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Thesis abstract

The upper circulation cell of the Atlantic Meridional Overturning Circulation (AMOC)
plays an important role in the climate system as it transports heat from the tropical
Atlantic to the North Atlantic high latitudes. Understanding the precise relation between
AMOC and climate requires long-term data extracted from natural climate archives (e.g.,
marine sediment records, ice cores, stalagmites, ...), as instrumental time series are too
short and impaired by the difficulty of distinguishing natural variability from
anthropogenic change.

My thesis objective has been to reconstruct the vertical layout and strength of the water
masses constituting the AMOC during fast climate changes of the last glacial using
sedimentary Pa/Th, a proxy of water mass flow rate.

My study area is situated on the Brazilian margin, an area that is the locus of the western
boundary currents and therefore ideal to monitor changes in the AMOC. The sediment
cores I studied also recorded the precipitation increases associated with the southward
shifts of the Inter Tropical Convergence Zone (ITCZ) occurring during stadials of the last
glacial. Because both precipitation proxies and water mass flow rate proxies are
recorded in the same core, I was able to reliably assess the timing of the AMOC upper
circulation cell slowdown with respect to the southward shifts of the ITCZ. I find that the
AMOC upper circulation cell started to slowdown 1420 + 250 (10) and 690 * 180 (10)
years before the southward ITCZ shifts associated with Heinrich Stadial 2 and Heinrich
Stadial 4, respectively. Hence, my results confirm that a slowdown of the AMOC could be
the origin of the ITCZ shifts associated with Heinrich Stadials and provide the first
precise estimate of the phasing between these two climate variables. Based on these
results I propose a mechanism explaining the difference between Heinrich and
Dansgaard-Oeschger stadials.

Using modeling results, [ show that the Atlantic Ocean circulation during periods of
higher Greenland temperatures (interstadials) was markedly different from that of the
Holocene. Two overturning cells were likely active in the Atlantic Ocean: an upper
overturning circulation cell initiated by northern-sourced deep water flowing
southward above ~2500 m depth at the equator, and a lower overturning circulation
cell initiated by southern sourced deep water flowing northward below ~4000 m depth
at the equator. The overturning rate of the upper overturning cell was likely lower than
that of present-day North Atlantic Deep Water. At the onset of Heinrich Stadials, the
structure of the AMOC significantly changed, and southern-sourced deep-waters likely

dominated the equatorial Atlantic Ocean below 1300 m depth.






Résumeé de la these

La cellule supérieure de la circulation méridienne de retournement de I’Atlantique
(AMOC) transporte de la chaleur depuis I’Atlantique tropical vers les hautes latitudes de
I'océan Atlantique Nord, jouant ainsi un réle clé dans le systeme climatique. Comprendre
précisément les relations entre ’AMOC et le climat requiert I'analyse d’enregistrements
climatiques longs, issus d’archives naturelles (telles que les carottes sédimentaires
marines, carottes de glaces, stalagmites...) car les séries de données instrumentales sont
trop courtes et ne permettent pas de distinguer les variations climatiques naturelles de
I'influence anthropique.

L’objectif de ma these a été de reconstituer la structure verticale et la dynamique des
masses d'eaux constituant 'AMOC au cours des variations climatiques rapides de la
derniere période glaciaire a partir du rapport Pa/Th sédimentaire, un traceur de la
vitesse d’écoulement des masses d’eaux.

Ma zone d’étude est située sur la marge nord-est du Brésil, une zone affectée par les
courants de bord ouest et donc idéale pour reconstituer la variabilité de '’AMOC. Les
carottes sédimentaires que j'ai analysées ont également enregistré les augmentations de
précipitations associées aux migrations vers le sud de la zone de convergence
intertropicale (ITCZ) survenant durant les stadiaires de la derniere période glaciaire.
Comme les variations de précipitation et de circulation océanique sont enregistrées
dans la méme carotte, j'ai pu précisément estimer le délai entre le ralentissement de
I’AMOC et le déplacement vers le sud de I'I'TCZ. Je trouve ainsi que le ralentissement de
la cellule supérieure de I'’AMOC commence 1420 * 250 (1o) années avant le
déplacement vers le sud de I'ITCZ associé au « Heinrich Stadial » 2 et 690 + 180 (10)
années avant celui associé au « Heinrich Stadial » 4. Mes résultats confirment donc qu'un
ralentissement de 'AMOC pourrait étre a I'origine des migrations de I'lTCZ associées aux
« Heinrich Stadials » et fournissent une premiere estimation précise du décalage
temporel entre ces deux variables climatiques. Sur la base de ces résultats, je propose un
meécanisme expliquant les différences entre les « Heinrich Stadials » et les « Dansgaard-
Oeschger Stadials ».

A partir de résultats de modélisation, je montre que la circulation océanique pendant les
périodes chaudes au Groenland («interstadials ») était tres différente de celle de
I'Holocéne. Deux cellules de circulation étaient probablement actives dans l'océan
Atlantique : une cellule supérieure initiée par I'écoulement au-dessus de 2500 m a
I’équateur d’'une masse d’eau en provenance du nord et se dirigeant vers le sud, et une
cellule inférieure initiée par I'’écoulement au-dessous de 4000 m a I'’équateur d'une
masse d’eau en provenance du sud et se dirigeant vers le nord. Le taux de

renouvellement de la masse d’eau profonde de la cellule supérieure était probablement



plus faible que celle de la masse d’eau actuellement formée dans les hautes latitudes de
I'océan Atlantique Nord. Au début des « Heinrich Stadials », la structure de 'AMOC a
significativement changé et des eaux en provenance du sud ont probablement dominé

I'océan Atlantique équatorial en-dessous de 1300 m de profondeur.



Résumé détaillé en frangais

Au cours de la derniere période glaciaire, les températures de l'air au-dessus du
Groenland ont oscillé a I'échelle du millénaire entre périodes chaudes (interstadiaires)
et périodes froides (stadiaires) (Johnsen et al., 1992). Chaque stadiaire est terminé par
une augmentation des températures de I'air de I'ordre d’'une dizaine de degrés, atteinte
en quelques décennies seulement, et marquant l'entrée dans des conditions
interstadiaires (Kindler et al., 2014). Durant chaque interstadiaire, les températures de
I'air diminuent vers de nouvelles conditions stadiaires (températures minimales)
maintenues pendant plusieurs centaines d’années. Ces réchauffements abrupts
enregistrés dans la glace du Groenland sont appelés «évenements de Dansgaard-
Oeschger » (Dansgaard et al., 1993).

Pendant certains stadiaires, des fragments lithogenes grossiers ont été déposés dans les
sédiments de I’Atlantique Nord. Ces débris ne pouvant étre amenés dans l'océan ouvert
que par des icebergs, ils sont appelés « Ice Rafted Detritus » (IRD). Les épaisses couches
d’IRD déposées dans I’Atlantique Nord sont appelées « Heinrich Events » (HE) (Heinrich,
1988), et les stadiaires au cours desquels elles sont déposées sont appelés « Heinrich
Stadials » (HS). Au cours des derniers 60 milles ans (ka), cinq Heinrich Stadials sont
observés dans les sédiments de I’Atlantique Nord (HS1-HS5). Les stadiaires non associés
a des évenements d’Heinrich sont appelés DO-stadials et les interstadiaires de la
derniere période glaciaire sont appelés DO-interstadials.

La variabilité millénaire décrite ci-dessus est associée a d'importantes variations de la
circulation méridienne de retournement de I’Atlantique (Atlantic Meridional
Overturning Circulation, AMOC). En effet, pendant les Heinrich Stadials, des réductions
de l'intensité de circulation des masses d’eau profonde constituant 'AMOC sont
observées (Gherardi et al, 2005; McManus et al., 2004). De plus, la formation d’eau
profonde dans I'’Atlantique Nord semble diminuer (Elliot et al., 2002; Vidal et al., 1997),
ce qui pourrait étre lié a la diminution de la salinité des eaux de surface de I’Atlantique
Nord observée pendant ces périodes (Bard et al., 2000; Cortijo et al.,, 1997; Maslin et al,,
1995).

Etant donné que I’AMOC redistribue la chaleur des tropiques vers I’Atlantique Nord, les
variations climatiques rapides observées au cours de la derniere période glaciaire
pourraient étre engendrées par des variations de ’AMOC (Broecker et al., 1985). Or, le
dernier rapport de I'IPCC (2013) conclut que l'intensité de 'AMOC a de tres fortes
chances de diminuer dans le futur, suite au réchauffement climatique induit par les

émissions anthropiques de gaz a effet de serre. Il est donc important de comprendre la



dynamique de 'AMOC lors des variations climatiques rapides de la derniére période

glaciaire pour mieux prévoir I’évolution future du climat.

Mon premier objectif de thése consiste a reconstituer la dynamique des masses d’eau
formant 'AMOC au cours des variations climatiques rapides de la derniere période
glaciaire. Pour ce faire, j'utilise le rapport (?31Pa/?30Th)xso (rapport d’activité du
protactinium et du thorium non supportés par l'uranium lithogéne et authigene, et
corrigés de la décroissance radioactive) des sédiments marins qui est un proxy assez
récent de l'intensité de circulation des masses d’eau (Francois, 2007; Yu et al., 1996).
Mon second objectif consiste a comprendre la relation entre les variations de ’AMOC et
les changements climatiques rapides de la derniere période glaciaire. Pour ce faire, je
crée un modele d’age (i.e. correspondance entre profondeurs dans la carotte et age
calendaire) pour mes carottes sédimentaires qui est entierement radiométrique et
indépendant de l'échelle d’adge des carottes Groenlandaise (Greenland Ice Core
Chronology, GICCO5). Je compare ensuite les enregistrements Pa/Th de mes carottes aux
variations de température du Groenland et aux variations de précipitations dans les

tropiques.

Ma zone d’étude est la marge nord-est du Brésil. Cette région est idéale pour étudier la
variabilité de 'AMOC. En effet, elle est affectée par les courants de bord ouest, et les
masses d’eaux constituant '’AMOC y circulent donc de maniere intense (Schott, 2003).
De plus, le talus continental permet d’étudier des carottes sédimentaires a différentes
profondeurs et donc d’étudier différentes masses d’eau. Les carottes sédimentaires que
jai étudiées au cours de ma these (MD09-3257, 04°14.69’S, 36°21.18'W, 2344m de
profondeur; MD09-3256Q, 03°32.81’S, 35°23.11'W, 3537m de profondeur) ont été
prélevées par le NR Marion Dufresne, au cours de la mission océanographique
MD173/RETRO3.

Afin de pouvoir comparer le signal de circulation enregistré dans mes carottes avec
d’autres enregistrements climatiques, j'ai tout d’abord établi la chronologie la plus
précise possible pour les deux carottes de ma zone d’étude. Les fortes pluies issues de la
migration vers le sud de la zone de convergence intertropicale (Intertropical
Convergence Zone, ITCZ) au cours des stadiaires ont occasionné une augmentation de
I'apport d’éléments terrigenes a la marge brésilienne par rapport a la sédimentation
carbonatée (Jaeschke et al., 2007). Ces migrations sont donc visibles grace aux
augmentations du rapport Ti/Ca mesuré par XRF (X ray fluorescence) dans les carottes
sédimentaires de la zone d’étude (Arz et al., 1998; Jaeschke et al,, 2007). Les pics du

rapport Ti/Ca sont tres utiles pour corréler entre elles les carottes sédimentaires de la



marge. Ainsi, le modele d’age de la carotte MD09-3257 (~2300 m de profondeur) est
basé sur la corrélation de ses pics de Ti/Ca avec ceux d'une carotte voisine (GeoB3910,
04°14.7°S, 36°20.7’W, 2362 m de profondeur) bien datée par *C. Afin de vérifier cette
corrélation, plusieurs dates 14C ont été mesurées directement sur la carotte MD09-3257.
Pour obtenir le modeéle d’age le plus précis possible, la partie de la carotte au-dela de 38
ka a été datée par corrélation de ses pics de Ti/Ca avec les excursions négatives de §180
de spéléothemes des grottes de Botuvera et de Diamante (Andes tropicales) (Cheng et
al, 2013). En effet, une diminution du 680 des spéléothemes indique, comme une
augmentation du Ti/Ca, une intensification des précipitations au-dessus de la zone
d’étude. J’ai corrélé la partie de la carotte au-dela de 38 ka aux spéléothémes, car, apres
35-40 ka, les datations *C sont trés peu fiables (Reimer et al, 2013). Or les
spéléothemes sont datés par U-Th et permettent donc d’augmenter la justesse et la
précision du modele d’age sur la partie inférieure de la carotte. J'ai vérifié la validité de
la corrélation entre carottes marines et spéléothemes sur les intervalles de temps ou la
datation de la carotte sédimentaire par 1*C est précise.

J'ai établi le modele d’age de la carotte MD09-3256Q (~3500 m de profondeur) par
datation 14C jusqu’a 27 ka. Apres cette date, j'ai corrélé les pics de Ti/Ca associés a HS3,
HS4 et HS5 dans la carotte aux pics de Ti/Ca de la carotte GeoB3910.

Pour estimer l'intensité de circulation des masses d’eau, j'utilise le rapport Pa/Th
sédimentaire. Le protactinium et le thorium sont produits a taux constant par I'uranium
dissous dans 'eau de mer avec un rapport de production de 0.093 (Henderson and
Anderson, 2003). Ces deux éléments sont tres réactifs vis-a-vis des particules, et leur
temps de résidence dans I'océan est donc tres faible. Toutefois, le temps de résidence du
thorium dans 'océan (30-40 ans) est plus faible que celui du protactinium (~200 ans)
(Francois, 2007)). Ainsi, alors que le thorium est tres rapidement adsorbé sur les
particules, le protactinium a tendance a rester en phase dissoute. Dans l'océan
Atlantique ou le temps de résidence des masses d’eau est faible (100-275 ans, (Yu et al,,
1996)), le protactinium peut donc étre exporté latéralement par advection. Plus le débit
d’'une masse d’eau est grand, moins le protactinium sera adsorbé sur les particules qui
sédimentent, et le rapport Pa/Th du sédiment sous-jacent sera inférieur au rapport de
production de 0.093. A l'inverse, au sein d’'une masse circulant tres lentement, le
protactinium ne sera pas exporté latéralement et finira adsorbé sur les particules. Le
rapport Pa/Th sédimentaire se rapprochera donc du rapport de production. Etant
donné que le rapport Pa/Th sédimentaire est a I'équilibre avec le rapport Pa/Th dissous
dans les 1000 m de la masse d’eau au-dessus du sédiment (Thomas et al., 2006), il peut
étre utilisé pour estimer l'intensité de circulation des masses d’eau dans l'océan

Atlantique. En effet, en étudiant le Pa/Th sédimentaire de carottes verticalement



distantes de ~1000 m, on peut reconstruire le taux de renouvellement de plusieurs
masses d’eau.

Le rapport Pa/Th sédimentaire en tant que proxy du taux de renouvellement des masses
d’eau a néanmoins des limites. En effet, le protactinium a une forte affinité pour I'opale.
Ainsi, dans les zones a forte production d’opale ou a forts flux particulaires, le
protactinium peut étre rapidement soustrait a la colonne d’eau par adsorption sur les
particules. Ces zones sont souvent des marges influencées par des upwellings cotiers,
comme la marge Africaine. La faible concentration en protactinium dissous résultant de
la forte productivité sur les marges entraine la diffusion du protactinium depuis les
zones de forte concentration de I'océan ouvert vers les zones de faible concentration de
la marge. Cet apport de protactinium augmente le rapport Pa/Th sédimentaire sans
variation de circulation océanique. L'influence de la variation du type et des flux de
particules sur le rapport Pa/Th sédimentaire doit donc étre évaluée avant d’interpréter
le Pa/Th comme un proxy du taux de renouvellement des masses d’eau.

J'ai également mesuré le 613C des foraminiferes benthiques C. wuellerstorfi afin de
reconstituer la ventilation des masses d’eau profondes (Duplessy et al, 1988). Ces
mesures sont complémentaires des mesures Pa/Th qui refletent le débit des masses
d’eau.

J'ai concentré mes mesures Pa/Th autour de HS2 et de HS4. J'ai choisi ces périodes car
elles sont caractérisées par des calottes de glace de volumes différents (Lambeck and
Chappell, 2001). En effet, les calottes de glace de 'hémisphere nord sont plus étendues
pendant HS2 que pendant HS4. Il est donc intéressant de voir si ces configurations
différentes peuvent avoir un impact sur 'TAMOC. Mes mesures Pa/Th sont les premieres
effectuées a haute résolution autour de HS4, et les premieres a étre effectuées autour de
HS2 a ~2300 m de profondeur. J’ai mesuré le 613C de C. wuellerstorfi sur la carotte
MDO09-3256Q (~3500 m de profondeur). Le 613C de la carotte GeoB3910 située a
proximité de la carotte MD09-3257 (~2300 m) a été mesuré par un autre laboratoire

lors d’'une étude précédente et mis a ma disposition dans le cadre du projet ESF RETRO.

Les mesures Pa/Th que j'ai effectuées sur la carotte MD09-3257 montrent I'importante
variabilité du débit de la cellule supérieure de 'AMOC au cours de la derniere période
glaciaire. Les stadiaires sont associés a de fortes valeurs du Pa/Th, indiquant une
réduction de l'intensité de la circulation entre ~1300 et 2300 m de profondeur.
Malheureusement, la portion de carotte correspondant au milieu de HS2 est affectée par
une turbidite, et je n’ai pu mesurer le Pa/Th que pendant le début de I'événement. De
plus, les fortes valeurs de Pa/Th observées pendant HS4 pourraient n’étre pas
uniquement liées a des variations de circulation et je n’ai donc pas interprété ces

valeurs. En effet, les fortes valeurs Pa/Th pendant HS4 semblent corréler avec les forts



flux terrigenes. Il se pourrait donc que 'augmentation du flux particulaire ait entrainé
une forte diminution de la concentration en protactinium dissous sur notre zone
d’étude, ce qui aurait pu provoquer une arrivée de protactinium depuis 'océan ouvert.
Cela aurait pu masquer les variations du Pa/Th liées a des variations de circulation. Les
variations du Pa/Th précédant et suivant HS2 et HS4 peuvent toutefois étre
interprétées, ainsi que les variations du Pa/Th observées lors des DO-stadials et DO-
interstadials.

Les mesures Pa/Th que jai effectuées dans la carotte MD09-3256Q présentent une
moins grande variabilité que celles de la carotte MD09-3257. La principale variation se
situe au sein d’'HS4 qui voit le Pa/Th augmenter de ~0.06 a ~0.08. Toutefois, étant
donné que ces fortes valeurs Pa/Th sont associées a de forts flux terrigenes, les mesures
dans HS4 pourraient n’étre pas uniquement liées a des variations de circulation et je ne

les ai donc pas interprétées.

Les mesures du rapport Pa/Th sur la carotte MD09-3257 (~2300 m de profondeur)
montrent un ralentissement de la masse d’eau circulant au-dessus du site avant les pics
de Ti/Ca associés a HS2 et a HS4. Etant donné que les mesures de circulation océanique
et de précipitations sont effectuées dans la méme carotte, je peux précisément
déterminer la distance entre le début de 'augmentation du rapport Pa/Th sédimentaire
et le pic du Ti/Ca. Je trouve ainsi que le Pa/Th commence a augmenter 9 cm avant le pic
de Ti/Ca associé a HS2 et 5 cm avant celui associé a HS4. ]’ai converti ces intervalles de
profondeur en intervalles de temps a 'aide du modele d’age que j’ai développé. Je trouve
ainsi que le débit de la cellule de circulation supérieure de ’'AMOC diminue 1420 + 250
(1o) années avant la migration de I'ITCZ associée a HS2, et 690 + 180 (10) années avant
celle associée a HS4. Mes résultats confirment qu’'un ralentissement de ’AMOC et une
diminution du transport de chaleur vers I’Atlantique Nord pourraient étre a I'origine de
la migration de I'I'TCZ vers le sud.

Ces résultats contrastent avec les résultats des modeles climatiques. En effet, bien que
ces derniers soient capables de reproduire une migration de 'l TCZ vers le sud suite a un
ralentissement de I’AMOC, ce déplacement se produit rapidement apres le début du
ralentissement de la circulation (Kageyama et al., 2009). Cela pourrait étre dii au fait que
I’AMOC atteint son intensité minimale rapidement apres le début du ralentissement de
la circulation en réponse a un apport d’eau douce dans les zones de formation d’eau
profonde de I'Atlantique Nord. Une réponse plus lente de 'AMOC occasionnerait

probablement une migration plus tardive de I'ITCZ vers le sud.

Les variations de circulation océanique au cours des DO-stadials sont bien visibles sur la

carotte de profondeur intermédiaire de la marge brésilienne. L’intensité du



ralentissement de la cellule de circulation supérieure de ’AMOC associée a ces stadiaires
semble moins importante que celle associée aux Heinrich Stadials. Le rapport Ti/Ca
montre également que les DO-stadials sont associés a une plus faible augmentation des
précipitations tropicales. La baisse du débit de la branche supérieure de ’AMOC et la
diminution des températures au Groenland semblent survenir en phase avec les
variations de précipitations. L’absence de délai significatif entre diminution des
températures au Groenland et migration de I'ITCZ pourrait impliquer que des processus
atmosphériques controlent la position de 'ITCZ pendant les DO-stadials. Toutefois, les
DO-stadials sont également associés a un ralentissement de la cellule supérieure de
I’AMOC. Ainsi, je ne peux pas déterminer quel mécanisme est a I'origine de la variabilité
de I'ITCZ au cours des DO-stadials.

Le délai entre la baisse d’intensité de 'AMOC et la migration de I'ITCZ est tres différent
pour les Heinrich Stadials et les DO-stadials, ce qui m’a amené a proposer le mécanisme
suivant. Pendant les Heinrich Stadials, une diminution initiale du débit de la cellule de
circulation supérieure de 'AMOC a pu engendrer un réchauffement des eaux de
subsurface dans les hautes latitudes de I’Atlantique Nord (Alvarez-Solas et al., 2013;
Mignot et al., 2007). Ce réchauffement aurait ensuite déstabilisé les plateformes de glace
en bordure des calottes de glace continentales, entrainant ainsi le vélage de la calotte
Laurentide (Alvarez-Solas et al.,, 2013). L’apport d’eau douce lié aux icebergs issus de la
Laurentide aurait alors entrainé la diminution du débit de la cellule supérieure de
I’AMOC, entrainant ainsi une accentuation du réchauffement des eaux de subsurface.
Cette boucle de rétroaction positive aurait ainsi pu se poursuivre, entrainant le
déplacement de I'ITCZ de plus en plus loin vers le sud. En revanche, je propose que cette
boucle n’ait pas été activée au cours des DO-stadials, rendant ainsi la variation du débit
de la cellule supérieure de 'AMOC et la migration de I'I'TCZ vers le sud limitées. Les
Heinrich Stadials seraient donc caractérisés par des débacles d’icebergs tres
importantes en raison de la boucle de rétroaction positive, alors que les décharges
d’icebergs auraient pu étre davantage limitées au cours des DO-stadials. Le mécanisme
proposé est par ailleurs en accord avec la différence de quantité d'IRD observée dans
’Atlantique Nord entre les Heinrich Stadials, caractérisés par de grandes quantités d’'IRD
(les évenements d’Heinrich), et les DO-stadials, caractérisés par des quantités d’IRD

limitées.

Afin de comprendre les variations de I'agencement vertical et du débit des masses d’eau
constituant '’AMOC au cours des variations climatiques rapides de la derniére période
glaciaire, j’ai comparé mes données Pa/Th a des valeurs Pa/Th simulées par un simple

modele 2D en boites forcé par différentes fonctions de courant. Ces fonctions de
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courants ont été générées par le modele iLOVECLIM (Roche et al., 2014, in press) sous
différentes conditions climatiques. Ainsi, avec 'aide du 613C benthique, la comparaison
des valeurs Pa/Th de mes carottes sédimentaires et de deux autres carottes de
'’Atlantique avec les résultats du modele m’a permis de proposer une configuration de
I’AMOC en accord avec les données pendant les DO-interstadials et les Heinrich Stadials

(HS2) de la derniere période glaciaire.

Mes résultats montrent que la configuration de ’AMOC durant les DO-interstadials de la
derniere période glaciaire était différente de la configuration actuelle. Les eaux
profondes en provenance de I’Atlantique Nord circulaient au-dessus de 2500 m de
profondeur au niveau de l’équateur, alors qu’actuellement, les eaux profondes en
provenance du nord (NADW) s’étendent de 1200 a 4000 m de profondeur (Schott,
2003). De méme, j'ai pu estimer que le débit de cette masse d’eau au niveau de
I’équateur était de 2 a 10 Sv, ce qui est inférieur a l'intensité de circulation actuelle de
NADW, qui est de 23 * 3 Sv (Ganachaud and Wunsch, 2000). La masse d’eau profonde en
provenance des hautes latitudes sud circulait vers le nord au-dessous de ~4000 m de
profondeur, et vers le sud en tant que courant de retour entre ~2500 et 4000 m de
profondeur. J'ai estimé que le débit de cette masse d’eau était de 2 a 10 Sv. Cette
estimation est trop peu précise pour en déduire un éventuel changement par rapport a
I'intensité de circulation actuelle de I'eau abyssale antarctique (AABW, 6 + 1.3 Sv
(Ganachaud and Wunsch, 2000)).

Mes résultats montrent que la configuration de '’AMOC au cours des Heinrich Stadials
est tres différente de la configuration au cours des DO-interstadials. En effet, lors des
Heinrich Stadials, la production d’eau profonde dans I’Atlantique Nord semble avoir
suffisamment diminué pour que cette masse d’eau ne soit plus clairement visible a
~2300 m de profondeur au niveau de I'équateur. Une masse d’eau en provenance du sud
pourrait donc dominer la colonne d’eau en-dessous de 1300 m de profondeur. La
circulation entre 1300 et 2300 m de profondeur semble étre trés fortement ralentie,
voire stoppée. La masse d’eau en provenance du sud semble directement affecter la
carotte sédimentaire profonde, et pourrait occuper la partie inférieure de la colonne
d’eau des abysses jusque vers 3500 a 2500 m de profondeur. Les données disponibles
montrent qu’a 4500 m cette masse d’eau s’étendait au moins jusqu’a 35°N. Je n’ai
toutefois pas pu estimer son débit car la fonction de courant associée a un arrét complet
de la production d’eau profonde dans I’Atlantique Nord ne reproduit pas exactement

mes données Pa/Th.
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Mes données ne montrent pas de différence majeure entre HS2 et HS4, malgré le fait que
ces deux stadiaires soient caractérisés par des calottes de glace de volumes différents.
Dans les deux cas, la diminution de la circulation océanique précede la migration de
I'ITCZ. Bien que mes résultats aient permis de mieux comprendre la structure de
I'’Atlantique équatorial au cours de HS2, les doutes émis sur la capacité du Pa/Th a
représenter la circulation océanique au cours de HS4 m’ont empéché de comparer la
géométrie et la force de 'AMOC au cours de ces deux périodes de temps. La seule
différence manifeste entre les deux stadiaires est le plus faible §13C des DO-interstadials
entourant HS2 par rapport a ceux entourant HS4. Toutefois, cette différence pourrait
étre due a I’évolution de la biosphére continentale accompagnant le développement
progressif des calottes de glace depuis I'entrée en glaciation jusqu’au dernier maximum
glaciaire (~21 ka) (Duplessy et al., 1988; Lambeck and Chappell, 2001). Rien ne nous
permet donc de dire que la circulation océanique dans I’Atlantique et son lien avec le

climat étaient significativement différents entre HS4 et HS2.

Finalement, la comparaison de mes résultats avec I'’enregistrement de la température au
Groenland montre que les températures du Groenland sont restées inchangées alors que
la cellule de circulation supérieure de 'AMOC était ralentie durant HS2. Cela implique
que I'impact de I'apport de chaleur océanique sur les températures du Groenland est
modulé par d’autres processus. D'une part, des études de modélisation montrent que la
glace de mer pourrait étre un agent important de la variabilité des températures au
Groenland, et pourrait agir comme un isolant sur ce dernier, empéchant ainsi une
diminution de I'apport de chaleur océanique de réduire davantage les températures
groenlandaises (Kaspi et al,, 2004; Li et al.,, 2010).

D’autre part, les études de modélisation montrent qu’'une diminution de I'apport de
chaleur par les océans pourrait étre compensée par une augmentation du transport de

chaleur par I'atmosphere (Kageyama et al., 2009; Shaffrey and Sutton, 2006).

En conclusion, je montre au cours de cette these que le débit et la distribution des
différentes masses d’eau constituant 'AMOC ont significativement varié au cours des
variations climatiques rapides de la derniere période glaciaire. Pendant les DO-
interstadials, deux cellules de circulation étaient actives au-dessus et au-dessous de
2500 m, avec un débit de la cellule supérieure inférieur au débit actuel de NADW. La
diminution du débit de la masse d’eau supérieure associée aux Heinrich-Stadials
intervient 500 a 1700 ans avant la migration vers le sud de I'ITCZ. Ainsi, un
ralentissement de la cellule supérieure de 'AMOC pourrait avoir causé le déplacement
de la zone de convergence intertropicale. Enfin, au cours des Heinrich Stadials, la

convection d’eau profonde dans I’Atlantique Nord était probablement limitée, et 'océan
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Atlantique était dominé par une masse d’eau en provenance du sud au moins en-dessous

de 1300 m de profondeur.
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Introduction

Deep ice core drilling revealed millennial scale Greenland air temperature variability
over the course of the last glacial, referred to as Dansgaard-Oeschger variability (Fig. 1)
(Dansgaard et al.,, 1993; Kindler et al., 2014). DO events are characterized by rapid
transitions from cold (stadial) to warm (interstadial) conditions. In marine sediment
cores from the mid-high latitude North Atlantic, sea surface temperatures estimates
display a similar variability, with cold sea surface temperatures (SST) occurring during
DO stadials (Bard et al., 2000; Bond et al., 1993; Elliot et al., 2002; Sachs and Lehman,
1999). During some of these stadials, layers of coarse lithic fragments occur in mid-high
latitude North Atlantic marine sediment cores (Bond et al., 1992). The coarse grains
found within these layers were transported by icebergs before being deposited in
oceanic sediments and are termed Ice Rafted Detritus (IRD). Anomalously thick layers of
IRD are called Heinrich Events and the stadials during which they occur are called
Heinrich Stadials (Heinrich, 1988). Evidences for climatic variability associated with
Heinrich and Dansgaard-Oeschger events are not limited to the high latitude North
Atlantic and can be found worldwide (Voelker, 2002).

Age (ka)

20 25 30 35
20 - L

-30 1

-40 -

Temperature (°C)

-50 1

-60 -

Figure 1: Greenland air temperatures of the last 20-50 ka (Kindler et al, 2014). Numbers indicate
Dansgaard-Oeschger interstadials and HS indicates Heinrich Stadials.

Heinrich stadials are accompanied by decreased flow rate of the deep water
masses contributing to the Atlantic Meridonal Overturning Circulation (AMOC)
(Gherardi et al., 2005; McManus et al., 2004) and by reduced deep water formation in
the high latitude North Atlantic (Elliot et al., 2002; Vidal et al., 1997). The AMOC is the
meridional component of the Atlantic circulation (Fig. 2). (Kuhlbrodt et al.,, 2007). It
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consists of two overturning cells: the upper cell is initiated by deep convection in the
Nordic seas and the lower cell is initiated by deep convection in the Southern Ocean. The
surface circulation of the upper circulation cell is responsible for the transport of heat
and salt from the tropical Atlantic towards the high latitude North Atlantic. Hence, it has
been hypothesized that decreased inter-hemispheric heat transport related to a
reduction of the AMOC strength could be at the origin of the climate variability observed
in Greenland ice cores (Broecker et al., 1985).

The last IPCC report (AR5) concluded that a slowdown of the AMOC is very likely
in the future, as a consequence of the warming induced by greenhouse gas emissions
due to human activities. Although modern climate could respond differently to an AMOC
slowdown than that of the last glacial, studying the AMOC of the last glacial and its links

with abrupt climate shifts could help improving current climate models and hence

AERR :

predicting future climate change.

)
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—» volume transport —p»  mixing-driven upwelling => deep-water formation
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Figure 2 : Sketch of the Atlantic Meridional Overturning Circulation (AMOC) from (Kuhlbrodt et al., 2007).
Blue arrows indicate the approximate flow direction of NADW (North Atlantic Deep Water) and AABW
(Antarctic Bottom Water), the northern and southern sourced deep water masses initiating the upper and
lower overturning cells of the AMOC respectively.

In this thesis, I reconstruct the dynamic of the AMOC during warm and cold
periods associated with the DO variability. In order to do that, I use the sedimentary
Pa/Th ratio, a relatively recent proxy that can record water masses renewal rates
(Francois, 2007; Yu et al,, 1996). I also study the relationship between AMOC and fast
climate changes of the last glacial. My study area is situated on the Brazilian margin, a

region affected by strong western boundary currents and therefore by the main water
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masses constituting the AMOC (Schott, 2003). The sedimentary Pa/Th ratio in this
region was shown to reflect present day oceanic circulation (Lippold et al., 2011).

In Chapter 1, I present the current knowledge on the strength and layout of the
water masses constituting the AMOC, and their links with climate of the past 60 cal ky
BP (ka hereafter). I also present the objectives of this thesis, which aim at understanding
some actively discussed aspects concerning the configuration of the water masses
constituting the AMOC and their relationship with climate of the last glacial. I also
present the current knowledge of the sedimentary Pa/Th ratio in the Atlantic. Finally, I
detail my study area and the stratigraphy of my sediment cores, which has been crucial
in my choice of the fast climatic events to study.

Chapter 2 provides details about the methods [ implemented at LSCE. The core of
this chapter is one of my three research papers, intended for submission in Analytical
Chemistry. This article is an intercomparison of sedimentary Pa/Th methods, and
provides advices for Pa/Th measurements and 233Pa spike calibration. Within the frame
of this thesis, it provides an assessment of the quality of the data that I produced.

In chapter 3, I assess the timing of AMOC change with respect to shifts of the Inter
Tropical Convergence Zone. In order to that, I build an age model for the sediment cores
that is entirely radiogenic. Hence, as this age model is independent from the ice core
GICCOS5 age scale, I compare AMOC changes to temperature changes in Greenland. This
study is the subject of an article that was submitted to Nature Geoscience and
Proceedings of the National Academy of Sciences, but that was not accepted with 1/3
and 1/2 positive reviews. It is now intended for submission in Geophysical Research
Letters.

In chapter 4, | compare the Pa/Th data in the sediment cores of this study and in
other Atlantic cores to Pa/Th values simulated using a 2D box model forced by various
streamfunctions. It allows me to infer possible states of the AMOC during different
climate periods of the last glacial. This article, currently in preparation, is intended for
submission to Climate of the Past.

The last chapter summarizes all the results that arise from this thesis. It also
provides perspectives for future work aiming at testing the hypotheses I emitted, and at
providing further insights into our understanding of the AMOC and its relation with last

glacial climate.
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Chapter 1: Thesis objectives and study area

1.1 Thesis objectives

In this section, | present the current knowledge on the structure of the AMOC during the
past 60 cal ky BP (ka hereafter) and its relationship with climate. I separate my
presentation into different topics, and detail my thesis objectives related to these topics
at the end of each associated subsection (1.1.1-1.1.3).

1.1.1 Oceanic circulation variability during the past 60 ka

During the last 60 ka, the Atlantic Meridional Overturning Circulation (AMOC) shifted
between different states (Alley and Clark, 1999; Rahmstorf, 2002). At present, deep
convection in the high latitude North Atlantic mainly occurs in the Greenland,
Norwegian, Island and Labrador seas (Dickson and Brown, 1994; Reid, 1994) by brine
rejection from sea ice formation, heat loss to the atmosphere and cyclonic wind induced
vertical mixing (Kuhlbrodt et al., 2007). The deep water formed is called North Atlantic
Deep Water (NADW), and overflows the Greenland-Scotland ridge into the Atlantic
before flowing southwards towards the Southern Ocean. NADW salinity is high (34.8-35
%o) (Emery, 2001) and its nutrient content is low, as reflected by the high §13C (0.9-1.1
%o) of its dissolved inorganic carbon (DIC) (Kroopnick, 1985). NADW flows in the
Atlantic Ocean between 1.2 and 4-5 km depth (Schott, 2003). The Antarctic Bottom
Water (AABW) is a cold water mass of low salinity (-0.9-1.7°C, 34.64-34.72 %o) (Emery,
2001) mainly formed during austral winter by deep convection in the Weddell Sea
(Dickson and Brown, 1994). It enters the North Atlantic below 4000 m depth, through
the equatorial path (Schott, 2003), and its influence can be seen as far north as 50°N.
The Antarctic Intermediate Water (AAIW) is formed in the vicinity of the Antarctic polar
front (Lynch-Stieglitz et al.,, 1994) and flows northwards between 550 and 1200 m
depth along the South American margin, at least up to 16°N where it is disturbed by the
occurrence of the Mediterranean overflow waters (Lankhorst et al., 2009; Reid, 1994;
Viana et al., 1998). As for AABW, AAIW is rich in nutrients (Reid, 1994) and its salinity is
low (33.8-34.8 %o) (Emery, 2001).

During the Last Glacial Maximum (LGM), deep convection appears to have been still
active but shifted south of Iceland, on the Rockall plateau (Vidal et al., 1997). At that
time, the deep water mass formed in the high latitude North Atlantic could have been

active above 2000 m depth, down to 10°S, and is therefore named Glacial North Atlantic
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Intermediate Water (GNAIW) (Alley and Clark, 1999; Boyle and Keigwin, 1987; Curry
and Oppo, 2005; Duplessy et al., 1988; Gherardi et al., 2009; Oppo and Lehman, 1993).
At greater depth, poorly ventilated northward flowing waters originating from the
Southern Ocean probably dominated the Atlantic Ocean up to 50°N (Alley and Clark,
1999; Boyle and Keigwin, 1987; Curry and Oppo, 2005; Duplessy et al., 1988; Oppo and
Lehman, 1993). AAIW became colder and less saline, as it received more contribution
from the Indian Ocean (Lynch-Stieglitz et al., 1994) and its influence spread at least up
to the Demerara rise (Huang et al,, 2014), but not as far north as the Caribbean Sea
(Straub et al., 2013).

During Heinrich Stadials 1 to 5, the low 613€ values in the northern North Atlantic Ocean
could indicate that deep convection was weakened, if not stopped (Elliot et al., 2002;
Vidal et al., 1997). A deep convection zone was however potentially still active south of
Iceland during HS4, within the present day polar and subtropical modal water formation
zone (Vidal et al, 1997). The apparent decreased deep convection during Heinrich
Stadials 1 to 5 could be related to the release of icebergs in the Atlantic Ocean from the
Nordic ice sheets (Hemming, 2004), which is accompanied by decreased salinity (Bond
et al,, 1993; Labeyrie et al., 1995; Maslin et al., 1995) and temperatures (McManus et al.,
1999; Vautravers et al,, 2004) in high latitude North Atlantic surface waters (see section
1.1.2).

During Heinrich Stadials, the influence of the AMOC upper circulation cell decreased,
which is visible through the increased influence of southern sourced water masses in
the northern North Atlantic, deduced from paleo-nutrient proxies (Elliot et al., 2002;
Oppo and Lehman, 1995), but also from the reduced overflow of Nordic seas into the
Atlantic Ocean inferred from the presence of Atlantic benthic species at the Faeroe
margin (Rasmussen et al., 1996).

