38.597
19-20 218 23 AT 56 18.709 15.626 38.626
24 -25 2 23 9.7 54 18.792 15.649 38.734
34-35a 165 25 10.2 59 18.572 15.604 38.474
34-35b 169 2.5 10.5 60 18.544 15.581 38.415
39-40 139 21 1.5:2: 66 18.403 15.575 38.286
44 -45 161 2.5 8.4 56 18.490 15.463 38.191
49 -50 128 29 14.1 63 18.435 15.581 38.300

Table 6. Elemental and Pb isotopic data from total, detrital and leachable fractions from
surface samples. Leachate concentrations are reported relative to the initial bulk sediment

mass.

Sample name e
Alyor, Yo Zryy, nglg Thyor, ng/g Pbyor, ng/g
BC07 6.1 129.0 6.4 29.5
MC04 6.1 144.1 7.6 43.1
BC10 6.9 164.1 8.1 29.8
BC12 7.2 134.6 8.1 30.7
BC14 72 139.7 8.1 33.1
MC16 7.0 137.9 7:3 28.0
McC21 6.7 177.6 7 248
MC24 6.7 171.4 7.8 24.6
MC26 6.5 1917 7.0 254
Table 6 (suite)
Sample Residues
name Al, 1 S Fb; 206ph2%ph  X7PbAMPb  2*Pb/**Pb

ng/g ngl/g ngl/g

BC07 6.7 156.4 4.8 6.7 18.643 15.603 38.547
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MC04 68 1006 4.1 6.0 18.650 15.583 38.554
BC10 79 1645 6.7 7.4 18.837 15.617 38.800
BC12 84 1543 6.2 7.8 18.823 15.613 38.817
BCl14 83 1335 6.0 7.0 18.744 15.602 38.739
MC16 79 1525 53 7.4 18.633 15.601 38.628
MC21 75 1645 5.2 7.0 18.556 15.582 38.553
MC24 76 1612 53 7.4 18.553 15.581 8.657
MC26 74 1903 5.3 7.0 18.545 15.581 38.580
Table 6 (suite)
Sample Leachates
name  Al, g/g e Fhr Removed soep, mepy,  w0ipyaepy  15pp o,
ng/g ng/g Pb, %
BCO7 14 19 240 78 18.430 15.610 38.325
MC04 10 14 241 80 18.262 15.576 38.128
BC10 113 20 244 77 18.391 15.619 38.347
BC12 16 24 211 73 18.481 15.603 38.417
BC14 15 26 267 79 18.457 15.612 38.399
MC16 12 23 252 77 18.472 15.608 38.403
MC21 12 15 18.4 72 18.466 15.599 38.427
MC24 12 24 183 71 18.457 15.606 38.420
MC26 12 2.0 17.6 71 18.407 15.602 38.369
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Figure 1: Bathymetric map of Fram Strait and surface sample locations.

Left: map of the Arctic Ocean, light-blue arrows represent main surface currents and dark-
blue dashed arrows represent deep currents. BG: Beaufort Gyre; TPD: Trans-Polar Drift
[Jones, 2001; Rudels et al., 2004; Rudels et al., 2005]

Tc;p right: Open and full circles represent respectively surface and core samples along the
transect. Red arrows illustrate warm Atlantic waters and blue arrows represent cold Arctic
waters. NAC: North Atlantic Current, WSC: West Spitsbergen Current, RAC: Return
Atlantic Current, AIW: Arctic Intermediate Waters.

Bottom right: Localisation of surface samples vs water depth.
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cores. Dashed lines above and below the age model curve represent the estimated uncertainty.

The mixed layer, down to 6 cm, is represented by a dashed line.
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Figure 3: Pb/Al ratios in the bulk sediment (green diamonds) and in the detrital residue (red

circles) illustrating the Pb budget in a) core MC04 and b) core MC16. Grey fields represents

the crustal, non-leachable Pb. Green fields represent the geogenic Pb determined from the

bulk sediments and include all values below the mixed layer defined by 137Cs and 210Pb

data. The difference between the grey and green fields represents the leachable geogenic Pb.

Pb concentrations were measured on more bulk samples than on residues, hence all bulk

samples do not have a corresponding residue. Specific calibrated ages (in ka) are indicated by

arrows on the depth axes.
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Figure 5: Th/Zr and ***Pb/**Pb profiles of cores MC04 and MC16 against depth. Red and
black arrows represent calibrated ages (ka) in cores MC16 and MCO04 respectively. Note the
difference in sedimentation rate between the two cores. Graded grey bar represents the
Younger Dryas event, thin light grey bars the 16.4 ka (28 cm) and 19.8 ka (36 cm)
excursions.

