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A Juliette. J’espére que la science fera un jour suffisament d’avancée pour permettre

de soigner ce qui a eu raison de toi trop tot.

To Juliette. I hope that one day, science will make enough progresses to cure the disease

that took you too young.

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

Table of content

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

TABLE OF CONTENT ....ccuuiiiiiiiitiietiiisiirsstessissssirsssassssssstssssassssssssstssssssssssssstsesssssssssssssessssssssssssssssssssssssssssssnnnes 7
ABSTRACT ..ovueiiiiiiiiriieeiiiitiiirraessiissttrrsssssssssstrsssssssssssstssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnns 13
ACKNOWLEDGIMENTS .....ueiiiiiieeiiiiineeiiiseeeiiiseesiissssesssssssesssssesssssssesssssssessssssesssssssesssssssessssssesssssanesssssnnessssanes 15
CHAPTER 1. GENERAL INTRODUCTION.........ccoiiiimmmmneniiiniiinnnmnssisssiinssmsssssssssiissssssssssssssssssssssssssssssssssssssssssnes 19
l. PRESENTATION. ..t iuutteeiirtteseiteteseittee s st e e s ettt e sma e e e s sab e e e s e bae e e smae e e s aabe e et eabne e s smbeeessabaeesennneeesnbeeeeas 21

I. OBIECTIVES 1nuteveeteenteeteeneeemeesseessees st easesesesieesbeesbe e et e et eme e ese e b e e s e earesasesenesbeesbeensee st enneeneenneereenrens 23

[1l. ORGANIZATION OF THE MANUSCRIPT ...eutettettenteeutesseenseereesresssessnesseesseesseenseenseensesseesseensessnesssesmeesnes 24

CHAPTER 2. GENERAL SETTINGS .....cciitiiiiuuiiiiiiiinnneeiiisiiiisssssssisssiimmssssssssssimssssssssssssssssssssssssssssssssssssssssssnes 27
l. SEDIMENTOLOGICAL AND GEOCHEMICAL TOOLS ...envveareenreenreesressresieesseesseesseenseesessseesseesseessessessnesmeesnes 29

A. GraiN=-Size iStIIDULION...........ceceeeiiriesiieeeeeeeee ettt 29

B. ClOY MUN@IQIS........eeeeeeeieeeeeeeee ettt ettt ettt et e st eenaee s 31

C. Trace and RAre EQrth EICMENTS..........ccueeveieniieeiiieeeeet ettt 33

D. 2o Lo [oTo I-T 0] ol KXo d (o] o =X U USRS 36

[l ATIMOSPHERIC SETTINGS ..uveeuteeurerureruuesueenseenseeseanseeseesseenseensesssesssesseesseenseenseenseeseesseensesnsesssessesseesses 41

A. Modern atmospheric CirCUIGLION. .............oovueverieeriiesieeee ettt 42

B. Past GtMOSPREIIC CIrCUIALION ............oeeeeeviieeeiie ettt e e et e et e e e st e e e e staea e e e 50

[1l. OCEANOGRAPHIC SETTINGS c.uteeuterurerueerueerseenseenseaneesseesseenseessesssesseesseesseenseensesnsesneesseessesnsesssessesseesnes 56

A. Modern SUrface CirCUIGLION ...........coueeerieeeiieeie ettt et e 56

B. Modern intermediate and deep CirCUIQtiON ..............cceeevueeeneeesiiiiiieiieeee e 58

C. PaSt 0CEANIC CIFCUIATION ...ttt 64

V. GEOLOGICAL SETTINGS ..eeuveeurirurerrerinerieerseenstenteneeeseesseesseesresanesineseeesaeesaeesnseneseneesseessesaneenesnnesanesae 65

T Y 0 1o o (oo TSR 66

B. SOULR AMEIICQ. ..c.evieieieiieeeee ettt sttt e st sae e s e snee e 79

C. Y 4 Tolo TSRS 85

D. (01 golV aa]oTe] Lo Tl K o oo K-S 86

CHAPTER 3. MATERIAL AND METHODS......ccciciiiiiiinteiiisniesissenessssssessssssessssssssssssasesssssssesssssssssessssesssssnsanss 89
l. IMIATERIAL e tiutttteiittee sttt sttt st e s e s b e e s ba s e s s b b e e e s ba s e e sbb e e e s saba e e seanneeesanbeeeeas 91