Moreover, several studies using the sedimentary Pa/Th ratio show that the AMOC
strength decreased below 2000 m depth in the northern North Atlantic, but these
studies are restricted to Heinrich Stadial 1 and the Younger Dryas (Gherardi et al., 2005;
Gherardi et al., 2009; McManus et al., 2004). However, a few studies show that a shallow
circulation cell could have been still active above 2000 m depth during Heinrich Stadials
1-3 (Gherardi et al., 2009; Lynch-Stieglitz et al.,, 2014), meaning that Heinrich Stadials
may not be associated with a complete shutdown of the AMOC upper circulation cell.
Hence, further progress needs to be made regarding the configuration and intensity of

the water masses constituting the AMOC during Heinrich Stadials of the last glacial.
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The extent of AAIW during Heinrich Stadials is still under discussion. Some studies claim
that it increased during these periods in the Atlantic (Mangini et al., 2010; Pahnke et al,,
2008) and in the Pacific (Pena et al., 2013), while others argue the opposite (Huang et
al.,, 2014).

Most of our knowledge about the AMOC during Heinrich Stadials is based on paleo-
nutrient proxies. Moreover, the few reconstructions of the AMOC strength are focused
on HS1 and the Younger Dryas. My first thesis objective is therefore to reconstruct the
dynamic of the AMOC over some rapid climate variations of the last glacial, using the
sedimentary Pa/Th ratio (Chapter 3 and 4, (Burckel et al., 2014 a, in prep.; Burckel et al.,
2014 b, in prep.)).

1.1.2 Origin of the Dansgaard Oeschger variability

Different mechanisms have been proposed to explain the abrupt Greenland air
temperature changes that occurred during the last glacial. Changes in the intensity of the
Atlantic Meridional Overturning Circulation (AMOC), which exports heat and salt from
the equator towards the high latitude North Atlantic (Talley et al, 2003), were
suggested to drive Greenland temperature oscillations (Broecker et al., 1990; Broecker
et al., 1985). A decreased AMOC intensity could be at the origin of Dansgaard Oeschger
(DO) and Heinrich stadials, while DO interstadials could be related to increased
meridional heat export to the northern hemisphere by the resumption of an active
oceanic circulation in the Atlantic (Broecker et al.,, 1985). A decreased intensity of the
AMOC and an increased influence of Southern Ocean waters has been shown to occur
during Heinrich (Elliot et al.,, 2002; Gherardi et al., 2005; McManus et al., 2004; Vidal et
al,, 1997) and DO stadials (Charles et al., 1996; Kissel et al., 1999) in agreement with the
hypothesis of an AMOC influence on Greenland temperatures. A slowdown of the AMOC
could result from the decreased sea surface salinity (SSS), which is recorded in the
North Atlantic down to the sub-tropics (~38°N) during Heinrich Events (Bard et al,,
2000; Cortijo et al., 1997; Maslin et al,, 1995). Indeed, increased freshwater input into
the high latitude North Atlantic Ocean could increase the buoyancy of surface waters
and prevent deep convection and formation of deep northern sourced waters, therefore
decreasing the AMOC strength. Using fully coupled climate models, a freshwater forcing
in agreement with northern North Atlantic salinity proxies during HE4 indeed induces a
shutdown of the AMOC (Roche et al., 2004), which results in a drop of northern North
Atlantic temperatures (Kageyama et al,, 2009). A freshwater input in the northern North
Atlantic could therefore trigger an AMOC slowdown that would in turn lead to a

decrease in air temperatures above Greenland.

21



Melting of icebergs released into the North Atlantic during Heinrich Events could
have been at the origin of the freshwater input required to disrupt the AMOC. Different
hypotheses exist to explain Heinrich Events. They could be the consequence of
jokulhlaups (major flood) from a Hudson Bay lake, of ice sheets collapse because of basal
melting by geothermal heat (binge purge mechanism), or of ice shelf build-up/collapse
(see (Hemming, 2004) for a review). However, some recent studies suggest that, rather
than causing the AMOC slowdown, Heinrich Events could be a consequence of the
reduced overturning circulation (Alvarez-Solas et al., 2013). Indeed, a warming of
subsurface waters is observed in the high latitude North Atlantic during Heinrich
Events, which could be due to a cessation of deep convection and increased stratification
(Marcott et al., 2011). Modelling experiments show that a subsurface warming could
have destabilized the ice shelves, leading to the iceberg release observed during
Heinrich Events, so that a decrease of the AMOC could have induced the Heinrich Events
(Alvarez-Solas et al., 2013). Such an idea is comforted by a study from the apparent lead
of water mass proxies, indicating increased Southern Ocean water influence, with
respect to Heinrich Events (Gutjahr and Lippold, 2011). Moreover, increased buoyancy
of subsurface waters could lead to a disruption of oceanic stratification and to the
emergence of warm waters in the high latitude North Atlantic (Rasmussen and
Thomsen, 2004). The amounts of heat released to the atmosphere could in turn lead to
the fast temperature rise associated with DO interstadials. Hence, it is yet unclear
whether AMOC slowdowns observed during the last glacial are the cause or the
consequence of Heinrich Events.

Also, based on spectral analysis of the GISP2 §180 signal, DO events have been
suggested to occur with a 1470 year periodicity (Schulz, 2002). Although no orbital or
solar forcing presents such a periodicity, it was shown that a combination of centennial
scale solar cycles and its effects on the AMOC could result in 1470 years cyclical
temperature oscillations in Greenland (Braun et al,, 2005). However, such a periodicity
is for now rejected from spectral analysis on Greenland data in the most recent GICC05
NGRIP age scale (Ditlevsen et al,, 2007).

Some recent studies based on shallow North Atlantic sediment cores suggest that
the AMOC did not slow down during HE1-3 (Gherardi et al., 2009; Lynch-Stieglitz et al.,
2014). Instead, there could have been an active overturning cell operating at mid water
depths (>2000 m) at that time. These results challenge the classical idea that variations
in Greenland temperatures are related to variations in the intensity of the AMOC, and
alternative hypotheses may therefore be necessary to explain the DO variability.

Sea ice through its effect on albedo and insulation could have triggered DO like
events with only a weak AMOC variability (Kaspi et al., 2004). Indeed, a slight reduction
of the AMOC triggered for instance by ice sheet discharge into the high latitude North
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Atlantic Ocean would allow sea ice expansion. Because of the positive feedback caused
by increased surface albedo, ocean and atmosphere temperature would cool, leading to
rapid sea ice expansion. The expansion of sea ice would be limited by its insulation effect
on the ocean. The heat and salt stored in the tropics would then start diffusing towards
the high latitude North Atlantic, causing sea ice to melt rapidly because of the positive
feedback resulting from decreased albedo and insulation. This effect would rapidly
warm the atmosphere and could lead to the DO variability observed in Greenland
temperatures with a minor change of the AMOC.

Moreover, sea ice could have acted as a positive feedback through its effect on the
position of the polar jet (Li et al,, 2010). Indeed, during cold periods above Greenland,
the Inter Tropical Convergence Zone shifted southwards (see section 1.1.3) which could
have led to a southward shift of the polar jet, resulting in a decreased transport of heat

by the atmosphere into the North Atlantic region and to enhanced sea ice formation.

My second thesis objective is to increase our understanding of the relationship
between AMOC and climate variations of the last glacial, and the mechanisms through
which they interact. In order to do that, | deploy two strategies (see also section 1.1.3).
My first strategy is to compare changes in AMOC intensity to Greenland temperatures
to assess the effect of reduced or intensified oceanic circulation on Greenland climate. I
therefore build an age model independent from the GICCO5 time scale to compare the
timing and extent of the Atlantic circulation changes with respect to fast Greenland

temperature variations of the last glacial (Chapter 3, (Burckel et al.,, 2014 a, in prep.)).

1.1.3 Dansgaard Oeschger variability outside the high latitude North Atlantic

During the last glacial, temperature oscillations are also observed in Antarctic ice cores
6180 and 8D records. Temperatures signals from the northern and southern hemisphere
ice cores are out of phase (Blunier and Brook, 2001; EPICA, 2006). This observation led
to the formulation of the bipolar seesaw concept (Stocker, 1998). In this concept,
southern and northern hemispheres have a temperature response to an AMOC variation
of opposite sign. Active oceanic circulation results in the transport of heat towards the
high latitude North Atlantic. This leads to Greenland warming and Antarctic cooling.
During AMOC slowdowns, heat is retained south of the equator, and leads to a warming
of the southern tropical Atlantic and to a cooling of the North Atlantic. Such a concept is
reproduced by climate models (Kageyama et al., 2009) and is able to produce the abrupt
warming and slow cooling characteristic of DO events in Greenland (Stocker and
Johnsen, 2003). Indeed, when the AMOC resumes, the heat stored at low latitudes is
abruptly transferred to the high latitude northern Atlantic, thereby producing an abrupt
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warming. A slow AMOC decrease is then able to progressively lower the heat supply and
decrease Greenland temperatures.

Last glacial climate variability was also shown to impact tropical precipitation. During
cold stadials such as Heinrich stadials and, to a lesser extent, during DO stadials, the
reflectance and Ti/Ca signals recorded in northern tropics sediment cores (Cariaco
basin and Arabian sea (Deplazes et al., 2013; Lea et al.,, 2003)) increased and decreased
respectively, indicating lower terrigenous input to the cores’ sites. At the same time, the
0180 signal of speleothems from the Hulu cave in China increased (Wang et al., 2001).
Both these variations are interpreted as a decrease in northern tropics precipitation,
related to a southward shift of the Inter Tropical Convergence Zone (ITCZ). Indeed, at
the same time, the southern tropics experienced increased precipitation, which are seen
in marine sediment cores from the Brazilian margin (Jaeschke et al., 2007) as well as in
South American speleothems (Cheng et al., 2013). Climate models are able to reproduce
these ITCZ shifts by simulating a cold SST anomaly in the northern tropics. Indeed, the
ITCZ lies above warm waters, where air convection and intense precipitation occurs
(Hastenrath, 2011) so that a cold anomaly in the northern tropics induces a shift of the
tropical rain-belt towards the warmer southern tropics. Modelling experiments can
produce a cold SST anomaly in the northern tropics by two different mechanisms. In the
first mechanism (Chiang and Bitz, 2005), extended sea ice or ice sheet cover in the
northern high latitudes cools and dries the atmosphere. This cooling and drying
propagates to the entire northern high and mid latitude by atmospheric transport and
mixing. In the tropics, northeastern trade winds are intensified because of the cool mid-
latitude ocean, which leads to further evaporation and cooling and pushes the SST
anomaly southwards leading to a southward shift of the ITCZ. In the second mechanism
(Kageyama et al., 2010), an AMOC slowdown causes the northern tropical ocean to cool
and southern tropical ocean to warm, as predicted by the bipolar seesaw concept. The

ITCZ therefore shifts towards the warmer southern tropics.

My second strategy to understand the relationship between AMOC and climate
variability of the last glacial is to analyse the phasing of AMOC circulation changes and
ITCZ shifts. Because the sediment cores I use in this study are situated on the Brazilian
margin, precipitation and circulation proxies are recorded in the same core, which
allows me to reliably assess the time interval between the beginning of the AMOC
slowdown and the ITCZ shift (Chapter 3, (Burckel et al., 2014 a, in prep.)).
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1.2 Sedimentary Pa/Th
1.2.1 Behavior of protactinium and thorium in the ocean.

231Pa and 239Th production in the ocean results from the decay of dissolved 235U and
234(J, respectively. Under oxic conditions, uranium is very soluble (Dunk et al.,, 2002;
Weyer et al., 2008). Its residence time in the Ocean is therefore very large (~500 ky)
(Weyer et al., 2008). The mixing time of the ocean is comparatively very short (from 1-
1,6 ky) (Broecker and Peng, 1982) so that uranium concentration in the ocean is
uniform and proportional to salinity (Dunk et al.,, 2002). The isotopic composition of
uranium is also uniform, with a measured 234U /238U activity ratio of 1,1466 (Robinson et
al.,, 2004b) and a 235U /238U activity ratio of 0,04604 (Francois, 2007). Hence, we can
calculate that the protactinium and thorium are produced at a constant activity ratio of
0.093 in the ocean:

Az

Pre 231X A0 2,12 x1075x 0,04604
2 = 238 _ : = 0,093
Pr .« Azss 9,20 x106x 1,1466 ~
230 A
238
where A231 and Az30 are the decay constant of 231Pa and 239Th respectively (Audi et al,,

2003).

Protactinium and thorium have a different behavior in the ocean. Both elements are
very particle reactive and are quickly adsorbed on particles. They can consequently be
removed from the water column by settling to the seafloor. Adsorption of Pa and Th on
particles and subsequent removal to the seafloor is termed scavenging (Henderson and
Anderson, 2003) and is particularly active for Pa and Th, as reflected by their low mean
residence time in the ocean (~200 years for Pa and 30 years for Th) (Yu et al., 1996).
Dissolved and particulate Th concentrations have been shown to broadly increase with
depth at several locations (Fig. 1) (Henderson and Anderson, 2003). A linear increase of
dissolved concentrations implies the existence of reversible scavenging, i.e. the Th
adsorbed on the particulate fraction continuously exchanges with the dissolved pool
(Francois, 2007). The protactinium also shows such a trend in some water profiles, but
this is very rare because of its longer residence time with respect to scavenging, which
allows protactinium to be transported horizontally (Fig. 1) (Choi et al.,, 2001). Indeed,
with increasing depth and therefore increasing residence time, dissolved and particulate
protactinium depth-profiles tend to deviate from linearity because of the increased

protactinium export caused by advection in the Atlantic Ocean (Fig. 1).
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Figure 1.1 : Dissolved 231Pa and 239Th profiles in the equatorial Atlantic (st.3 and st.4) from (Choi et al,
2001). Note that the 230Th profile increases linearly with depth as predicted by reversible scavenging,
while protactinium is exported at depth, resulting in an almost constant concentration with depth below
1000 m.

1.2.2 Pa/Th as a tracer of deep-water renewal rate

In the Atlantic Ocean, the mean residence time of Pa is similar to the residence time of
NADW (100-275 yr) (Yu et al.,, 1996). A significant amount of protactinium can therefore
be advected out of the basin, resulting in a sedimentary Pa/Th ratio below the
production ratio of 0.093 in the open ocean. At present, the 231Pa export out of the North
Atlantic is estimated to be 33-68 % of the production while only 6-11 % of the 23°Th
produced is exported (Deng et al., 2014; Moran et al, 2002; Yu et al, 1996). The
sedimentary Pa/Th ratio can therefore be used as a proxy of deep water mass renewal
rate in the Atlantic Ocean, with low Pa/Th ratio indicative of a strong Pa export and
circulation intensity (Gherardi et al.,, 2005; Gherardi et al.,, 2009; Lippold et al.,, 2011;
Lippold et al., 2012a; McManus et al,, 2004; Negre et al,, 2010; Yu et al,, 1996).

Pa/Th data in the modern Atlantic Ocean are well simulated by 3D (Chase et al., 2002;
Siddall et al., 2005) and 2D models (Lippold et al., 2011; Luo et al,, 2010), offering new
prospects for studies of paleo-circulation based on data-model comparison. Modeling
studies show that the sedimentary Pa/Th ratio does not answer linearly to flow rate
variations (Luo et al, 2010). Hence, comparing the Pa/Th ratio of sediment cores
recovered from different depths and latitudes to Pa/Th values simulated with a Pa/Th
model appears as the most robust way of interpreting the Pa/Th ratio in terms of

circulation intensity. Indeed, a simple 2D box model (Luo et al., 2010) has already been
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used to estimate the AMOC intensity during the LGM based on sediment cores recovered
from various latitudes and depths in the Atlantic Ocean (Lippold et al., 2012a).

The method of sedimentary Pa/Th analysis that I implemented at the LSCE produces
accurate and precise results, allowing me to identify flow rate variations with high
confidence and to compare my Pa/Th values to other sediment cores in the Atlantic
Ocean. I detail the method in Chapter 2 and in a Pa/Th intercomparison study (Burckel
etal,, 2014 c, in prep.).

1.2.3 Effect of particle type and flux
1.2.3 a) Use of the sedimentary Pa/Th ratio as a proxy of particle type and flux

Although both isotopes are particle reactive, 231Pa and 239Th have different affinities
with respect to different types of particles. This is reflected by their fractionation factor
F(Th/Pa), expressed as the ratio of the partition coefficient of Th and Pa between
sediment and seawater: Kd(Th)/Kd(Pa). Partition coefficients are expressed as the
activity of excess 231Pa or 239Th per gram of sediment divided by the activity of dissolved
231Pa or 230Th per gram of seawater (Chase et al., 2002). Thorium is usually an order of
magnitude more reactive than protactinium (Henderson and Anderson, 2003; Yu et al,,
1996), and has a strong affinity for carbonates, as reflected by the high F(Th/Pa)carbonate
of 10-40 estimated from sediment trap and core top measurements (Chase et al., 2002;
Luo and Ku, 2004). Protactinium on the other hand has a high affinity for biogenic opal,
as reflected by the low F(Th/Pa)opa of 0.2-0.3 (Chase et al., 2002; Luo and Ku, 2004). A
similar range of affinities is observed from laboratory experiments (Geibert and Usbeck,
2004). As a consequence, sedimentary Pa/Th depends both on the dissolved Pa/Th,
which mainly depends on the lateral transport of Pa, and on the fractionation factor,
reflecting particle type and fluxes.

The sedimentary Pa/Th ratio is shown to be particularly sensitive to variations in the
opal fluxes in high productivity regions. In the opal belt, high opal concentrations result
in a sedimentary Pa/Th ratio above the production ratio of 0.093, as part of the
protactinium exported from the Atlantic Ocean is scavenged there (Chase et al,, 2003). In
this region, variations of the sedimentary Pa/Th is not interpreted in terms of changes in
the intensity of the AMOC, but rather in terms of sediment composition (Chase et al,,
2003) and opal fluxes variations (Anderson et al, 2009; Bradtmiller et al., 2009;
Kretschmer et al., 2011).

Depletion of dissolved Pa and Th near some ocean margins is termed boundary
scavenging. It results in lateral transport of protactinium by diffusion from the open
ocean to the margin, because of the greater residence time of Pa compared to Th,
resulting in high sedimentary Pa/Th ratio (>0.093) (Anderson et al., 1990; Scholten et

al, 2005). Hence, past Pa/Th variations on the western African coast have been
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attributed to varying boundary scavenging intensity, related to changes in opal
production (Bradtmiller et al., 2007). The relation between Pa/Th ratio and opal fluxes
could also induce a depth dependent variation of the Pa/Th ratio, following opal
remineralization at depth (Scholten et al,, 2008). Hence, the strong dependency of Pa
and Th on particle types and fluxes can overprint the effect of Pa advection by oceanic
circulation, and therefore limit the use of the Pa/Th ratio as a water mass renewal rate

proxy in some regions.

1.2.3 b) Acquisition of the sedimentary Pa/Th signal

Sedimentary 239Th and 231Pa were shown to equilibrate with waters occupying a ~1000
m thick layer above the seafloor (Thomas et al., 2006). Sedimentary Pa/Th may thus be
used to record the renewal rate of different was masses on a depth transect (Lippold et
al, 2011). More work is required to understand the exact relationship between
dissolved and particulate Pa/Th, as a recent study showed that the dissolved Pa/Th
ratio on a meridional section of the south Atlantic Ocean does not clearly depicts the
distribution of the Atlantic water masses (Deng et al., 2014). However, a study of the
Pa/Th ratio of core tops at different depths on the Brazilian margin reveals that
sedimentary Pa/Th can be interpreted as a proxy of circulation intensity in the modern
Atlantic Ocean (Lippold et al., 2011).

As explained above (1.2.3 a), boundary scavenging can in some regions overprint the
effect of Pa export by water mass advection. At present, boundary scavenging in the
Atlantic Ocean seems restricted to the eastern margin, such as the western African coast.
During periods of reduced AMOC, model results show that the influence of particulate
fluxes on the Pa/Th ratio in the Atlantic could have increased, as the residence time of
the water masses in the basin increased (Siddall et al., 2007). However, a study on the
Namibian margin shows that the western African coast does not seem to have acted as a
major inner Atlantic sink of 231Pa during periods of weak AMOC of the last glacial,
therefore still allowing the use of sedimentary Pa/Th as a water mass renewal rate
proxy (Lippold et al.,, 2012b).

Because opal could influence the Pa/Th ratio, I implemented at the LSCE a method for
determining the opal weight percent of sediment samples. I detail the method in Chapter
2.

1.3 Stratigraphy of the cores
[ focused my study on the Brazilian margin, a region that recorded both the
oceanic and atmospheric reorganization concurrent with fast climate changes of the last

glacial. The Brazilian margin is ideal for the study of sedimentary Pa/Th, as deep
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western boundary currents affect the region (Schott, 2003), so that sediments from the
margin have recorded the flow rate of the main water masses constituting the AMOC.
Hence, I can reconstruct the flow rate of the AMOC water masses by analysing the
sedimentary Pa/Th ratio of cores located at different depths on the margin. A recent
study performed on core tops of the Brazilian margin has shown that the strength of the
present day NADW can indeed be reconstructed in this area by comparison of Pa/Th
measurements to Pa/Th values simulated with a simple 2D box model (Lippold et al,
2011; Luo etal,, 2010).

Before delving into the stratigraphy of our sediment cores, I assess the influence
of freshwater and sediment originating from the Amazon River on surface waters of our

study area and on the Ti/Ca and Pa/Th signals recorded in our sediment cores.

1.3.1 Influence of the Amazon

The eastern Brazilian margin is affected by the South Equatorial Current (SEC), which
flows westwards along the equator (Fig. 2). As the SEC reaches the Brazilian continental
margin at about 8°S, it bifurcates into a southward flowing current, the Brazilian Current
(BC), and a northwestward flowing current, the North Brazilian Current (NBC).
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Figure 1.2 : Study area and position of the main surface currents (modified from (Fratantoni and Glickson,
2002))
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The intensity of the SEC and NBC is directly related to the strength of the southeastern
trade winds, with maximum transport occurring during maximum intensity of the
trades, i.e. during boreal fall. Because of the East-West pressure gradient generated by
the westward flow of the SEC and because of the inter-annual variability of the SEC, the
NBC is seasonally retroflected at about 6-8°N into the North Equatorial Countercurrent
(NECC) (Fig. 2) (Fratantoni and Glickson, 2002). Hence, between the beginning of boreal
summer and the end of boreal fall, the NECC reaches its maximum intensity. During
boreal spring, its intensity is minimal and the NECC can even flow westwards (Johns et
al.,, 1998).

During periods of weak NECC, Amazon waters are deviated northward by the NBC
(Fratantoni and Glickson, 2002). During periods of maximum NBC retroflexion and
NECC intensity, up to 70% of the freshwater brought by the Amazon River is deviated by
the NECC (Ruhlemann et al,, 2001), and only part is deviated northward by current rings
separated from the retroflexion (Fratantoni and Glickson, 2002). However, the
southward influence of the NECC does not reach the equator (Carton and Katz, 1990), as
observed from surface drifter data (Fig. 3)(Lumpkin and Garzoli, 2005).

Because our study area is situated south of 3°S, it is not presently influenced by

freshwater release from the Amazon.
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Figure 1.3 : Surface currents during april (top) and november (bottom). During times of minimum NECC
intensity (April), Amazon waters are deviated northwards. During times of maximum NECC (November),
Amazon waters are deviated eastwards but do not reach our study area (Lumpkin and Garzoli, 2005).

During the last glacial, the average intensity and position of the NECC appears to have
been analogous to present day boreal summer. This is probably related to the increased
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thermal gradient between high and low latitudes that induced intensified trade winds,
and enhanced retroflexion of the NBC (Ruhlemann et al., 2001; Wilson et al., 2011). We
conclude that, during both Holocene and the last glacial, freshwater delivered by the
Amazon did not affect the study area, so that the 6180, 14C and dissolved Pa/Th of
surface waters were undisturbed.

Sediment delivered from the Amazon River and transported to our study area could also
lead to misinterpretation of the Ti/Ca and sedimentary Pa/Th ratio of our sediment
cores. At present, sediment from the Amazon are trapped on the continental margin and
deflected northward by the NBC (Wilson et al., 2011). During glacial times, sea level fell
below the shelf break and most of the sediment delivered by the Amazon River was
deposited on the Amazon fan, i.e. north of the equator (Flood et al., 1995), whereas some
sediment was transported by surface waters along the NECC, affecting for instance the
Ceararise (Ruhlemann et al., 2001).

We conclude that the sediments reaching our study area are not brought by the Amazon
River but rather by local rivers and in situ carbonate production. Proxies recorded in the
sediment core from my study area can therefore be interpreted without further

complication.

1.3.2. Study area and stratigraphy of the cores

[ studied sediment cores that were recovered from the Brazilian margin during R/V
Marion Dufresne cruise MD 173/RETRO3: cores MD09-3251/52, MD09-3256Q and
MDO09-3257 (in red in Fig. 4, Table 1). These sediment cores are located at various
depths (~700, ~2300 and ~3500 m) and can therefore record the vertical structure of
the water masses constituting the AMOC. At present, the shallowest core is influenced by
AAIW, the intermediate and deep cores by upper and lower NADW respectively (Fig. 5).
A few marine sediment cores recovered from the North Eastern Brazilian margin during
the R/V Meteor cruise M34/4 and Victor Hensen cruise JOPSII-6 have been previously
studied (Arz et al,, 1999; Jaeschke et al., 2007), some of which are close to RETRO3 cores
(in green in Fig. 4, Table 1).
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Figure 1.4 : Map of the North Eastern Brazilian margin. Names of RETRO3 cores are written in red and
names of M34/4 cores in green.

Table 1.1 : Name, position and depth of the cores displayed in Figure 1 and discussed in the text. Gravity

cores are indicated in RETRO3 cores by the letter “Q”. RETRO3 cores are otherwise piston cores.

Cruise Name Coordinates Depth (m)
RETRO3 MDO09-3251Q/3252 | 04°37.29’S 36°38.69'W 725
RETRO3 MDO09-3257 04°14.69'S 36°21.18'W 2344
RETRO3 MDO09-3256Q 03°32.81'S 35°23.11'W 3537
M34/4 GeoB3911 04°36.8’S 36°38.2’'W 828
M34/4 GeoB3910 04°14.7’S 36°20.7W 2362
JOPSII-6 GeoB3129 04°36.8’S 36°38.2’'W 830
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Figure 1.5 : Phosphate section of the Atlantic Ocean showing the sites of the cores listed in Table 1. White
arrows indicate the approximate flow directions of the Antarctic Intermediate Water (AAIW), Antarctic
Bottom Water (AABW) and North Atlantic Deep Water (NADW).

In this section, I present the stratigraphy work that I have done on the marine
sediment cores in order to choose intervals of interest for the study of last glacial fast
climate variability. X-Ray fluorescence data on RETRO3 sediment cores were measured
at the Bjerknes Centre for Climate Research (Bergen) and Marum (Bremen). For the
RETRO3 cores, | picked and prepared all planktic foraminifera G. ruber white and
analyzed most of their §80 on Finnigan A+ mass spectrometer. Samples I did not
analyze were measured on an Elementar Isoprime mass spectrometer. [ also picked
foraminifera G. ruber white for 14C analyses. Note that 1*C dates are not used to build the
age models in this section, but to identify potential turbidites. Precise chronology of the
cores is discussed in chapters 3 and 4.

The Ti/Ca record of sediment cores recovered from the Brazilian margin displays
several peaks during the last 50 ka (Arz et al., 1999, 1998; Jaeschke et al., 2007). These
peaks are associated with periods of increased precipitation on the Brazilian hinterland
that caused increased terrigenous input to the margin and therefore increased
proportion of titanium bearing material with respect to carbonates in marine sediment
cores.

Core GeoB3910 has been extensively studied and its age model is based on 20 14C dates.
Its Ti/Ca record exhibits marked Ti/Ca peaks associated with Heinrich Stadials 1-5 (Fig.
6) (Jaeschke et al,, 2007). As terrigenous peaks are observed in sediment cores of the
entire area, sediment cores from this region can be correlated to the well-dated
GeoB3910 core.
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Figure 1.6 : Ti/Ca record of core GeoB3910. Each Ti/Ca peak is associated with one Heinrich Stadial (HS1-
5).

Because core MD09-3257 was recovered from the same depth and position as
core GeoB3910, Ti/Ca peaks of both cores are quasi identical. When plotted on the
GeoB3910 depth scale, both Ti/Ca records overlap almost perfectly (Fig. 7). 6180
measurements confirm the good correspondence between the cores, but also highlight
two major differences revealed by 6180 peaks in core MD09-3257 (Fig. 7). During HS2,
these 6180 peaks are associated with sharp drops in Ti/Ca, but with no significant
change in the Ti/Ca record after HS2. Sand layers occur at the depths of the §180 peaks
and 14C dating reveals an age inversion within HS2 (Fig. 8). We conclude that 6180 peaks
are associated to turbidite layers, one of which occurs during HS2, therefore preventing

any measurement within this time interval at intermediate depth.
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Figure 1.7 : (a) 6180 and (b) Ti/Ca signals of intermediate depth cores on the GeoB3910 depth scale.
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Figure 1.8 : (a) Ti/Ca and (b) *C dates (Marinel3, (Reimer et al., 2013)) in core MD09-3257
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The large distance of core MD09-3256Q from the coast lowers considerably the
terrigenous input to the site, therefore smoothing the Ti/Ca signal in the core. Ti/Ca
peaks are therefore less sharp in core MD09-3256Q than in intermediate depth cores,
hence complicating the recognition of fast climatic events. An approximate correlation of
core MD09-3256Q to core GeoB3910 is shown in Fig. 9. A few differences in 6180 are
observed between the two cores. The large deviation of ~0.5 %o at the beginning of core
GeoB3910 &80 record is likely related to the absence of tie points between cores
GeoB3910 and MD09-3256Q below the depth of HS1. Other small deviations can be
observed and could be explained by the difference in temperature and salinity between
the cores sites (0.2°C and 0.15 psu at present at 30 m depth, Fig. 10), which directly
affects the 6180 of planktic foraminifera. The 6180 peak and Ti/Ca through occurring at
1.64 m (GeoB3910 depth scale) in core MD09-3256Q is likely related to a large turbidite.
As no sand layers occurs in the core therefore preventing us from visually delimitating
the extent of the turbidite, we used 1#C dates instead. As seen in Fig. 11, an age inversion
occurs in the *C dates measured between 0.66 and 0.88 m (limits not included). We
conclude that the core section delimited by these depths is affected by a turbidite. The
Ti/Ca peak first attributed to HS2 lies within this interval. However, 14C dates indicate
that HS2 is actually situated deeper in the core, and that it is not affected by any
turbidite (Fig. 11). Hence, all fast climatic events of the period between 20-50 ka are
recorded in core MD09-3256Q.
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Figure 1.9 : (a) 6180 and (b) Ti/Ca signals of intermediate (GeoB3910) and deep (MD09-3256Q) cores on
the GeoB3910 depth scale. Note that correlation of HS2 between core MD09-3256Q and core GeoB3910

revealed to be incorrect, as inferred from 14C dating.
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Figure 1.10 : Present day temperature and salinity at 30 m depth on the Brazilian margin (WOA09).
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Figure 1.11: (a) Ti/Ca and (b) 14C dates (Marine13, (Reimer et al., 2013)) in core MD09-3256Q

Core GeoB3911 and neighboring core GeoB3129 are *C dated by 16 14C dates and show
no apparent hiatus (Arz et al, 1999). They were therefore used for comparison with
RETRO3 shallow sediment cores, which were recovered from their vicinity. Core MD09-
3251Q is 8.72 m long and is extended by core MD09-3252 (25.55 m long) (Fig. 12).
Comparison of cores GeoB3911 and MD09-3251Q/3252 reveals a good correlation from
the core top to the Ti/Ca peak associated with HS1, where the record of core GeoB3911
ends. In core MD09-3252, the Ti/Ca peak attributed to HS2 exhibits a discontinuity. At
the same depth, the 6180 of G. ruber white jumps towards much lighter values. In other
sediment cores of the region, these light 6180 values are only achieved during MIS5.
MIS3 and MIS4 are thus likely not recorded in core MD09-3252 and were probably lost
because of a turbidite, as evidenced by the occurrence of a sand layer at the depth of the

abrupt 180 and Ti/Ca decreases.
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Figure 1.12 : (a) 6180 and (b) Ti/Ca signals in shallow sediment cores.

We conclude that fast climatic events of the past 20-50 ka are recorded in the
intermediate and deep sediment cores, but not in the shallow sediment core. I therefore
modified my initial objectives and decided to study HS2 and HS4 on the intermediate
and deep cores. [ chose HS2 and HS4 as different northern hemisphere ice sheet
volumes characterize these stadials (Lambeck and Chappell, 2001). It is indeed
interesting to assess the effect of different ice sheet volumes on the configuration and
flow rate of the water masses constituting the AMOC. Even though HS2 is affected by a
turbidite on the intermediate core, it can still be studied at the onset and end of the

event.
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Chapter 2: Methodology

In my thesis, [ dedicated a considerable amount of time implementing and optimizing
the method for the analysis of sedimentary Pa/Th (Yu et al,, 1996) at the LSCE. The focus
of this chapter is to detail this method. I measured the protactinium, thorium and
uranium isotopic concentrations necessary for the calculation of the Pa/Th ratio by
isotope-dilution on a multi-collector inductively-coupled plasma mass-spectrometer
(MC-ICP-MS). The principle of isotopic dilution (Vogl and Pritzkow, 2010) is to add a
known quantity of spike (non-natural isotope in our case) to a sediment sample of
unknown isotopic concentration, and to measure the ratio of both isotopes by mass-
spectrometry to determine the isotopic concentration of the sediment. Isotopes in the
spike and in the sediment must be of the same element. Measuring protactinium by
isotope-dilution is complicated by the absence of non-natural long-lived protactinium
isotopes. 233Pa is the only non-natural isotope with a half-life long enough (26.967 days,
(Audi et al., 2003)) to be used for analysis of 231Pa concentration. However, this half-life
is short and it is therefore necessary to produce the 233Pa spike a short time before
starting the procedure required for 231Pa concentration measurements. Producing a
233Pa spike can be done either by neutron activation of thorium (Anderson and Fleer,
1982) or by milking of a 237Np solution (Regelous et al., 2004). 23’Np indeed decays into
233pa with a half-life of 2.14 My (Audi et al., 2003), and secular equilibrium (Np/Pa
activity ratio of 1, maximum concentration of 233Pa) is reached after ~6 months (~6
233Pa half-lives). Hence, every 6 months, a quantity of 233Pa with the activity of the 23’Np
solution can be separated from the 23’Np solution and used to spike sediment samples.
This method therefore offers the advantage of providing an unlimited source of 233Pa.
Because the affinity of protactinium for opal is very high (Chase et al, 2002) (see
Chapter 1), I measured the weight percentage of opal (%Opal) in some sediment
samples to investigate whether opal could be a cause of Pa/Th variability in the
sediment cores I studied. Hence, in the first section of this chapter and before discussing
the Pa/Th method, I present the method that I implemented at the LSCE for the
determination of biogenic silica.

In a second section, [ present the procedure I used to produce a 233Pa spike by milking of
a 237Np solution. I describe how I calibrated the spikes, i.e. how I measured the 233Pa,
236U and 22°Th concentrations, used for the measurement of the Pa/Th ratio,

In a third section, I focus on how I analyzed and corrected the isotopic ratios of interest
by mass-spectrometry. [ also present the equations I used to calculate the sedimentary
Pa/Th ratio.
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The fourth and final section is the core of this chapter. It is an intercomparison study
(Burckel et al, 2014 c, in prep.) that presents the protocol for sedimentary Pa/Th
analysis that I used and results on various sample types. This study provides an
assessment of the accuracy of the Pa/Th measurements done during my thesis, as well
as an idea of the Pa/Th variability than can be expected when comparing sediment

samples measured in different laboratories.

2.1 Opal measurements

I implemented at the LSCE a method to estimate %Opal in marine sediments by wet
alkaline sequential extraction (Demaster, 2013; Mortlock and Froelich, 1989). Silicate
concentrations are estimated by spectrophotometry, using the heteropoly blue method.
Silica is dissolved and mixed with ammonium molybdate, which forms molybdosilicates
under acidic conditions (Galhardo and Masini, 2000). Consequent reduction of Mo(VI) to
Mo(V) results in the formation of molybdenum blue compounds. The concentration of
these compounds depends on the amount of silicate initially available in the solution,
and results in a more or less pronounced blue colorization of the solution. Silicon
concentration is therefore determined by spectrophotometry, by comparing absorption

intensities of samples to an array of standards of known Si concentration.

2.1.1 Method

Sediment samples were dried and crushed to powder using an agate mortar and pestle.
Sediment was crushed lightly in order to avoid incorporating silica from the mortar and
pestle. ~0.1 g of sediment powder was weighed and transferred to 50 ml centrifuge
tubes. A pretreatment of the sediment is done by addition of 5 ml 10 % H;02 and 5 ml
1N HCI in order to remove organic matter and carbonates. Tubes were then sonified for
a few minutes and left for 30 minutes. 20 ml MilliQ water was then added to each tube
that were centrifuged, the supernatant decanted to waste. Centrifuge tubes were then
opened and left to dry at 50°C in an oven.

Exactly 40 ml of Na2CO3 (2M) was then added to each tube in order to dissolve biogenic
silica. Sediment was suspended by agitation and centrifuge tubes were placed in a
shaking bath at 85°C. After 2, 3 and 5 hours (Demaster, 2013), centrifuge tubes were
taken out of the bath, centrifuged for a few minutes and cooled in water at ambient
temperature for 5 minutes. 125 pl of each sample are pipetted and transferred to new
centrifuge tubes containing 17.5 ml of molybdate solution (Mortlock and Froelich,
1989), and the centrifuge tubes containing the sediment are closed and put back in the

shaking bath. As this procedure is done at three different times, each sediment sample is
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associated to three molybdate solutions reacting with the Si extracted after 2, 3 and 5
hours. Centrifuge tubes containing the molybdate solution and the sample aliquot are
mixed by swirling to allow Si to react and complex as molybdosilicates. After exactly 20
minutes, 7.5 ml of reducing solution (Mortlock and Froelich, 1989) is added to each tube
containing the molybdate solution, which is mixed by swirling. Solutions are ready to be
measured the day after, when all molybdosilicates are reduced to molybdenum blue

compounds.

2.1.2 Calculation

Absorptions are measured for each molybdate solution on a spectrophotometer peaked
at 816 nm. Absorptions are then compared to the absorbance-weight(Si) relationship of
different standards of known Si concentration, to deduce the mass of Si in each
molybdate solution (Fig. 1, Table 1). Si masses are divided by the sediment mass to
calculate %Si in the sediment. Note that his is done for the three molybdate solutions
measured after 2, 3 and 5 hours. The Silicon standard used for calibration of the
absorbance-weight(Si) relationship is a Silicon AAS standard solution Specpure 500ml
(1000 mg.11).