Left panel: Th/Zr ratios in cores MC16 (top; open red squares) and MC04 (bottom; open
black squares).

Middle panel: **Pb/*®Pb ratios in residues from cores MC16 (top; red circles) and MCO04
(bottom; black squares). Open red circles represent replicate analyses of residues from core
MCI16, full circles represent the mean value.

Right panel: 2%Pb/2*Pb ratios in residues (red circles) and leachates (blue squares) from core
MCI16. Blue open squares represent leachate replicates. Full symbols represent the mean

values of both residues and leachates.
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circles represent the replicate values from the sample at 38 cm and highlight the
heterogeneity of this sample although both analyses plot on the same trend. The red circle

outlined in black represents the average of these two analyses.
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Figure 7: 2%Pb/%Pb vs. 2°Pb/**Pb diagram illustrating the detrital trends defined in Fig. 7

along with data from the literature for marine sediments and potential source regions a.) GIN

Seas and European sources along with residues from cores MC04 and MC16 and surface

sediments b.) Arctic sources and sediments along with residues from core MC16.




7. AUXILIARY MATERIAL

3

Table S7: calibrated age and the corresponding depth with the method used to establish the

age model (2*sigma uncertainty).

Method Depth (cm) Age *C Age cal (ka)
s 1 0.22+0.07 0.22+0.07
HEH 9 7.25+0.06 7.7+0.13
Geochemical correlations ® 14 - 11.8
Vedde Ash? 16 10.8 12.1+£0.2
Geochemical correlations 20 - 13.0
Hee 36 17.100.13 19.8+0.4

*Zamelczyk et al. 2010

®Hanslik et al. 2010 ; Not and Hillaire-Marcel 2011
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of the mixed layer. Note that *’°Pb measurement were performed on the bulk sediment with
an alpha-spectrometer and that ***Pb measurement were performed on the <100 um sieved

fraction with a MC-ICP-MS.
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ABSTRACT

Elemental (Ca, Zr, Th, etc.) and radiogenic isotope (Pb, Nd, Sr) measurements in
leachates and residues from deep-sea sediments of core MC16 (WarmPast Program) in
central Fram Strait were used to document the geochemical signatures of outflowing Arctic
water masses and ice rafted debris (IRD) since the Last Glacial Maximum. In addition, the
elemental distribution among the three main sedimentary fractions (terrigenous, biogenic and
authigenic) was quantified. Elements dominated by the terrigenous fraction display a change
at ~13ka assigned to an early Younger Dryas (YD) event. In the authigenic fraction,
migration of the redox front, perhaps spurred by discontinuous delivery of organic matter to
the sediment, has led to the mobility of elements such as Mn. Fe contents display lesser
variability within the sediment suggesting that Fe experienced only minor redox-related
redistribution. Authigenic Pb and Nd, thought to be hosted primarily by Fe-oxihydroxides,
also show little evidence of mobility, suggesting that their isotopic compositions should
reliably record the isotopic compositions of past bottom water.

We have broadly identified the isotopic signatures of the three major source areas of
IRD, the Russian, Canadian and Greenland margins. The elemental and isotopic residue
records from core MC16 display distinct trends prior to and after the YD. The pre-YD
interval, with exq values between -10.1 and -13.2, and ¥’Sr/*Sr ratios from 0.715 to 0721,
reflects a mixture of IRD from the Russian and Canadian margins. The YD episode stands
out with sediments originating mostly from the Canadian end-member, displaying the lowest
ena values and highest ¥Sr/**Sr ratios. This suggests enhanced sea-ice production and/or
drifting along the Beaufort Gyre at that time. The post-YD interval, i.e. the Holocene, is
characterized by a less variable mixture of IRD material, with eyg values and 875r/%8r ratios
centered at -12.2 and 0.718 respectively. This material was derived from several sources
including northwestern Canada (Mackenzie River), the western Arctic, the East
Siberian/Chukchi Seas, and the more proximal Greenland margin.

The isotopic compositions of leachates are mostly linked to boundary exchange
processes near major meltwater and freshwater source areas. Due to its longer residence time
relative to Pb, Nd preserves the isotopic signature of more distal areas where high-density
particulate fluxes may occur. In the studied core, Nd-isotope leachate data illustrate the

influence of the western Russian margins prior to the YD event and that of the East Siberian
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and Chukchi Sea margins following this event. This study illustrates that complementary
information on IRD sources and water-mass histories can be obtained from isotopic analyses
of inherited (residual) and exchangeable (leachable) fractions in deep Arctic Ocean
sediments. Higher resolution cores are now needed to illustrate more rapid variations of paleo

sea-ice and water mass circulation.