I. IVIETHODS ..ttt ettt ettt st st sttt et st et e bt e n e bt sen e sanesanesaeesae e bt en e e e e enneennesreenreenrees 91

A. Preliminary trEATMENT .....ueeeeeeeeeeeee e eeee e esee e e ettt e e e etea e et e e e et aesassaaesssteaesssseaeesasesasennees 91

B. Grain-size diStriDULION GNGIYSES....uuuieieeeeeieiieeeeeeeesteee e e ee e ceea e e e e e sttt aaeeeessssaseaaaeesasens 92

C. Clay MiINEIrAIOGY QNAIYSES weveeeeneeeiee ettt ee sttt e e e e ettt a e e e e ettt s e e e e eessstsssaaaaeessaees 92

D. Isotopic, trace and rare @arth IEMENTS .......cceeeeeceeeeeeeee e ee e e ee e e s stea e e sraa e e 94

[II.  QUALITY CONTROL OF THE DATA ..ceiuriieiiiriterintiesiirieessirttesmsreessbasesesaesesmnseessabaeesesnnesesannneessananessas 95

A. ClAY MUNEIAIOGY ..ttt e e e e ettt a e e e e e ettt esaaaeeesssssssaaaaeeaasees 95

B. Grain=-Size iStrIDULION...........cocvereiriirieeeeeee ettt 95

C. TEOCE @IBMENTS.....c..eeneeeeeeeeee ettt 96

D. Jio o loTo I3 0] (ol KXo d (o] o 1=X U U OSSPSR 96

9

© 2020 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

CHAPTER 4. RADIOGENICISOTOPIC AND CLAY MINERALOGICAL SIGNATURES OF TERRIGENOUS PARTICLES
AS WATER-MASS TRACERS: NEW INSIGHTS INTO SOUTH ATLANTIC DEEP CIRCULATION DURING THE LAST

TERMINATION. ..ccoiiiitiiiiitttiiiitetiisteeissstessisstessssasessessssesssssasessssase s sessssessessssesesssseessssssesssssanesssssssesssssnnesssns 105
Y 7 oo PP TPPPR 107
KEYWORDS ..iiiiiiiiiiiiiiee ettt s s s e e s s a b e s e e e s e bbb s st e e e s bbb s e e e e s e s aaa e e e e s 107
l. INTRODUCTION ..uveenreeuteeuresuresieesteesseeseeseeemeesseesseenseearesanesmnesaeesbeesseenstenesemeeeneesbeebeenseennesanesnnenae 109
[l GENERAL SETTING..eeutteuteateereereeresuresseesseesseenseesseeseeemeesbeesseenseeasesanesanesheesreesseenseenseenseeseesseenseensens 111

A. DEEPD WALEI-MASSES ...ttt a e 112
B. (€1=To) (o] [ Tole ] I =414 o USSR 113
[, IVIATERIAL AND METHODS ..cuveeureeurerurensrenteesseeseesseenneeseesseesseesseensesanessnesseesseesseenseensseneeaseessessseensens 116
A. 1Y Lo (=1 (o ] USRS 116
B. Sample preparation and analytical Procedure .............c.ceoecvevveencieinseenieenseeeieeseee 116
IV, RESULTS ceteutteteete ettt st st et et et sa e sbtesbeesbe e bt e et e et e st e sbeeeb e e b e eab e easesabesbeesbeenbe e bt enteeneeebeenbeenseenrenn 118
A. GIraiN=-Size AiStrIDULION..........coeireiieeieieeeeeest ettt 118
B. ClAY MiIN@IAIOGY ...ttt sttt ettt e ste st esaeesnea e 121
C. [io o[ loJo I-T0] (ol ko] de] e -2 USRI 122
V. DISCUSSION. c.utteuteeuterutesttesteesteeseeneeeueesbee bt e bt sabesabesbeesheesbee bt ensteseeebeenbeenbeeabeensesmsesaeesbeenbeenseensenns 124
A. SEAIMENT PrOVENGAINCE ......cceeeeeeseeeee ettt ettt e ste et es 124
B. Transportation pattern and palaeoclimatic implications .............ccccceevveeveeevcevesveeneenne 128
CONCLUSION 1.ttt teete et et st eut et e bt et eabesatesbtesbeesbeesbe e st eabeeut e ebeeebe e b e embeeabeeabesabesaeesbeenbeenseenteenteans 140
ACKNOWLEDGMENTS ..c.tteureurerieesteenteenteneeeseesrees st e resanesesesanesaeesaee st esatemeeereeereeneeanesanesanesanesaeesaeenseennens 141
SUPPLEMENTARY FIGURES ....c..vteuvieueieteeteereere et siresiee st esseesaeesateanesae s eseesseesre e neeanesanesanesanesaeesaeenneenneennens 142