For each sediment samples, three solutions are measured and their silicon
concentrations inform us about the evolution of Si leaching through time (at 2, 3 and 5
hours). This method is termed “sequential extraction” (Demaster, 2013) and aims at
differentiating the Si extracted by biogenic silica dissolution from alumino-silicate
leaching. Indeed, while biogenic silica is quickly dissolved (Demaster, 2013), alumino-
silicates are assumed to continuously leach Si at the same rate through time. Hence, by
measuring the silicate concentration of the extracting solution at different times, we can
estimate the Si concentration resulting from biogenic silica and from alumino-silicates
(Fig. 2). %Si are multiplied by a factor of 2.139 to calculate %0Opal in the sediment
(molar mass SiO2/Si = 2.139 (Muller and Schneider, 1993)).

[ compared my results with measurements made at the Institute for Environmental
Physics at the University of Heidelberg (IUP), which routinely analyzes the opal content
of sediment samples using sequential extraction (Muller and Schneider, 1993) (Fig. 3).
Even though I used a different base (Na2CO3z 2M) for the dissolution of biogenic silica
than the IUP (NaOH 1 M), our results are coherent. The good efficiency of Na;CO3z could
be related to the relatively young age of our sediment samples (20-50 ka), as the
resistance of biogenic silica is dependent on the geological period of opal production
(Lyle etal., 2002).
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Figure 2.1 : Si (mg) as a function of absorbance. Si content of a sample solution is estimated based on its
measured absorbance and on the relation absorbance-weight(Si) of the standards.

Table 2.1 : Si mass and related absorbance for standards used to form the linear regression in Fig. 1. Si
calculated is the estimate of the concentration in the standards based on the linear regression.

Standard Name | Absorbance |Si(mg) Si (mg) Calculated

Std 0,2mg 0.019 0.2 0.2598447

Std 0,5mg 0.065 0.5 0.4705845

Std 1mg 0.174 1 0.9699462

Std 3mg 0.615 3 2.9902995

Std 6mg 1.274 6 6.0093762
0.8

0.6

%Biogenic Si

0.4

%Si

Biogenic Si extraction (1h)
0.2
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Figure 2.2 : Extraction of Si as a function of time in a sediment sample containing biogenic silica and
alumino-silicate. After 1-2h, all biogenic silica is dissolved (Demaster, 2013). Si leaching continues at a

constant rate, which allows finding the initial %Si biogenic in the sample from the intercept.
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Figure 2.3 : %0pal in two samples measured both at the [UP (blue diamonds) and LSCE (red squares).

2.1.3 Uncertainties

The main uncertainty on the silica concentration of sediment samples is probably
related to the difficulty of disaggregating sediment during alkaline extraction. Sediment
samples from the studied sediment cores are indeed mainly consisted of clays. After the
drying step following the pre-treatment with H202 and HCI, sediment already formed
aggregates although heating was stopped before complete evaporation. Centrifuging
sediment samples also probably caused sediment aggregation, but this step appears
necessary to avoid pipetting silica that would both cause a material loss in the sample
being opal digested, and a high silica gain in the aliquot being analyzed with the
molybdate blue. A pair of full chemistry replicates was measured: one sediment sample
formed a thin cloud when mixed by swirling, and the other formed sediment aggregates
difficult to dissociate. I therefore used the difference of concentration between the two
replicates (0.99 and 0.49 %Si0z) to assess uncertainty on measurements, which are of
34% at 1 SE. Although this uncertainty is large, it is sufficient to estimate the order of
opal concentration of sediment samples.

One procedural blank was also measured. After 5 hours, the weight of Si in the blank
was of 0.017 mg, less than 3 % of the least concentrated sample. Considering the

uncertainty resulting from sediment aggregation, I considered this negligible.
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2.2 233P3, 236 and 22°Th spikes

2.2.1233Pa spike milking from 237Np

The 233Pa spike was produced by milking of a 237Np solution following the protocol of
Guihou et al,, 2010 (Guihou et al., 2010b). The method takes advantage of the affinity of
protactinium for hydrated silica in the absence of fluorides (Regelous et al., 2004). I used
two neptunium solutions during this thesis, one of 20 kBq and the other of 12 kBg.
Milking of one neptunium solution resulted in ~10-20 pg of 233Pa, depending on the
activity of the neptunium solution used. These quantities of 233Pa allow the
measurement of 30-40 sediment samples. After each milking, the neptunium solution
was left to regenerate for 6 months. Here I briefly describe the method of 237Np-233Pa
separation I used for the production of 233Pa spikes.

A disposable column is filled with 5 ml of hydrated silica gel (63-200 pum). The gel is
rinsed several times with 8N HNOs and H:0, and conditioned with 5 ml 8N HNOs. The
neptunium mother solution is evaporated several times to a drop with 8N HNO3 in order
to ensure the absence of hydrofluoric acid in the solution, which could cause Pa losses.
The mother solution is then added to the column in 2 ml 8N HNOs. 23 ml of 8N HNO3 is
then added to the column, by 0.5 ml step for the first 3 ml then by 5 ml steps. Decreasing
the volumes of acids added at each step results in better separation efficiencies as
neptunium immediately enters the gel and is not suspended on the column walls. Once
the neptunium fraction is eluted, the protactinium fraction is extracted with 40-50 ml
8N HNO3 + 0.13N HF. 233Pa emits gamma rays and its extraction can be monitored using
a COMO170 mobile contamination monitor. We consider that no significant amount of
Pa is left on the column when the gamma counts monitored on the column fall close to
the background level, and when addition of 8N HNOz + 0.13N HF has no more effect on
the gamma counting, i.e. when no more Pa is eluted. The column is then discarded to a
special radioactive waste container. The 23’Np-233Pa separation is repeated twice to
avoid Np loss in the 233Pa spike which could result in production of 233Pa after the Pa-Np
separation step. The quality of the 237Np-233Pa separation was monitored for each spike

by mass-spectrometry and the 23’Np /(233U + 233Pa) ratio always fell below 1.

2.2.2 233P3 calibration

231Pa concentrations were measured by isotopic dilution, but the 233Pa spike was not
directly calibrated. Instead, measurement of a ?33Pa-spiked 231Pa standard was directly
used to estimate the 231Pa concentration of sediment samples (see section 2.4.1).
Estimating the 233Pa concentration of the spike is indeed problematic, as 233Pa decays
into 233U, and as uranium and protactinium can have different ionization efficiencies

(Regelous et al., 2004). In a regular calibration, a known quantity of 231Pa would be
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added to the 233Pa spike to estimate its concentration by mass-spectrometry. However,
because 233U and 233Pa may have different ionization efficiencies, the 231Pa addition and
231pa/?33Pa measurement must be done before a significant amount of 233Pa decayed
into 233U. Measuring a 231Pa solution of known concentration, spiked with the 233Pa spike
and U-Pa separated at the same time as sediment samples can circumvent this problem.
The 231Pa/?33(Pa + U) ratio of sediment samples (R(Smp)) and of the 233Pa spiked
231pPa standard (R(Std)) are measured during the same mass-spectrometer session. 231Pa

concentrations of sediment samples can be calculated by the following equation (1):

<R(Smp) * MSpike(Smp) * N231i(5td)>
[231Pal eq = RESED) = Mspire (S1) M., (D

sed

where [?31Pa]seq is the 231Pa concentration of the sediment, Mspike(Smp) and Mspike(Std)
the mass of 233Pa spike in the sediment sample and 2?31Pa standard respectively, Msed
the sediment mass and N231i(Std) the quantity of 231Pa initially in the the standard.
Usually, the problem of 233Pa decay to 233U is solved by measuring the sediment
samples (?31Pa/?33Pa ratio) immediately after U-Pa separation, so that all mass 233
consists of 233Pa. A calibration solution is measured either at the same time, using 231Pa
to estimate the 233Pa concentration of the spike (Auro et al.,, 2012), or 6 months later
(Negre et al, 2009), when all mass 233 consists of 233U, so that the initial 233Pa
concentration of the spike can be estimated by addition of known amounts of natural
uranium. The advantage of using equation (1) for the estimation of 231Pa concentrations
is that the sediment samples can be measured at any time after U-Pa separation,
providing more flexibility with respect to the analysis on mass-spectrometer.
In this study, the 231Pa standard is a HU1 solution of known 238U concentration (see
section 2.2.3 for the estimation of the concentration of HU1). Considering a 235U /238U
activity ratio of 0.04604 (Francois, 2007) and that 23>U is at secular equilibrium with

231pg, we know the 231Pa concentration of the solution.

2.2.3 236U and 229Th calibration

A mixed ?236U-229Th spike was used to estimate uranium and thorium isotopic
concentrations of sediment samples. In this study, using a mix of two spikes is only
useful to avoid weighing each spike separately. The 236U spike was calibrated by spiking
and measuring the 236U /238U ratio of a solution of certified Uranium concentration (SCP
SCIENCE, PlasmaCAL, 1000pg/ml Uranium) by mass-spectrometry on MC-ICP-MS
Neptune. The 238U concentration of the PlasmaCAL solution was calculated by correcting

the total uranium from the 235U contribution, which was done by analysis of the
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238 /235U ratio by mass-spectrometry (note that the 238U /235U ratio in the PlasmaCAL
solution is different from the natural 238U /235U atomic ratio of 137.88 (Condon et al.,
2010)). The calibrated 236U spike was then used to estimate the 238U concentration of a
HU1 solution. As HU1 is considered to be at secular equilibrium, its 238U concentration
was used to find its 239Th concentration. The 22°Th concentration of the spike was
consequently calibrated by spiking the HU1 solution and measuring the 229Th/230Th

ratio by mass-spectrometry.

2.3 Measurement by mass-spectrometry and Pa/Th calculation

2.3.1 Measurements by mass-spectrometry

Protactinium, thorium and uranium isotopic concentrations were measured by isotope
dilution on a MC-ICP-MS (Neptune, Thermo Finnigan). I developed the protocol of
analysis at the LSCE together with Francois Thil. The cup configurations used for mass-
spectrometry analysis are presented in Table 2 and 3 for Pa-U and Th respectively.
Different cup configurations were used because of the different spacing of the cups
required for Pa-U and Th isotopic measurements. One ion counter was dedicated to
233Pa measurements, as the dark noise on the counter strongly increases during Pa
sample analysis. Dark noise increased typically from 10-20 counts per minutes (cpm) at
the beginning of the analysis to 100-160 cpm at the end. The increasing dark noise
during the run is corrected by machine blanks that are measured between each sample.
The dark noise increase is related to the short half-life of 233Pa, which sticks to the ion
counters, activating them upon decay. After a few months, the dark noise of the ion
counter used for 233Pa measurements decreased back to its initial value, as 233Pa decays
to 233U.

Multiple corrections are applied on the raw spectrometer ratios. Here I describe how
each correction is measured (Table 2, 3). Equations applied to the isotopic ratios or
signals for the various corrections are given in Table 4. I also briefly comment each

correction.
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Table 2.2 : MC-ICP-MS cup configuration for the analysis of U and Pa isotopic ratios. “Solution” column: the
type of solution analyzed, “IC4”-“H3” columns: ion counters and faraday cups used for isotopic analyses,
“Ratio” column: the ratios of interest, “Use” column: how are the isotopic ratios used, “For” column:
elements for which the measured isotopic ratios are useful. AS stands for Abundance sensitivity. Shaded
cells in column C(C)/IC1 indicate which detector was used (ion counter versus faraday cup). Shaded=C(C),
not shaded = IC1. Cup distances in atomic mass units (u) are shown on top. Lx, Hx and C(C) are faraday
cups, ICx are ion counters.

2u 2u 1lu 1lu 1u 1u 2u
[ | | I [ |
234U 238U
U sample ::‘;3;:3:3 U concentration V)
236U 238U
231Pa
Pa 231Pa | 233Pa 231Pa/233Pa Pa concentration Pa
sample
232Th
Natural 235U 238U 238U/235U | Mass bias correction |U, Pa
uranium
238U 239/238U: Hydride
correction
239 239/238U
e S el I
235.5 236.5/2
36.5/238V interpolation: AS
236.5 correction
223::U+ 236V 238V 236U(IC1)/238U | Yield betweenIC1 |
solution 236U 238U 236U(C(C))/238U | and C(C) correction
232Th 232Th 233 233/232Th Hydride correction | Pa
solution
Natural 237 | 2380 237/238U AS correction | Pa
uranium
231Pa + 251Pa 231Pa(IC4) | vield between ICS
233V 231Pa(IC5 dica i Pa
solution 231Pa | 233U a(IC5) | an correction
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Table 2.3 : MC-ICP-MS cup configuration for the analysis Th isotopic ratios. “Solution” column: the type of
solution analyzed, “IC4”-“H3” columns: ion counters and faraday cups used for isotopic analyses, “Ratio”
column: the ratios of interest, “Use” column: how are the isotopic ratios used, “For” column: elements for
which the measured isotopic ratios are useful. AS stands for Abundance sensitivity. Shaded cells in column
C(C)/IC1 indicate which detector was used (ion counter versus faraday cup). Shaded=C(C), not shaded =
IC1. Cup distances in atomic mass units (u) are shown on top. Lx, Hx and C(C) are faraday cups, ICx are ion
counters.

1lu 2u 1lu 3u
I O N B | l
Solution L1 (c/Nc1| H1 H2 H3 H4 Ratio Use For
232Th/229Th and
229Th 232Th
232Th/230Th: Th
232Th/229Th concentration
229.5
Th 232Th/230Th 230/232Th Th
sample 229.5/232Th calculated by
T Th
AN | 2 230.5/232Th exponential
230.5 mterpolatl_on: AS
correction
Natural 23 38U 235U(1C1)/238U | Yield between IC1 ™
i 235U(C(C))/238U i
uranium 235U 238U (€©)/ and C(C) correction
Netueal 235U | 238U 238U/235U | Mass bias correction | Th
uranium
232Th 232Th 233 233/232Th Hydride correction | Th
solution

Table 2.4 : Calculation and application of corrections to isotopic signals and ratios. “Correction” column:
type of correction, “Calculation” column: calculation of the correction, “Application” column: application of
the correction on isotopic ratios or signals, “Note” column: notes for clarification of the equations. X and Y

“« . n

are elements. X can be the same element as Y. Cor. stands for corrected. “u” stands for atomic mass unit.

Correction Calculation Application Note
238U/235U0 X X "ifa<h
Mass bias mb=(————-1])/3 (—> =—(* or/)(1+|a—b|*mb) g
( 137.88 ) [5)'¢ bm cor byx and"/"ifa>b
Calculati
Yield _ 236U(IC1)/238U  235U(IC1)/238U < aX(IC1) ) _ X(c1) Iy configuration
icice) | Y= 2360(C(0))/2380 " 235U(C(C))/238U pX(C(0)) bX(C(0)) dependent (cup
y cor- spacement)
Yield _ 231Pa(IC4) 231pa(1C4) _ 231Pa(IC4)/ Specific to
IC4-IC5 y= 231Pa(IC5) 233p4(1C5) ye 233pa(IC5) y 231Pa/233Pa
Abundance 237 236 230 Correction not
sensitivity AS(1u) = m,AS(Zu) = m Orm (aX)AS cor. = axX — a+(1or 2)Y * AS(l or 2 u) element dependent
Hydride 239 (*X)tt cor. = ?X — 2~ 1Y « H(238U or 232Th) |Correction element
\ H(238U) = m, H(232Th) = 232Th H cor. dependent
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Mass bias: mass bias is calculated using an internal uranium standard with a natural
238(J /235U atomic ratio of 137.88 (Condon et al., 2010) (Table 2, 3, 4). [sotopic ratios of all
elements (uranium, thorium and protactinium) are mass bias corrected using the

uranium standard.

Yield IC1-C(C): The yield is the ratio between the signal measured on the central ion

counter (in cps) and the signal measured on faraday cups (in V, converted to cps using a
factor of 62500000) for a same isotope and solution (Table 2, 3). For my measurements,
this ratio was between 0.9 and 1 and I therefore had to correct the ratio of isotopes

measured simultaneously on IC1 and on faraday cups (Table 4).

Yield IC4-IC5: Ion counters have different yields. This difference is corrected by

measuring the same isotope (?31Pa) twice, but switching the ion counter in between.

Only the 231Pa/?33Pa ratio requires this correction (Table 2, 4).

Abundance sensitivity: Abundance sensitivity (AS) (Murray et al., 2013) can significantly
affect isotopic signals on masses close to abundant isotopes. The AS depends on the
resolving power of the mass-spectrometer. This means that the AS effect of 232Th on
231Pa can be calculated by the effect of 238U on mass 237. Because no isotope is present
at mass 237 in the solution, AS can be directly measured with the M237 /238U ratio
(Table 2). The estimation of the AS 2 masses apart is more problematic as there could be
236U in the analyzed solution, thus, the measured M236/238U ratio is not a direct
representation of the AS. The AS two masses appart is therefore estimated by
exponential interpolation of the AS signal on masses 235.5 and 236.5 (Table 2). A
retardation lens (RPQ) on IC1 allows to decrease the effect of AS. Because 231Pa is not
measured on IC1 (no RPQ), AS is not measured on IC1 for correcting the contribution of
232Th on the 231Pa signal (Table 2).

Hydrides: Hydrides (X-H*where X is an isotope) (Murray et al.,, 2013) can significantly
affect isotopic signals that are one mass above abundant isotopes. Hydrides formation is
element dependent and more important for thorium than for uranium (by a factor of
~2). Uranium hydrides are corrected by measuring the 239/238U ratio, while thorium

hydrides are corrected with the 233 /232Th ratio in a 233U free solution.

Natural isotopes in the spike: Signals are corrected from the presence of 239Th in the
229Th spike. 232Th in the 22°Th spike is negligible, as are 234U, 235U and 238U in the 236U

spike. 231Pa in the 233Pa spike is not negligible but is corrected with chemistry blanks.
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Chemistry blanks: Chemistry blanks are estimated by measuring a mixture of 236U, 233Pa
and 229Th spikes that was processed as a sediment sample. One blank is measured for
each batch of 9 samples. The blank’s natural isotopes on tracer ratios are then removed

from sediment samples ratios.

2.3.2 Pa/Th calculation

The Pa/Th ratio is the ratio of excess protactinium and thorium activities, corrected
from decay to the time of sediment deposition. Excess protactinium (thorium) is
calculated by subtracting from the total protactinium (thorium) the protactinium
(thorium) resulting from authigenic uranium decay and protactinium (thorium)
supported by uranium present in the sediment mineral lattices (lithogenic). We can

write:

(X)measured = (X)lithogenic + (X)authigenic + (X)excess (2)

where X is 231Pa or 239Th and (X)measured is the total 231Pa or 239Th, which is measured by
mass spectrometry.

232Th is mainly of lithogenic origin and lithogenic uranium can therefore be calculated
from the lithogenic 238U /232Th ratio (R), assumed to be equal to 0.5 * 0.1 (Guihou et al,,
2010b). As a consequence, lithogenic protactinium (thorium) can be calculated as it is
assumed to be at secular equilibrium with lithogenic 238U (235U). As 238U consists of
lithogenic and authigenic uranium, knowing lithogenic 238U and total 238U allows the
calculation of authigenic 238U. Assuming a 234U /238U activity ratio of 1.1466 (Robinson et
al., 2004a) in the ocean and a natural 235U/238U activity ratio of 0.04604 (Francois,
2007), we can estimate the protactinium and thorium produced by authigenic 23U and
234 respectively since the time of sediment deposition.

Equations (3, 4) detail the calculation of excess thorium and protactinium, for more

information refer to (Henderson and Anderson, 2003):

(230Th)excess = (230Th)measured -

238U
(232Th)measured * (m) . '
lithogenic

234-U 238U
(233U> * (238U)measured - (ZSZTh)measured * (m)
ocean lithogenic

«{1 - e‘ﬂz3o*f}] 3)
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(231Pa)€xC€SS = (231Pa)measured -

235]) 238[) 1
232
238U * ( Th)measured * 232Th
natural lithogenic|

235U 238U
238 232
238U * ( U)measured - ( Th)measured * 232Th
natural lithogenic

* {1 - 6_1231*’5}] 4)

where t is the time since sediment deposition and A are the decay constants of 231Pa or
230Th.

Excess protactinium and thorium are then corrected from decay since the time of
sediment deposition by the following equation:

(Dexcesso0 = Xexcess * €4 (5)
where X is 231Pa or 230Th.
Calculation of measurement uncertainties is based on the work of Guihou et al.,, 2010.
Analytical and systematic errors are propagated through the Pa/Th equations assuming
that all variables are independent and have a Gaussian distribution (Guihou et al,
2010a).

2.4 Pa/Th sediment results and inter-comparison

2.4.1 Methodological recommendations for the analysis of sedimentary Pa/Th.

This article has already been reviewed by all co-authors, and corrections have been
implemented. Information concerning the method of uncertainties calculation and 231Pa
standard calibration will be added before submission to Analytical Chemistry. The
masses of 233Pa, 236U and 22°Th used by the LDEO to spike sediment samples are still

missing in Table 1 but will not change the content of the article.
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Abstract:

We present recommendations for the measurement of sedimentary U, Th and Pa
isotopes using isotope dilution method. Our study is based on an inter-laboratory
comparison of different protocols and mass-spectrometers. We provide a detailed
comparison of the methods in terms of efficacy, rapidity, and acid volumes used,
which serves as reference for emerging Pa/Th laboratories to develop their
protocols based on available equipment and facility. Concentration results
highlight the necessity of complete homogenization of distributed sediment
samples prior to any intercalibration study, for instance by using a coning and
quartering method. This study also provides and validates a new method of
measurement of 231Pa concentrations, which allows Pa mass-spectrometer
measurements to be done at any time after U-Pa separation. Finally, we provide
an estimate of the current inter-laboratory Pa/Th variability based on results of
the four participating laboratories.

Introduction
U-series decay products, such as 230Th, 231Pa, 232Th, 234U, and 238U, can be used for

a wide array of applications in geosciences. For example, deviation of their isotopic
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ratios from secular equilibrium (activity ratio of 1) allows age determination of
geological events 12, quantification of weathering rates 3 and riverine sediments transfer
time 4. In paleoceanography, sedimentary 23°Th concentrations can be used to examine
post-deposition sediment redistribution (focusing and winnowing) >¢ or variations in
vertical particle flux 78, and the sedimentary (?3'Pa/?39Th)yso activity ratio (Pa/Th
hereafter) is used as a proxy for vertical particle flux 9, changes in productivity 19, and
variations in ocean circulation intensity 11-15,

Sedimentary Pa/Th is usually measured by isotope dilution. The chemical
methods used to purify the radionuclide isotopes of interest in the bulk sediment mostly
follows the early work of Anderson et al 16. These methods usually comprise the
following steps: 1) sediment spiking and digestion, 2) separation of actinides from the
sediment matrix, notably alkali and alkaline earth metals which is often done by
oxyhydroxide precipitation, 3) Pa, Th, and U purification, and 4) measurements by
Inductively-Coupled Plasma Mass-Spectrometry (ICP-MS) 17-19, that has replaced alpha
and beta counting 1116 gver the years. 233Pa spike decays into 233U (T1/2= 26.967d 2°) that
may have different ionization efficiency 17. Spike calibration is therefore done either
when all mass 233 consists of protactinium, i.e. typically within 24h after U-Pa
separation 1721, or when all 233Pa is decayed into 233U, i.e. more than 6 months after U-Pa
separation 22,

The present study provides, in details, some of the main methods available for the
analysis of sedimentary Pa/Th by different mass-spectrometers. We apply these
methods to various samples and discuss the results. The methods are assessed in terms
of optimal sediment digestion, U-Th-Pa separation and purification, and procedural
yields. We also assess the quickest methods, as well as those requiring the least acid
volumes. Based on the results, we provide recommendations for homogenized
distribution of sediment sample prior to inter-laboratory analysis, and the pros and cons
of each of the methods and mass-spectrometers. We also present a new method to
measure sedimentary 23'Pa concentrations, circumventing the problem of the 233Pa
decay and allowing protactinium samples to be measured at any time after separation of
uranium from the protactinium fraction. Finally, we compare Pa/Th results of the
different laboratories and examine potential inter-laboratory Pa/Th variability. Four
Pa/Th laboratories participated in this study for the measurements: the Laboratoire des
Sciences du Climat et de 'Environnement (LSCE), the University of Bristol (UB), the
Lamont Doherty Earth Observatory (LDEO) and the Institute for Environmental Physics
at the University of Heidelberg (IUP).
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Experimental section

Isotopic reference material. Thorium isotopic reference material IRMM-035 and
uranium isotopic reference material NBS-SRM-960 (also called CRM 112-A) were
analyzed for 230Th/232Th and 234U/238U, respectively, to assess both precision and

accuracy of the isotope-dilution ICP-MS measurements.

Solid Samples. Three solid samples were analyzed for their Pa, Th, and U isotopic
concentrations. Geotraces_Sed is a near-surface siliceous ooze sediment (71% biogenic
silica, 7% CaCO3) recovered during a cruise of the RVIB Nathaniel B. Palmer (NBP9604
Station 3, 61.95°S/170.05°W, 3404 m water depth) 23. This sample was previously
measured as part of the GEOTRACES intercalibration study 23, which makes it valuable
to assess data quality of this study. Margin_Sed is an early Marine Isotope Stage 2
sediment sample, recovered during a cruise of the R/V Marion Dufresne (MD
173/RETRO3, 03.55°S/35.39°W, 3537 m water depth) from the Brazilian margin, which
mainly consists of calcium carbonate and terrigenous material. Sediment ages are given
in Supporting Information. UREM11 is a uranium ore reference material, certified for its
uranium concentration and supplied by the Council for Mineral Technology, South Africa
24 The three samples have very different isotopic composition and span most of the
Atlantic sediment 23'Pa and ?23°Th concentration range (0.2-1 and 1-12 dpm.g-1
respectively 2°) and the lower part of the Pacific range (0.1-6.5 and 1-190 dpm.g-1
respectively 2¢). Therefore they allow a thorough assessment of the presented Pa/Th

methods.

Sample homogeneity. The problem with sediment heterogeneity when measuring
230Th was raised by the GEOTRACES program and might lead to inter-laboratory
variability 23. The sediment sample from the GEOTRACES intercalibration
(Geotraces_Sed) was therefore split using the coning and quartering method (Fig. S1) in
order to assess the effect of this procedure on sediment heterogeneity. Sediment was
then sent to the laboratories participating in this study. Margin_Sed was hand powdered
with an agate mortar and pestle. The resulting powder was distributed stepwise and
alternatively among the different shipment containers until all containers were full. The
sediment was then sent to the participating laboratories. Sediment distribution was
systematically done with a spatula. Sediment was not poured but deposited in the
containers. These cautions aimed at minimizing the risk of grain size sorting during
distribution. No particular care was taken with respect to sample homogeneity for the
distribution of the UREM11 reference material, as this sample is a solid standard of

small grain size (<75um) therefore expected to be homogeneous.
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Safety considerations. All methods require adequate protection equipment for the
various reagents used, such as lab coats, nitrile gloves and safety glasses. Handling
hydrofluoric acid usually requires additional precautions (refer to local regulations).
Acids must be handled and evaporated under a chemical fume hood. Solution containing
perchloric acid must be evaporated in hoods certified for such use. Radioactive tracers

have to be used following the local regulation.

Sample weighing, spiking and digestion. Sediment sample powders and spike are
weighed and mixed, except for UB that adds spikes after sediment digestion. The
approach used by UB necessitates the prevention of any material loss before spike
addition, and in microwave digestion this is achieved by the use of microwavable closed
pressurized vessels.

Sediment mass and spike quantities used by each lab are given in Table 1. They
do not differ significantly except for the much lower amount of 236U spike used by the
LSCE (see Discussion).

Sample digestion methods are detailed in Table 1. They mainly differ by the use

of microwave or hotplate.

Oxy-hydroxide precipitation. After the digestion step, samples are evaporated to semi-
solid gel, which is consequently dissolved in HCI (UB, LDEO) or HNO3 (LSCE, IUP) and
heated to clear solutions at 150-180°C (LSCE, UB). At this point, sample-spike
equilibration should have been reached 27, thus any subsequent material loss would not
impact the final concentration results. However, the methods used for purification and
separation of radionuclides influence the yield and purity of each element, which
ultimately impact the precision and accuracy of the mass-spectrometer measurements

as well as the magnitude of the applied corrections.

Three laboratories (LSCE, UB, LDEO) use the classical step of separation of the
radionuclides from the alkali and alkaline earth metals by oxyhydroxide precipitation 1¢.
Briefly, digested sample solutions are transferred to centrifuge tubes and NH4OH is
added until the formation of Fe-Al precipitates at around pH = 8. The samples are then
centrifuged, and the supernatant decanted to waste. Precipitates are washed several
times. The number and type of washes is the main difference between the three
laboratories. After the first co-precipitation, precipitates are washed with 18.2 M(Q
water and a few drops of ammonia (LSCE, UB: 20ml H20 LDEO: 5ml). The washing step
is achieved by agitation of the centrifuge tube to re-suspend the precipitate. Tubes are
then centrifuged and the supernatant decanted to waste. The LDEO and UB group then

dissolve the precipitate in 2 ml and 20 ml HCI 9N, respectively, for column separation.
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The LSCE group dissolves the precipitate in 20 ml HNO3 2N, before oxyhydroxide co-
precipitation with ammonia. Tubes are then centrifuged and the supernatant decanted
to waste. The precipitate water washing/acid dissolving process is repeated once.
Precipitate is then washed one last time with MilliQ water and a few drops of ammonia,
before samples are centrifuged and the supernatant decanted to waste. The precipitate
is then dissolved in 2 ml HNO3 8N for column separation.

The large number of water washing/acid dissolving steps achieved by the LSCE is
meant to better separate U, Pa, and Th from alkali and alkali earth metals. However, the
separation efficiency was not verified, and it could be that these time-consuming steps
reduce the chemistry yield without major improvement of the separation.

[UP skips the oxyhydroxide precipitation step as this process is time consuming.
This could however lead to poorer elemental separation and purification by anion-
exchange chromatography because of a higher matrix load, which could both diminish
the ionization efficiency and increase the interferences during mass-spectrometry

measurements. These side effects thus need to be monitored and corrected for.

Pa, Th, and U separation and purification. The four labs use slightly different anion-
exchange chromatography separation and purification step (Fig. 1). The method used by
the LSCE is derived from Guihou et al 28. Whole chemistry yields and elemental

separation efficiencies are given in Table 2.

Analysis by mass-spectrometry. Precision and accuracy of the analyses by mass-
spectrometry depend on many variables, some inherent to the type of mass-
spectrometer and introduction system (Table 3) and some due to the previous
chemistry steps (Table 2). We compared three types of ICP-MS in this study: multi-
collector (MC) (LSCE and UB; Thermo-Fisher Finnigan Neptune), sector-field single-
collector (SF) (LDEO; Finnigan Element XR), quadrupole single-collector (Q) (IUP;
Thermo Scientific iCAP Qs).

231Pa concentration measurements. As 233Pa decays rapidly to 233U (T1/2= 26.967d),
which possibly has a different ionization efficiency 17, the 231Pa/233Pa ratio is usually
measured within 24h 17 after U-Pa separation. Different methods to estimate sediment
231Pa concentrations were used by the laboratories participating in this study. UB and
LDEO measure the 231Pa/?33Pa ratio 1 and 3 days after Pa-U separation respectively, i.e.
before the decay of a significant fraction of the 233Pa spike. Moreover, the LDEO group

considers that the ionization difference between Pa and U is negligible on their SF-ICP-
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MS, based on the results obtained by Choi et al 1° on the same type of instrument. This
allows them to estimate the concentration of the 233Pa spike, which in turn is used to
estimate the 231Pa concentration of sediment samples. However, these methods require
mass-spectrometer measurements to be done immediately after column

chromatography.

Here we present the new method of measurement of 231Pa concentrations developed by
the LSCE and IUP. It presents the advantage of removing the time constraints on mass-
spectrometer measurements linked to the short 233Pa half-life.
233Pa spike is added both to sediment samples and to a 23'Pa solution of known
concentration. After sediment digestion, the Pa fractions of the sediment samples and of
the spiked ?23'Pa standard are separated from U at the same time by column
chromatography. The 231Pa/233(Pa + U) fractions can be measured at any time after
separation, as long as the samples and spiked 2?31Pa standard are measured during the
same mass-spectrometer run (within ~24h 17). Here we briefly present the
mathematical validity of this method of measurement of 231Pa concentrations, for more
details refer to SI.
Consider a 23'Pa standard of known concentration spiked with a 233Pa solution of
unknown concentration, and a digested sediment sample spiked with the same 233Pa
solution. The Pa fraction of both solutions was purified from U at the same time by
column chromatography. When measured on mass-spectrometer, the spiked 231Pa
standard contains N231(Std) and N233(Std) atoms of 231Pa and 233(Pa + U) respectively.
The sediment sample contains N231(Smp) and N233(Smp) atoms of 231Pa and 233(Pa + U)
respectively. The 231Pa/233(Pa + U) ratio R measured on mass-spectrometer for any of
the solutions depends on a, the U/Pa ionization efficiency ratio, and on t2, the time since
column elution, which dictates the proportion of Pa and U in the solution:

N231 N231i N231i

R = = =
Np33 x A(t2,a)  Npzzi* B(t1,t2,@)  Mspike * [*33Pal; * B(t1,12, @)

ey

N231i and Nz33i are the number of atoms of 231Pa and 233Pa respectively present before
digestion for sediment samples and before column chromatography for spiked 231Pa
standards (i.e. initial concentrations). A depends on t2 and «, B depends on t1, the time
between spike creation and column elution as well as on t2 and a, [?33Pa]; is the
unknown initial concentration of the 233Pa spike, Mspike is the known mass of spike

added to the sample. a equals 1 if there is no ionization difference.

For a spiked 231Pa standard (Std) we can write:

N31i(Std)
Msye (STA) * R(S2d) 2

[233pa], = B(t1, 12, o) =
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Equation (2) can be inserted in equation (1) for a sediment sample (Smp) in order to get
rid of the unknown initial spike concentration and of B(t1,t2,a), as this term is the same
for sediment samples and spiked 231Pa standards which are U-Pa separated and

measured on mass-spectrometer at the same time.

We obtain:

<R(Smp) * MSpike(Smp) * N231i(5td)>
[221Pa],,q = RUSH) = Mapiee GE) / RC)

where [?31Pa]seq is the concentration of the sediment sample and Mseq is the sample
mass. R(Smp) and R(Std) are measured by mass-spectrometry, N2z31i(Std), Msed,
Mspike(Smp) and Mgpike(Std) are known or weighed.

Results and discussion

Isotopic ratio accuracy and precision. As a first step, thorium IRMM-035 and uranium
NBS-SRM-960 isotopic reference materials were measured to evaluate mass-
spectrometer accuracy and precision. Results for each laboratory are shown in Fig. 2,

along with certified ratios.

MC-ICP-MS (LSCE, UB) give accurate measurements (see Table S1), within uncertainties
for both isotopic ratios and their precision are better (ca. 8 times better) than other ICP-
MS types (Fig. 2). Single collector ICP-MS (LDEO, IUP) display an offset from thorium
and uranium certified isotopic ratios of up to several percent and can have variable
results. This offset may be due to the low concentration of the standard solutions (0.01-
0.02 dpm.g1) as shown by the results in the next section. Note also that the series of
measurements made by the IUP group in this study is one of the first made by their Q-
ICP mass-spectrometer. Accordingly, performance may not be comparable to a mass-

spectrometer routinely used for several months.

Pa, Th and U isotopic concentrations on solid samples. Protactinium, thorium and
uranium isotopes concentrations of solid samples (sediments and uranium ore
UREM11) measured by isotope-dilution in this study are shown in Table S2 and Figures
S2-S6. Figure 3 and 4 summarize these results by showing deviations (in %) of the

isotopic concentrations of each laboratory from the inter-laboratory mean.
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Protactinium, thorium and uranium isotopes concentrations of sediments and
uranium ore UREM11 measured by the 4 laboratories generally agree within 2 sigma
uncertainties (Fig. 3, 4, see also Table S2 and Fig. S2-S6). The only outliers are the 239Th
and the 234U concentrations measured on Margin_Sed by the LDEO. Moreover, no
laboratory displays a systematic positive or negative deviation from the inter-laboratory
mean on U-Th measurements. Systematic biases such as different spike calibrations and
digestion efficiencies are therefore not the main factors leading to inter-laboratory
concentration differences for U and Th. A systematic Pa concentration bias could be the
reason for the differences between LSCE and UB results. It is unlikely that this difference
results from incomplete organic matter degradation 22, as both labs use perchloric acid.
Systematic concentration differences could be related to issues in the estimation of the
concentration of the 231Pa standard used for spike calibration or to an effect of the two
methods of measurement of 231Pa concentrations used by the LSCE and UB groups. The
validity of the new 231Pa concentration measurement method used by the LSCE and [UP
groups is assessed later in this study. The UREM11 sample displays the most consistent
inter-laboratory concentration results (Fig. 3, 4). This is probably due to its high
concentration and homogeneity. This result tends to confirm that isotopic ratio offset
and variability measured on single collector ICP-MS was due to the low concentrations
of the standards. Our results on Geotraces_Sed are also consistent with the GEOTRACES
intercalibration, confirming the validity of the presented methods (Table 4).

Small quantities of 236U spike are used for measurement on the LSCE MC-ICP-MS
(Table 1). The mass-spectrometer is also used for U-Th dating, for which precision of
uranium measurement is critical. The LSCE group therefore had to find a trade-off to
allow multiple utilization of the instrument. Using low concentrations of 236U for Pa/Th
measurements reduces machine blank levels and carry-over, which increase the
precision for dating of low concentration uranium samples. As a consequence, the 236U
had to be measured on an ion counter for Pa/Th, which could decrease the precision
compared to measurements of higher spike quantities on faraday cup. However,
precision on uranium concentration measurements is quite similar between the MC-ICP-
MS users (LSCE and UB), despite the different mass of 236U used. Low 236U spike
quantities can therefore be used to precisely measure the uranium concentration of

sediment samples.

Comparison of the digestion methods: microwave-assisted versus hotplate. Both
microwave and hotplate digestion were used by the UB group in order to compare
digestion efficiencies. Results are shown in Fig. 5. Almost all pairs of measurements
(hotplate-microwave) are similar within error bars. Moreover, none of the two digestion

methods yields systematically lower or higher isotopic concentrations. Hence we
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conclude that microwave and hotplate digestion have similar efficiencies. Microwave
digestion is therefore not necessarily the most efficacious digestion method, unlike

stated in earlier studies 30.

Heterogeneity effects. In the GEOTRACES intercalibration, concentration
measurements on Geotraces_Sed showed that the inter-laboratory variability of 239Th
measurements was similar to the intra-laboratory variability of some laboratories
(range of 5-6 dpm.g'1) 23. For this reason, the authors concluded that the sediment that
was distributed to the participating laboratories was heterogeneous. Prior to
distributing the Geotraces_Sed sample for this study, we homogenized the sediment
using the coning and quartering method. The inter-laboratory 23°Th concentrations we
obtain on Geotraces_Sed shows much less variability than in the GEOTRACES
intercalibration (2.3%, 2 sigma, range of 5-5.6 dpm.g'). This result indicates that the
original GEOTRACES intercalibration indeed measured heterogeneous material.
Grinding and mixing of sediment before a thorium inter-calibration study therefore
appears insufficient, and a more intense sediment homogenization method needs to be

used for inter-comparisons.