1. INTRODUCTION

The Arctic Ocean, though of small size, has a disproportionately large influence on
the world’s climate system (Holland et al., 2010; Jakobsson et al., 2010; Koenigk et al., 2011;
Miller et al., 2010). Exports of freshwater and sea-ice may influence deep-water formation in
the Greenland, Iceland and Norwegian (GIN) Seas and consequently the Atlantic Meridional
Overturning Circulation (AMOC), which in turn strongly affects heat exchange with the
atmosphere (Broecker, 1991; McManus J. F., 2004; Peltier et al., 2006). Sea-ice is a key
feature of the Arctic climatic system notably because of its strong albedo which provides a
positive feedback mechanism by reflecting solar irradiation and hence preventing heat
transfer to the ocean surface, maintaining a highly stratified water column (Miller et al.,
2010; Polyak et al., 2010). The role of the Arctic with respect to changes in the AMOC can
be examined by documenting water mass exchanges through Fram Strait using geochemical
and sedimentological records from deep-sea cores (Birgel and Hass, 2004; Carignan et al.,
2008; Darby et al., 2002; Fagel and Hillaire-Marcel, 2006; Fagel et al., 2004; Fagel et al.,
1997; Fagel et al., 2002; Gutjahr et al., 2008). Fram Strait is the major Arctic gateway for
freshwater and sea-ice export and the only gateway for deep-water mass exchange between
the Arctic and the North Atlantic (Fahrbach et al.,, 2001; Jones, 2001; Jones et al., 1995;
Rudels et al., 2004). During glacial times, Fram Strait was also the only passage permitting
exchange between the Arctic Ocean and the GIN Seas (Darby et al., 2006; Tiitken et al.,
2002). Atlantic waters enter the Arctic as the West Spitsbergen Current, in the eastern Fram
Strait, and form the subsurface Atlantic waters present throughout the Arctic ocean. In the
western part of Fram Strait, the outflowing water masses are i) at the surface, the Modified
Atlantic Water; ii) in the upper subsurface, the Arctic Atlantic Water; iii) at greater depths,

the Arctic intermediate Water; and iv) at the seafloor, the Canadian Basin Deep Water and
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Eurasian Basin Deep Water (Figure 1) (Dickson et al., 2007; Langehaug and Falck, 2011;
Rudels et al., 2005; Rudels et al., 2000). Changes in freshwater and sea-ice supplies within
the Arctic are primarily linked to river discharge and to ice-sheet margin dynamics, related to
the drainage of glacial lakes and/or ice-surges, calving and release of icebergs (Darby and
Zimmerman, 2008; Tarasov and Peltier, 2005; Tttken et al., 2002). In addition, the inception
of low-salinity water inflow from the Pacific through Bering Strait during deglaciation likely
played a role that still remains poorly understood. Our aim is to document paleo sea-ice
circulation and water mass exchange from late glacial to modern times.

The geochemical compositions of deep-sea sediments are indicative of their sources,
transport mechanisms, and in some cases, of diagenetic processes. Marine sediments are
compbsed of three distinct fractions: detrital, biogenic and authigenic (which includes syn-
depositional and early diagenetic components). The detrital fraction is derived from
weathering of continental crust, including mechanical erosion by ice-sheets, as well as from
volcanic material. River transport are usually the main mechanisms that provide sediment to
the ocean, but under the specific conditions of the modern Arctic, wind-transport of fine
particles, iceberg-transport and sea-ice rafting can also provide a substantial amount of
detrital material derived from coastal erosion (Macdonald and Gobeil, 2011). The biogenic
fraction consists of fossil material, organic matter and mineralized remains. The authigenic
fraction corresponds to components formed in situ via post-depositional chemical processes,
mainly controlled by Eh-pH conditions at or below the water-sediment interface (Fiitterer,
2000; Sageman and Lyons, 2003). Arctic Ocean sediments have low organic matter content
and are mainly terrigenous (Rusakov et al., 2010). However, the abundance of Fe- and Mn-
oxides indicates that diagenesis has had some impact on the geochemical properties of these
sediments (Jakobsson et al., 2000; Lowemark et al., 2008).

In the Arctic Ocean, detrital sediments can be used to trace paleo sea-ice source areas
and circulation (Darby et al., 2002; Winter et al., 1997). In addition, Fe-Mn oxyhydroxyde
coatings on detrital particles, which incorporate trace elements (e.g. Pb, Rare Earth Element)
as they precipitate from ambient seawater, have isotopic compositions that can <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>