CHAPTER 5. HOLOCENE CLIMATE VARIABILITY OVER PATAGONIA AND SOUTHERN BRAZIL: INSIGHTS FROM
GEOCHEMICAL AND MINERALOGICAL PROPERTIES OF DETRITAL SEDIMENTS FROM THE DEEP SOUTH

ATLANTIC OCEAN. ...cuttiiiiuereiiistteiiissneeiisssneeiessnessssssnesesssneesesssnessssssnesssssstesesssnesssssssessssssnssessansssesssnessssssnessss 145
A O 1Y o PPN 147
l. 1N T0] 01Uy T PP 149
Il MATERIAL AND IMIETHODS. ..ccciuutiiiiiiiisiitiiie ittt st s s sab e s saan s saan s 151

Y Y Lo =T [+ OSSR PR PR PRRPRORN 151
B. Sample preparation and analytical procedure of the clay fraction ...............cccccceeeuunnne... 151
C. X-ray flourescence (XRF) SCANNING ............cccueeeeeeeeeeiieeeeeiieeeesieeeeeeeaeeeiaaeeesreeaeasasaseeaees 152
[, RESULTS ceeenteeteete ettt ettt si e st st e n et et e esb e s b e e r e et sanesanesenenreenn e e et emeeemeeeneesreeneennenn 154
A. (010} 111 1T | [ e | U UPPP 154
B. ROAGIOGENIC ISOTOPES ...ttt e ettt e e e e e ettt e e e e e e s s sssseaaaeeeasssssanaaaaeas 156
C. D (T K Tole [ 11 2o (SRR UPPPRRE 159
IV, DISCUSSION. ....vteutieutieneeeneeneereere s e sieesieesreesn e e et et s st e sreesre e r e e n e sanesanesenesreesree st enneenneeneesreenneennenn 159
A. Provenance and transport of fine grained sediments...............cccceveeeeeevivveeiieeeeeciiieneaannn. 159

B. Chemical weathering variations: insights onto moisture distribution over South America163

10

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

V. CONGCLUSION ..tttuueeeeeeeetttieeeeereeessnneseessssssaneaasessssssssnnaaseesssssssnnsesesssssssnnesesessssssnnnesesssssssnnneeeesssees 168
V1. ACKNOWLEDGMENT Luuuieitutetttieeettueeetsueeessnneeessnneesssneessnneesssnneesssneeessnnsesssnaesssnneeessnesessneesssnneessnns 169
VII.  SUPPLEMENTARY FIGURES .vvvuvvuuussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsens 170

CHAPTER 6. GEOCHEMICAL AND MINERALOGICAL EVIDENCE OF EQUATORIAL EXPORT OF AABW IN THE

SOUTH INDIAN SECTOR OF THE SOUTHERN OCEAN DURING HEINRICH STADIALS.........ccccceeseiiniinmnnnnnsssnnnnns 173
AABSTRACT .. eteteeteereeute et s b e s bt e sb e este e et e ae e e st e e b e e b e e s b e e e st ses e s aeeshe e s bt e bt e ae e e et e ebe e e b e e E e e reeanesmnesbeenreenneereenneene 175
l. INTRODUCTION ..euveeureeureeuresuresieesieesseeseessesseesseesseenseearesasesanesaeesbee st ensteneeemeeeneesbeeseensesanesanesneenaee 177
Il. REGIONAL SETTINGS «.teuteeuteeutesutesieesteenseeeesutesutesseanbeanbesasesaeesatesaeesbeenseensesasesneasseanbeenbeensesasesaeesas 178