Evaluation of the new method of measurement of 231Pa concentrations. The good
consistency of the Pa measurements indicates that the 2 methods used by the four
laboratories to measure 231Pa concentrations (i.e., Pa measurement immediately after
column separation for the UB and LDEO group and possibly a few weeks after for the
LSCE and IUP groups) have a minor impact on the results. However, in this study, Pa
solutions were analyzed quite quickly after column separation even for the LSCE and
IUP groups (4 and 7 days after column separation respectively). Moreover, there is an
offset between UB and LSCE Pa concentration results, which could be attributed to the
different methods of measurements of 23'Pa concentrations or to the estimation of the

concentration of the 231Pa calibration solution.

Hence, to demonstrate the validity of the 231Pa measurement method described
in this paper, protactinium concentrations of pairs of full sediment replicates were
analyzed by the LSCE group at different times between U-Pa separation and
measurement on ICP-MS, i.e. with different 233U /233Pa ratios. All first replicates are
measured 6 days after U-Pa separation, except one which is measured after 10 days
(square on Fig. 6, more details hereafter). Second replicates are measured 13 to 52 days
after U-Pa separation. If our method of 231Pa measurement is robust, the additional time
left for 233Pa to decay between the measurement of the first and second replicates

should not impact concentration results. We therefore present our results as deviations
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(%) of the concentration of one replicate from the other, and as a function of the
additional time left for the ?33Pa to decay in the second replicate (Fig. 6, Table S3). One of
the presented pair of replicates is not composed of two full sediment replicates but of a
single sample whose Pa fraction was measured at two different times (10 and 52 days,
square on Fig. 6). Although its 233(Pa + U)/2?31Pa ratio varies by more than 20% (0.629 to
0.494) reflecting the higher ionization efficiency of Pa compared to U, the 231Pa
concentration varies only slightly (1.6%, 0.197 to 0.194 dpm.g'), almost within the
statistical uncertainty of the measurements (Table S3). Moreover, we see that full
sediment replicates measured at different times do not display a systematic increase or
decrease of their Pa concentration with time (Fig. 6). This confirms that the method of
measurement of 231Pa concentration presented in this paper can be used even if
uranium and protactinium have different ionization efficiencies. The major advantage of
this method is that it is not time dependent as other methods that necessitate the spike
calibration to be done either immediately after U-Pa separation 1721 or more than 6
months later 22. Note however that the spiked 231Pa standard solution and protactinium
blanks need to be measured at the same time as the samples (within 24h, 17) and it is
therefore necessary to produce enough blank and standard solution. Blanks are also
needed because the 231Pa/233(Pa + U) ratio in the blank changes through time and
therefore needs to be measured at the same time as the samples.

Given the consistency of this new 231Pa measurement method, it is more likely that the
Pa concentration differences between the LCSE and UB groups (Fig. 3) result from issues
on the estimation of the concentration of the 231Pa solution used for the calculation of

sedimentary 231Pa concentrations.

Sedimentary Pa/Th calculation and variability. Inter-laboratory comparison of
particulate and dissolved Pa/Th measurements is one of the ultimate targets of the
GEOTRACES program. In order to have an idea of the current inter-laboratory Pa/Th
differences, we calculated the Pa/Th values associated to both sediment samples

measured in this study.

The inter-laboratory mean Pa/Th of the Margin_Sed sample is 0.065 + 0.008 (13.1% 2
sigma) and the mean of the Geotraces_Sed sample is 0.222 + 0.016 (7.3% 2 sigma) (Fig.
S7, Table S4). The Pa/Th result from the LDEO is excluded from the calculation of the
mean Pa/Th on the Margin_Sed sample because of its anomalously low 230Th
concentration (Fig. 4). Maximum Pa/Th differences between two labs are 12.2% for the
Margin_Sed sample and 9.1% for the Geotraces_Sed sample. Such differences are

significant and highlight the necessity to continue and intensify intercalibration efforts.
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Pa/Th differences are however lower between the laboratories using multi collector
mass-spectrometers, with 5.6% difference on both samples. By intercalibrating spikes
and 231Pa standards, it could be possible to increase the consistency of the

measurements.

Advantages of the presented methods. Table 5 lists the best chemistry methods based
on three main categories: efficacy, rapidity, as well as on the lowest acid volumes used.
The most efficacious digestion is the most complete, and the most efficacious U-Th-Pa
separation achieves the highest separation and yield.

All methods are equally efficacious concerning sediment digestion. Given the separation
efficiency and yield in Table 2, the UB group method achieves the most efficacious U-Th-
Pa separation. High yields allow more precise measurement of Pa, Th and U
concentrations. The high separation efficiency of the elution by column chromatography
minimizes the corrections applied to the ratios measured on mass-spectrometer and
therefore maximizes precision.

Using microwave digestion is the quickest method (a few hours, Table 1), as hotplate
requires samples to be heated overnight. Both the UB and IUP methods can therefore be
used. The most rapid column chemistry is achieved by the IUP group by not having a Th
purification step (Fig. 1). However, the higher matrix load resulting from the absence of
separation could result in matrix effects on some mass-spectrometer, particularly given
that the IUP group skips the oxy-hydroxide separation 31.

Pa/Th analyses are expensive and require large waste treatment due to the large
amounts of acid used that therefore need to be minimized. The LDEO achieves digestion
with the lowest volume of acids (6 ml/sample) (Table S5). The LSCE method uses the

smallest volume of acids during the column chemistry step (98 ml/sample).

Mass-spectrometer recommendations. The sensitivity of the Q-ICP-MS is lower (6-40
times) than the LSCE MC-ICP-MS, which has a similar introduction system (Table 3).
Moreover, the poor abundance sensitivity of the Q-ICP-MS makes precise 231Pa
measurements difficult if 232Th is not separated well enough. Given the method used by
the IUP group, 23'Pa abundance sensitivity correction on the sample with the highest
232Th/?31Pa ratio (Margin_Sed, 232Th/231Pa = 4.3x10°6) is 58% of the total 231Pa signal.
This correction is calculated based on the separation efficiency of Th from the Pa
fraction in Table 2, on abundance sensitivity correction in Table 3 and on the
sedimentary 232Th/231Pa atomic ratio. We therefore recommend to use this mass-
spectrometer with the most efficacious Pa-Th separation method (UB) only (Table 2),
and to avoid its use for Pa/Th measurements of samples with high 232Th/231Pa atomic

ratios.
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The UB and LDEO groups use an Aridus desolvating nebulizer system. This greatly
reduces hydrides and increases sensitivity. Tests with the Aridus II performed by the
LSCE group show a 10-fold decrease in hydrides and 3-fold increase in sensitivity. Side
effect is the large sample gas (Ar) consumption increased by 10 times. It is known that
such systems impact sensitivity and hydrides, but the Aridus is better than a simple
desolvating membrane plugged after the Apex HF (2-fold sensitivity increase, 4-fold
hydrides decrease). The LSCE group did not use the Aridus but an Apex HF system (no

desolvating membrane) for measurements presented in this study.

Conclusions

Many Pa/Th analysis methods exist, each with their own specificities. The four methods
used in this study achieve coherent results. However, progress can be made to improve
inter-laboratory variability of Pa/Th measurements, which is in this study of 5.6 % at
best. The first step to achieve is to distribute homogeneous sediment samples prior to
intercalibration studies. A coning and quartering method is proven to be adequate for
this purpose. Results could also be made more consistent through the intercalibration of
spikes and calibration solutions. Finally, our new method of measurement of 231Pa
concentrations should facilitate the measurement of sedimentary Pa/Th, by giving more
flexibility with respect to the analysis on mass-spectrometer that can be done long after

the separation of U from the Pa fraction by column chromatography.
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Figure 2.4.1 : Anion-exchange chromatography separation and purification used by each
of the participating laboratories. HCl concentration is 9N, HNO3z 8N and HF 0.13N unless
otherwise stated. Resin types indicated for the last chromatography column of each
laboratory also stand for the previous columns of the laboratory.
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Figure 2.4.2: Isotopic ratios measured by each laboratory on thorium and uranium
isotopic reference material. (a) 239Th/?32Th measured on IRMM-035. Certified value is
given as reference, as well as inter-laboratory MC-ICP-MS value from Sims et al 2°. (b)
234J /238U measured on NBS-SRM-960. Certified value is given as reference. The IUP
group measured NBS-SRM-960 twice, on solutions from two different bottles. Error bars
are the maximum between 2SE propagated on the mean (error on the sum of replicate
measurements divided by the number of measurements) and 2SD on sample replicates
(standard deviation of replicate measurements). The number of full chemistry replicates
used to calculate the means is written next to each measurement.
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Figure 2.4.3 : Comparison of the 231Pa concentrations in sediment and UREM11. Results
are expressed by the deviation (%)of the concentrations measured by each laboratory
from the mean of the 4 laboratories. The deviation of the GEOTRACES intercalibration
value from the mean is also given for Geotraces_Sed 23. Note that the GEOTRACES
intercalibration value was not used to compute the mean isotopic concentrations. Error
bars are calculated as in Figure 2 and converted in % from the inter-laboratory mean.
The number of replicates used to calculate the averages is written next to the error bars.
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Figure 2.4.4: Comparison of the (a) thorium and (b) uranium concentrations in
sediment and UREM11. Results are expressed by the deviation (%) of the concentrations
measured by each laboratory from the mean of the 4 laboratories. In (a), the deviation of
the GEOTRACES intercalibration value from the mean is also given for Geotraces_Sed 23.
Note that the GEOTRACES intercalibration value was not used to compute the mean
thorium isotopic concentrations. Error bars are calculated as in Figure 2 and converted
in % from the inter-laboratory mean. Mean concentrations for each lab were calculated
using three full replicates unless written otherwise on the figure.
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Figure 2.4.5: Isotopic concentrations obtained at UB after digestion by microwave
(white circles) or hotplate (black circles) on (a) UREM11, (b) Geotraces_Sed. Error bars
are calculated as in Figure 2 for microwave measurements. Error bars are 2SE for
hotplate measurements (1 replicate only). Error bars on hotplate measurements on the
Geotraces_Sed sample are small and cannot be distinguished from the data points.
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Figure 2.4.6 : Concentration deviations of one replicate from the other as a function of
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was measured at different times after U-Pa separation (10 and 52 days). Replicates
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concentrations of the replicates (dpm.g!). See table S3 for uncertainties on 231Pa
measurements.
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Tables

Table 2.4.1 : Sediment and spike masses, and digestion steps used by each laboratory. *
H and MW stand for hotplate and microwave respectively. ** White smoke production
indicates that only perchloric acid is left in solution.

Lab Sediment/Spike Step Acid addition Temperature | Opened/Closed Duration
addition n° /Pressure beakers *
LSCE 1 2ml HNO3 + 5ml HF 140°C H + closed 12h
2 - . -
Sed. Mass: 0.1-0.2 g None (evaporation) 140°C H + opened Until half volume
Before digestion: 3 2ml HCIO4 + 1ml 160°C H + opened Until white smoke
233Pa: 0.3 pg HNO3 production **
229Th: 14 pg 4 Several 500l HNO3 Until clear solution
236U: 9 pg rinces 180°C H + opened and clean beaker's
sides
uB Hotplate digestion
1 7ml HNO3 + 3ml HF + .
>ml HClO4 180°C H + closed 7-10h
None (evaporation) 180°C H + opened Until ca 1ml left
Sed. Mass: 0.1 i
1ss: 0 8 2ml HNO3 + 1ml HF 180°C H + opened Until complete
After digestion: evaporation
233Pa: 0.2 pg Microwave digestion
229Th: 50 pg 1 | 6mI HNO3 + 2.5ml HCl
2 None (evaporation) 150°C H + opened Until ca 1ml left
3 Until let
1ml HCIO4 + 1ml HF 170°C H + opened nif complete
evaporation
LDEO 1
2ml HNO3 180°C H + opened 2h
Sed. Mass: 0.2-0.3 g - -
2 Until whit k
Before digestion: 3ml HCIO4 250°C H + opened vl gsmo €
production **
233Pa: ? pg 3
229Th: ? pg
236U:? Pg 1ml HF 150°C H + opened 20h
IupP 1 Until let
3ml HNO3 + 2.5mI HF | 120-160°C | MW + closed i compiete
digestion
Sed. Mass: 0.1-0.2 g 2 .
Until let
Before digestion: None 120-160°C MW + opened ntl COI’nP cte
evaporation
233Pa: 0.8 pg 3
. 2-3d H3BO3, 2-3
229Th: 20 pg rop . ’ . Until evaporation of
236U: 1500 pg drop H202, 5*6ml 215-220°C H + opened

HNO3

each 6ml
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Table 2.4.2: Total chemistry yields and separation efficiencies for each of the
laboratories. Max means that elements (U-Th) separated from the Pa fraction fall below
procedural blanks. Separation efficiency of A from Pa fraction equals the A/Pa ratio in
the sediment divided by the A/Pa ratio in the Pa fraction (where A is either U or Th). The
yield calculated by the LSCE is a rough estimate based on element dilution (acid volume)
and signal during mass spectrometry analysis, and on mass-spectrometer sensitivity.

Chemistry yield Separation efficiencies
Lab Pa Th u U from Pa fraction Th from Pa fraction
LSCE | 40-80 % | 70-90 % | 50-70 % 1000 500-2500
uB 90-98 % [ 91-99 % | 95-99 % max max
LDEO | 40-80 % [50-80 %| 60-90 % 76 max
IUP 10-50 % | 70-90% | 70-90 % 8000 2000

Table 2.4.3: Mass-spectrometer correction intensities, sensitivity and introduction
systems. AS = Abundance sensitivity.

Lab | Th hydrides | U hydrides AS 1 mass Sensitivity (1076 cps/ppb) Introduction system
LSCE 20 ppm 10 ppm 1-2 ppm ca 31.25 Apex-HF
. Aridus | desolvating
UB 4 ppm negligible 4 ppm ca 18.75 nebulizer.
Aridus desolvating
LDEO 0.1 ppm 1400 ppm 11 ppm 2.5 nebulizer.
IUP ? ? 270 ppm 0.75-5 Apex-HF

Table 2.4.4: Comparison of concentration results on Geotraces_Sed with the
GEOTRACES intercalibration. Results given in the table are averages of the four
laboratories participating in the study, apart from the second values of 238U and 234U
concentrations, which are averages of MC-ICP-MS concentrations only.

231Pa +2D 230Th +2D 232Th +2D 238U +2D 234U +2D
(dpm.g-1) (dpm.g-1) (dpm.g-1) (dpm.g-1) (dpm.g-1)
This study 1.20 0.12 5.44 0.12 0.062 0.012 0.312 0.052 0.376 0.064
0.311 0.007 0.351 0.007
GEOTRACES 1.25 0.14 5.53 0.44 0.059 0.010 / /

Table 2.4.5 : Best chemistry methods with respect to efficacy, rapidity, and acid volume
used.

Method Efficacy Rapidity [Acid volume
Digestion All UB/IUP LDEO
U-Th-Pa separation uB IUP LSCE
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2.4.2 Supporting Information

The supporting information provides additional figures and tables, which further
illustrate the main text. Details concerning the age of the sediment samples and the
mathematical validity of the method for the estimation of 231Pa concentrations are also

provided.

Supporting information

Methodological recommendations for the analysis of sedimentary Pa/Th.

P. Burckel, G. Henry, H-C Ng, ]. Lippold, S. Pichat, M. Roy Barman, F. Thil, J. Gherardi, C.
Waelbroeck, J.F. McManus, L.F. Robinson, B. Antz

1-Sediment age

The age of Geotraces_Sed is unknown. Because excess protactinium and thorium need to
be decay corrected back to their concentration at the time of sediment deposition for the
calculation of the Pa/Th ratio and because Geotraces_Sed is a near surface sediment, it
was ascribed an age of 500 + 500 y. Although the age is somewhat arbitrary, it allows
Pa/Th ratio comparison. Margin_Sed was recovered at 72cm from core MD09-3256Q
(03.55°S/35.39°W, 3537 m water depth) on the Brazilian margin. Its age of 25040 + 124
(1 SD) y is derived from the linear interpolation of *C ages determined at 70 and 74 cm
(26189 £ 119 (1 SD) y and 23890 * 128 (1 SD) y respectively) and converted to calendar
age using the Marinel3 calibration curve. Because of the age inversion (deepest level
being younger than the shallowest), Margin_Sed might have been deposited by a
turbidite.

2-Estimation of the sedimentary 231Pa concentration

To circumvent the problem of the 233Pa decay in the measurement of sedimentary 231Pa
concentrations, one 233Pa spiked 231Pa standard must be U-Pa separated and measured
at the same time as the protactinium fraction of the sediment samples.

Consider a protactinium sample being measured on mass spectrometer and containing
N233Pa, and N233U atoms of 233Pa and 233U respectively as well as N231 atoms of 231Pa.
This sample can be either a 233Pa spiked 231Pa standard solution (known 23!'Pa and
unknown 233Pa) or dissolved sediment (unknown 231Pa and 233Pa). In both cases, the

233Pa/?31Pa ratio R measured on mass spectrometer follows this equation:
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R = ( N334 ) _ N331 * Spg
Ny33Pa + Ny33U Ny33Pa * Spg + Nps3U * Sy

mass spec

_ N331 * Spg
Nyzz * ((e74*2) % Spy + (1 — e 4t2) x §y)

_ N334
Nyss * ((e7412) 4+ (1 — e™*t2) x )

_ N334
Nys3 % A(t2, )

(1)

where N233 is the number of atoms of 233(Pa + U), Sy and Sp. are the mass spectrometer
counts per atom (so that a is the ratio of ionization efficiencies of U and Pa) of uranium
and protactinium respectively, A the 233Pa decay constant and t2 the time between
column chromatography and analysis on mass spectrometer.

Because there should not be any Pa loss during digestion, and because column chemistry

does not alter the 233Pa/?31Pa ratio, equation (1) can be written:

_ N334l
Nyz3i % e A« A(t2, )

N334l
= : (2)
N,330 * B(t1,t2, )

R

where t1 is the time between spike creation and column chromatography, N231i and
N233i the initial number of atoms of 231Pa and 233Pa respectively (i.e. atoms in the mass of
sediment or 231Pa standard and in the spike). The term B depends on the timing of the U-
Pa separation with respect to spike production and mass spectrometer measurement (t1
and t2), as well as on the ionization efficiency ratio a. Sediments and spiked 231Pa
standards are separated and measured at the same time on mass spectrometer and
therefore have identical B values.

We can then easily find the sample’s 231Pa concentrations. Consider first a standard
solution (Std) with known N231i(Std). From equation (2) we have:

N2311(Std)

R(Std) = N,35i(Std) * B(t1,t2, @)
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_ N,3,i(Std)
" Mgpike(Std) * [%3Pa], * B(t1, t2, &)

N31i(Std)

[#33Pa]; * B(t1,t2, ) = Mgpike (Std) * R(Std) (3)

where [?33Pa]; is the initial concentration of the 233Pa spike (i.e. after spike production)
and Mspike(Std) is the mass of 233Pa spike in the standard solution.

Consider now a spiked sediment sample (Smp) with unknown N231i(Smp) that was Pa
purified by column chromatography at the same time as the spiked 231Pa standard. From

equation (2) and equation (3) we can eliminate the unknown [?33Pa]; and B and write:

N33,i(Smp) Ny3,i(Smp)

R(Smp) = =
(Smp) = N Gmp) « BaL iz o) Msp ke (Smp) * [2Pa], * B(t1, 2, @)

N,3.i(Sm Mg, ike (Std
_ 2311( p) " R(Std) " Splkle( )
Mgpike (Smp) Ny34i(Std)

R (Std) * MSpike (Std)

R(Smp) = MSpike(Smp) * N231i(5td)>
[Zglpa]sed = /Msed (4)

where [231Pa]sed is the 231Pa concentration of the sediment and Mseq the sediment’s

mass. R(Smp) is measured, Mspike(Smp) and Mseq are known and the rest of the terms are
known from the standard solution. We can therefore calculate the sediment’s 231Pa

concentration.
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Figure 2.4.S1 : lllustration of the coning and quartering method. First, a) the sediment is
poured on drawing paper by applying a swirling movement to the wrist in order to form
a dome then b) the dome is divided in four and c) the opposite quarters are gathered.
The resulting sediment piles (2, 3) and the initial sediment (1) are expected to be

homogeneous.
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Figure 2.4.82: Sediment and UREM11 232Th concentration results for each of the
participating laboratories. Note that the y axis range for each sample is of around 25% of
the sample’s mean concentration. This allows to compare the inter and intra-laboratory
concentration variability of the samples. Hence care should be taken when comparing
absolute concentrations, as the y axis is often split and magnified for some samples.
Circles represent the UREM11, squares the Geotraces_Sed and diamonds the Margin_Sed
samples. Error bars are 2SE.
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Figure 2.4.83: Sediment and UREM11 23°Th concentration results for each of the
participating laboratories. Note that the y axis range for each sample is of around 25% of
the sample’s mean concentration. This allows to compare the inter and intra-laboratory
concentration variability of the samples. Hence care should be taken when comparing
absolute concentrations, as the y axis is often split and magnified for some samples.
Circles represent the UREM11, squares the Geotraces_Sed and diamonds the Margin_Sed
samples. Error bars are 2SE.
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Figure 2.4.84: Sediment and UREM11 238U concentration results for each of the
participating laboratories. Note that the y axis range for each sample is of around 25% of
the sample’s mean concentration. This allows to compare the inter and intra-laboratory
concentration variability of the samples. Hence care should be taken when comparing
absolute concentrations, as the y axis is often split and magnified for some samples.
Circles represent the UREM11, squares the Geotraces_Sed and diamonds the Margin_Sed

samples. Error bars are 2SE.
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Figure 2.4.85: Sediment and UREM11 234U concentration results for each of the
participating laboratories. Note that the y axis range for each sample is of around 25% of
the sample’s mean concentration. This allows to compare the inter and intra-laboratory
concentration variability of the samples. Hence care should be taken when comparing
absolute concentrations, as the y axis is often split and magnified for some samples.
Circles represent the UREM11, squares the Geotraces_Sed and diamonds the Margin_Sed

samples. Error bars are 2SE.
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Figure 2.4.S6: Sediment and UREM11 231Pa concentration results for each of the
participating laboratories. Note that the y axis range for each sample is of around 25% of
the sample’s mean concentration. This allows to compare the inter and intra-laboratory
concentration variability of the samples. Hence care should be taken when comparing
absolute concentrations, as the y axis is often split and magnified for some samples.
Circles represent the UREM11, squares the Geotraces_Sed and diamonds the Margin_Sed
samples. Error bars are 2SE.
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Figure 2.4.S7 : Mean Pa/Th values obtained by each of the participating labs. Note that
the y axis range for both samples is of around 25% of the sample’s mean Pa/Th. This
allows to compare the inter-laboratory Pa/Th variability of the samples. Hence care
should be taken when comparing absolute Pa/Th values, as the y axis is split and
magnified. Squares represent the Geotraces_Sed and diamonds the Margin_Sed samples.
2 sigma error is calculated based on the maximum between 2 SE and 2 SD of replicate

concentration measurements and does not include the uncertainty on the R value (set to
0.5).
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Table 2.4.81 : Isotopic ratio measurements (x10°) on isotopic reference material NBS-
SRM-960 and IRMM-035. 234U/238U measurements by the IUP were done on NBS-
SRM-960 from two different bottles. The value given by Sim et al for the 230Th/232Th
ratio of IRMM-035 is also displayed.

NBS-SRM-960 IRMM-035

Lab 234U/238U + 2SE 230Th/232Th + 2SE

Certified 52.841 0.082 11.481 0.078

Sims et al., 2008 / / 11.38 0.096

LSCE 53.003 0.110 11.111 0.098

53.029 0.101 11.266 0.087

53.063 0.105 11.313 0.116

uUB 52.805 0.142 11.203 0.105

52.890 0.112 11.315 0.081

52.797 0.147 11.336 0.063

LDEO 54.620 3.048 13.462 1.842

56.393 3.159 13.351 2.470

13.535 2.631

I[UP 54.624 0.909 14.710 1.334
52.977 0.886
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Table 2.4.S2 : Isotopic concentration results of solid samples Margin_Sed, Geotraces_Sed
and UREM11. Lines with a * for UB group measurements indicate that digestion was
done using hotplate and not microwave.

Margin_Sed Geotraces_Sed UREM11
Lab Isotope  Conc. (dpm/g) +2SE Mean +20 Conc. (dpm/g) +2SE Mean +20 Conc. (dpm/g) +2SE Mean +20
LSCE 231Pa 0.183 0.002 0.185 0.003 1.26 0.01 1.265 0.005 1.95 0.01 1.956 0.026
0.185 0.002 1.27 0.01 1.95 0.01
0.186 0.001 1.27 0.01 1.97 0.01
232Th 1.80 0.02 1.791 0.026 0.0584 0.0003 0.058 0.000 2.58 0.02 2.542 0.061
1.78 0.01 0.0581 0.0003 2.53 0.02
1.80 0.01 0.0581 0.0003 2.52 0.02
230Th 3.87 0.04 3.889 0.034 5.46 0.03 5.467 0.018 42.7 0.3 42.802 0.195
3.89 0.03 5.46 0.03 42.8 0.3
3.91 0.03 5.47 0.03 42.9 0.4
238U 1.056 0.011 1.059 0.018 0.312 0.002 0.311 0.002 42.9 0.3 43.066 0.451
1.053 0.007 0.311 0.002 42.9 0.3
1.069 0.008 0.310 0.002 433 0.5
234U 1.057 0.012 1.062 0.019 0.352 0.003 0.352 0.002 43.0 0.3 43.150 0.486
1.057 0.007 0.353 0.003 43.0 0.3
1.073 0.008 0.352 0.003 43.4 0.5
UB 231Pa 0.177 0.002 0.176 0.003 1.19 0.01 1.201 0.024 1.95 0.03 1.925 0.053
0.175 0.002 1.21 0.01 1.93 0.01
1.19 0.02 1.90 0.02
* 1.20 0.01 / 1.96 0.05 / /
232Th 1.87 0.01 1.840 0.092 0.0587 0.0003 0.059 0.001 2.62 0.03 2.618 0.042
1.81 0.01 0.0598 0.0003 2.64 0.02
0.0585 0.0003 2.59 0.01
* 0.0573 0.0003 / 2.51 0.06 / /
230Th 3.83 0.03 3.862 0.080 5.54 0.03 5.480 0.111 42.2 0.5 42.678 0.858
3.89 0.03 5.44 0.03 42.8 0.3
5.46 0.03 431 0.3
* 5.45 0.03 / 437 1.0 / /
238U 1.084 0.006 1.069 0.044 0.320 0.002 0.312 0.013 42.4 0.5 42.515 0.624
1.053 0.005 0.309 0.002 42.9 0.3
0.307 0.002 423 0.3
* 0.310 0.002 / 435 11 / /
234U 1.082 0.007 1.067 0.042 0.358 0.002 0.350 0.014 42.1 0.5 42.207 0.623
1.052 0.007 0.347 0.002 42.6 0.3
0.345 0.002 42.0 0.3
* 0.352 0.003 / 435 1.2 / /
LDEO 231Pa 0.181 0.004 0.170 0.031 1.297 0.02 1.134 0.462 1.841 0.02 1.862 0.060
0.159 0.004 0.970 0.01 1.883 0.01
232Th 1.75 0.01 1.730 0.091 0.0708 0.0014 0.071 0.012 2.57 0.12 2.521 0.093
1.76 0.04 0.0771 0.0006 2.50 0.11
1.68 0.01 0.0653 0.0013 2.49 0.11
230Th 3.14 0.05 3.059 0.165 5.54 0.05 5.351 0.479 432 1.0 41.939 2.451
3.07 0.05 5.44 0.05 40.8 1.0
2.97 0.05 5.08 0.05 41.9 1.0
238U 1.03 0.02 1.027 0.059 0.37 0.01 0.345 0.037 433 0.8 42.227 1.975
1.05 0.02 0.33 0.01 41.4 0.6
1.00 0.02 0.34 0.01 42.0 0.5
234U 1.367 0.035 1.294 0.148 0.450 0.014 0.419 0.060 432 1.0 41.913 2.394
1.219 0.033 0.390 0.008 40.8 0.9
1.295 0.032 0.416 0.012 41.7 0.8
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Table 2.4.82: Continued.

Margin_Sed Geotraces_Sed UREM11
Lab Isotope  Conc. (dpm/g) +2SE Mean +20 Conc. (dpm/g) +2SE Mean +20 Conc. (dpm/g) +2SE Mean +20
IUP 231Pa 0.178 0.008 0.182 0.008 1.22 0.01 1.219 0.022 1.98 0.02 1.958 0.077
0.182 0.003 1.23 0.01 1.94 0.02
0.186 0.003 1.21 0.01 191 0.01
2.01 0.01
1.95 0.01
232Th 1.89 0.048 1.799 0.271 0.0589 0.0012 0.060 0.001 2.43 0.05 / /
1.86 0.050 0.0602 0.0014
1.64 0.081 0.0597 0.0012
230Th 3.82 0.06 3.623 0.352 5.48 0.09 5.478 0.051 41.7 0.7 41.566 1.753
3.49 0.06 5.49 0.10 41.9 0.6
3.55 0.07 5.47 0.08 421 0.6
40.0 0.6
42.2 0.6
238U 1.080 0.006 1.090 0.021 0.276 0.002 0.282 0.037 42.6 0.2 42.310 2.334
1.101 0.006 0.267 0.002 40.3 0.2
1.090 0.006 0.302 0.002 42.7 0.2
433 0.2
42.7 0.2
234U 1.122 0.008 1.114 0.014 0.385 0.004 0.382 0.007 443 0.2 43.529 1.803
1.110 0.010 0.379 0.003 42.1 0.2
1.109 0.012 0.382 0.006 43.6 0.3
443 0.2
43.4 0.3
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Table 2.4.S3 : 231Pa concentration of replicate samples (e.g. 1 a and 1 b) measured at
different times t between U-Pa separation and mass spectrometer analysis. Sample 8 a

and 8 b are not full sediment replicates, but a single 231Pa/?33(Pa+U) solution measured
at different times after U-Pa separation.

Sample n® 231Pa (dpm.g-1) < 2 sigma t (days)
1a 0.296 0.002 6
1b 0.294 0.003 13
2a 0.220 0.002 6
2b 0.225 0.003 13
3a 0.245 0.002 6
3b 0.247 0.002 13
4 a 0.184 0.001 6
4b 0.178 0.002 20
5a 0.132 0.001 6
5b 0.133 0.002 20
6 a 0.176 0.002 6
6b 0.176 0.001 20
7 a 0.159 0.002 6
7b 0.162 0.002 27
8 a 0.197 0.001 10
8b 0.194 0.001 52
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Table 2.4.S4 : Mean Pa/Th results for each of the labs. 2 sigma error is calculated based
on the maximum between 2 SE and 2 SD of replicate concentration measurements and
does not include the uncertainty on the R value (set to 0.5).

Margin_Sed Geotraces_Sed
Pa/Th 2 sigma Pa/Th 2 sigma
LSCE 0.064 0.002 0.234 0.003
uB 0.061 0.002 0.221 0.007
LDEO 0.080 0.006 0.214 0.019
IUP 0.069 0.010 0.225 0.005
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Table 2.4.85: Acid volumes used by each lab for digestion and elution by column
chromatography. Only acids more concentrated than 2N are considered.

Lab HNO3 (ml) | HClI (ml) | HF (ml) | HCIO4 (ml) | HCI + HF (ml) | Total (ml)
Digestion LSCE 5 0 5 2 0 12
UB 6 2.5 4 1 0 13.5
LDEO 2 0 1 3 0 6
IUP 33 0 2.5 0 0 35.5
U-Th-Pa LSCE 41 45 0 0 12 98
separation UB 36 60 0 0 24 120
LDEO 5 82 0 0 71 158
IUP 30 60 0 0 24 114
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Chapter 3 : Timing of Oceanic circulation changes in the

Atlantic during the last glacial

3.1 Introduction
As discussed in chapter I, climate models are able to simulate a southward shift of the

ITCZ, either in response to a slowdown of the AMOC (Kageyama et al., 2009), or through
the increased extent of sea ice or ice sheets (Chiang and Bitz, 2005) that generate a cold
SST anomaly in the northern tropics, shifting the tropical rain belt to the south.
However, it remains unclear which of these processes triggered the southward ITCZ
shifts associated with Greenland stadials of the last glacial.

Southward shifts of the ITCZ are associated with increased precipitation in northern
South America, and are therefore recorded as Ti/Ca peaks in marine sediments of the
Brazilian margin (Jaeschke et al., 2007). As deep western boundary currents also affect
our sediment cores, I directly compare oceanic circulation and ventilation proxies to the
precipitation signal measured in core MD09-3257 (~2300 m depth), to precisely assess
the phase relationship between AMOC variations and ITCZ shifts. A large Pa/Th increase
occurs before the onset of the precipitation events associated with Heinrich Stadial 2
and Heinrich Stadial 4. In order to assess the timing of the AMOC slowdown with respect
to the ITCZ shift, I build a robust age model based on correlation of the Ti/Ca signal of
our core with another nearby *C dated core, and with a U-Th dated South American
speleothem that recorded periods of increased precipitation as decreases in the §180
record. As seen in Chapter 2, the Pa/Th data I produced are very precise and can
therefore be used to reliably determine the start of the AMOC slowdown, and as sharp
Ti/Ca peaks mark periods of increased precipitation, I precisely determine the lead of
the AMOC slowdown in terms of core length for HS2 and HS4. Converting the lead
expressed as a length in the core into a lead expressed as a time interval, I find that the
decreased AMOC intensity preceded the precipitation events by 1420 + 250 (1o0) y and
690 * 180 (1o) y for HS2 and HS4 respectively. Results are presented in the article
entitled “Atlantic Ocean circulation changes preceded millennial tropical South America
rainfall events during the last glacial”.

In the last section of this chapter, I provide another potential explanation for the Pa/Th
rise occurring prior to precipitation events, which does not affect the conclusions of the
article. I also discuss a recent study (Lynch-Stieglitz et al., 2014) that concluded that the
upper circulation cell of the AMOC did not slowdown during Heinrich Stadial 2 and 3, in

contradiction with my results.
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3.2 Atlantic Ocean circulation changes preceded millennial tropical

South America rainfall events during the last glacial
This article has been submitted to Nature Geoscience and Proceedings of the National

Academy of Sciences. Unfortunately, with 1/3 and 1/2 positive reviews, the article was

not accepted. The format will be changed and the article submitted to Geophysical

Research Letters before the defense.
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Abstract

During the last glacial period, Greenland’s climate experienced millennial-scale shifts
between cold (stadial) and warm (interstadial) phases that were accompanied by ocean
circulation changes characterized by reduced Atlantic Meridional Overturning
Circulation during stadials. Here, we present new 231Pa/230Th data from a deep-sea
sediment core retrieved off North-East Brazil demonstrating that slowdowns of the
Atlantic Meridional Overturning Circulation preceded the large southward shifts of the
intertropical convergence zone that took place during last glacial stadial periods. We
reliably determine that the Atlantic Meridional Overturning Circulation started to
slowdown 1420 * 250 (10) y and 690 * 180 (10) y before the onset of two large
precipitation events, associated with Heinrich stadials, recorded in South America. Our
results thus bring unprecedented evidence that Atlantic Meridional Overturning
Circulation changes could be the origin of the observed precipitation events. In addition,
we propose a new mechanism that explains the differences in the extent and timing of
Atlantic Meridional Overturning Circulation slowdowns associated with shorter and

longer stadial periods.
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Introduction

Both paleoproxy records and numerical modeling indicate that the tropical and
northern North Atlantic regions are tightly linked on centennial to millennial timescales.
Sediment records from the Cariaco Basin show that tropical Atlantic Ocean and
atmosphere changes correlate with variations in the North Atlantic region since the last
glacial period (1-4). Some modeling studies have suggested that these regions may be
connected via a coupled atmosphere-surface ocean mechanism (5, 6), whereas other
numerical simulations using fully coupled atmosphere-ocean models have indicated that
a reduction in the Atlantic Meridional Overturning Circulation (AMOC) flow rate could

induce a southward displacement of the Intertropical Convergence Zone (ITCZ) (7-9).

The western side of the tropical Atlantic is a key region to study the mechanisms behind
millennial-scale tropical atmospheric changes. Indeed, during the last glacial, millennial
variability in precipitation over tropical South America is recorded in various archives
such as marine or lake sediments and speleothems (4, 10-17). Precipitation changes are
interpreted as latitudinal shifts of the ITCZ, and appear to covary over South America in
the 0-30°S latitude band east of the Andes. Moreover, the western side of the tropical
Atlantic is the locus of the western boundary currents and is therefore ideal to monitor
changes in the AMOC flow rate (18). Cores MD09-3257 (04°14.69'S, 36°21.18'W, 2344m
water depth) and GeoB3910 (04°14.7’S, 36°20.7°'W, 2362m water depth) were retrieved
from approximately the same location and depth on the North Eastern Brazilian margin
(Fig. 1). At present, the cores site is bathed by the upper limb of the North Atlantic Deep
Water, originating from the North Atlantic Ocean and circulating between 1200 and
2500m depth, with a maximum circulation intensity of ca. 11 Sv at ~1500m (19).
Numerous studies indicate that northern-sourced deep water flowed at shallower depth
during the last glacial compared to modern times (20-22). Hence, the location of the
sediment cores studied here is ideal to monitor past changes in the AMOC upper
circulation cell, as well as their relation to millennial-scale precipitation events that are

associated with the shifts in the ITCZ position.

Under modern conditions, the Brazilian northeastern region, called Nordeste (Fig. 1), is
a semi-arid region where precipitation is controlled by the position of the ITCZ. Periods
of high precipitation (March-April) in the Nordeste occur when the ITCZ is at its
southernmost position and the interhemispheric sea surface temperatures (SST)
gradient is the weakest (23). During boreal summer, the SST gradient steepens and the
ITCZ moves northward, following the position of maximum SST above which convection

occurs.
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During the last glacial, millennial-scale variability in precipitation led to periods of
increased rainfall in the Nordeste. Increased precipitation is marked by a decrease in
6180 in South American speleothems (10, 11, 14, 24-26) and increased sedimentary
Ti/Ca ratios in a marine sediment core off the northeastern Brazilian coast (12) (SI

Appendix section A, and Figs. S1-52).

Precipitation events recorded in South American speleothems can be considered
synchronous within age uncertainties (SI Appendix section B, and Figs. S3-S4). These
precipitation events were shown to take place during cold stadial periods recorded in
Greenland ice cores (10, 11, 14, 25-28). In what follows, we call Heinrich stadials the six
stadials characterized by the occurrence of Heinrich events, i.e. thick layers of ice rafted
detritus in mid- to high-latitude North Atlantic sediments, indicative of massive iceberg
surges. We define PEQO as the precipitation event occurring during the Younger Dryas,
and PE1 to PES5, those occurring during Heinrich stadials 1 to 5, respectively (SI
Appendix Fig. S3).

Results

Using 14C dating, we could verify that precipitation events in marine cores are
synchronous with precipitation events in speleothems for the 10-38 cal. ky BP (ka
hereafter) period (Fig. 2 and Methods). This led us to synchronize to speleothems §180
records the two high Ti/Ca events, PE4 and 5, which occur during the 38-50 ka period,
i.e. beyond the range of precise 1#C dating. Doing so, we observe that all the small
precipitation events seen in marine sediments between 38 and 50 ka are synchronous
with those seen in speleothems, which further confirms the synchronism between
precipitation events recorded in marine sediments and speleothems. Importantly, the
resulting marine cores age scales are entirely radiometric and based on regional
correlations, and hence completely independent from the Greenland ice core

chronology.

Comparing the Ti/Ca marine records with Greenland air temperature record on their
respective independent calendar age scales, we observe that periods of increased
precipitation over our study area take place during cold periods over Greenland (Fig. 33,
d). This is the case for both large precipitation events PE2 to PE5 and smaller ones
(Ti/Ca <0.2) associated with the stadials preceding Dansgaard Oeschger (DO) 5, 6, 7, 10
and 11. The only exception is the small precipitation event following PE3 in our
sediment core that appears to coincide with the DO4 interstadial. However, the timing of
this precipitation event can be reconciled with that of the stadial preceding DO3 within
age model uncertainties. Some studies have shown that millennial-scale precipitation

events seen in marine sediment cores for the period covered by 14C dating occurred
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during Greenland stadials (e.g. ref. (12)). However, these studies then assumed that
Greenland stadials and tropical precipitation events were also synchronous beyond 40
ka. Moreover, in some cases, tropical marine records were dated by assuming that the
tropical climate and Greenland signals were synchronous over the entire last glacial (4,
29). Such dating methods preclude establishing the sequence of events and determining
which component of the climate system has triggered the observed millennial climate
variability. In contrast, by building a radiometric age scale for our low latitude marine
records that is entirely independent from the Greenland ice core age scale, we are able
to assess the respective timing of the different climatic and ocean circulation signals

recorded in Greenland and South America 0-30°S latitudinal band.

Sedimentary 231Pa/230Th (Pa/Th hereafter) can be used to record changes in AMOC flow
rate (22, 30-32) (Methods). In effect, at present, Pa/Th in the western tropical Atlantic is
mainly controlled by oceanic circulation (33). While caveats may apply to this proxy in
regions of high particle flux, we could verify that during the last glacial, the main drivers
of the Pa/Th variability in our core remained the changes in oceanic circulation intensity
(Methods). Pa/Th rises from approximately modern day values prior to precipitation
events PE2 and PE4, to values close to that of the production ratio (0.093) at their onset
(Fig. 3b). This indicates that the overlying water mass flow rate was strongly reduced at
the onset of PE2 and PE4. Similarly, decreased flow rate accompanied the smaller
precipitation events related to DO stadials, as illustrated by the increase in Pa/Th values
during each DO related stadial, namely 6 and 7, for which we have the data. Moreover,
increases in Pa/Th are synchronous with decreases in the 63C of the benthic foraminifer
Cibicides wuellerstorfi (Fig. 3c) that can be interpreted as reflecting reduced bottom
water ventilation (Methods). The concurrent decrease in benthic 613C and increase in
Pa/Th ratio in our cores thus indicates longer bottom water residence times and lower
ventilation at 2300 m depth on the north-east Brazilian margin during millennial
precipitation events. Our marine records thus unambiguously indicate that major
decreases in the flow rate of the AMOC upper circulation cell took place before the main

and during the small millennial precipitation events.

Sedimentary Pa/Th starts rising before the Ti/Ca increase associated with PE4 and PE2
in core MD09-3257 (Fig. 3b, d, SI Appendix section C, and Fig. S9). Because Ti/Ca and
Pa/Th values were measured in the same core, the leads are directly measurable in
terms of core length: Pa/Th starts rising nearly 5 cm before the onset of PE4 and more
than 9 cm before the onset of PE2. Converting these depths intervals into time intervals,
the lead of the Pa/Th signal with respect to the Ti/Ca signal is estimated to be 690 * 180
(1o) y and 1,420 * 250 (10) y at the onsets of PE4 and PE2, respectively. The AMOC

slowdown therefore starts significantly earlier than the large precipitation events
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observed in the 0-30°S latitudinal band in South America. While the sequence of events
is straightforward for PE4 and PE2, the phasing between AMOC slowdowns and small
precipitation events related to DO stadials is more difficult to assess. Indeed, the Pa/Th
signal seems to rise before the start of the Ti/Ca peak for precipitation events associated
with stadials preceding DO 7 and 6 (Fig. 3). However, if the AMOC slowdown indeed
precedes small precipitation events, then the time lag between the beginning of the
AMOC slowdown and of the precipitation event is much smaller than for precipitation

events associated with Heinrich stadials (Fig. S9).

Discussion

Our data bring new constraints on the possible trigger mechanisms of the millennial
precipitation events observed in the 0-30°S latitudinal band in South America during the
last glacial. Our results demonstrate that precipitation events corresponding to Heinrich
stadials over our study area occurred 500 to 1,700 y after a slowdown of the AMOC
upper circulation cell. Thus, there could be a causal link between the AMOC slowdowns

and ITCZ shifts, that is, the observed slowdowns could trigger the precipitation events.

Climate models indeed show that an AMOC slowdown causes a decrease in
interhemispheric oceanic heat transport (see ref. (34) for a review), which results in
negative SST anomalies in the Northern and positive SST anomalies in the Southern
extratropics. The SST anomalies are then propagated equatorwards inducing a
southward ITCZ shift (8). This mechanism could thus have led to the southward shift of

the convection zone and explain the observed sequence of events (arrow 1a in Fig. 4).

However, other modeling studies produced southward ITCZ shifts in response to
extended high-latitudes ice sheets or sea ice cover (5, 6), without any change in the
AMOC. In these models, surface cooling in the North Atlantic and Nordic Seas induces
the progression of low SST towards the ITCZ latitudes, leading to a southward
displacement of the ITCZ after only a few years. Interestingly, the records in Fig. 3 do not
support this mechanism as sole cause for the observed precipitation events since PE2
starts after the beginning of Heinrich stadial 2 cold periods above Greenland (arrow 1b
in Fig. 4). Extended ice-sheet or sea-ice cover could however be responsible for the small
precipitation events. These events indeed occur synchronously with short stadials
between DO events and the associated Pa/Th signal, although indicating a strong AMOC
slowdown, does not feature the same obvious lead with respect to the Ti/Ca signal as for
the main precipitation events. Smaller increases in the Ti/Ca signal may reflect a more
northerly final position of the ITCZ and different mechanisms could be at the origin of
large and small precipitation events. The latter could reflect a small southward ITCZ

shift resulting from northern tropics sea surface cooling in response to an extension of
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sea-ice cover in the northern North Atlantic (6). However, as slowdowns of the AMOC
upper circulation cell also accompany small precipitation events, the importance of the

influence of Atlantic oceanic circulation cannot be ruled out.

The AMOC slowdowns recorded before PE4 and PE2 could result from reduced deep-
water convection following freshwater input in the northern North Atlantic (arrow 2 in
Fig. 4). Different origins of such a freshwater flux have been suggested: melting of ice
sheets during active modes of the AMOC (36), melting of icebergs and ice shelves during

Heinrich or precursory events (37, 38), and pulses of fresh water from a Hudson Bay
lake (39).

In addition to the main mechanisms described above, an AMOC slowdown could have
had an indirect effect on the position of the ITCZ. An AMOC slowdown could indeed
impact Greenland climate through a decrease in northward heat transport (arrow 3a in
Fig. 4) and thereby induce increased sea-ice cover and/or ice sheet extension which
could, in turn, cause a southward shift of the ITCZ (arrow 1b in Fig. 4). However, our
records indicate that changes in the AMOC intensity alone do not explain the NGRIP
temperature record. Indeed, the D09 interstadial warm event occurred in NGRIP while
the AMOC was slackening before PE4, indicating that in this case, Greenland
temperatures increased although oceanic interhemispheric heat transport was
decreasing. Furthermore, temperature above Greenland did not markedly decrease
during the AMOC slowdown preceding PE2 (Fig. 3a, b). These observations indicate that
there is no direct linear response of Greenland temperatures to AMOC changes. This is in
line with modeling studies showing that feedbacks involving sea-ice extent have a large

impact on Greenland temperatures (9, 40).

Finally, we suggest that a positive feedback loop played a key role and lies at the heart
of the difference between DO and Heinrich stadials. Recent studies have suggested that
an AMOC slowdown and decrease in deep-water formation could lead to warming of
North Atlantic subsurface waters, and hence erosion of the ice shelves and
destabilization of the Laurentide ice sheet (41, 42). This would result in iceberg surges
in the North Atlantic (arrow 3b in Fig. 4) and further decrease deep-water formation
and slowdown the AMOC. We suggest that the large lead of the AMOC slowdown with
respect to the onset of PE2 and PE4 results from the action of this positive feedback on
the AMOC. Hence an initial AMOC slowdown might have been amplified leading to a
progressive decrease in overturning circulation. The progressive slowdown of the AMOC
would have continued as long as this positive feedback operated, pushing the ITCZ to an
increasingly southerly location. Salt accumulation in low latitudes surface waters likely
put an end to the progressive AMOC slowdown when the quantity of salt became

sufficient to counter the influence of meltwater inputs at higher latitudes and cause the
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resumption of the oceanic inter-hemispheric heat transport (36, 43, 44). The
reactivation of the overturning circulation would then cause the ITCZ to move back to its
original, more northerly, position. We propose that, in contrast to the progressive
amplification of the AMOC slowdown that took place during Heinrich stadials, the AMOC
slowdowns that occurred during the stadials preceding DO events did not trigger the
afore described positive feedback. As a result, both the decrease in AMOC and latitudinal
shift in the ITCZ taking place during DO stadials remained limited. As the feedback is
only triggered during Heinrich Stadials, iceberg discharges would be limited during
stadials preceding DO events. The proposed mechanism is therefore consistent with the
observed higher IRD content of North Atlantic sediments during Heinrich Stadials than
during DO stadials.

Moreover, recent data from Antarctic ice cores show that atmospheric CO; progressively
increased during each Heinrich stadial but remained constant or slightly decreased
during DO stadials (45). The fact that the atmospheric CO; trend is drastically different
during DO stadials than during Heinrich stadials points to the existence of an additional
feedback involving the carbon cycle during Heinrich stadials, that does not operate
during DO stadials, very likely related to the large changes in ocean circulation

demonstrated by our data.

Conclusions

Our results demonstrate that the AMOC upper circulation cell experienced marked
slowdowns 500 to 1,700 years before major tropical South American precipitation
events that occurred during Heinrich stadials and corresponded to southward shifts of
the ITCZ. Our data thereby provide the first unambiguous evidence that changes in
Atlantic Ocean circulation indeed preceded changes in other climatic variables during
rapid climate changes of the last glacial period. Moreover, our results shed light on
major differences in the mechanisms leading to the observed southward ITCZ shifts
associated with Heinrich stadials compared to those associated with DO stadials. Our
data thus open new prospects for testing causal mechanisms of rapid climate changes
using fully coupled earth system models. More specifically, contrary to current climate
models that simulate a rapid response of the tropical climate to AMOC changes (34), the
present study suggests that coupling these climate models with ice-sheets could yield to

the observed large lead of AMOC changes with respect to the tropical climate.
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Methods

Marine core age model. A preliminary age model was built for core GeoB3910 based
on 20 *C dates measured on planktic foraminifera G. ruber white (12) and converted to
calendar age using the Marinel3 curve and the Oxcal software with no additional
surface reservoir age correction (Fig. 2b) (46, 47). The beginning and end of
precipitation events were defined as “boundaries” in Oxcal. The sedimentation rate is
allowed to vary abruptly across these limits whereas between two boundaries the

variations are smoother.

Precipitation events in marine sediment cores are marked by Ti/Ca peaks. We therefore
defined their onset and end based on the inflexion points of the Ti/Ca curve in the same
way as for speleothems (SI Appendix Fig. S5). Blue bands in Fig. 3 show precipitation
events seen in MD09-3257.

Precipitation events seen in speleothems and in core GeoB3910 are synchronous within
dating uncertainty (Fig. 2, and SI Appendix Fig. S5). There are two exceptions: the end of
PEO and the beginning of PE4 (dates in yellow in SI Appendix Fig. S5). For the end of
PEO, the non-synchronicity could be due to the absence of a sharp transition in the Ti/Ca
record of GeoB3910. For the beginning of PE4, it could be due to the limitation of the 14C
method. Indeed, beyond ~35 ka, conversion of 1#C dates into calendar ages is less
reliable because (i) the calibration curve is based on less data (46) and (ii) the
calibration curve is based on less well-defined 1#C ages due to the inherent limitation of

radiometric dating when reaching large ages with respect to the 1#C half-life (5730 y).

Assuming that precipitation signals seen in core GeoB3910 (high Ti/Ca) and in the ELC
speleothem (low 6180) are synchronous within error bars, we correlated PE4 and PES5 in
the sedimentary core to PE4 and PE5 6180 decreases in ELC speleothem (Fig. 2, dashed

lines).

The resulting final age model for GeoB3910 is shown in blue in Fig. 2c. Radiocarbon
dates between PE4 and PE5 were not used because the age model for these periods is
based on speleothem tuning. The final GeoB3910 age model is therefore based on 17 14C
dates for the 0 to 38 ka period and on four speleothem tie points for the 38 to 50 ka
period (SI Table S1).

Core MD09-3257 age model is shown in red in Fig. 2c. As for GeoB3910, the age model
for the period 38-50 ka is based on speleothem tuning for PE4 and PE5. The 0-38 ka
portion of MD(09-3257 was dated using both correlation of its Ti/Ca signal with that of
core GeoB3910 core and five *C dates (SI Table S2). We correlated MD09-3257 to
GeoB3910 sediment core because of the existence of 17 14C dates on core GeoB3910 and

because Ti/Ca peaks allow to easily correlate both cores. In order to minimize
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correlation uncertainty, we defined the tie points between the two sediment cores
where the Ti/Ca increases (onset of precipitation events) and decreases (demise of
precipitation events) are the fastest (SI Table S2). Resulting sedimentation rates are
shown in SI Appendix Fig. S6. We see that the sedimentation rates during PE4 and PE5
resulting from the correlation of the sediment core to the ELC speleothem are consistent
with the 14C-derived sedimentation rates during the other precipitation events. We
added a 500 y uncertainty on the U-Th ages of the ELC tie points (SI Table S2). This
uncertainty is derived from the maximum age difference between the start/end of a
precipitation event seen in core MD09-3257 and in the ELC speleothem over the 14C-
dated period. In this assessment, we did not use the difference between the end of PE3
in the ELC speleothem and in core MD09-3257 because the Marinel3 calibration curve
is highly uncertain over the 29-32 ka time interval and potentially yields calendar ages
that are ~1000 y too old (46).

In summary, cores MD09-3257 and GeoB3910 age scales are entirely based on *C dates
over the last 38 ka and tuned to the speleothem §180 signal from the ELC speleothem
over the period 38-50 ka, because conversion of 1#C dates into calendar ages is
unreliable over that period. As a result, these marine age scales are radiometric and
based on regional correlations, and hence completely independent from the Greenland

ice core chronology.

Water mass ventilation and circulation proxies. The 06!3C of epifaunal benthic
foraminifer Cibicides wuellerstorfi records the carbon isotopic composition of bottom
water dissolved inorganic carbon (48). As deep-water 8'3C reflects deep-water nutrient
content and largely follows water mass structure and circulation in the modern ocean,
Cibicides 613C has been used to trace water masses, a decrease in Cibicides 0'3C being

interpreted as a decrease in bottom water ventilation, and conversely (20).

Sedimentary 231Pa/230Th (hereafter referred to as Pa/Th), i.e. the activity ratio of 231Pa to
230Th not supported by uranium present in the sediment mineral lattices and decay-
corrected to the time of deposition, may be used to record changes in water mass export
due to the difference in particle reactivity of 231Pa and 23°Th in the water column (30,
31). Both isotopes are produced in the water column at a constant activity ratio of Pa/Th
= 0.093 by the disintegration of uranium which is homogeneously distributed in the
oceans. Because of its high particle reactivity, the 23°Th is quickly removed from the
water column by adsorption on settling particles. This behaviour is reflected by the
short residence time of 239Th in the deep ocean: 30-40 y (49). 231Pa is less particle-
reactive as exemplified by its longer residence time: 200 y (49). Thus, 230Th will be
rapidly removed to underlying sediment while 231Pa can be laterally advected by oceanic

currents. In particular, in the Atlantic, the residence time of the NADW is close to that of
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the 231Pa (49) allowing the use of Pa/Th as a proxy for the intensity of the AMOC. Slower
flow rates thus result in less 231Pa export and higher sedimentary Pa/Th, and
conversely. In an ocean basin with no circulation, 231Pa will not be exported and the
sedimentary Pa/Th ratio will equal the Pa/Th production ratio in the water column
(0.093) (e.g. ref. (50)). Sedimentary Pa/Th is usually interpreted as recording changes in

the flow rate of the water mass occupying the first ~1000 m above the sediment (51).

Sedimentary Pa/Th is a relatively recent proxy that has been successfully used to show
that major changes in the flow rate of the AMOC occurred during Heinrich event 1 and
the last deglaciation (e.g. ref. (22, 31)) or at the onset of the last glacial period (e.g. ref.
(52)). However, other factors than the AMOC intensity can influence the Pa/Th
variability, and their importance therefore needs to be assessed. In particular, changes
in scavenging efficiencies of 231Pa and 239Th can occur because of varying particle
mineralogy or vertical fluxes (53). Thus, it is of primary importance to assess the
mineralogy and flux of settling particles prior to extract the overturning signal out of the
sedimentary record (22, 54 ). It is particularly necessary to follow the potential biases

produced by the most active 231Pa trap such as biogenic silica.

Recent studies have shown that the caveats that may apply to the Pa/Th as a proxy of
overturning in some areas do not apply to the western tropical Atlantic region where
this study’s cores were retrieved. More specifically, a study involving Pa/Th
measurements performed on western tropical Atlantic core tops, including core MD09-
3257, and using a 2-D model (55) showed that the measured sedimentary Pa/Th vertical
profile is consistent with a dominant role of the AMOC, rather than that of particle
scavenging, thereby demonstrating that sedimentary Pa/Th can indeed be used to

monitor changes in water mass overturning rates in that region (33).

However, because there are variations in terrigenous material deposition on the north-
east Brazilian margin during the last glacial (SI Appendix Fig. S1), it is necessary to
check whether Pa/Th is affected by this phenomenon. The 232Th flux is indicative of the
“true” vertical terrigenous fluxes on the margin (SI Appendix section A). Outside of the
main precipitation event PE4, there is no correlation between the Pa/Th ratio and the
232Th flux (r= 0.18, p-value= 0.24) (red data points in Fig. S7, left pannel). This indicates
that the main driver of the Pa/Th variability is not the change in terrigenous fluxes,
including for small precipitation events recorded in MD09-3257. During PE4, the rise of
the Pa/Th towards high values could correspond to the increased terrigenous flux
(white data points in Fig. S7, left pannel). This observation would need confirmation
because it is done on only five points. We however chose to exclude Pa/Th values

recorded during PE4 from the discussion of our results, as they might be influenced by
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terrigenous influx. Pa/Th could not be measured during PE2 because of the occurrence

of two small turbidites during the event (SI Appendix section A).

Variations in the opal flux could as well influence the Pa/Th ratio because of the high
affinity of the protactinium for opal particles (56). However, the studied area is known
for its low siliceous primary production (17). This is confirmed by 239Th-normalized
opal flux measurements which are below 0.05 g cm2 ky-1. Moreover, no correlation can
be seen between the Pa/Th ratio and opal flux (Fig. S7, right panel). This result is in
agreement with the study of (57) that showed that below an opal flux limit of 0.2 g cm-2
ky-1, there seems to be no correlation between the Pa/Th and opal fluxes in the Atlantic
Ocean. We thus consider that the potential impact of opal on our Pa/Th record can be

neglected.

Two late Holocene samples were measured for sedimentary Pa/Th in this study.
Measured Pa/Th values are 0.062+0.003 and 0.067+0.004, respectively at 0.44 and 2.03
ka. We can then define an average late Holocene value of 0.065+0.003 (1 SD), which can
be used to compare last glacial and modern circulation. Pa/Th measurements were done
following a protocol derived from ref. (52) and Pa/Th values were corrected using a
lithogenic (#38U/232Th) value (termed R hereafter) of 0.5 (Fig. S8, red curve). Error bars
on Pa/Th measurements account for the uncertainty on the Pa, Th and U measurements
as well as for the spike calibrations, but not for the uncertainty on the R value. Pa/Th
curves computed with various R values (0.4, 0.5, and 0.6) are shown in Fig. S8 (green,
red, and blue curves, respectively). The highest difference between the Pa/Th signals
computed with different R occurs for samples with high 232Th concentrations, i.e. high
lithogenics, for which the R correction is important. While the absolute value of the
Pa/Th ratio changes as a function of the R value, the relative variation is preserved and
hence the relative changes in the intensity of the AMOC upper circulation cell renewal

rate.

Acknowledgments

This work is a contribution to the RETRO project, a joint European Science Foundation
(ESF)/EUROMARC, funded by Research Council of Norway (RCN), France (CNRS/INSU),
Germany, and the Netherlands. Core MD09-3257 was collected on board R/V Marion
Dufresne during RETRO Cruise III, supported by ESF EUROMARC project RETRO, IPEV
and ANR project ANR-09-BLAN-0347. We thank the IPEV team, crew members of R/V
Marion Dufresne and all scientists who participated in RETRO Cruise III. We are thankful

to M. Roy-Barman for expert advices on Pa/Th measurements on LSCE MC-ICP-MS. We

106



acknowledge C. Moreau, J.-P. Dumoulin, and the UMS ARTEMIS for AMS 4C dates. We
are grateful to A. Govin, M. Kageyama, ]J.-C. Duplessy, E. Michel and ]. Jouzel for
constructive comments on an earlier version of this article. This is LSCE contribution
5279.

References

1. Hughen KA, Overpeck JT, Peterson LC, & Trumbore S (1996) Rapid climate
changes in the tropical Atlantic region during the last deglaciation. Nature
380:51-54.

2. Peterson LC, Haug GH, Hughen KA, & Rohl U (2000) Rapid changes in the
hydrologic cycle of the tropical Atlantic during the last glacial. Science 290:1947-
1951.

3. Lea DW, Pak DK, Peterson LC, & Hughen KA (2003) Synchroneity of Tropical and
High-Latitude Atlantic Temperatures over the Last Glacial Termination. Science
301:1361-1364.

4. Deplazes G, et al. (2013) Links between tropical rainfall and North Atlantic
climate during the last glacial period. Nature Geoscience 6(3):213-217.

5. Chiang JCH, Biasutti M, & Battisti DS (2003) Sensitivity of the Atlantic
Intertropical Convergence Zone to Last Glacial Maximum boundary conditions.
Paleoceanography 18(4):doi:10.1029/2003PA000916.

6. Chiang JCH & Bitz CM (2005) Influence of high latitude ice cover on the marine
Intertropical Convergence Zone. Clim. Dynam.:DOI 10.1007/s00382-00005-
00040-00385.

7. Swingedouw D, et al. (2009) Impact of Freshwater Release in the North Atlantic
under Different Climate Conditions in an OAGCM. Journal of Climate 22:6377-
6403.

8. Kageyama M, et al. (2009) Glacial climate sensitivity to different states of the

Atlantic Meridional Overturning Circulation: results from the IPSL model. Climate
of the Past 5:551-570.

9. Menviel L, Timmermann A, Friedrich T, & England MH (2014) Hindcasting the
continuum of Dansgaard-Oeschger variability: mechanisms, patterns and timing.
Climate of the Past 10(1):63-77.

10.  Cheng H, et al. (2013) Climate change patterns in Amazonia and biodiversity.
Nature communications 4:1411.

11.  Cruz FW, et al. (2009) Orbitally driven east-west antiphasing of South American
precipitation. Nature Geoscience 2(3):210-214.

12.  Jaeschke A, Riihlemann C, Arz H, Heil G, & Lohmann G (2007) Coupling of
millennial-scale changes in sea surface temperature and precipitation off
northeastern Brazil with high-latitude climate shifts during the last glacial period.
Paleoceanography 22:PA4206, doi:4210.1029/2006PA001391.

13.  ChengH, et al. (2006) A penultimate glacial monsoon record from Hulu Cave and
two-phase glacial terminations. Geology 34(3):217-220.

14. Wang X, et al. (2004) Wet periods in northeastern Brazil over the past 210 kyr
linked to distant climate anomalies. Nature 432:740-743.

15.  Jennerjahn TC, et al. (2004) Asynchronous terrestrial and marine signals of
climate change during Heinrich events. Science 306(5705):2236-2239.

107



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

108

Wang Y], et al. (2001) A High-Resolution Absolute-Dated Late Pleistocene
Monsoon Record from Hulu Cave, China. Science 294:2345-2348.

Arz HW, Patzold |, & Wefer G (1998) Correlated Millennial-Scale Changes in
Surface Hydrography and Terrigenous Sediment Yield Inferred from Last-Glacial
Marine Deposits off Northeastern Brazil. Quaternary Research 50:157-166.

Rhein M, Stramma L, & Send U (1995) The Atlantic Deep Western Boundary
Current: Water masses and transports near the equator. Journal of Geophysical
Research 100(C2):2441.

Schott FA (2003) The zonal currents and transports at 35°W in the tropical
Atlantic. Geophysical Research Letters 30(7).

Duplessy J-C, et al. (1988) Deepwater source variations during the last climatic
cycle and their impact on the global deepwater circulation. Paleoceanography
3:343-360.

Curry WB & Oppo DW (2005) Glacial water mass geometry and the distribution
of d13C of SCO2 in the western Atlantic Ocean. Paleoceanography
20:d0i:10.1029/2004PA001021.

Gherardi J-M, et al. (2009) Glacial-interglacial circulation changes inferred from
231Pa/230Th sedimentary record in the North Atlantic region. Paleoceanography
24:d0i:10.1029/2008PA001696.

Hastenrath S (2011) Exploring the climate problems of Brazil’'s Nordeste: a
review. Climatic Change 112(2):243-251.

Wang X, et al. (2007) Millennial-scale precipitation changes in southern Brazil
over the past 90,000 years. Geophysical Research Letters 34(23):n/a-n/a.

Kanner LC, Burns SJ], Cheng H, & Edwards RL (2012) High-latitude forcing of the
South American summer monsoon during the Last Glacial. Science
335(6068):570-573.

Mosblech NAS, et al. (2012) North Atlantic forcing of Amazonian precipitation
during the last ice age. Nature Geoscience 5(11):817-820.

Cruz FW, Jr, et al. (2005) Insolation-driven changes in atmospheric circulation
over the past 116,000 years in subtropical Brazil. Nature 434(7029):63-66.

Wang X, et al. (2006) Interhemispheric anti-phasing of rainfall during the last
glacial period. Quaternary Science Reviews 25(23-24):3391-3403.

Linsley BK (1996) Oxygen-isotope record of sea level and climate variations in
the Sulu Sea over the past 150 000 years. Nature 380:234-237.

Yu E-F, Francois R, & Bacon M (1996) Similar rates of modern and last-glacial
ocean thermohaline circulation inferred from radiochemical data. Nature
379:689-694.

McManus JF, Francois R, Gherardi J-M, Keigwin LD, & Brown-Leger S (2004)
Collapse and rapid resumption of Atlantic meridional circulation linked to
deglacial climate changes. Nature 428:834-837.

Guihou A, et al. (2010) Late slowdown of the Atlantic Meridional Overturning
Circulation during the Last Glacial Inception: new constraints from sedimentary
(231Pa/2303 Th). Earth and Planetary Science Letters 289:520-529.

Lippold ], Gherardi ]J-M, & Luo Y (2011) Testing the 231Pa/230Th
paleocirculation proxy: A data versus 2D model comparison. Geophys. Res. Lett.
38(L20603):d0i:10.1029/2011GL049282.

Kageyama M, Paul A, Roche D, & Van Meerbeeck C] (2010) Modelling glacial
climatic millennial-scale variability related to changes in the Atlantic meridional
overturning circulation: a review. Quat. Sci. Rev. 29:2931-2956.



35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

Broccoli A, Dahl KA, & Stouffer R] (2006) Response of the ITCZ to Northern
Hemisphere cooling. Geophysical Research Letters 33(1).

Broecker WS, Bond G, & Klas M (1990) A salt oscillator in the glacial Atlantic? 1.
The concept. Paleoceanography 5(4):469-477.

Vidal L, et al. (1997) Evidence for changes in the North Atlantic Deep Water
linked to meltwater surges during the Heinrich events. Earth and Planetary
Science Letters 146:13-26.

Peck VL, et al (2006) High resolution evidence for linkages between NW
European ice sheet instability and Atlantic Meridional Overturning Circulation.
Earth and Planetary Science Letters 243(3-4):476-488.

Johnson RG & Lauritzen SE (1995) Hudson Bay-Hudson Strait jokulhlaups and
Heinrich events: A hypothesis. Palaeogeography Palaeoclimatology Palaeoecology
117(1-2):123-137.

Li C, Battisti DS, Schrag DP, & Tziperman E (2005) Abrupt climate shifts in
Greenland due to displacements of the sea ice edge. Geophysical Research Letters
32(19).

Marcott SA, et al. (2011) Ice-shelf collapse from subsurface warming as a trigger
for Heinrich events. Proceedings of the National Academy of Sciences of the United
States of America 108(33):13415-13419.

Alvarez-Solas ], Robinson A, Montoya M, & Ritz C (2013) Iceberg discharges of the
last glacial period driven by oceanic circulation changes. Proceedings of the
National Academy of Sciences of the United States of America 110(41):16350-
16354.

Paillard D & Labeyrie L (1994) Role of the thermohaline circulation in the abrupt
warming after Heinrich events. Nature 372:162-164.

Schmidt GA, Spero HJ, & Lea DW (2004) Links between salinity variation in the
Caribbean and North Atlantic thermohaline circulation. Nature 428:160-163.

Ahn ] & Brook EJ (2014) Siple Dome ice reveals two modes of millennial CO2
change during the last ice age. Nature communications 5.

Reimer PJ, et al. (2013) IntCall3 and Marinel3 Radiocarbon Age Calibration
Curves 0-50,000 years Cal BP. Radiocarbon 55(4):1869-1887.

Ramsey CB (2008) Deposition models for chronological records. Quaternary
Science Reviews 27(1-2):42-60.

Duplessy J-C, et al. (1984) 13C record of benthic foraminifera in the last
interglacial ocean : implications for the carbon cycle and the global deep water
circulation. Quaternary Research 21:225-243.

Francois R (2007) Proxies in Late Cenozoic Paleoceanography: Paleoflux and
Paleocirculation from Sediment 230Th and 231Pa/230Th (Elsevier).

Marchal O, Frangois R, Stocker TF, & Joos F (2000) Ocean thermohaline
circulation and sedimentary 231Pa/230Th ratio. Paleoceanography 15(6):625-641.
Thomas AL, Henderson GM, & Robinson LF (2006) Interpretation of the
231Pa/230Th paleocirculation proxy: New water-column measurements from
the southwest Indian Ocean. Earth and Planetary Science Letters 241:493-504.
Guihou A, et al. (2010) Late slowdown of the Atlantic Meridional Overturning
Circulation during the Last Glacial Inception: New constraints from sedimentary
(Pa-231/Th-230). Earth and Planetary Science Letters 289(3-4):520-529.

Geibert W & Usbeck R (2004) Adsorption of thorium and protactinium onto
different particle types : Experimental findings. Geochimica and Cosmochimica
Acta 68(7):1489-1501.

109



54.

55.

56.

57.

58.

59.

110

Gherardi J-M, et al. (2005) Evidence from the North Eastern Atlantic Basin for
Variability of the Meridional Overturning Circulation through the last
Deglaciation. Earth and Planetary Science Letters 240:710-723.

Luo Y, Francois R, & Allen SE (2010) Sediment 231Pa/230Th as a recorder of the
rate of the Atlantic meridional overturning circulation: insights from a 2-D model.
Ocean Science 6:381-400.

Chase Z, Anderson RF, Fleisher MQ, & Kubik PW (2002) The influence of particle
composition and particle flux on scavenging of Th, Pa and Be in the ocean. Earth
and Planetary Science Letters 204(1-2):215-229.

Lippold ], et al. (2012) Strength and geometry of the glacial Atlantic Meridional
Overturning Circulation. Nature Geoscience 5(11):813-816.

Willmott C] & Matsuura K (2000) Terrestrial Air Temperature and Precipitation:
Monthly and Annual Climatologies.

Kindler P, et al. (2014) Temperature reconstruction from 10 to 120 kyr b2k from
the NGRIP ice core. Climate of the Past.



Figures

Precipitation

March (mmly)
20°N 700
600
10°N =
500
fal™ = March ITC‘Z ‘00
ELC/NAR GeoB3910
MD09-3257
10°S
§ 200
20°s ‘ ]
¢,
90°W  80°W  70°W  60°W  50°W  40°W  30°W
Precipitation
September (mml/y)
20°N— =7 800
September ITCZ
10°N - gy W b 600

EQp

GeoB3910

ELC/NAR

MD09-3257

10°S

20°S

90°w

Figure 3.1: Map
marine sediment
and Diamante (N
and red dashed 1
over the Atlantic
South America (

200

(S}

80°w 70°wW

S Ocean Data View / DIVA

60°w 50°w 40°w 30°

of the study area. The red circle indicates the location of the studied
cores, the orange circle indicates the position of the El Condor (ELC)
AR) caves (10), the black dashed line delimitates the Nordeste region,
ine shows the position of the present day September and March ITCZ
and Pacific Ocean. The color scale indicates mean precipitation over
mm/y) for the months of March and September averaged over the

period 1950-1996 AD (58).

111



10 15 20 25 30 35 40 45 50

-4 ('a""r""i""w'""'r""i""i""i"L"
£ 67
S
R ! 15
X B o OO wo'mmool‘mmmo‘p '
O W RO ORVEOO O o
-10 : '
(b) "-. E
GepB3910 cgu
=
- 0.5
1.5 1 - 0
X * O 1O ) 1
|©
S eoB3910 MD0973257 L 05
=
0.5 A
O rrr+r o r ... r. ... .. T 1 17T
10 15 20 25 30 35 40 45 50
® O HH HHHH &> O HHOHO HOHHH HH FAHAA A
Age (ka)

Figure 3.2: Comparison between (a) the U-Th dated 8'80 records of ELC/NAR
speleothems (10) and (b) the *C-dated Ti/Ca record of core GeoB3910 (12). (c) Ti/Ca
record of marine sediment cores GeoB3910 (12) and MD09-3257 on their final age
models. Colored diamonds show the positions of the U-Th dates for speleothems and of
the 14C dates for marine sediment cores with their 2 SD error bars. Diamonds below the
x-axis depict the 14C dates used to establish the age model of cores MD09-3257 and
GeoB3910, diamond colors correspond to that of the cores on which the 14C dates have
been measured. Empty squares show the position of GeoB3910-MD09-3257 tie points
used to establish the age model of core MD09-3257. Empty triangles are the speleothem

tie points used to establish the age model of cores MD09-3257 and GeoB3910 beyond
the 14C dating range (see text and SI Table S1, S2).

112



-30 it
(@) v
o] Wz 1
< Hon [
° I :“‘{ ‘
[ j ! Il al ;';
e " % { - 0.05
w B 722 %
A+
. A WY - 0.07
2 Z: 1 @
/ / <
......... Z 009 £ £
Z P
1.4 <
/ =z
A . 7 0.11 o
+ 1 -
3 / Y
c| 8 11 (c) ".14; - 0.13
S| & ey
B8 I3
=] . A e ¥
C U ™ | ':‘“.
] ‘ [
2| %067 \ / - 15
\ A
- +
Y
0.2 - 0
1 m .S
O ®
— =
d) = Qo
(9]
( - 0.5 g
Y
k . — - 0
20 25 30 35 40 a5 50

Figure 3.3: Comparison between Greenland (a) NGRIP temperature signal on the
GICCOS5 timescale (59) and Brazil (b) MD09-3257 Pa/Th, (c) GeoB3910 Cibicides
wuellerstorfi 813C, and (d) GeoB3910 (12) (blue) and MD09-3257 (red) Ti/Ca records.
Gray dashed bands delimitate the precipitation events defined on the ELC speleothem
0180 record (SI Appendix Fig. S3). Blue shaded bands delimitate the precipitation events
as seen in the MD09-3257 Ti/Ca record (see text). Vertical black dashed lines indicate
the start of the Pa/Th and Ti/Ca rises in core MD09-3257. In (a) numbers indicate the
DO events. In (b) the red line passes through average Pa/Th values when there are
replicate measurements, the white symbols indicate Pa/Th values are not considered for
this study as they might not represent a pure circulation signal (Methods), the red
horizontal band indicates the present day Pa/Th value (0.065%£0.003, Methods). Error
bars on Pa/Th measurements are given in Methods and Fig. S8. No Pa/Th measurements
could be made during PE2 because of the occurrence of two small turbidites (SI
Appendix section A).In (c) the thick dark blue line is the 3 points running average of the
Cibicides w. 813C record.

113



Greenland climate

= =_Air temperature decrease ==y

Freshwater input

Atlantic ocean

A

AMOC
slowdown

©)

®

Tropical climate

Figure 3.4 : Illustration of the interactions between Greenland climate, tropical climate
and the AMOC. Arrows illustrate causal mechanisms between triggers and climatic
response discussed in the text. The thick black arrow illustrates the main mechanism
discussed in this study, that is an AMOC slowdown could have triggered millennial-scale
ITCZ latitudinal shifts. The dotted arrow 1b indicates an additional potential trigger for
ITCZ shifts (see text).

114



3.3 Supporting Information
The supporting information provides additional information concerning the
development of the age scale for cores MD09-3257 and GeoB3910, and details the

definition of the start of the AMOC slowdown and precipitation events.

Supporting Information

Atlantic Ocean circulation changes preceded millennial tropical South America
rainfall events during the last glacial

P. Burckel, C. Waelbroeck, ].-M Gherardi, S. Pichat, H. Arz, ]. Lippold, T. Dokken, and F.
Thil

A. Precipitation events recorded in marine cores GeoB3910 and MD09-3257
B. Precipitation recorded by tropical South American speleothems
B.1. Definition of millennial precipitation events PEO to PE5
B.2. Synchronicity of the millennial precipitation events in South American
speleothems
C. Method used to estimate of the lead of the Pa/Th signal with respect to the
Ti/Ca signal

Supplementary Figures

Fig. S1. Ti/Ca ratio and 232Th flux versus depth in core MD09-3257

Fig. S2. Map of the Nordeste

Fig. $3. Comparison of U-Th dated South American speleothems 6180 records and
definition of the millennial precipitation events PEO to PE5

Fig. S4. Map showing the position of the South American speleothems and the two
marine sedimentary cores MD09-3257 and GeoB3910

Fig. S5. Dates (ka) for the onset and end of the main precipitation events (PE) recorded
in South American speleothems and core GeoB3910

Fig. S6. Ti/Ca and sedimentation rate for core MD09-3257.

Fig. S7. Correlation between the Pa/Th ratio and 232Th flux or opal flux.

Fig. $8. Pa/Th in MD09-3257 as a function of time calculated with different values for
the lithogenic (238U /232Th) value (R) used to correct for detrital material contribution.
Fig. S9. Comparison between the Pa/Th, Ti/Ca, and In(Ti/Ca) signals.

Supplementary Tables

Table S1. Age model for core GeoB3910.

Table S2. Age model for core MD09-3257.

Table S3. 231Pa, 230Th, 232Th, and 238U concentrations (dpm.g1) versus depth in core
MDO09-3257. Pa/Th values are computed with a R ratio of 0.5.

Table S4. Cibicides wuellerstorfi §13C values versus depth in core GeoB3910.