A. (0 o=e [ ToTo T o] 1 VA SR 178
(€1=To) oo [Tole ] W T ol (o T4V 4T SR 180

[, IVIATERIALS AND IMIETHODS ....eeuteeuteeutesutesieesteenteesaeeneesusesueesseesseensesnsesasesaeesaeesseensesnsesnsesseessessseensens 181
A. 1Y Lo F =1 [0 KT 181

B. Sample preparation and analytical ProCeduUres..............cocwweeveeeeciieeeesiieieeesiieeeciieeesisennn 182

IV, RESULTS cetentteteete ettt st st et e bt e e sa e sbtesbeesb e sb e e et e ae e ese e sbeeab e e b e ea b e eabesabesbeesbeenbe e bt enteemeeeneenbeenbeenrenn 184
A. IMINE@IAIOGY ...ttt ettt ettt ettt s e et e sae et s 185
ISOTOPIC COMPOSITIONS .vvvvvvviveieiiiiiiitaaitasieeiaeatttasttaaaaetaaaasetesaataasseesaseassaseessnsnsesssnsasnnnnnsnnnnnns 185

C. Trace and rare earth eleMENTS ...........cc.cooeeveeeieevieriiiieseeseetee ettt 187

V. DISCUSSION. c.utteuteeuteeutesutesteesueenseeneesueesseesseanteensesusesaeesaeesaeeseenseeasesssasseanseenseensesnsesanesaeesseensesnsenns 189
A. Provenance of marine sediments East of the Kerguelen Plateau ................cccccocuvevueenee.. 189

B. Transport Of MAriNe SEAIMENTS...............oceecueeeeeiieeeeeeee et eecteeeetee e ee e e e steaeeesaeaeeases 190

C. Paleoclimatic iMPLICATIONS ...........ceecueeeeeeiiee et e e et eeee e et eeesttaaeseraeaeessseaenns 191
VI, CONCLUSIONS. ...utteureritenitesteesttentt et et e st et et st sesesaee st e satesaeesa e e ae e sbe e s s e e n e e nesanesanesanesreesaeenneennens 193

CHAPTER 7. THE ROLE OF THE SOUTHERN OCEAN OVERTURNING ON HEINRICH EVENT ATMOSPHERIC CO:

VARIATIONS: CLUES FROM MARINE TERRIGENOUS SEDIMENTS. .....ccccvveiiiiiunniiineenisssnessissnessssssesssssseessnns 195
AABSTRACT .. vtetteueeute et st s bt s bt et e b e s b e b e s bt e bt e bt e st e s e e e b s a e e bt e bt e bt e et e e et e ne e e R e s bt e bt eaeen e et e et e b e nheereeaeennenens 197
170 51U o 1 T PP PPRPP 199
l. MATERIAL AND IMIETHODS. ..cciuutiiiiirieeiiirite sttt siire et e sias e siba e s ssae e smas e e s saba s e s snnasesnnaes 200

Ac MGALEIIAL ...ttt 200

B. Sample preparation and analytical ProCcedure ...............cooweeevveeecvieeeesciieeesiieeeeiieaesveenn 201

Il RESULTS 1ttt e e s e e e s sab et e s e b e e e s baa e e s sab e e e s enbeeesnnaees 201
A. PrEVIOUS FESUILS c....coeeeeeeeee ettt ettt ettt e s 201

B. RESUIES ...ttt st 202

[II. DISCUSSION. . ..etteiiiriteiiittt ettt et s ettt b e s bt e s e e e s b e e s sb e e e s s b b e s et aba e e e sbbe e e s saba e e s snbaeesnnaeas 206
A. Grain size mode switches during Heinrich StadiQls................ccccevveeecevivveeeeeeeiciiiiieeeeeeeen, 206