Table S5. Opal data versus depth in core MD09-3257.
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A. Precipitation events recorded in marine cores GeoB3910 and MD(09-3257

Marine sediment cores show Ti/Ca peaks during Heinrich Stadials. These peaks could
result from (i) a decrease in productivity (particularly carbonate production), (ii) an
increase in biogenic sediment dissolution, or (iii) an increase of terrigenous material
input. However, the first two hypotheses are unlikely as last glacial changes in both
productivity and dissolution on the Brazilian margin were minor between 2000 and
3000m depth (1, 2). Moreover, the covariation of the Ti/Ca ratio and 23°Th-normalized
232Th flux, a proxy for the vertical flux of terrigenous material that removes the effect of
sediment remobilisation (3), indicates that Ti/Ca peaks are primarily caused by

increased terrigenous input (Fig. S1).

The terrigenous flux can rise because of increased precipitation, sea level fluctuations or
increased dust inputs. Indeed, increased precipitation enhances continental erosion and
global sea level can control sediment discharge through a threshold mechanism (4).
Ti/Ca peaks are accompanied by increased concentration and proportion of fern spores
in nearby core GeoB3104-1 (5). Since ferns are characteristic of wet environments, the
associated increased terrigenous inputs are most likely linked to increased precipitation
in the Brazilian hinterland. Precipitation events are therefore the most likely

explanation for the increased terrigenous input on the margin.

Terrigenous material input at the study site is mainly delivered from the Nordeste
region by local rivers such as Rio Jaguaribe, Rio Apodi, Rio Piranhas and Rio Paraiba (6)
(Fig. S2). Extra-Nordeste sediment originating from the larger Sao Francisco river may

be delivered to the study site by the northward flowing North Brazilian Current.

Two turbidites marked by sand layers and Ti/Ca drops were observed in core MD09-
3257: the first extends from 233.5 to 237cm and the second from 240.5 to 243 cm, i.e.
during PE2 (see below). They are indicated by a discontinuity in core MD09-3257 Ti/Ca
record in Figs. 2, 3, S1, S6, and S9.

B. Precipitation recorded by tropical South American speleothems

Periods of increased precipitation are marked by a decrease of the 6180 in South
American speleothems (7-11). Indeed, the 880 of speleothems from the Nordeste
region, eastern side of the northern Andes and southeastern Brazil has been shown to be

directly linked to precipitation intensity and to the source of moisture (8, 10-12).

Over the last 60 ka, South American precipitation variability occurred at orbital and
millennial time scales (8-10). The orbital scale variability is controlled by precession
through its effect on Austral Summer Insolation (ASI) with a period of about 23 ka (12).

During intense ASI, the South American Summer Monsoon (SASM) intensifies. Stronger
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trade winds bring more moisture from the Atlantic Ocean towards west Amazonia and
enhanced convection induces high precipitation in this region (13). The Andes then
deflect the warm and humid air masses southward (forming the Low Level Jets) to feed
the southeastern Brazil precipitation (8, 9). While intensified SASM leads to increased
precipitation over western Amazonia and southeastern Brazil, the Nordeste region
experiences dry conditions (8, 9). This is due to the high convective activity over
western Amazonia that enhances the upper tropospheric Nordeste low, increasing
subsidence of dry air over the Nordeste (8, 9, 14). ASI related SASM variability thus
leads to an antiphased precipitation pattern in the same hemisphere, a precipitation
dipole with increased humidity in western Amazonia and southeastern Brazil, increased

aridity in the Nordeste region and conversely (8).

In contrast, millennial scale variability in precipitation during the last glacial period
produced precipitation events in phase over South America in the 0-30°S latitude band,

east of the Andes. These precipitation events are thought to reflect shifts of the ITCZ (9).

B.1. Definition of millennial precipitation events PEQ to PE5

We compared the 6880 signals in South American speleothems to assess the
synchronicity of millennial-scale precipitation events in the 0-30°S latitude band (Figs.
S3 and S4). The best dated 6180 speleothem records, i.e. those with the highest number
of dates with the lowest uncertainties, are from the El Condor (ELC) and Diamante
(NAR) caves. We thus defined precipitation events as the marked decreases in 6180 in
ELC and NAR records depicted as vertical grey dashed bands in Figs. 2, 3 and S3. Among
the marked 680 decreases, we defined PEO as the precipitation event taking place
during the Younger Dryas, and PE1 to 5, as those occurring during Heinrich Stadials 1 to
5, respectively. Many studies consider that precipitation events seen in tropical
speleothems occur during Heinrich Events. This is mainly based on ref. (15) who
suggested that periods of decreased Asian monsoon occurred during periods of
increased IRD deposition in three sediment cores of the North Atlantic (16). In the
present study, we refer to periods of increased precipitation occurring during the YD or
the Heinrich stadials as PE rather than Heinrich Events, as the exact timing of IRD
deposition in North Atlantic cores with respect to decreased Asian monsoon in the Hulu
cave is not discussed in ref. (15). Moreover, the synchronicity of precipitation events
between tropical Asia and South America remains to be fully investigated. We thus
chose to use the term PE rather than HE in the present study, as it prevents any

potential over-interpretation.
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B.2. Synchronicity of the millennial precipitation events in South American speleothems

The comparison of the 6180 signals of ELC and NAR with those of the other South
American speleothems shows that millennial-scale precipitation events are synchronous

over the entire 0-30°S latitudinal band within age model uncertainties (Fig. S3).

To assess the synchronicity, we compared the onset and end dates of the main
precipitation events (PE) in all speleothems. The onset and end of precipitation events
are defined by the inflexion point of the 6180 curve when it drops towards lower §180
values (onset) or rises toward higher 6180 values (end). There is an overall good
synchronism over all the records. Six exceptions can be noticed (Fig. S5, dates in red).
Exceptions 1-3: the onset and end of PE1 and the end of PE3 in the Pacupahuain
speleothem are not synchronous with the ELC/NAR speleothem. However, these events
in all the other speleothems are synchronous within dating uncertainties with the
ELC/NAR record and not with that of the Pacupahuain speleothem, which therefore
comforts us in the use of ELC/NAR as reference. The fourth exception is the end of PE2
and this might be related to a dating issue on the ELC/NAR speleothem as the end of PE2
in the Santiago speleothem record, although being synchronous with ELC/NAR within
error bars, is closer to the end of PE2 seen in the Pacupahuain record. The end of PE2
might therefore be too old in the ELC/NAR speleothem. It is important to note that there
is no systematic lead or lag of the Pacupahuain signal with respect to the ELC/NAR
signal, showing that asynchronicity probably results from dating errors or local non-
systematic effects. Exceptions 5 and 6: the onset and end of PE5 seen in the Santiago
speleothem are not synchronous with those of the ELC/NAR record despite the large
uncertainty on its U-Th dates. However, the correspondence of PE5 in Pacupahuain and
ELC/NAR tends to show that PE5 is too young in the Santiago record.

Five other events (dates in yellow in Fig. S5) appear asynchronous but can be reconciled
with the ELC/NAR speleothem if we consider the uncertainty on the definition of the
onset and end of precipitation events and error bowing between U-Th dates. In
particular, while the onset of PE4 on the Pacupahuain speleothem appears initially
difficult to reconcile with ELC/NAR, we argue that there is in fact a very large
uncertainty on this date in the Pacupahuain 680 record because of the lack of dated
levels between ~40 and 44 ka, which precludes the identification of potential changes in

growth rate and hence precise dating of the onset of PE4.

Finally, precipitation events seen in the ELC/NAR speleothems also appear to be
synchronous with precipitation events seen in speleothems and travertines from the
Nordeste region: Toca da Boa Vista (TBV) and Lapa dos Brejoes (LBR) (Fig. S3). Indeed,
speleothem and travertine growth intervals from the TBV/LBR caves occur during PE1,
4 and 5 seen in the ELC/NAR speleothems.
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In conclusion, the precipitation events seen in ELC/NAR 6180 records can be considered
to be synchronous with those recorded in other South American speleothems within age
model uncertainties, since synchronism can be demonstrated in almost all cases (i.e. 22
out of 28).

C. Method used to estimate the lead of the Pa/Th signal with respect to the Ti/Ca signhal

The onset of precipitation events seen in marine sediment cores was defined, as
discussed in SI Appendix section B, based on the inflexion point in the Ti/Ca signal. As
the Pa/Th change is much more gradual, we defined the start of the AMOC upper
circulation cell slowdown as the depth where the Pa/Th value rises significantly above
the reference Pa/Th value, i.e. reference Pa/Th value + 1 SD, representing the relatively
stable circulation conditions prevailing immediately before the AMOC slowdown. We
computed the reference values as the average of the last two or three Pa/Th values that
are showing a stable or decreasing trend before inversion of the trend toward increasing
Pa/Th values (Fig. 3). The start of the Pa/Th rise thus defined takes place at 251.1cm for
PE2 and 375.4cm for PE4.

Fig. S9 shows the comparison between the Pa/Th, Ti/Ca and In(Ti/Ca) records. The lead
of the Pa/Th signal over that of the In(Ti/Ca) signal is similar to that of the Pa/Th over
the Ti/Ca. As explained in Methods (Marine core age model), we define the onset of the
precipitation events as the timing of the rapid increase in precipitation, that is the
inflexion point on the Ti/Ca or In(Ti/Ca) signals. This choice is supported by the fact that
the beginning of the In(Ti/Ca) rise is different from that of the Ti/Ca rise and, hence, that
it is not possible to determine which of the two reflects the onset of the precipitation
event. The Ti/Ca signal is however more likely to reflect precipitation as the relative
amplitudes of the periods of increased precipitation are very similar to that of the 232Th
flux (Fig. S1), which reflects the terrigenous input to the study site. Moreover, the
progressive increases in precipitation depicted by the In(Ti/Ca) signal are difficult to
reconcile with our understanding of the latitudinal shifts of the ITCZ and their effect on

tropical precipitation.
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Figure 3.81: Ti/Ca ratio and 232Th flux versus depth in core MD09-3257.
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indicated by a red circle.
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Figure 3.83 : Comparison of U-Th dated South American speleothems 6180 records and
definition of the millennial precipitation events PEO to PE5. Vertical grey dashed bars
indicate precipitation events PEO to PE5 as defined on the ELC/NAR &80 records.
Coloured diamonds show the position of the U-Th dates for each speleothem and their 2
SD error bars. The colour of the diamonds corresponds to that of their respective
curves. Speleothem and travertine growth intervals from the Toca da Boa Vista (TBV)/
Lapa dos Brejoes (LBR) caves (17) are shown as grey circles on the top of the panel as
well as their 2 SD error bars. ELC and NAR are the El Condor and Diamante caves,
respectively (8). The black line represents the 3 points running average of the ELC 6180
signal. The Pacupahuain (10), the Santiago (11) and the Botuvera (7) speleothem 6180
records are shown as well. See Fig. S4 for the location of the speleothems in South
America.
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S3 and the two marine sedimentary cores used in this study, MD09-3257 and GeoB3910.
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PEO PE1 PE2
Archive Name End +20 | Start *20 End +20 | Stat *20 End +20 | Start + 20
:,E, El Condor 12.05 0.14 | 12.94 0.08 14.77 0.13 18.38 0.35 2447 0.29 | 2498 0.48
% Pacupahuain - - 16.56 0.04 | 18.92 0.04 | 24.02 0.05 | 24.52 0.05
% Santiago 12.66 0.46 | 13.07 0.57 | 1430 0.52 | 1790 0.59 | 2341 0.79 | 2453 0.79
& Botuvera 11.60 0.12 | 12.70 0.12 | 14.79 0.15 | 18.55 0.15 ? ?
Sediment GeoB3910 11.55 0.21 | 1251 0.41 | 1514 0.73 | 1824 0.78 | 2431 0.52 | 2593 1.26
PE3 PE4 PES
Archive Name End +20 | Start 20 End +20 | Stat *20 End +20 | Start + 20
qE, El Condor 29.15 0.12 | 30.54 0.08 | 3835 0.11 | 39.84 0.09 | 47.06 0.14 | 48.52 0.13
g Pacupahuain 28.85 0.06 | 30.54 0.07 | 3832 0.09 | 40.69 0.08 | 4739 0.12 | 48.64 0.12
% Santiago ? ? 3850 0.99 | 40.27 0.99 | 4492 0.95 | 4632 1.36
& Botuvera 29.31 0.14 | 30.67 0.13 | 3839 0.17 | 40.10 0.17 ? ?
Sediment GeoB3910 29.86 1.21 | 31.05 0.48 | 38.04 291 | 42.15 1.92 | 47.22 234 | 49.54 4.24

Figure 3.S5: Dates (ka) for the onset and end of the main precipitation events (PE)
recorded in South American speleothems and core GeoB3910 (see Fig. S4). The age
model fore core GeoB3910 is based on 14C dates only. The color code of the speleothem
dates indicates the degree of synchronicity of each onset/end of PE with respect to the
El Condor (ELC) speleothem signal taken as reference. The reference dates for the PE
events in the ELC speleothem are shown in white. Dates in green are synchronous
within error bars with the ELC speleothem, dates in yellow are likely to be synchronous

and dates in red are asynchronous (see text).
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Figure 3.S6 : Ti/Ca (red) and sedimentation rate (blue) for core MD09-3257.
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Figure 3.S7 : Correlation between the Pa/Th ratio and 232Th flux (left panel) or opal flux
(right panel). Empty symbols in the left panel are not considered in the computation of
the correlation coefficient. Error bars in the right panel are 1 SD.
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Figure 3.88 : Pa/Th in MD09-3257 as a function of time calculated with different values
for the lithogenic (?38U/2?32Th) value (R) used to correct for detrital material
contribution (18). Red curve, R=0.5 (correction used in Fig. 3), green curve R=0.4, and
blue curve R=0.6. Error bars are 1 SD.
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Tables

Table 3.S1 : Age model for core GeoB3910.

Depth (cm) 14Cage (yBP) +1c Age(CalyBP) *1c Modeled Age (CalyBP) + 10

0 565 30 202 56 190 74

13 3930 35 3910 54 3918 80

23 6160 40 6595 56 6586 72

38 8430 40 9033 52 9037 76

58 10090 60 11103 73 11072 94

73 10940 70 12500 99 12460 131

88 12840 110 14528 277 14610 352

103 13550 70 15793 127 15798 177

113 14000 70 16378 124 16374 164

148 15780 110 18650 114 18642 119

173 20000 170 23624 226 23441 256

183 20580 150 24243 183 24359 246

* 200 22850 130 26764 216 26779 272

213 25130 260 28763 286 28712 303

233 27160 310 30921 202 30947 129

238 28280 430 31742 493 31538 303

268 30860 430 34419 360 34511 293

oxk 300 / 38350 713 38316 504

oxok 324 / 39840 713 39839 504
*x 328 38600 1480 42323 1220 /
*x 348 41000 820 44114 707 /
*x 373 44480 1250 47349 1269 /

oxk 377 / 47060 721 47060 516

oxok 400 / 48520 714 48493 506

14C dates are from ref. 2 except one date measured for this study (*)
** 14C dates that were not used and were replaced by speleothem tie points
*#* speleothem tie points

14C_age (y BP) is the uncalibrated conventional radiocarbon age, age (Cal y BP) is the
calendar age obtained using the Marinel3 calibration curve 18 or U-Th dates (***), the
modeled age (Cal y BP) is the calendar age model produced by the Oxcal software 1°.
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Table 3.S2 : Age model for core MD09-3257.

Depth GeoB3910 (cm)  Depth MD09-3257 (cm) 14Cage (yBP) 1o Modeled Age (CalyBP) t1o

* / 0 795 30 447 31
* / 40 6355 30 6823 49
* / 80 9985 35 10984 83
73 109 / 12425 130

100 135 / 15594 236

122 162 / 16914 228

145 183 / 18234 385

* / 227 20460 70 24120 115
* / 245 21870 80 25785 85
215 262 / 28972 371

225 273 / 30132 486

232 282 / 30879 158

251 301 / 32824 299

263 312 / 34060 295

284 330 / 36361 295

*x / 347 / 38350 504
*x / 371 / 39840 504
*x / 422 / 47060 516
ok / 440 / 48520 506

*14C dates measured on core MD(09-3257
** speleothem tie points

Dates are otherwise based on the correlation with core GeoB3910.
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Table 3.83 :231Pa, 230Th, 232Th, and 238U concentrations (dpm.g1) versus depth in core
MDO09-3257. Pa/Th values are computed with a R ratio of 0.5.

Prof(cm) Age (y) lo 231pg lo 2307hH 1o 327h lo 28y lo Pa/Th 1o
0 447 31 0.176 0.006 2.98 0.06 1.08 0.02 1.327 0.026 0.062 0.003
10 2041 35 0.219 0.012 3.49 0.06 1.10 0.02 1.390 0.013 0.067 0.004

200 20483 282 0.222 0.007 3.90 0.06 2.24 0.03 1.326 0.009 0.078 0.004
210 21830 220 0.153 0.004 2.79 0.06 2.02 0.04 1.540 0.030 0.076 0.004
213 22234 201 0.223 0.004 3.78 0.22 2.29 0.13 1.470 0.016 0.084 0.008
215 22504 189 0.207 0.004 3.86 0.09 2.58 0.05 1.490 0.013 0.075 0.003
218 22908 170 0.191 0.003 3.76 0.08 2.62 0.03 1.617 0.012 0.069 0.003
220 23177 158 0.178 0.005 3.63 0.09 2.72 0.06 1.683 0.040 0.066 0.004
220 23177 158 0.184 0.003 3.61 0.05 2.76 0.03 1.678 0.045 0.070 0.002
225 23851 127 0.169 0.003 3.28 0.05 3.13 0.04 1.675 0.016 0.075 0.004
227 24120 115 0.190 0.004 3.54 0.05 3.43 0.03 1.906 0.016 0.080 0.004
245 25785 85 0.294 0.006 4.43 0.07 2.92 0.04 2.187 0.033 0.104 0.004
245 25785 85 0.296 0.005 4.43 0.08 2.95 0.04 2.181 0.050 0.105 0.004
247 26151 117 0.252 0.004 4.02 0.07 3.13 0.04 2.061 0.015 0.100 0.004
250 26701 167 0.225 0.006 3.95 0.07 2.51 0.04 1.684 0.031 0.084 0.004
250 26701 167 0.220 0.004 3.96 0.08 2.50 0.04 1.685 0.014 0.081 0.003
252 27067 200 0.187 0.004 3.66 0.07 2.14 0.03 1.482 0.013 0.072 0.003
255 27617 249 0.173 0.004 3.39 0.06 2.38 0.03 1.469 0.013 0.074 0.004
257 27983 282 0.162 0.003 3.38 0.09 2.54 0.05 1.475 0.011 0.067 0.004
257 27983 282 0.159 0.003 3.36 0.07 2.55 0.03 1.467 0.010 0.066 0.003
260 28532 331 0.180 0.003 3.60 0.10 3.11 0.06 1.545 0.010 0.075 0.005
313 34213 295 0.155 0.003 3.06 0.08 2.53 0.05 1.522 0.013 0.080 0.005
315 34467 295 0.153 0.003 3.05 0.06 2.27 0.02 1.533 0.013 0.077 0.004
317 34721 295 0.140 0.003 2.86 0.07 2.08 0.04 1.402 0.014 0.074 0.004
320 35102 295 0.134 0.003 2.91 0.06 2.30 0.04 1.460 0.010 0.067 0.004
323 35484 295 0.137 0.003 2.93 0.07 2.46 0.05 1.375 0.008 0.071 0.004
325 35738 295 0.170 0.002 3.38 0.07 2.96 0.05 1.551 0.012 0.082 0.004
327 35992 295 0.165 0.002 3.24 0.05 2.91 0.03 1.517 0.019 0.084 0.004
330 36373 297 0.138 0.003 2.95 0.07 2.43 0.05 1.367 0.011 0.072 0.004
333 36722 333 0.142 0.003 2.74 0.04 1.77 0.02 1.534 0.012 0.080 0.004
335 36954 358 0.143 0.002 3.02 0.06 1.86 0.03 1.890 0.011 0.067 0.003
338 37303 394 0.130 0.002 2.66 0.05 1.78 0.02 1.634 0.015 0.072 0.003
338 37303 394 0.120 0.004 2.64 0.07 1.75 0.03 1.595 0.012 0.062 0.005
340 37536 419 0.137 0.003 2.94 0.06 2.23 0.03 1.726 0.013 0.068 0.004
341 37652 431 0.143 0.002 2.91 0.07 2.28 0.04 2.994 0.030 0.060 0.005
342 37768 443 0.141 0.002 3.08 0.07 2.63 0.04 1.900 0.011 0.066 0.004
343 37885 455 0.145 0.003 2.98 0.06 2.73 0.04 1.742 0.022 0.077 0.005
345 38117 480 0.155 0.002 3.13 0.06 2.83 0.05 1.737 0.012 0.080 0.004
347 38350 504 0.179 0.003 3.45 0.06 3.18 0.04 2.128 0.034 0.087 0.005
347 38350 504 0.158 0.004 3.39 0.06 3.09 0.04 2.072 0.026 0.070 0.005
350 38540 504 0.176 0.002 3.48 0.07 4.05 0.06 2.019 0.018 0.090 0.006
350 38540 504 0.176 0.003 3.52 0.06 4.03 0.04 2.021 0.011 0.088 0.005
352 38667 504 0.163 0.003 3.16 0.06 3.90 0.06 2.091 0.022 0.096 0.007
354 38794 504 0.189 0.003 3.43 0.06 3.95 0.05 2.317 0.026 0.106 0.007
354 38794 504 0.177 0.004 3.42 0.06 3.84 0.05 2.295 0.017 0.091 0.007
360 39174 504 0.144 0.004 3.01 0.06 4.00 0.06 3.181 0.051 0.058 0.014
370 39808 504 0.169 0.003 2.94 0.05 3.99 0.05 2.009 0.049 0.132 0.011
372 40052 504 0.161 0.002 3.04 0.07 2.75 0.05 2.422 0.046 0.087 0.006
374 40335 505 0.141 0.003 2.82 0.04 2.20 0.02 1.431 0.015 0.083 0.004
376 40619 505 0.138 0.002 2.77 0.06 1.93 0.03 1.763 0.031 0.077 0.004
378 40902 505 0.130 0.002 2.79 0.05 1.87 0.02 1.324 0.008 0.073 0.003
380 41185 506 0.117 0.002 2.48 0.06 1.79 0.04 1.185 0.008 0.075 0.004
382 41468 506 0.137 0.002 2.58 0.05 2.19 0.03 1.305 0.013 0.094 0.005
385 41893 507 0.133 0.003 2.76 0.05 2.56 0.04 1.410 0.009 0.081 0.005
387 42176 508 0.156 0.003 3.24 0.07 3.03 0.05 1.592 0.016 0.082 0.005
390 42601 508 0.148 0.003 3.19 0.09 2.68 0.03 1.474 0.009 0.076 0.005
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Table 3.84 : Cibicides wuellerstorfi 613C values versus depth in core GeoB3910.

Depth (cm)  Age (ka) 613C (%o) Depth (cm)  Age (ka) 613C (%o) Depth (cm)  Age (ka) 613C (%o) Depth (cm)  Age (ka) 613C (%o)
59.5 11211 -0.13 219.5 29544 0.76 290 37095 1.14 367 45737 1.2
65 11720 0.37 2215 29800 0.3 291 37212 1.09 368 45875 1.23
69 12090 0.46 2235 30012 0.42 292 37329 1.16 370 46150 1.17
72 12367 0.44 228 30455 0.61 293 37447 1.13 372 46426 1.11
73 12460 0.4 231 30750 0.74 294 37564 1.15 373 46564 1.17
76 12901 0.27 232.5 30898 0.73 295 37682 1.17 375 46839 0.63
83 13898 0.74 234.5 31134 0.74 296 37799 1.11 379 47208 0.52
90 14875 0.03 236 31307 0.79 297.5 37975 0.97 385 47579 0.49
91.5 15073 0.14 237.5 31480 0.64 302.7 38463 0.34 387 47702 0.42
94 15259 0.08 239.5 31687 0.61 311.5 39026 0.41 390 47888 0.39
96 15379 -0.09 241 31835 0.47 318 39442 0.71 393 48073 0.49
99.5 15588 0.22 242 31934 0.89 319 39506 0.58 396 48258 0.63
105 15913 0.23 243 32033 0.98 320.5 39602 0.45 397 48320 0.58
108 16086 0.07 244 32133 0.7 3225 39730 0.57 400 48499 0.74
111 16259 0.05 246 32331 0.8 3245 39880 0.79 401 48529 0.89
114 16431 0.11 247 32430 0.93 326 40087 0.75 402 48560 0.89
118 16660 0.17 248 32529 0.82 327 40225 0.95 407 48712 1.06
127 17177 0.14 249.5 32678 0.7 328 40363 0.79 415 48957 1.2
134.5 17607 0.24 250 32727 0.94 329.5 40569 0.85 416 48987 1.18
138.5 17836 0.29 251.5 32876 0.5 332 40914 0.89 417 49018 1.09
144.5 18181 0.61 252 32925 0.61 333 41052 0.89 419 49079 1.19
146 18310 0.57 253 33024 0.81 334 41189 1.07 421 49140 1.16
148 18642 0.66 254 33123 0.7 335 41327 1.03 423 49201 1.11
150 19026 0.69 255 33223 0.93 336 41465 1.02 424 49231 1.17
153.5 19697 0.62 256 33322 0.74 337 41603 1.05 425 49262 1.1
157 20369 0.77 257 33421 0.79 338.5 41809 0.83 426 49292 1.2
160 20945 0.66 258 33520 0.85 340 42016 0.78 427 49323 1.16
162.5 21425 0.65 258.5 33569 1.01 341 42154 0.87 430 49414 1.14
169 22673 0.59 262 33916 0.85 342 42292 0.92 432 49475 1.15
173 23441 0.82 264 34114 0.75 343 42429 0.91 433 49506 1.15
176 23717 0.56 265 34213 0.81 344 42567 1.07 441 49750 0.72
177.5 23855 0.85 266 34313 0.85 346 42843 1.03 451 50055 0.75
179 23994 0.48 267 34412 0.97 347 42981 1.19 452 50085 0.78
184 24497 0.71 268 34511 1.06 349 43256 1.18 453 50116 0.94
188.5 25117 0.37 269 34628 1.11 350 43394 1.12 454 50146 1
193.5 25805 0.49 270 34746 1.13 351 43532 1.03 456 50207 0.91
199 26628 0.67 271 34863 1.12 352 43669 1.12 458 50268 0.83
204 27374 0.92 272 34981 1.05 353 43807 0.68 459 50299 0.92
205 27523 0.78 273 35098 1.19 354 43945 0.76 460 50329 0.93
206 27672 0.55 274 35215 0.77 355 44083 1.07 461 50360 0.95
207 27820 0.74 276.5 35509 0.76 356 44221 0.79 463 50421 0.84
208.5 28043 0.91 278.5 35744 0.97 357 44359 0.76 464 50451 0.88
210 28266 0.57 280 35920 1.02 358 44496 1.13 466 50512 0.55
211 28415 0.91 281 36038 0.85 359 44634 1.04 468 50573 0.3
212 28564 0.98 282 36155 0.83 360 44772 1.04 471 50664 -0.14
213 28712 0.72 283 36272 0.92 361 44910 1.16 472 50741 0.14
214 28840 0.76 284 36390 0.88 362 45048 1.08 476 51169 -0.11
215 28968 0.93 285 36507 0.98 363 45186 0.94 481 51705 -0.17
216 29096 1.16 286 36625 0.86 364 45323 1.13 482 51812 -0.56
217 29224 0.8 288 36860 1.12 365 45461 1.24 484 52026 -0.2
218 29352 0.79 289 36977 1.12 366 45599 1.18 501 53847 0.02
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Table 3.S5 : Opal data versus depth in core MD09-3257.

Depth (cm) Opal weight (%) 1SE Opal flux (g.cm™.kyrs™) 1SE
245 0.96 0.06 0.017 0.001
247 1.16 0.06 0.024 0.001
250 0.82 0.17 0.015 0.003
252 0.81 0.12 0.016 0.002
255 1.10 0.01 0.025 0.000
257 0.63 0.06 0.015 0.001
341 0.86 0.26 0.033 0.010
343 0.67 0.10 0.020 0.003
347 0.61 0.13 0.016 0.003
350 0.92 0.43 0.027 0.013
352 0.55 0.02 0.021 0.001
354 0.94 0.02 0.030 0.001
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3.4 Additional elements of discussion

In this chapter, I interpreted the increase in Pa/Th ratio and decrease in benthic §13C
preceding southward ITCZ shifts as a reduction in the intensity of the AMOC upper
circulation cell. However, one could argue that such a Pa/Th and 6!3C variation could
also result from a shoaling of the northern-sourced water mass, giving way to a
southern-sourced water mass at 2300 m depth. Because such a circulation scheme
would also imply a reduction of the AMOC upper circulation cell intensity my
conclusions remain valid. Note that a more complete discussion of the possible structure
of the AMOC during Heinrich Stadials is provided in chapter 4.

The data I present in chapter 3 indicates that large slowdowns of the AMOC upper
circulation cell took place before the onset of Heinrich Stadials. These results are in
contradiction with a recent study of Lynch-Stieglitz et al. (2014), in which the strength
of the Florida Current is assessed during HS1-HS3 based on the horizontal density
gradient across the Florida Strait, inferred from the benthic 6180 horizontal gradient at
~550 m depth. This study concluded that the strength of this current, and hence of the
AMOC upper circulation cell, did not vary during HS2 and HS3. However, one of the
cores used to assess the benthic §180 horizontal gradient has a very low sedimentation
rate and was measured at low resolution, so that there is only one data point during HS2
and HS3. A slowdown of the AMOC upper circulation cell could thus likely be missed in
their record, while our Pa/Th and benthic 813C records clearly show that Heinrich

Stadial 2 is associated with a substantial AMOC slowdown.
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Chapter 4: Changes in the geometry and strength of the AMOC
during the last glacial

4.1 Introduction

In chapter 3, I used the sedimentary Pa/Th ratio measured in the equatorial sediment
core of intermediate depth to infer changes in the renewal rate of the overlying water
mass during the last glacial. I interpreted the sedimentary Pa/Th increase preceding the
precipitation events as a decreased renewal rate of the northern-sourced intermediate
water mass, and hence likely of the upper circulation cell of the AMOC. Indeed, a
slowdown of the intermediate water mass could increase the sedimentary Pa/Th ratio
by decreasing the export of dissolved protactinium. However, the replacement of the
northern sourced water mass by a southern sourced water mass could cause a similar
Pa/Th increase and 613C decrease in the intermediate core. Nonetheless, replacing the
northern sourced water mass by a southern sourced water mass could also reflect a
reduction of the upper circulation cell of the AMOC, so that the conclusions of the study
would remain unchanged. Using one sediment core it was possible to assess the timing
of the AMOC change with respect to the ITCZ shift but not to infer changes in the
strength and geometry of the AMOC.

In order to address this issue, the sedimentary Pa/Th ratio needs to be analyzed in cores
recovered from different depths and latitudes. Indeed, sedimentary Pa/Th equilibrates
with the water masses occupying the first 1000 m above the seafloor (Thomas et al,,
2006). Hence, previous studies used sediment cores recovered from a vertical transect
on the northern Brazilian margin or from all over the Atlantic Ocean to reconstruct the
strength and geometry of the AMOC at present (Lippold et al.,, 2011) and during the LGM
(Lippold et al., 2012a).

In an ideal ocean affected by a single uniform water mass, the deviation of total
protactinium and thorium concentrations from linear increase with depth at a study site
is solely dependent on the water mass transfer time from the region of deep-water mass
formation to the study site. At present, because the vertical extent of NADW is large
(1200-4000 m depth at the equator, (Schott, 2003)), estimating the flow rate of NADW
based on total protactinium and thorium concentrations is therefore possible using a
simple equation (Moran et al,, 2002).

However, reconstructing a more complex vertical layout of water masses of different

strengths and origins based on sedimentary Pa/Th measurements is not possible using a
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simple equation and requires the use of a Pa/Th model (Luo et al.,, 2010; Siddall et al,,
2005).

To reconstruct the strength and geometry of the AMOC during the last glacial, I
measured the sedimentary Pa/Th ratio in the deep equatorial sediment core (MD09-
3256Q, 3537 m) over two time intervals encompassing HS2 and HS4. Along with the
intermediate equatorial sediment core and with two other cores from the Bermuda Rise
(Lippold et al., 2009) and from the Cape Basin (Negre et al., 2010), I study the glacial
Pa/Th data of four sediment cores spanning different depths and latitudes. I compare
these data to simulated Pa/Th values obtained by forcing a simple 2D Pa/Th box model
with various streamfunctions (Luo et al., 2010). Streamfunctions were generated with
the iLOVECLIM model under different climatic conditions (Roche et al., 2014, in press).
By combining Pa/Th and §13C data, [ can infer the most likely state of the AMOC during
Heinrich Stadials and Dansgaard-Oeschger interstadials.

[ use the 613C of the deep equatorial core (3537 m depth) in order to evaluate the
influence of southern sourced water masses at the core site during the last glacial.
However, a decreased 613C in the deep core can be interpreted as an increased influence
of southern- compared to northern-sourced waters, or as a change in the 613C end
member of the water mass affecting the core. I therefore investigated published C.
wuellerstorfi 613C records of sediment cores below 4000-4500 m depth close to the
study area. Indeed, 613C variations of similar amplitude in deep and abyssal cores could
be interpreted as variations in the §13C end member of the water mass affecting the
cores. However, no sediment cores were analyzed for 613C below 4000-4500 m in my
study area, apart for a few whose age model is not robust enough. Hence, I cannot
disentangle changes in §13C end members from changes in water masses, and therefore
interpret decreases in the 613C records as increased influence of southern sourced
waters.

Results of the Pa/Th data-model comparison are detailed in section 4.2, within the
article entitled “Changes in the geometry and strength of the AMOC during the last
glacial”. I find that interstadials of the last glacial were likely characterized by a
northern-sourced circulation cell active above ~2500 m depth, and by a southern-
sourced circulation cell active below. The strength of the northern sourced water mass
was likely lower than present day NADW and the strength of the southern sourced
water mass could have been similar to present day AABW. At the onset of Heinrich
Stadials, the geometry of the AMOC changed significantly. More specifically, my data
suggest that at the onset of HS2, the Atlantic Ocean was dominated by southern sourced

waters below 1300 m depth.
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4.2 Changes in the geometry and strength of the AMOC during the last
glacial

This article has not been sent to all co-authors for an internal review yet, and minor
changes are expected before submission.

139



Changes in the geometry and strength of the AMOC during the last glacial

Pierre Burckel?, Claire Waelbroeck?, Yiming Luob, Didier Roche?, Sylvain Pichat¢, Jeanne
Gherardi?, Aline Govind, Francgois Thil2

aLSCE/IPSL, Laboratoire CNRS-CEA-UVSQ, Bat.12, avenue de la Terrasse, F-91198 Gif
sur Yvette, France

bDalhousie University, Department of Oceanography, 1355 Oxford Street, PO BOX
15000, Halifax, NS B3H 4]J1, Canada

cLaboratoire de Géologie de Lyon (LGL-TPE), Ecole Normale Supérieure de Lyon, 46
allée d'Italie, 69007 Lyon, France

dMARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen,

Germany

*Corresponding author: pierre.burckel@lsce.ipsl.fr +33 (0)1.69.82.43.47

140



Abstract

We study last glacial sedimentary Pa/Th in sediment cores recovered from various
depths and latitude in the Atlantic Ocean. We compare these data to Pa/Th values
simulated with a simple 2D box model forced with streamfunctions generated under
different climatic conditions. This allows us to reconstruct the geometry and strength of
the AMOC during interstadials of the 20-50 ka period. We show that circulation during
interstadials was very different from that of the Holocene. Northern sourced waters
were likely circulating above 2500 m depth, with a flow rate lower than that of the
present day North Atlantic Deep Water (NADW). Southern sourced deep waters flowed
northwards below 4000 m depth, and southwards as a return flow between 2500 and
4000 m depth. The flow rate of this southern sourced deep water could have been
equivalent to that of the modern Antarctic Botton Water (AABW). At the onset of
Heinrich Stadials, the structure of the AMOC significantly changed. The Atlantic Ocean
was probably directly affected by a southern sourced water mass below 2500 m depth,

while sluggish waters influenced depths between 1300 and 2300 m.

Introduction

Temperature variability recorded in Greenland ice cores shows that the last glacial
climate repeatedly shifted between cold (stadial) and warm (interstadial) conditions
(Johnsen et al, 1992), the so-called D-O cycles (Dansgaard et al., 1993). Greenland
stadials typically lasted several centuries, and were followed by a rapid warming of up
to 15°C achieved within a few decades (Kindler et al., 2014). Interstadial conditions then
lasted several centuries, with Greenland temperatures slowly decreasing and leading to
the onset of a new stadial. During some of the stadials, icebergs were released from the
Laurentide ice sheet into the North Atlantic Ocean, depositing ice rafted detritus into
marine sediment cores (Heinrich, 1988). We refer to these periods as Heinrich Stadials
(HS).

Changes in Atlantic oceanic circulation have long been suggested to impact Greenland
temperatures (Broecker et al., 1985) and could be at the origin of the DO variability.
Indeed, there are numerous evidences of decreased North Atlantic deep water formation
and increased influenced of southern sourced deep waters in the Atlantic Ocean during
Heinrich Stadials (Elliot et al.,, 2002; Robinson and van de Flierdt, 2009; Vidal et al,,
1997). Moreover, climate models are able to reproduce the characteristic patterns of the
Dansgaard-Oeschger variability through variations of the strength of the Atlantic
Meridional Overturning Circulation (AMOC) (Stocker and Johnsen, 2003). However,
recent studies show that a shallow circulation cell could have been still active during
Heinrich Stadials (Gherardi et al., 2009; Lynch-Stieglitz et al., 2014), meaning that other

mechanisms could be required to explain Greenland temperature variability. Further

141



understanding the vertical layout and flow rate of the water masses constituting the
AMOC during the last glacial is therefore required before assessing the relationship
between AMOC and DO variability.

Sedimentary (231Pa/2?39Th)xs 0 (activity ratio of 231Pa and 23°Th unsupported by lithogenic
and authigenic uranium and corrected from decay to the time of sediment deposition,
Pa/Th hereafter)(Yu et al, 1996) has been used in the Atlantic to infer changes in
oceanic circulation intensity during Heinrich Stadials (Gherardi et al., 2005; Gherardi et
al, 2009; McManus et al,, 2004; Yu et al,, 1996) (Burckel et al, in prep). Although a
recent study questions the ability of dissolved Pa/Th to reflect the flow rate of water
masses in the south Atlantic (Deng et al., 2014), several studies comparing simulated
sedimentary Pa/Th values to core top Pa/Th data have shown that sedimentary Pa/Th
reflects circulation intensity in the modern Atlantic Ocean (Lippold et al., 2011; Siddall
et al., 2005).

However, interpretation of sedimentary Pa/Th on a single sediment core might be
complicated by the non-linear response of Pa/Th to circulation intensity changes (Luo et
al, 2010). Reconstructing present and past strength of the AMOC is therefore best
achieved by studying sediment cores at different depths and latitudes (Gherardi et al.,
2009; Lippold et al., 2011; Lippold et al., 2012).

In this study, we present new sedimentary Pa/Th data from a deep sediment core
retrieved off the Brazilian margin. We compare last glacial Pa/Th values of sediment
cores from different depths and latitudes to Pa/Th values simulated using a simple 2D
box model (Luo et al,, 2010) forced by various streamfunctions. The streamfunctions
were simulated with the Earth System model iLOVECLIM under different climatic
conditions (Roche et al., 2014, in press). Results from this comparison allow us to
constrain the geometry and strength of the AMOC during DO interstadials and Heinrich
Stadials.

Study area

Sediment cores MD09-3257 (04°14.69’S, 36°21.18'W, 2344m water depth) and MD09-
3256Q (03°32.81°S, 35°23.11°'W, 3537m water depth) were recovered from the Brazilian
margin during R/V Marion Dufresne cruise MD173/RETRO3 (Fig. 1). Core GeoB3910
(04°14.7°S, 36°20.7’W, 2362m water depth) (Jaeschke et al., 2007) was recovered at
approximately the same position and depth as core MD09-3257, during Meteor cruise
M34/4. We therefore refer to both GeoB3910 and MD09-3257 as intermediate
equatorial cores, and to MD09-3256Q as the deep equatorial core. At present, the water
mass influencing the Brazilian margin at these depths is the southward flowing North
Atlantic Deep Water (NADW), a water mass originating from the Nordic seas and

influencing most of the deep Atlantic Ocean (Fig. 1). Because the Brazilian margin is
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affected by western boundary currents (Rhein et al.,, 1995), these sediment cores are
ideally located to observe changes in the strength and extent of the intermediate and
deep AMOC water masses (Schott, 2003).

We compare our Pa/Th data with published records from other Atlantic cores: ODP Leg
172 site 1063 (33°41'N, 57°37'W, 4584 m) (Lippold et al., 2009) and MD02-2594
(34°43’S, 17°20’E, 2440 m) (Negre et al., 2010) (Fig. 1).

Material and method

Benthic 613C

O013C (13C/12C isotopic ratio) of the epifaunal benthic foraminifer Cibicides wuellerstorfi
has been shown to record the §13C of bottom water dissolved inorganic carbon (DIC)
with minor isotopic fractionation (Duplessy et al., 1984; Zahn et al., 1986). Initial DIC
carbon isotopic concentration is acquired by a water mass in its formation region by
surface productivity, which consumes 12C therefore increasing dissolved 613C, and
temperature dependent air-sea interactions (Lynch-Stieglitz et al., 1995; Rohling and
Cooke, 1999). The 613C of the DIC then evolves as deep-water ages, because of the
constant export of 12C enriched biogenic material remineralized at depth, which
decreases the DIC §13C along the flow path of the water mass. As DIC 613C largely follows
water mass structure and circulation in the modern ocean, Cibicides 813C has been used
to trace water masses, a decrease in Cibicides d'3C being interpreted as a decrease in
bottom water ventilation, and conversely (Duplessy et al, 1988). However, the
information on bottom water ventilation embedded in Cibicides 8'3C is complicated by
the impact of changes in surface water 613C and marine biological productivity.

Holocene and last glacial end member 613C values are systematically higher in northern
sourced waters (1.1 and 1.5 %o respectively) than in southern sourced waters (0.3 and -
0.2 %o respectively) (Curry et al., 1988; Curry and Oppo, 2005). Because the modern
variability of DIC 613C largely follows the structure of water masses in the Atlantic Ocean
(Kroopnick, 1985), we interpret a decrease in the 613C values as an increased influence

of nutrient-rich southern sourced deep waters.

Core MD09-3256Q benthic foraminifer C. wuellerstorfi were handpicked (>250pm
fraction), washed with methanol in an ultrasonic bath then roasted in glass vials at
380°C under vacuum for 45 min. C. wuellerstorfi §13C (expressed in %o VPDB) were
measured at LSCE (Gif-sur-Yvette) using an Elementar Isoprime mass spectrometer.
VPDB is defined with respect to NBS-19 calcite standard (6180 = -2.20 %o and 813C =
+1.95 %o) (Coplen, 1988). The mean external reproducibility (10) of carbonate
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standards is * 0.05 %o for 6180 and + 0.03 %o for 613C; measured NBS-18 4180 is -23.2 +
0.2 %o VPDB and 8'3C is -5.0 + 0.1 %o VPDB. §13C measurements were done at the
highest possible resolution, depending on the availability of C. wuellerstorfi (generally

every 1 to 2 cm).

Sedimentary Pa/Th

In contrast to C. wuellerstorfi 613C, which reflects the nutrient content of water masses,
sedimentary Pa/Th is a relatively recent proxy that records the renewal rate of water
masses occupying the first 1000 m above the seafloor (Thomas et al., 2006). Hence, the
proxy has been successfully used as a tracer of oceanic circulation intensity in the
Atlantic Ocean (Gherardi et al., 2005; Gherardi et al., 2009; McManus et al., 2004).

231Pa and 239Th are produced at a constant Pa/Th activity ratio of 0.093 by dissolved
uranium, which is homogeneously distributed in the oceans. 239Th is however much
more particle reactive than 231Pa, as reflected by their respective residence time in the
ocean (30-40 y for 239Th, 200 y for 231Pa (Francois, 2007)). 230Th is therefore rapidly
removed to the underlying sediment, while 231Pa can be laterally exported by oceanic
currents. High flow rates therefore result in high 231Pa export and low sedimentary
Pa/Th ratio, and conversely. However, affinities of 231Pa and 239Th for settling particles
depend on the particle type (Chase et al., 2002). For instance, 231Pa has a high affinity for
opal, so that high opal fluxes can result in a high sedimentary Pa/Th ratio. The origin of
sedimentary Pa/Th variability therefore needs to be carefully assessed.

Pa/Th measurements were performed by isotopic dilution mass spectrometry on a
Thermo finnigan MC-ICP-MS Neptune, following the method of Guihou et al., 2010. Pa
and Th are decay corrected to the time of sediment deposition and from the lithogenic
component by using a 238U /232Th ratio of 0.5+0.1 (Fig. S1) (Guihou et al., 2010)(Burckel
etal,, 2014 a, in prep.).

Age model

For the period between 0-27 ka, core MD09-3256Q age model is based on 6 *C dates
measured on planktic foraminifer G. ruber white and converted to calendar age using the
Marinel3 curve (Reimer et al., 2013) (Fig. S2). During the last glacial, Heinrich Stadials
were recorded in marine sediment cores from the Brazilian margin as Ti/Ca peaks,
related to the increased terrigenous input associated with the southward shifts of the
ITCZ (Jaeschke et al.,, 2007). Ti/Ca peaks are therefore good stratigraphic markers for
correlating sediment cores with neighboring well-dated cores. Therefore, from 27 ka to
50 ka, core MD09-3256Q was dated by correlation of its Ti/Ca signal with that of core
GeoB3910 using 3 tie points corresponding to the Ti/Ca peaks associated with HS3-5.

Resulting sedimentation rates are shown in Fig. S3. The age model is given in Table S1.
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Circulation and Pa/Th model

The Pa/Th data of the studied sediment cores were compared to Pa/Th values simulated
using a simple 2D box model forced by different streamfunctions, in order to assess the
vertical layout and renewal rate of the water masses constituting the AMOC of the last
glacial. Streamfunctions were generated using the iLOVECLIM coupled climate model,
with atmosphere (ECBilt), ocean (CLIO) and vegetation (VECODE) components (Roche
et al, 2014, in press). A Last Glacial Maximum equilibrium state, computed using the
PMIP-2 protocol, was used as background climate (see (Roche et al., 2007) for more
details). Streamfunctions corresponding to Heinrich Stadial 1 (HS1) and to a complete
shutdown of the AMOC (off-mode) were generated by imposing a 0.16 and 0.35 Sv
freshwater forcing in the Labrador Sea (Roche et al., 2010) (Roche et al,, 2014, in press),
respectively. Freshwater forcing was maintained for 300 y, and the streamfunction
generated 300 y after the end of the forcing. A freshwater input of 0.16 Sv allows the
presence of a shallow circulation cell in the Atlantic Ocean, while at 0.35 Sv the AMOC is
almost completely shutdown.

Pa/Th values were simulated along a meridional section in the Atlantic Ocean by forcing
a simple 2D box model (Luo et al., 2010) with the aforementioned streamfunctions (Fig.
2). Holocene simulated Pa/Th values and streamfunction are described in Lippold et al.,
2012 and Luo et al., 2010.

Dissolved Pa and Th concentrations in the model are controlled by (1) production from
U decay in the water column, (2) adsorption and desorption on settling particles and (3)
advection by oceanic circulation. Particulate Pa and Th concentrations are controlled by
(1) adsorption and desorption from the dissolved pool and (2) by removal of
sedimentary particles to the seafloor.

Modeled Pa/Th meridional sections generated with the different streamfunctions are
shown in Figure 2. Different water mass configurations can generate sedimentary Pa/Th
variations in the model (Luo et al., 2010). Increasing circulation intensity above a
specific location will cause Pa/Th to decrease at that depth because of the increased Pa
export and conversely. Increasing depth without modifying circulation intensity also
causes the sedimentary Pa/Th ratio to decrease in the model because of the increased
residence time of Pa with respect to scavenging and conversely. Finally, the sedimentary
Pa/Th ratio increases along the flow path of any water mass as the low dissolved Pa
concentrations of newly formed water masses increase by desorption of Pa from Pa-
concentrated settling particles equilibrating with ambient waters (Francois, 2007).
Adsorption and desorption rate constants also impact the simulated Pa/Th ratio. These

constants were adjusted to reflect the opal belt in the southern ocean for all Pa/Th
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simulations (Luo et al.,, 2010). For the Holocene, these constants were also changed to
reflect opal in the northern North Atlantic (Lippold et al., 2012).

Results

Sedimentary Pa/Th data

Core MD09-3257 and MD09-3256Q Pa/Th measurements were focused on HS2 and HS4
(Fig. 3, a). No Pa/Th values were measured within HS2 in core MD09-3257 because of
the presence of turbidite layers (Burckel et al., 2014 b, in prep). During HS4 and before
HS2, the sedimentary Pa/Th ratio of core MD09-3257 rises above the production ratio of
0.093, indicating the absence of protactinium export. Pa/Th variability associated with
DO stadials and interstadials is also observed, with high Pa/Th values occurring during
stadials and low values during interstadials. Pa/Th variations in core MD(09-3256Q are
more muted, so that the Pa/Th signal of core MD09-3257 drives the Pa/Th difference
between the two cores. The main Pa/Th variation in core MD09-3256Q occurs during
HS4, when Pa/Th values rise from ~0.06 to ~0.08.

Before interpreting our Pa/Th signals in terms of oceanic circulation, we need to assess
if varying lithogenic or opal fluxes impacted the scavenging intensities of Pa and Th. To
do so, we use the preserved opal and 232Th fluxes as proxies of past opal and terrigenous
fluxes respectively (Anderson et al., 2006; Lippold et al., 2012). Core MD09-3257 Pa/Th
data are mainly influenced by oceanic circulation, except during the high lithogenic flux
period associated with HS4 (Fig. 3, a, white squares) (Burckel et al., 2014 b, in prep). In
core MD09-3256Q, opal fluxes do not covary with the Pa/Th ratio and are very low
(0.01-0.025 g.cm2.kyr1) (Fig. S4). In the Atlantic Ocean, the lower opal flux limit
observed to impact the sedimentary Pa/Th ratio is 0.2 g.cm2.kyr! (Lippold et al., 2012).
Hence, given the much lower opal fluxes recorded in core MD09-3256Q and their lack of
correlation with sedimentary Pa/Th, we conclude that biogenic silica had a minor
influence if any on the Pa/Th variability. In contrast, 232Th fluxes seem to correlate with
the Pa/Th ratio (P value = 0.0003, n = 20) (Fig. S5). This relation appears to be driven by
the high Pa/Th values occurring during the period of increased terrigenous fluxes
associated with HS4. Not considering these values, the Pa/Th appears to vary
independently from the terrigenous fluxes (P value = 0.79, n = 15). As such, we can
unfortunately not determine if the Pa/Th increase during HS4 is associated with a flow
rate decrease of the water mass above the sediment core. Increased Pa/Th could indeed
be due to the higher lithogenic fluxes that would enhance Pa scavenging and increase
the sedimentary Pa/Th ratio. Given the uncertainty on the cause of the Pa/Th rise, we
present the Pa/Th data within HS4 with different symbols (Fig. 3). Besides the period of

high terrigenous fluxes characterizing HS4, we can safely assume that the Pa/Th
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variability recorded in our equatorial cores is mainly driven by changes in the flow rate

of the water masses occupying the bottom 1000 m at our core sites.

C. wuellerstorfi 613C data

The Holocene §13C value of the deep equatorial core was measured at 1.37 %o, which is
assumed to be the modern 613C value of NADW at our sites. No C. wuellerstorfi could be
found during the late Holocene in the intermediate core.

013C values of the last glacial are lower than during the Holocene (Fig. 3), which could
indicate a general increased influence of southern sourced water masses on both
intermediate and deep sediment cores. It could also reflect the less developed
continental biosphere associated with glacial periods (Duplessy et al., 1988).

013C values in the deep core are systematically lower than values in the intermediate
core. This could reflect an increased influence of the deep southern sourced water mass
with depth. 613C of both cores shows millennial scale variability, with low §13C values
occurring during Heinrich Stadials. DO stadials and interstadials are also recorded in the
013C record of the intermediate core by low and high §13C values respectively. In the
deep core, the low sedimentation rate could have smoothed out the 613C decrease
associated with the short DO stadials.

Time slice definition

We define 4 time slices to compare the Pa/Th data of the Brazilian margin and Bermuda
Rise cores to Pa/Th values simulated with the different streamfunctions (Fig. 3). We do
not study core MD02-2594 within the time slices, as Pa/Th during the 20-50 ka period is
measured at low resolution in the core (Fig. S6).

Pre-HS2, Post-HS4 and Pre-HS4 time slices are defined as the periods of low equatorial
sedimentary Pa/Th values preceding (Pre-) or following (Post-) Heinrich Stadials 2 and
4 (Fig. 3). Pa/Th data are considered low when they equal the minimum Pa/Th value
preceding or following the Heinrich Stadial of interest within 1-sigma uncertainties. For
Pre-HS2, low Pa/Th values were defined in core MD09-3257, as the Pa/Th signal of core
MDO09-3256Q presents no variability within 1-sigma uncertainties across the transition
towards Heinrich Stadial 2.

We consider that these time slices represent interstadial conditions. Indeed, the Post-
HS4 time slice corresponds to DOS8, and is characterized by low Pa/Th values, high 613C
values and high Greenland temperatures (Fig. 3). Pre-HS4 encompasses both DO10 and
the short stadial between DO9 and DO10. However, given dating uncertainties as well as
the high 613C and low Pa/Th at that time in the equatorial core of intermediate depth, we
conclude that Pre-HS4 probably recorded interstadial conditions. Pre-HS2 recorded DO3

as well as the two stadials preceeding and following DO3. Given dating uncertainties and
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the high 613C and low Pa/Th of both equatorial cores at that time, we consider that the
Pre-HS2 time slice reflects interstadial conditions.

The HS2 time slice was defined in core MD09-3257 during the period of decreased
sedimentary Pa/Th variation with time after the abrupt rise associated with the onset of
HS2.

The HS2 time slice probably corresponds to the stadial conditions associated with
Heinrich Stadial 2. Indeed, at that time, Pa/Th data of core MD09-3257 are already
above the production ratio, Pa/Th data at ODP site 1063 reached their stadial values and
Pa/Th data in core MD09-3256Q are similar before and during HS2. Moreover, the 613C
of both equatorial cores nearly reached their low §13C values associated with HS2.

Sedimentary Pa/Th values associated to each time slice and cores are given in Table S2.

Discussion

Interstadials

Pa/Th data from the Brazilian margin and Bermuda Rise cores are compared, when
available, to the Pa/Th model forced by the different streamfunctions (Fig. 4-6). We
often describe the modeled and measured sedimentary Pa/Th of the equatorial cores by
referring to the vertical Pa/Th gradient between 2300 and 3500 m (i.e. the depths of the
sediment cores). Indeed, vertical Pa/Th gradients are useful indicators of the vertical
layout of water masses. A large gradient indicates that the Pa/Th of the deep core is
significantly lower than the Pa/Th of the intermediate core. A small gradient indicates
that sedimentary Pa/Th values of both cores are similar. In what follows, we will see
how each vertical gradient can be interpreted.

A large vertical Pa/Th gradient between the two equatorial core sites is simulated by the
model in the presence of a southward flowing northern-sourced deep water mass such
as NADW in the Holocene simulation (Fig. 4). This is due to the fact that within a single
water mass of uniform flow rate, the sedimentary Pa/Th ratio decreases with depth.
This effect is intensified in the case of the Holocene streamfunction, as the flow rate of
NADW is not uniform but stronger between 2500-3500 m and weaker between 1300-
2300 m (depths of acquisition of sedimentary Pa/Th for the deep and intermediate
cores respectively). Hence, Pa export at 3500 m is more intense than at 2300 m,
therefore significantly increasing the vertical Pa/Th gradient between the two cores.
Interstadial Pa/Th data in the deep equatorial and Bermuda Rise cores are consistent
with simulated Pa/Th values obtained with the Holocene streamfunction (Fig. 4, b-d).
However, interstadial sedimentary Pa/Th values in the equatorial core at intermediate
depth are lower than predicted by the Pa/Th model forced with the Holocene
streamfunction. The vertical Pa/Th gradient between our equatorial cores is therefore

small, which is in contradiction with the large vertical Pa/Th gradient generated by the
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Holocene streamfunction. Moreover, data from Southern Ocean core MD02-2594 are
systematically below 0.06 during the last glacial (Fig. S6), and are in conflict with the
high simulated Holocene Pa/Th value (~0.09) at 34°S and ~2400 m depth.

High 613C values in the intermediate equatorial core during MIS3 interstadials suggest
that northern-sourced deep waters influenced the equatorial Atlantic at 2300 m depth
(Fig. 3, b). However, the lower 613C values of the deep equatorial core imply that, unlike
in the present day Atlantic Ocean, nutrient rich southern sourced deep waters were
influent at 3500 m depth.

Therefore, both Pa/Th and §13C data indicate that the geometry and strength of the

AMOC during interstadials was different from that of the Holocene.

Pa/Th values simulated with the off-mode streamfunction exhibit a small vertical Pa/Th
gradient between the two equatorial cores (Fig. 5). However, measured sedimentary
Pa/Th during interstadials are much lower than the simulated values at both equatorial
sites. Low measured Pa/Th values imply a significant export of Pa by oceanic circulation
and therefore exclude the possibility of an almost halted oceanic circulation above 2300
and 3500 m depth (Fig. 5, b-d).

In the off-mode streamfunction, no deep convection occurs in the high latitude North
Atlantic. However, the high 613C values of the intermediate equatorial core indicate that
northern sourced waters were influent at 2300 m.

Hence, it is highly unlikely that the off-mode streamfunction depicts the Atlantic Oceanic

circulation during interstadials of the last glacial.

The HS1 streamfunction also generates a small vertical Pa/Th gradient between our
equatorial cores (Fig. 6). In contrast to the simulation obtained with the off-mode
streamfunction, this small vertical Pa/Th gradient is associated with significant lateral
export of Pa at the depth of both the intermediate and deep equatorial cores, as well as
at the Bermuda Rise and Southern Ocean cores, consistently with Pa/Th data (Fig. 6, b-
d). Such a small vertical Pa/Th gradient is simulated in the case of two water masses
overlying each other and flowing in opposite directions (Fig. S7) (Lippold et al., 2012).
This circulation scheme results in decreasing or invariant lateral export of Pa with
depth, which in turns causes sedimentary Pa/Th to increase or to be constant with
depth.

Interstadial benthic &13C values indicate a strong northern-sourced water mass
influence at the intermediate core site, on the one hand, and a strong southern-sourced
water mass influence at deep core sites, on the other hand (Fig. 3, b). Hence, benthic §13C
data support the existence of two water masses overlying each other and flowing in

opposite directions.
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Combining the information provided by sedimentary Pa/Th and benthic §13C data, we
reach the following conclusions concerning the Atlantic circulation below ~1300 m
depth during interstadials of the last glacial: southward-flowing northern-sourced deep
water likely circulated down to ~2500 m depth, while southern-sourced deep water
circulated northwards below ~4000 m depth, and southwards as a return flow between
~2500 and 4000 m depth (Fig. 7, a).

Estimation of the AMOC intensity during interstadial time slices

Our Holocene Pa/Th values agree with previously published data from the Brazilian
margin (Lippold et al, 2011) and with Pa/Th values simulated with a 2 and 3 fold
increased Holocene streamfunction (Fig. S8). At present, increasing the Holocene
streamfunction is indeed necessary for a good correspondence of simulated and
measured equatorial Pa/Th values. This increase was proposed to account for the
absence of west-east difference in circulation strength in the 2D Pa/Th model, which
instead reflects an averaged circulation (Lippold et al,, 2011). Moreover, the width of the
Atlantic basin is the shortest at the equator, while it is assumed constant in the model.
Both these effects could cause the flow speed at the equator to be underestimated, and
therefore the simulated Pa/Th ratio to be overestimated.

It is unclear whether the same relationship can apply to the HS1 streamfunction.
Sensitivity tests of the Pa/Th model to varying flow rates were performed by
multiplying the HS1 streamfunction by a factor 0.5, 1.5, 2 and 3. Results indicate that a
factor of 1 (no change in the streamfunction) best reproduces the sedimentary Pa/Th
ratio at the equator (Table S3). In the HS1 streamfunction, the strength of both the
northern and southern sourced water masses at the equator is of 5-10 Sv. As this
streamfunction is the most consistent with our interstadial data, we assume as an
extreme that the real flow rate of the water masses was 3 times lower during
interstadials, as this is the highest factor applied to the Holocene streamfunction to
reconcile simulated and observed Pa/Th data at present. Hence, we obtain a flow rate
range of 2-3 Sv for both northern and southern sourced water masses. As another
extreme, we assume that the water masses flow rates provided by the HS1
streamfunction (5-10 Sv) depict well the oceanic circulation strength during
interstadials of the last glacial. We conclude that the flow rate of the northern and
southern sourced water masses affecting the intermediate and deep equatorial cores
respectively was probably of 2-10 Sv.

At present, the northern sourced circulation cell is initiated by the formation of NADW
in the high latitude North Atlantic, and the southern sourced circulation cell by the
formation of the Antarctic Abyssal Bottom Water (AABW) in the southern Ocean. The
modern flow rate of NADW and AABW is respectively of 23 + 3 Svand ~6 * 1.3 Sv at the
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equator (Ganachaud and Wunsch, 2000). We conclude that during interstadials of the
last glacial, the flow rate of the southern sourced deep water was approximately similar
to present day AABW, and that the flow rate of the northern sourced deep water was

smaller than present day NADW.

Stadials

Pa/Th data from the HS2 time slice display a large vertical Pa/Th gradient between the
depths of our equatorial cores (Fig. 6, a). The gradient is initiated by the high Pa/Th
value at intermediate depth, which indicates that the core was overlain by sluggish
waters. Pa/Th data in the equatorial core are therefore incompatible with the low
vertical Pa/Th gradient simulated by the HS1 streamfunction (Fig. 6).

Moreover, the diminution of the 6!3C values of both equatorial cores during HS2
suggests an increased influence of southern sourced deep waters in the Atlantic Ocean
at both 3500 and 2300 m depth, which is incompatible with the northern sourced
circulation cell active above 2500 m in the HS1 streamfunction (Fig. 3, b).

Hence, circulation and ventilation proxies indicate that there was no northern sourced
water mass between 1300 and 2300 m depth at the equator during HS2. The AMOC

during Heinrich Stadial 2 is therefore not well depicted by the HS1 streamfunction.

Large vertical Pa/Th gradients are simulated in the model when a single water mass
affects both equatorial cores. Pa/Th values simulated with the Holocene streamfunction
therefore best fit Pa/Th data during HS2 (Fig. 4, a). However, as discussed before, data
from Southern Ocean core MD02-2594 are systematically below 0.06 during the last
glacial, in contradiction with the high simulated Holocene Pa/Th values at the site of the
core (0.09).

Moreover, the very low 613C values measured in both equatorial cores during Heinrich
Stadials (Fig. 3, b) exclude the presence of a northern sourced deep-water mass affecting
the equatorial Atlantic at that time.

Hence, it is unlikely that the Holocene streamfunction depicts the geometry and strength
of the AMOC during Heinrich Stadials.

In contrast, Pa/Th values simulated with the off-mode streamfunction could reconcile
the large Pa/Th vertical gradient and the low 613C of equatorial cores (Fig. 5, a).
However, in the current off-mode simulation by the iLOVECLIM model, the vertical
extent of the southern sourced water mass is not large enough to influence the core at
3500 m depth, resulting in an apparent low vertical Pa/Th gradient (Fig. 2, c,d).
However, the model was run for a short period of time, preventing a significant response

of the southern sourced deep waters to varying climatic and oceanographic conditions
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(Roche et al.,, 2014, in press). With a slightly increased vertical extent, the southern
sourced deep water would induce a low sedimentary Pa/Th ratio in the deepest core of
the Brazilian margin, resulting in a large vertical Pa/Th gradient between the depths of
our equatorial cores in agreement with our Pa/Th data. Pa/Th data from the Bermuda
Rise core are also consistent with simulated Pa/Th values from the off-mode
streamfuntion.

The very low 613C values measured in both equatorial cores during Heinrich Stadials are
consistent the off-mode streamfunction, which shows a strong influence of southern
sourced water masses at both our equatorial sites.

This is further supported by the increased engq in the Bermuda Rise core (Gutjahr and
Lippold, 2011). Indeed, as the isotopic composition of neodymium varies from non-
radiogenic (low enqg) along the Atlantic Ocean, to radiogenic (high enq) along the Pacific
Ocean, engq indicates the origin of the water masses affecting sediment cores (Jeandel et
al, 2007; Lacan and Jeandel, 2005; Lacan et al, 2012). High eng at ODP site 1063
therefore indicates an increased influence of southern sourced water masses at 4500 m
in the North Atlantic Ocean.

Considering that both Pa/Th and water mass proxies suggest an increased influence of
southern sourced water at the equatorial and Bermuda Rise sites, the off-mode
streamfunction likely depicts the geometry of the AMOC during HS2, i.e. southern
sourced deep waters likely dominated the Atlantic Ocean below 1300 m (Fig. 7, b).
However, the direct influence of the southern sourced water mass probably extended
vertically above 3500 m depth, as indicated by the low Pa/Th value of the deep
equatorial core. The absence of Pa export on the intermediate depth core indicates that a
sluggish water mass of unknown origin likely influenced the equatorial Atlantic between
1300 and 2300 m depth.

We do not calculate the flow rate of the southern sourced water mass during Heinrich
Stadial 2. Indeed, the streamfunction does not yet reproduce the large Pa/Th gradient
we observe. We therefore cannot test the sensitivity of the simulated Pa/Th to varying
flow rates, which is necessary to assess the flow rate of the southern sourced water

mass.

Conclusion

During interstadials of the last glacial, the geometry and strength of the AMOC was
markedly different from that of the modern AMOC. A northern sourced water mass
circulated above 2500 m depth at a flow rate of 2-10 Sv, which is significantly lower
than the intensity of present day NADW. Below 4000 m depth, a southern sourced deep
water mass flowed northward, with an intensity of 2-10 Sv, which encompasses the
strength of modern AABW. Between 2500 and 4000 m depth, the southern sourced deep
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water likely circulated southwards as a return flow. At the onset of Heinrich Stadials, the
geometry of the AMOC changed and below 1300 m depth, the Atlantic Ocean was
probably dominated by a single southern sourced water mass that can be traced up to
35°N at 4500 m depth. This water mass probably directly affected the equatorial
Atlantic between 2500 and 3500 m depth. A sluggish and poorly ventilated water mass

circulated between 1300 and 2300 m at the equator, but is origin is difficult to assess
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Figure 4.1 : Phosphate section of the Atlantic Ocean showing the sites of cores MD09-
3257 (04°14.69'S, 36°21.18'W, 2344 m), MD09-3256Q (03°32.81’S, 35°23.11'W, 3537
m), ODP Leg 172, site 1063 (33°41'N, 57°37'W, 4584 m) (Lippold et al,, 2009) and
MDO02-2594 (34°43’S, 17°20’E, 2440 m) (Negre et al.,, 2010). Phosphate content follows
the structure of the present day AMOC. White arrows indicate the approximate flow
directions of the Antarctic Intermediate Water (AAIW), Antarctic Bottom Water (AABW)
and North Atlantic Deep Water (NADW).
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Figure 4.2 : Simulated sedimentary Pa/Th values and associated streamfunctions: (a, b)
Holocene, (c, d) Off-mode, (e, f) HS1.
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Figure 4.3 : Comparison between oceanic circulation and water mass proxies on the Brazilian
margin and Bermuda Rise, and Greenland temperatures. (a) MD09-3256Q, MD09-3257 (Burckel
et al, submitted) and ODP172-1063 (Lippold et al, 2009) Pa/Th (b) MD09-3256Q and
GeoB3910 (Burckel et al, submitted) Cibicides wuellerstorfi 613C and (c) NGRIP temperature
signal on the GICCO5 timescale (Kindler et al., 2014). In (a) the average Pa/Th for each core is
represented by the lines and individual measurements by diamonds (MD09-3256Q, ODP site
1063) and squares (MD09-3257). The white squares indicate Pa/Th values not considered in
core MD(09-3257 (Burckel et al.,, submitted), the white diamonds indicate the Pa/Th values that
may not represent a pure circulation signal in core MD09-3256Q (see results). The red arrow
indicates the late Holocene Pa/Th value on core MD09-3257 (0.065+0.003, Burckel et al., 2014
b, submitted) and the blue arrow the late Holocene Pa/Th value on core MD09-3256Q
(0.043+0.001). Error bars on Pa/Th measurements are given in Fig. S1, Table S4. In (b) the
signal is the 3 points running average of the Cibicides w. 813C record, the black arrow indicates
present day NADW 0613C value (~1.37 %o). 613C values are given in Table S5. In (c) numbers
indicate the DO events. MD09-3257 and GeoB3910 data are presented in red, MD09-3256Q data
in blue and ODP172-1063 in green. Red vertical bands represent the Pre-HS2, Post-HS4 and Pre-
HS4 time slices and the blue vertical band the HS2 time slice.
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Figure 4.4 : Comparison of the Pa/Th data (circles) for each of the time slices to the
simulated Pa/Th values using the Holocene streamfunction. Time slices are (a) HS2, (b)
Pre-HS2, (c) Post-HS4 and (d) Pre-HS4 Pa/Th data. The upper half of the circles
represent the Pa/Th data, the lower left quarter Pa/Th - 1 sigma and the lower right
quarter Pa/Th + 1 sigma.
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Figure 4.5 : Comparison of the Pa/Th data for each of the time slices to the simulated
Pa/Th values using the off-mode streamfunction. Time slices are (a) HSZ2, (b) Pre-HS2,
(c) Post-HS4 and (d) Pre-HS4 Pa/Th data. The upper half of the circles represent the
Pa/Th data, the lower left quarter Pa/Th - 1 sigma and the lower right quarter Pa/Th +
1 sigma.
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Figure 4.6 : Comparison of the Pa/Th data for each of the time slices to the simulated
Pa/Th values using the HS1 streamfunction. Time slices are (a) HS2, (b) Pre-HSZ2, (c)
Post-HS4 and (d) Pre-HS4 Pa/Th data. The upper half of the circles represent the Pa/Th
data, the lower left quarter Pa/Th - 1 sigma and the lower right quarter Pa/Th + 1
sigma.
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Heinrich Stadials. See text for explanation.
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4.3 Supporting Information
The supporting information provides additional figures, which further illustrate the

main text.

Supporting Information

Changes in the geometry and strength of the AMOC during the last glacial

P. Burckel, C. Waelbroeck, Y. Luo, D. Roche, S. Pichat, J. Gherardi, A. Govin, F. Thil

Figures
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Figure 4.S1: Pa/Th in MD09-3256Q as a function of time calculated with different
lithogenic (?38U/2?32Th) (R) values used to correct for detrital material contribution
(Francois, 2007). Red curve, R=0.5 (correction used in Fig. 3), green curve R=0.4, and
blue curve R=0.6. Error bars are 1 SD and do not account for the error on R.
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Figure 4.S2 : Core MD09-3256Q age model. Blue squares indicate the position of the 14C
dates in the core, blue triangles indicate tie points between core GeoB3910 and MD09-
3256Q. Discontinuities in the Ti/Ca record correspond to the position of turbidite layers.
Error bars are 1 sigma and do not include the uncertainty on correlation for the tie

points.

165



0.14 - 8

0.12 1 [ 7
o
L6 =
0.1 1 E
L
5 5 QJ
)
3 0.08 - ©
= 4§
= =
0.06 - g
-3 O
£
0.04 - 3
F 2 wn

0.02 A L

0 T T T T T T T T T 0

0 5 10 15 20 25 30 35 40 45 50

Age (ka)
Figure 4.S3 : Core MD09-3256Q Ti/Ca (blue curve) and sedimentation rate (red curve).

166



Depth (cm)

140 145 150 155 160 165 170
0.040 . L L L L 0.03
0.045 -
- 0.025
0.050
0.055 —
* - 002
S
>
0.060 - =
o
=
0065 1 - 0.01 g
50 5 ) 015 g
- x
>
0.070 1 e
3
F 001 o
0.075
0.080
- 0.005
.
0.085
0.090 - “0

Figure 4.S4 : Sedimentary Pa/Th (red) and opal flux (black) as a function of depth in
core MD09-3256Q. Error bars are 1 SE.
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Figure 4.S5 : Correlation between the 232Th flux and sedimentary Pa/Th ratio on core
MDO09-3256Q. White diamonds represent Pa/Th data that may not represent a pure
circulation signal.
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Figure 4.S6: Pa/Th of core MD09-3257 (red), MD09-3256Q (blue), ODP site 172
(Lippold et al., 2009)(green) and MD02-2594 (Negre et al., 2010)(black). White symbols
represent Pa/Th data that may not reflect a pure circulation signal.
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Figure 4.S7 : H1 simulated (a) Pa/Th and (b) streamfunction and flux (Sv, blue bars,
scale on top) at the equator. Note the large flow rate decrease at the equator from
~2500 m to ~3500 m.
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Figure 4.88 : Pa/Th on the Brazilian margin. Red squares, data obtained from Holocene
sediments in this study. Black squares, data obtained from Holocene sediments in
(Lippold et al., 2011). Grey and black lines, simulated Pa/Th values with the 2 and 3x
increased Holocene streamfunction respectively.
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Tables

Table 4.1 : Core MD09-3256Q age model. 14C age is converted to calendar age using the
Marinel3 curve (Reimer et al, 2013) with no additional reservoir age correction. *
GeoB3910 tie points.

Depth (m) Age *C (kyr) lo Age (Cal kyr) lo
0.040 2.32 0.03 1.93 0.04

0.580 15.97 0.06 18.82 0.06

0.660 17.72 0.06 20.88 0.11

0.880 20.5 0.08 24.16 0.12

0.920 21.41 0.08 25.36 0.12

0.960 22.87 0.08 26.79 0.18

* 1.115 / 30.61 0.16
* 1.585 / 39.03 0.50
* 1.945 / 47.91 0.51

Table 4.S2 : Pa/Th for each of the time slices at the different cores. Error bars are the
maximum between standard deviation on Pa/Th values within the time slice and the
propagation of individual measurement errors on the averaged Pa/Th value defining the
time slice.

Core Depth (m) HS2 Pa/Th 1o Pre-HS2 Pa/Th 1o Post-HS4 Pa/Th lo Pre-HS4 Pa/Th 1o
MDO09-3257 2344 0.103 0.003 0.071 0.004 0.066 0.004 0.075 0.005
MDO09-3256Q 3537 0.068 0.005 0.064 0.005 0.063 0.003 0.059 0.003
ODP site 1063 4584 0.079 0.010 0.065 0.004 / /

Table 4.83 : Square root of the sum of squared difference between Pa/Th data and
simulated value using the HS1 streamfunction intensified by various factors for the two
equatorial cores. The minimum values indicate the best agreement of the simulated
Pa/Th with the measured Pa/Th.

Factor Pre-H2 Post-H4 Pre-H4
x0.5 2.9E-02 3.5E-02 3.5E-02
x1 8.0E-03 8.1E-03 1.6E-02
x1.5 1.8E-02 1.0E-02 2.0E-02
X2 2.6E-02 1.9E-02 2.7E-02
x3 3.5E-02 2.8E-02 3.4E-02

172



Table 4.S4 : Pa/Th and isotopic concentrations (dpm.g1) in core MD09-3256Q

Depth (m) Age( Cal kyrBP) 10 231Pa lo0 230Th lo 232Th 1o 238U lo0 Pa/Th lo
0 0.50 0.50 0.240 0.003 5.51 0.11 1.19 0.02 1.085 0.007 0.043 0.001
0 0.50 0.50 0.240 0.004 5.52 0.08 1.20 0.02 1.082 0.006 0.043 0.001

0.88 24.16 0.12 0.181 0.003 3.76 0.07 3.46 0.05 1.906 0.011 0.066 0.003
0.89 24.46 0.12 0.241 0.004 4.92 0.08 3.40 0.05 1.804 0.018 0.067 0.002
0.9 24.76 0.12 0.247 0.004 5.09 0.11 2.76 0.04 1.346 0.007 0.066 0.002
0.9 24.76 0.12 0.245 0.004 5.14 0.11 2.64 0.04 1.333 0.007 0.065 0.002
0.92 25.37 0.12 0.259 0.004 5.36 0.12 2.57 0.04 1.255 0.010 0.067 0.002
0.94 26.08 0.15 0.267 0.004 5.45 0.12 2.63 0.05 1.381 0.008 0.068 0.002
0.96 26.79 0.18 0.254  0.004 5.38 0.11 2.56 0.05 1.432 0.007 0.065 0.002
0.98 27.28 0.17 0.242 0.004 5.20 0.09 2.45 0.03 1.314 0.012 0.064 0.002
1.46 36.79 0.41 0.151 0.003 3.41 0.06 1.90 0.03 1.129 0.024 0.066 0.003
1.48 37.15 0.43 0.153 0.003 3.55 0.08 1.94 0.04 1.121 0.015 0.064 0.003
1.5 37.50 0.44 0.151 0.004 3.59 0.07 2.14 0.03 1.392 0.010 0.061 0.003
1.5 37.50 0.44 0.152  0.004 3.53 0.06 2.00 0.03 1.365 0.019 0.063 0.003
1.51 37.68 0.45 0.160 0.003 3.64 0.07 2.02 0.03 1.600 0.031 0.064 0.003
1.56 38.58 0.49 0.226  0.004 4.55 0.07 2.59 0.04 2.115 0.018 0.078 0.003
1.57 38.76 0.49 0.233 0.004 4.81 0.07 2.91 0.03 1.822 0.013 0.077 0.003
1.58 38.94 0.50 0.232  0.003 4.82 0.09 3.04 0.05 1.748 0.014 0.077 0.003
1.59 39.15 0.50 0.235 0.004 4.66 0.11 2.94 0.06 1.643 0.015 0.083 0.004
1.59 39.15 0.50 0.213 0.005 4.67 0.08 2.88 0.04 1.635 0.012 0.072 0.003
1.6 39.40 0.50 0.230 0.004 4.71 0.09 3.05 0.03 1.493 0.012 0.080 0.003
1.61 39.64 0.50 0.186 0.003 4.27 0.09 2.45 0.04 1.267 0.008 0.068 0.003
1.62 39.89 0.50 0.176  0.003 4.14 0.07 2.33 0.03 1.291 0.011 0.065 0.003
1.63 40.14 0.50 0.156  0.003 3.80 0.06 2.04 0.03 1.270 0.009 0.061 0.002
1.64 40.38 0.50 0.150 0.004 3.74 0.06 2.00 0.02 1.245 0.022 0.060 0.003
1.66 40.88 0.51 0.146  0.004 3.76 0.09 2.04 0.04 1.350 0.008 0.056 0.003
1.68 41.37 0.51 0.148 0.004 3.66 0.07 2.05 0.03 1.209 0.009 0.061 0.003
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Table 4.S5 : Core MD09-3256Q 613C (C. wuellerstorfi)

Age (Cal kyr BP) Depth (m) 013C (%o) Age (Cal kyr BP) Depth (m) 013C (%o) Age (Cal kyr BP) Depth (m) 013C (%o)
1.93 0.04 1.29 35.00 1.36 0.32 38.58 1.56 0.39
1.93 0.04 1.33 35.00 1.36 0.89 38.58 1.56 0.97
1.93 0.04 1.32 35.71 1.4 0.65 38.76 1.57 0.40
1.93 0.04 1.38 35.71 1.4 0.53 38.76 1.57 0.02
1.93 0.04 1.38 35.89 1.41 0.77 38.94 1.58 0.38

24.16 0.88 0.30 35.89 1.41 -0.11 38.94 1.58 0.19
24.46 0.89 -0.16 36.07 1.42 0.56 38.94 1.58 0.93
25.06 0.91 0.34 36.07 1.42 -0.35 39.15 1.59 0.34
25.37 0.92 0.10 36.07 1.42 0.40 39.40 1.6 0.55
25.72 0.93 0.12 36.25 1.43 -0.16 39.64 1.61 0.31
26.08 0.94 0.39 36.25 1.43 0.40 39.89 1.62 0.21
26.43 0.95 0.31 36.25 1.43 0.66 39.89 1.62 0.29
26.79 0.96 0.23 36.43 1.44 0.61 40.14 1.63 0.30
27.03 0.97 0.39 36.43 1.44 0.62 40.38 1.64 0.38
27.28 0.98 0.44 36.61 1.45 0.85 40.63 1.65 0.27
27.53 0.99 0.20 36.61 1.45 0.92 40.63 1.65 0.52
27.77 1 0.07 36.79 1.46 0.66 40.88 1.66 0.13
28.27 1.02 0.25 36.79 1.46 0.86 41.12 1.67 0.33
28.76 1.04 0.15 36.97 1.47 0.24 41.12 1.67 0.57
29.25 1.06 0.40 36.97 1.47 0.03 41.37 1.68 0.71
29.75 1.08 0.34 37.15 1.48 0.39 41.37 1.68 0.80
30.24 1.1 0.48 37.15 1.48 0.83 41.62 1.69 0.55
30.70 1.12 0.45 37.33 1.49 0.80 41.62 1.69 0.41
31.06 1.14 0.35 37.33 1.49 0.48 41.86 1.7 0.77
31.42 1.16 0.68 37.50 1.5 0.86 41.86 1.7 0.88
31.78 1.18 0.25 37.50 1.5 0.70 42.36 1.72 1.20
32.13 1.2 0.62 37.68 1.51 1.01 42.36 1.72 0.28
32.49 1.22 0.33 37.68 1.51 0.33 42.85 1.74 0.98
32.85 1.24 0.68 37.86 1.52 0.67 43.35 1.76 0.80
33.21 1.26 0.70 38.04 1.53 0.26 43.84 1.78 0.73
33.21 1.26 0.50 38.04 1.53 0.51 43.84 1.78 0.56
33.57 1.28 0.41 38.22 1.54 0.87 44.33 1.8 0.33
33.92 1.3 0.48 38.22 1.54 0.09 44.33 1.8 0.70
34.28 1.32 0.17 38.40 1.55 0.23

34.64 1.34 0.77 38.40 1.55 0.41
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Chapter 5: Conclusion and perspectives

5.1 Conclusion

The first objective of this thesis was to reconstruct the dynamics of the Atlantic
Meridional Overturning Circulation during the last glacial. In order to do that, I
measured the sedimentary Pa/Th ratio, a proxy of water mass renewal rate, in two
sediment cores of the equatorial Atlantic. I also measured the benthic 613C, which
provides information about the nutrient content of water masses, in one of the two
cores. The Pa/Th and benthic §13C are complementary and provide information about
the flow rate and ventilation of water masses respectively.

The second objective of this thesis was to investigate the relationship between AMOC
variations and climate. In order to do that, I first built an age model for both equatorial
sediment cores that is entirely radiometric and independent of the GICCO5 age scale. I
then compared the flow rate and ventilation of the water masses influencing my
sediment cores during the last glacial to Greenland temperature and tropical

precipitation.

My results show that the vertical layout and strength of the water masses constituting
the AMOC changed over the course of the last glacial. In this conclusion, I summarize
each of the results presented in this thesis and classify them based on their associated

climatic period.

5.1.1 Dansgaard-Oeschger interstadials

During Dansgaard-Oeschger interstadials, two circulation cells were likely active in the
Atlantic Ocean (Chapter 4.2). A first circulation cell was initiated by deep convection in
the northern North Atlantic, and consisted of a deep-water mass circulating southwards
above ~2500 m depth. This northern-sourced water mass was likely characterized by
flow rates of 2-10 Sv at the equator, which is lower than the flow rate of present day
NADW (i.e. 23 * 3 Sv (Ganachaud and Wunsch, 2000)). A second circulation cell was
initiated in the Southern Ocean by the formation of a deep-water mass, which flowed
northwards below 4000 m depth, and reached at least 35°N at 4500 m depth. The flow
rate of this southern sourced water mass was likely of 2-10 Sv, which encompasses the
strength of modern AABW (i.e. 6 = 1.3 Sv, (Ganachaud and Wunsch, 2000)). Between
2500 and 4000 m depth at the equator, the southern-sourced water mass circulated

southwards as a return flow.
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5.1.2 Heinrich Stadials

As detailed in Chapter 3, a southward shift of the Inter Tropical Convergence Zone is
simulated in climate models either through a slowdown of the AMOC upper circulation
cell, or through the development of sea ice and ice sheets in the high latitudes of the
northern Hemisphere. My results show that the Pa/Th signal at 2300 m on the Brazilian
margin rises 1420 * 250 (10) and 690 = 180 (10) y before the onset of the precipitation
events associated with HS2 and HS4 respectively (Chapter 3). I interpret the Pa/Th rise
as a decrease in the flow rate of the upper overturning cell of the AMOC. Hence, I confirm
that a reduction of the oceanic inter-hemispheric heat transport could be at the origin of
the ITCZ shifts occurring during Heinrich Stadials.

These large leads contrast with model results, which show that 50% of the final tropical
precipitation anomaly occurs only 200 y after the start of an AMOC slowdown in
response to freshwater input in the high latitude North Atlantic (Kageyama et al., 2009).
Such a rapid response of the tropical atmosphere in the model could be related to the
fast simulated AMOC slowdown, as minimum overturning rate is achieved only 400 y
after the start of the slowdown. A more gradual decrease of the flow rate could lead to a
delayed establishment of the SST anomaly required for the ITCZ to shift above the
Brazilian margin, in agreement with our data.

We now consider the structure of the AMOC during the Heinrich Stadials following the
gradual slowdown of the AMOC upper circulation cell that likely caused the southward
ITCZ shifts. My data at the onset of HS2 show that the layout of the equatorial water
masses at that time was significantly different from that of preceding DO interstadials
(Chapter 4). Below 1300 m depth, the Atlantic Ocean was likely dominated by a
southern sourced water mass that reached at least 35°N at 4500 m depth. The southern
sourced water mass probably directly affected the equator between 2500-3500 m
depth. Sluggish and poorly ventilated waters of unknown origin likely influenced the
equatorial Atlantic between 1300 and 2300 m depth.

My results do not show major differences between HS2 and HS4, despite the large
difference in Northern hemisphere ice sheet extent between these two periods. In both
cases, the slowdown of the upper AMOC circulation cell precedes the southward ITCZ
shift (Chapter 3). However, I was not able to assess the strength and geometry of the
AMOC during HS4 because, at that time, Pa/Th data in both equatorial cores could not
reflect a pure circulation signal (Chapter 4). Hence, I cannot conclude that both Heinrich
Events are similar in terms of AMOC configuration. The only difference between the two
periods is that the benthic 613C of the preceding and following interstadials is higher for
HS4 than for HS2 (Chapter 4), which might be related to the more developed continental
biosphere occurring during early MIS3 (Duplessy et al., 1988).
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5.1.3 Dansgaard Oeschger Stadials

During Dansgaard-Oeschger stadials, the flow rate of the AMOC upper circulation cell
likely decreased, but less than during HS2. At the same time, increased precipitation is
observed on the Brazilian margin, although the associated terrigenous input was smaller
than during Heinrich Stadials. These periods of increased precipitation also correspond
to clear decreases in South American speleothem 6180 attributed to southward ITCZ
shifts (Kanner et al, 2012). However, there is no significant lead of the oceanic
circulation signal with respect to the ITCZ shifts. Both the AMOC and Greenland
temperature changes appear to be in phase with increased precipitation. A short time
lag of increased tropical precipitation with respect to decreased Greenland temperature
would be consistent with atmospheric processes driving the ITCZ shifts associated with
DO-stadials. However, slowdowns of the AMOC upper circulation cell also occur during
DO-stadials. Based on these evidences, it is difficult to infer what processes were at the

origin of the small ITCZ shifts associated to DO-stadials.

5.1.4 Mechanisms of climate variability
5.1.4 a) Difference between Dansgaard Oeschger and Heinrich Stadials

Based on the large lead of the upper AMOC circulation cell slowdown with respect to the
ITCZ shifts associated with Heinrich Stadials, we proposed a mechanism to explain the
difference between Heinrich and DO stadials. During Heinrich Stadials, an initial
decrease in the overturning rate of the upper overturning cell of the AMOC could have
led to a warming of subsurface waters in the North Atlantic Ocean (Mignot et al., 2007).
This could have resulted in the destabilization of high latitude North Atlantic ice shelves,
leading to the calving of the Laurentide ice sheet (Alvarez-Solas et al., 2013). This input
of freshwater would have further reduced the intensity of the upper circulation cell of
the AMOC, leading to further subsurface warming and ice calving. This positive feedback
would have progressively reduced the flow rate of the AMOC upper circulation cell and
heat transport towards the high latitude North Atlantic, thereby pushing the ITCZ to an
increasingly southerly position. In contrast, the circulation slowdown occurring during
DO stadials would have been unable to trigger the aforementioned feedback. Thus, both
the decreased intensity of the upper circulation cell of the AMOC and the southward
shift of the ITCZ remained limited. Hence, during Heinrich Stadials, the large iceberg
discharges associated with the positive feedback described above could have resulted in
the deposition of large quantities of IRD in the high latitude North Atlantic. This
mechanism could explain the thick and thin IRD layers observed during Heinrich and DO

Stadials respectively.
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5.1.4 b) Effect of the AMOC on Greenland temperatures

My results also show that, although the AMOC is an important source of heat for the high
latitude North Atlantic, the temperature response of Greenland to a slowdown of the
AMOC upper circulation cell is largely modulated by other processes.

Indeed, no major Greenland air temperature variations occur during the decreased
AMOC flow rate associated with HS2. It suggests the importance of other processes in
regulating Greenland temperatures. Sea ice for instance, during periods of cold
Greenland temperatures preceding HS2, could have acted on Greenland as an insulator,
preventing further temperature decrease with decreasing heat transport (Li et al,
2010).

Moreover, heat transport by atmospheric processes could be increased during periods
of decreased oceanic heat transport (Kageyama et al., 2009; Shaffrey and Sutton, 2006).
Indeed, decreased oceanic heat transport could result in decreased SST in the high
latitude North Atlantic, hence increasing the meridional temperature gradient. This
would increase baroclinicity of the atmosphere, leading to higher atmospheric heat
transport to the high latitude North Atlantic (van der Swaluw et al., 2007). Increased
atmospheric heat transport could therefore partly compensate for the decreased oceanic

heat transport.

5.2 Perspectives

The results of this thesis provide new insights into the deep Atlantic circulation during
the last glacial. Unfortunately, we could not analyze the Pa/Th signal of shallow
sedimentary cores (Chapter 1). Pa/Th measurements in shallow sediment cores (~1000
m depth) would be extremely valuable to improve our understanding of the changes in
the AMOC upper overturning cell flow rate during the last glacial. More specifically, it
could serve to verify if a decreased southward flow rate at 2300 m depth is also
accompanied by a decreased northward flow rate and heat export in surface waters.

Analyses of the Pa/Th ratio of new sediment cores along latitudinal sections or depth
transects in the Atlantic Ocean during the last glacial would help better constraining the
geometry and flow rate of the water masses constituting the AMOC. It would probably
allow a more accurate quantification of overturning rates during Dansgaard-Oeschger
interstadials, and provide information on the southern-sourced water mass flow rate

during Heinrich Stadials.

In order to better understand the evolution of the ITCZ during Heinrich and DO stadials,

a careful estimation of the lead of decreased precipitation in the northern tropics with
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respect to increased precipitation in the southern tropics would be required. Indeed, the
mechanisms of ITCZ variability could likely be discriminated based on the rapidity of the
ITCZ shifts The slowly decreasing oceanic meridional heat transport that we propose
would for instance be reflected by a gradual southward ITCZ shift, unless SST anomalies
need to reach a certain threshold for the tropical convection zone to shift. Such a study
would require a precise chronological framework, and would likely be possible using
varved sediments or speleothems, which can be dated with a precision of a few decades

even during the last glacial.

Finally, correlation of high Ilatitude North Atlantic SST signals to Greenland
temperatures would allow placing the periods of IRD deposition on the GICCO5
timescale. Because the age model of our sediment cores is completely independent from
the GICCO5 timescale, we could directly compare the timing of iceberg releases related
to Heinrich and precursory events (Peck et al., 2006) to periods of decreased strength of
the upper AMOC circulation cell. Hence, it could be possible to determine whether the
circulation slowdown observed in the Atlantic Ocean are the cause or the consequence

of iceberg releases.
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S$3 FOR UNCERTAINTIES ON 231PA MEASUREMENTS. 73

FIGURE 2.4.S1 : ILLUSTRATION OF THE CONING AND QUARTERING METHOD. FIRST, A) THE SEDIMENT
IS POURED ON DRAWING PAPER BY APPLYING A SWIRLING MOVEMENT TO THE WRIST IN ORDER
TO FORM A DOME THEN B) THE DOME IS DIVIDED IN FOUR AND C) THE OPPOSITE QUARTERS
ARE GATHERED. THE RESULTING SEDIMENT PILES (2, 3) AND THE INITIAL SEDIMENT (1) ARE
EXPECTED TO BE HOMOGENEOUS. 79

FIGURE 2.4.52: SEDIMENT AND UREM11 232TH CONCENTRATION RESULTS FOR EACH OF THE
PARTICIPATING LABORATORIES. NOTE THAT THE Y AXIS RANGE FOR EACH SAMPLE IS OF
AROUND 25% OF THE SAMPLE’S MEAN CONCENTRATION. THIS ALLOWS TO COMPARE THE INTER
AND INTRA-LABORATORY CONCENTRATION VARIABILITY OF THE SAMPLES. HENCE CARE
SHOULD BE TAKEN WHEN COMPARING ABSOLUTE CONCENTRATIONS, AS THE Y AXIS IS OFTEN
SPLIT AND MAGNIFIED FOR SOME SAMPLES. CIRCLES REPRESENT THE UREM11, SQUARES THE
GEOTRACES_SED AND DIAMONDS THE MARGIN_SED SAMPLES. ERROR BARS ARE 2SE. 80

FIGURE 2.4.53: SEDIMENT AND UREM11 230TH CONCENTRATION RESULTS FOR EACH OF THE
PARTICIPATING LABORATORIES. NOTE THAT THE Y AXIS RANGE FOR EACH SAMPLE IS OF
AROUND 25% OF THE SAMPLE’S MEAN CONCENTRATION. THIS ALLOWS TO COMPARE THE INTER
AND INTRA-LABORATORY CONCENTRATION VARIABILITY OF THE SAMPLES. HENCE CARE
SHOULD BE TAKEN WHEN COMPARING ABSOLUTE CONCENTRATIONS, AS THE Y AXIS IS OFTEN
SPLIT AND MAGNIFIED FOR SOME SAMPLES. CIRCLES REPRESENT THE UREM11, SQUARES THE
GEOTRACES_SED AND DIAMONDS THE MARGIN_SED SAMPLES. ERROR BARS ARE 2SE. 81
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FIGURE 2.4.54: SEDIMENT AND UREM11 238U CONCENTRATION RESULTS FOR EACH OF THE
PARTICIPATING LABORATORIES. NOTE THAT THE Y AXIS RANGE FOR EACH SAMPLE IS OF
AROUND 25% OF THE SAMPLE’S MEAN CONCENTRATION. THIS ALLOWS TO COMPARE THE INTER
AND INTRA-LABORATORY CONCENTRATION VARIABILITY OF THE SAMPLES. HENCE CARE
SHOULD BE TAKEN WHEN COMPARING ABSOLUTE CONCENTRATIONS, AS THE Y AXIS IS OFTEN
SPLIT AND MAGNIFIED FOR SOME SAMPLES. CIRCLES REPRESENT THE UREM11, SQUARES THE
GEOTRACES_SED AND DIAMONDS THE MARGIN_SED SAMPLES. ERROR BARS ARE 2SE. 82

FIGURE 2.4.55: SEDIMENT AND UREM11 24U CONCENTRATION RESULTS FOR EACH OF THE
PARTICIPATING LABORATORIES. NOTE THAT THE Y AXIS RANGE FOR EACH SAMPLE IS OF
AROUND 25% OF THE SAMPLE’S MEAN CONCENTRATION. THIS ALLOWS TO COMPARE THE INTER
AND INTRA-LABORATORY CONCENTRATION VARIABILITY OF THE SAMPLES. HENCE CARE
SHOULD BE TAKEN WHEN COMPARING ABSOLUTE CONCENTRATIONS, AS THE Y AXIS IS OFTEN
SPLIT AND MAGNIFIED FOR SOME SAMPLES. CIRCLES REPRESENT THE UREM11, SQUARES THE
GEOTRACES_SED AND DIAMONDS THE MARGIN_SED SAMPLES. ERROR BARS ARE 2SE. 83

FIGURE 2.4.56: SEDIMENT AND UREM11 231PA CONCENTRATION RESULTS FOR EACH OF THE
PARTICIPATING LABORATORIES. NOTE THAT THE Y AXIS RANGE FOR EACH SAMPLE IS OF
AROUND 25% OF THE SAMPLE’S MEAN CONCENTRATION. THIS ALLOWS TO COMPARE THE INTER
AND INTRA-LABORATORY CONCENTRATION VARIABILITY OF THE SAMPLES. HENCE CARE
SHOULD BE TAKEN WHEN COMPARING ABSOLUTE CONCENTRATIONS, AS THE Y AXIS IS OFTEN
SPLIT AND MAGNIFIED FOR SOME SAMPLES. CIRCLES REPRESENT THE UREM11, SQUARES THE
GEOTRACES_SED AND DIAMONDS THE MARGIN_SED SAMPLES. ERROR BARS ARE 2SE. 84

FIGURE 2.4.57 : MEAN PA/TH VALUES OBTAINED BY EACH OF THE PARTICIPATING LABS. NOTE THAT
THE Y AXIS RANGE FOR BOTH SAMPLES IS OF AROUND 25% OF THE SAMPLE’S MEAN PA/TH. THIS
ALLOWS TO COMPARE THE INTER-LABORATORY PA/TH VARIABILITY OF THE SAMPLES. HENCE
CARE SHOULD BE TAKEN WHEN COMPARING ABSOLUTE PA/TH VALUES, AS THE Y AXIS IS SPLIT
AND MAGNIFIED. SQUARES REPRESENT THE GEOTRACES_SED AND DIAMONDS THE MARGIN_SED
SAMPLES. 2 SIGMA ERROR IS CALCULATED BASED ON THE MAXIMUM BETWEEN 2 SE AND 2 SD OF
REPLICATE CONCENTRATION MEASUREMENTS AND DOES NOT INCLUDE THE UNCERTAINTY ON
THE R VALUE (SET TO 0.5). 85

FIGURE 3.1: MAP OF THE STUDY AREA. THE RED CIRCLE INDICATES THE LOCATION OF THE STUDIED
MARINE SEDIMENT CORES, THE ORANGE CIRCLE INDICATES THE POSITION OF THE EL CONDOR
(ELC) AND DIAMANTE (NAR) CAVES (10), THE BLACK DASHED LINE DELIMITATES THE
NORDESTE REGION, AND RED DASHED LINE SHOWS THE POSITION OF THE PRESENT DAY
SEPTEMBER AND MARCH ITCZ OVER THE ATLANTIC AND PACIFIC OCEAN. THE COLOR SCALE
INDICATES MEAN PRECIPITATION OVER SOUTH AMERICA (MM/Y) FOR THE MONTHS OF MARCH
AND SEPTEMBER AVERAGED OVER THE PERIOD 1950-1996 AD (58). 111

FIGURE 3.2 : COMPARISON BETWEEN (A) THE U-TH DATED 8180 RECORDS OF ELC/NAR SPELEOTHEMS
(10) AND (B) THE 14C-DATED TI/CA RECORD OF CORE GEOB3910 (12). (C) TI/CA RECORD OF
MARINE SEDIMENT CORES GEOB3910 (12) AND MD09-3257 ON THEIR FINAL AGE MODELS.
COLORED DIAMONDS SHOW THE POSITIONS OF THE U-TH DATES FOR SPELEOTHEMS AND OF
THE 14C DATES FOR MARINE SEDIMENT CORES WITH THEIR 2 SD ERROR BARS. DIAMONDS
BELOW THE X-AXIS DEPICT THE 4C DATES USED TO ESTABLISH THE AGE MODEL OF CORES
MD09-3257 AND GEOB3910, DIAMOND COLORS CORRESPOND TO THAT OF THE CORES ON WHICH
THE 14C DATES HAVE BEEN MEASURED. EMPTY SQUARES SHOW THE POSITION OF GEOB3910-
MD09-3257 TIE POINTS USED TO ESTABLISH THE AGE MODEL OF CORE MD09-3257. EMPTY
TRIANGLES ARE THE SPELEOTHEM TIE POINTS USED TO ESTABLISH THE AGE MODEL OF CORES
MD09-3257 AND GEOB3910 BEYOND THE 14C DATING RANGE (SEE TEXT AND SI TABLE S1, S2).

112

FIGURE 3.3 : COMPARISON BETWEEN GREENLAND (A) NGRIP TEMPERATURE SIGNAL ON THE GICCO5
TIMESCALE (59) AND BRAZIL (B) MD09-3257 PA/TH, (C) GEOB3910 CIBICIDES WUELLERSTORFI
813C, AND (D) GEOB3910 (12) (BLUE) AND MD09-3257 (RED) TI/CA RECORDS. GRAY DASHED
BANDS DELIMITATE THE PRECIPITATION EVENTS DEFINED ON THE ELC SPELEOTHEM §180
RECORD (SI APPENDIX FIG. $3). BLUE SHADED BANDS DELIMITATE THE PRECIPITATION EVENTS
AS SEEN IN THE MD09-3257 TI/CA RECORD (SEE TEXT). VERTICAL BLACK DASHED LINES
INDICATE THE START OF THE PA/TH AND TI/CA RISES IN CORE MD09-3257. IN (A) NUMBERS
INDICATE THE DO EVENTS. IN (B) THE RED LINE PASSES THROUGH AVERAGE PA/TH VALUES
WHEN THERE ARE REPLICATE MEASUREMENTS, THE WHITE SYMBOLS INDICATE PA/TH VALUES
ARE NOT CONSIDERED FOR THIS STUDY AS THEY MIGHT NOT REPRESENT A PURE CIRCULATION
SIGNAL (METHODS), THE RED HORIZONTAL BAND INDICATES THE PRESENT DAY PA/TH VALUE
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(0.065+0.003, METHODS). ERROR BARS ON PA/TH MEASUREMENTS ARE GIVEN IN METHODS AND

FIG. S8. NO PA/TH MEASUREMENTS COULD BE MADE DURING PE2 BECAUSE OF THE
OCCURRENCE OF TWO SMALL TURBIDITES (SI APPENDIX SECTION A).IN (C) THE THICK DARK
BLUE LINE IS THE 3 POINTS RUNNING AVERAGE OF THE CIBICIDES W. §13C RECORD. 113
FIGURE 3.4: ILLUSTRATION OF THE INTERACTIONS BETWEEN GREENLAND CLIMATE, TROPICAL
CLIMATE AND THE AMOC. ARROWS ILLUSTRATE CAUSAL MECHANISMS BETWEEN TRIGGERS AND
CLIMATIC RESPONSE DISCUSSED IN THE TEXT. THE THICK BLACK ARROW ILLUSTRATES THE
MAIN MECHANISM DISCUSSED IN THIS STUDY, THAT IS AN AMOC SLOWDOWN COULD HAVE
TRIGGERED MILLENNIAL-SCALE ITCZ LATITUDINAL SHIFTS. THE DOTTED ARROW 1B INDICATES

AN ADDITIONAL POTENTIAL TRIGGER FOR ITCZ SHIFTS (SEE TEXT). 114
FIGURE 3.81 : TI/CA RATIO AND 232TH FLUX VERSUS DEPTH IN CORE MD09-3257. 121
FIGURE 3.52 : MAP OF THE NORDESTE SHOWING THE POSITION OF THE MAIN BRAZILIAN RIVERS AND
SURFACE CURRENTS THAT COULD CONTRIBUTE TO TERRIGENOUS SEDIMENT INPUT AT THE
STUDY SITE INDICATED BY A RED CIRCLE. 122
FIGURE 3.S3: COMPARISON OF U-TH DATED SOUTH AMERICAN SPELEOTHEMS A180 RECORDS AND
DEFINITION OF THE MILLENNIAL PRECIPITATION EVENTS PEO TO PES5. VERTICAL GREY DASHED
BARS INDICATE PRECIPITATION EVENTS PEO TO PE5 AS DEFINED ON THE ELC/NAR A180
RECORDS. COLOURED DIAMONDS SHOW THE POSITION OF THE U-TH DATES FOR EACH
SPELEOTHEM AND THEIR 2 SD ERROR BARS. THE COLOUR OF THE DIAMONDS CORRESPONDS TO
THAT OF THEIR RESPECTIVE CURVES. SPELEOTHEM AND TRAVERTINE GROWTH INTERVALS
FROM THE TOCA DA BOA VISTA (TBV)/ LAPA DOS BREJOES (LBR) CAVES (17) ARE SHOWN AS
GREY CIRCLES ON THE TOP OF THE PANEL AS WELL AS THEIR 2 SD ERROR BARS. ELC AND NAR

ARE THE EL CONDOR AND DIAMANTE CAVES, RESPECTIVELY (8). THE BLACK LINE REPRESENTS

THE 3 POINTS RUNNING AVERAGE OF THE ELC A180 SIGNAL. THE PACUPAHUAIN (10), THE
SANTIAGO (11) AND THE BOTUVERA (7) SPELEOTHEM A180 RECORDS ARE SHOWN AS WELL. SEE

FIG. S4 FOR THE LOCATION OF THE SPELEOTHEMS IN SOUTH AMERICA. 123
FIGURE 3.54 : MAP SHOWING THE POSITION OF THE SOUTH AMERICAN SPELEOTHEMS USED IN FIG. S3
AND THE TWO MARINE SEDIMENTARY CORES USED IN THIS STUDY, MD09-3257 AND GEOB3910.

THE ORANGE CIRCLE INCLUDES BOTH EL CONDOR (ELC) AND DIAMANTE (NAR) CAVES. 124
FIGURE 3.S5: DATES (KA) FOR THE ONSET AND END OF THE MAIN PRECIPITATION EVENTS (PE)
RECORDED IN SOUTH AMERICAN SPELEOTHEMS AND CORE GEOB3910 (SEE FIG. S4). THE AGE
MODEL FORE CORE GEOB3910 IS BASED ON 14C DATES ONLY. THE COLOR CODE OF THE
SPELEOTHEM DATES INDICATES THE DEGREE OF SYNCHRONICITY OF EACH ONSET/END OF PE
WITH RESPECT TO THE EL CONDOR (ELC) SPELEOTHEM SIGNAL TAKEN AS REFERENCE. THE
REFERENCE DATES FOR THE PE EVENTS IN THE ELC SPELEOTHEM ARE SHOWN IN WHITE. DATES

IN GREEN ARE SYNCHRONOUS WITHIN ERROR BARS WITH THE ELC SPELEOTHEM, DATES IN
YELLOW ARE LIKELY TO BE SYNCHRONOUS AND DATES IN RED ARE ASYNCHRONOUS (SEE TEXT).
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FIGURE 3.56 : TI/CA (RED) AND SEDIMENTATION RATE (BLUE) FOR CORE MD09-3257. 126
FIGURE 3.57 : CORRELATION BETWEEN THE PA/TH RATIO AND 232TH FLUX (LEFT PANEL) OR OPAL
FLUX (RIGHT PANEL). EMPTY SYMBOLS IN THE LEFT PANEL ARE NOT CONSIDERED IN THE
COMPUTATION OF THE CORRELATION COEFFICIENT. ERROR BARS IN THE RIGHT PANEL ARE 1

SD. 127
FIGURE 3.8 : PA/TH IN MD09-3257 AS A FUNCTION OF TIME CALCULATED WITH DIFFERENT VALUES
FOR THE LITHOGENIC (238U/232TH) VALUE (R) USED TO CORRECT FOR DETRITAL MATERIAL
CONTRIBUTION (18). RED CURVE, R=0.5 (CORRECTION USED IN FIG. 3), GREEN CURVE R=0.4, AND
BLUE CURVE R=0.6. ERROR BARS ARE 1 SD. 128
FIGURE 3.59: COMPARISON BETWEEN THE PA/TH (RED), TI/CA, AND LN(TI/CA) (BLUE CURVES)
SIGNALS. GREY BANDS HIGHLIGHT THE LEAD OF THE PA/TH SIGNAL WITH RESPECT TO THE
TI/CA AND LN(TI/CA) SIGNALS. 129
FIGURE 4.1 : PHOSPHATE SECTION OF THE ATLANTIC OCEAN SHOWING THE SITES OF CORES MD09-
3257 (04°14.69'S, 36°21.18'W, 2344 M), MD09-3256Q (03°32.81’S, 35°23.11'W, 3537 M), ODP LEG

172, SITE 1063 (33°41'N, 57°37'W, 4584 M) (LIPPOLD ET AL. 2009) AND MD02-2594 (34°43'S,
17°20’E, 2440 M) (NEGRE ET AL, 2010). PHOSPHATE CONTENT FOLLOWS THE STRUCTURE OF

THE PRESENT DAY AMOC. WHITE ARROWS INDICATE THE APPROXIMATE FLOW DIRECTIONS OF

THE ANTARCTIC INTERMEDIATE WATER (AAIW), ANTARCTIC BOTTOM WATER (AABW) AND

NORTH ATLANTIC DEEP WATER (NADW). 157
FIGURE 4.2 : SIMULATED SEDIMENTARY PA/TH VALUES AND ASSOCIATED STREAMFUNCTIONS: (A, B)
HOLOCENE, (C, D) OFF-MODE, (E, F) HS1. 158
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FIGURE 4.3 : COMPARISON BETWEEN OCEANIC CIRCULATION AND WATER MASS PROXIES ON THE
BRAZILIAN MARGIN AND BERMUDA RISE, AND GREENLAND TEMPERATURES. (A) MD09-3256Q,
MD09-3257 (BURCKEL ET AL., SUBMITTED) AND ODP172-1063 (LIPPOLD ET AL, 2009) PA/TH (B)
MD09-3256Q AND GEOB3910 (BURCKEL ET AL., SUBMITTED) CIBICIDES WUELLERSTORFI §'3C
AND (C) NGRIP TEMPERATURE SIGNAL ON THE GICCO5 TIMESCALE (KINDLER ET AL., 2014). IN
(A) THE AVERAGE PA/TH FOR EACH CORE IS REPRESENTED BY THE LINES AND INDIVIDUAL
MEASUREMENTS BY DIAMONDS (MD09-3256Q, ODP SITE 1063) AND SQUARES (MD09-3257). THE
WHITE SQUARES INDICATE PA/TH VALUES NOT CONSIDERED IN CORE MD09-3257 (BURCKEL ET
AL., SUBMITTED), THE WHITE DIAMONDS INDICATE THE PA/TH VALUES THAT MAY NOT
REPRESENT A PURE CIRCULATION SIGNAL IN CORE MD09-3256Q (SEE RESULTS). THE RED
ARROW INDICATES THE LATE HOLOCENE PA/TH VALUE ON CORE MD09-3257 (0.065+0.003,
BURCKEL ET AL, 2014 B, SUBMITTED) AND THE BLUE ARROW THE LATE HOLOCENE PA/TH
VALUE ON CORE MD09-3256Q (0.043+0.001). ERROR BARS ON PA/TH MEASUREMENTS ARE
GIVEN IN FIG. S1, TABLE S4. IN (B) THE SIGNAL IS THE 3 POINTS RUNNING AVERAGE OF THE
CIBICIDES W. §13C RECORD, THE BLACK ARROW INDICATES PRESENT DAY NADW §'3C VALUE
(~1.37 %o). 813C VALUES ARE GIVEN IN TABLE S5. IN (C) NUMBERS INDICATE THE DO EVENTS.
MD09-3257 AND GEOB3910 DATA ARE PRESENTED IN RED, MD09-3256Q DATA IN BLUE AND
ODP172-1063 IN GREEN. RED VERTICAL BANDS REPRESENT THE PRE-HS2, POST-HS4 AND PRE-
HS4 TIME SLICES AND THE BLUE VERTICAL BAND THE HS2 TIME SLICE. 159

FIGURE 4.4 : COMPARISON OF THE PA/TH DATA (CIRCLES) FOR EACH OF THE TIME SLICES TO THE
SIMULATED PA/TH VALUES USING THE HOLOCENE STREAMFUNCTION. TIME SLICES ARE (A) HS2,
(B) PRE-HS2, (C) POST-HS4 AND (D) PRE-HS4 PA/TH DATA. THE UPPER HALF OF THE CIRCLES
REPRESENT THE PA/TH DATA, THE LOWER LEFT QUARTER PA/TH - 1 SIGMA AND THE LOWER
RIGHT QUARTER PA/TH + 1 SIGMA. 160

FIGURE 4.5 : COMPARISON OF THE PA/TH DATA FOR EACH OF THE TIME SLICES TO THE SIMULATED
PA/TH VALUES USING THE OFF-MODE STREAMFUNCTION. TIME SLICES ARE (A) HS2, (B) PRE-
HS2, (C) POST-HS4 AND (D) PRE-HS4 PA/TH DATA. THE UPPER HALF OF THE CIRCLES REPRESENT
THE PA/TH DATA, THE LOWER LEFT QUARTER PA/TH - 1 SIGMA AND THE LOWER RIGHT
QUARTER PA/TH + 1 SIGMA. 161

FIGURE 4.6 : COMPARISON OF THE PA/TH DATA FOR EACH OF THE TIME SLICES TO THE SIMULATED
PA/TH VALUES USING THE HS1 STREAMFUNCTION. TIME SLICES ARE (A) HS2, (B) PRE-HS2, (C)
POST-HS4 AND (D) PRE-HS4 PA/TH DATA. THE UPPER HALF OF THE CIRCLES REPRESENT THE
PA/TH DATA, THE LOWER LEFT QUARTER PA/TH - 1 SIGMA AND THE LOWER RIGHT QUARTER

PA/TH + 1 SIGMA. 162
FIGURE 4.7 : SKETCH OF THE POSSIBLE STATES OF THE AMOC DURING (A) DO INTERSTADIALS AND (B)
HEINRICH STADIALS. SEE TEXT FOR EXPLANATION. 163

FIGURE 4.S1: PA/TH IN MD09-3256Q AS A FUNCTION OF TIME CALCULATED WITH DIFFERENT
LITHOGENIC (238U/232TH) (R) VALUES USED TO CORRECT FOR DETRITAL MATERIAL
CONTRIBUTION (FRANCOIS, 2007). RED CURVE, R=0.5 (CORRECTION USED IN FIG. 3), GREEN
CURVE R=0.4, AND BLUE CURVE R=0.6. ERROR BARS ARE 1 SD AND DO NOT ACCOUNT FOR THE
ERROR ON R. 164

FIGURE 4.52 : CORE MD09-3256Q AGE MODEL. BLUE SQUARES INDICATE THE POSITION OF THE 14C
DATES IN THE CORE, BLUE TRIANGLES INDICATE TIE POINTS BETWEEN CORE GEOB3910 AND
MD09-3256Q. DISCONTINUITIES IN THE TI/CA RECORD CORRESPOND TO THE POSITION OF
TURBIDITE LAYERS. ERROR BARS ARE 1 SIGMA AND DO NOT INCLUDE THE UNCERTAINTY ON
CORRELATION FOR THE TIE POINTS. 165

FIGURE 4.S3 : CORE MD09-3256Q TI/CA (BLUE CURVE) AND SEDIMENTATION RATE (RED CURVE). 166

FIGURE 4.54 : SEDIMENTARY PA/TH (RED) AND OPAL FLUX (BLACK) AS A FUNCTION OF DEPTH IN
CORE MD09-3256Q. ERROR BARS ARE 1 SE. 167

FIGURE 4.5 : CORRELATION BETWEEN THE 232TH FLUX AND SEDIMENTARY PA/TH RATIO ON CORE
MD09-3256Q. WHITE DIAMONDS REPRESENT PA/TH DATA THAT MAY NOT REPRESENT A PURE
CIRCULATION SIGNAL. 168

FIGURE 4.56 : PA/TH OF CORE MD09-3257 (RED), MD09-3256Q (BLUE), ODP SITE 172 (LIPPOLD ET AL,
2009)(GREEN) AND MD02-2594 (NEGRE ET AL. 2010)(BLACK). WHITE SYMBOLS REPRESENT
PA/TH DATA THAT MAY NOT REFLECT A PURE CIRCULATION SIGNAL. 169

FIGURE 4.S7 : H1 SIMULATED (A) PA/TH AND (B) STREAMFUNCTION AND FLUX (SV, BLUE BARS, SCALE
ON TOP) AT THE EQUATOR. NOTE THE LARGE FLOW RATE DECREASE AT THE EQUATOR FROM
~2500 M TO ~3500 M. 170
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FIGURE 4.S8 : PA/TH ON THE BRAZILIAN MARGIN. RED SQUARES, DATA OBTAINED FROM HOLOCENE
SEDIMENTS IN THIS STUDY. BLACK SQUARES, DATA OBTAINED FROM HOLOCENE SEDIMENTS IN
(LIPPOLD ET AL, 2011). GREY AND BLACK LINES, SIMULATED PA/TH VALUES WITH THE 2 AND
3X INCREASED HOLOCENE STREAMFUNCTION RESPECTIVELY. 171
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