B. Does a perturbation of the Southern Ocean overturning triggered Heinrich Events? ....... 208

C. Implication for atmospheric CO2 VAriQLiONS ...........c.eeeecveeeeecieeeescieeessiieeesteaessieeaessrseeannns 212
IV, CONCLUSION ...etiiiiriieiiittt sttt e bttt et e bt e s st e e s b e e s sab et e s s aab e s e s aba e e s sbba e e s sabaeessnbaeesnnaeas 214
CHAPTER 8. GENERAL CONCLUSIONS AND PERSPECTIVES .......ccceriiureiiisnneiissnneeicssnnessssnnesssssneesesssnesssssnne 217

11

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

I CONCLUSIONS. ...ttt ittt sttt ettt ettt e st e s et e e st e s et e e s s b e s e s a e e e sma e e e e aabesessnaeeesnbeeessaranesannns 219

Il PERSPECTIVES 1.ttt ettt ettt a e e e s s a s s e e e e s s bbb s e e s e e s s s arasaseessesans 226

ABBREVIATIONS ......coiiiuiiiieiiietiieeissats st se e ssseseat st s s e s sae s e s s s s e s s e s ae s e st s s ae e s ba e s bae s e st e s sse s snesanatasan 229

REFERENCES ......ccouuuiiiiiiiiiiinniiiiiiiniiiesiissiiiesisssssssssirsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssss 231

ANNEXES ....cccuniiiiiiiiiiiieiiiiiiiieiiessiissiirsssasssssssirrsssssssssssstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssnns 273
12

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

Abstract

This PhD thesis provides new insights into both the deep Southern Ocean circulation

and CO; cycle based on geochemical, radiogenic isotopes and clay mineralogical signatures of
the terrigenous fractions transported by the main deep-water masses using sediment cores
recovered in the South Atlantic sector (core MD07-3076Q, central South Atlantic) and in the
South Indian sector (core MD12-3396Q) of the Southern Ocean.

A careful preliminary study of the geological (e.g. mineralogical, geochemical)
properties of the potential sediments sources to the Southern Ocean and of the source-to-sink
transportation patterns of detrital particles (i.e. oceanic and atmospheric settings) was crucial to
develop a well constrained provenance study in this rather complex area. These prelimnary data
demonstrated that it was abolsutely necessary to work on distinct grain-size fractions in the
South Atlantic Ocean in order to efficiently track different water masses. Such an approach
successfully permits: (1) provenance identification of the various grain-size fractions (clay,
cohesive silt and sortable silt); (2) an assignment of each grain-size fraction to a specific water-
mass; (3) the reconstruction of the main deep water-mass pathways past changes, (4) to
reconstruct paleoenvironmental changes over South America during the Holocene. In the South
Indian Ocean, the study of the clay size fraction enabled to compare the relative contribution of
the two main deep-water masses in the area (i.e. Antarctic Bottom Water - AABW, Antarctic

Circumpolar Current - ACC).

Overall, our data support the idea of strong southern deep-water masses (i.e. AABW
and Circumpolar Deep Water, CDW) and weak southern North Atlantic deep-water (NADW)
during the last glacial period. The transition between this glacial state and the Modern period
likely happened during the Bglling Alleragd (B/A). This transition is associated with (1) a
southward migration of the NADW into the South Atlantic sector of the Southern Ocean, (2) a
retreat of the southern deep-water masses, and (3) a slowdown of the Lower CDW (LCDW) in
the South Atlantic sector and of the ACC in the Indian sector of the Southern Ocean.

In addition, this study successfully permits the distinction between the AABW and the
ACC (that includes CDW) in both sectors of the Southern Ocean, using the sedimentological
and geochemical charactertics of terrigenous particles. This enabled the quantification of the
relative contribution to sedimentation of all the main deep-water masses in each sector (i.e.
AABW, CDW and NADW in the South Atlantic sector; ACC and AABW in the South Indian

sector). Thanks to this distinction, it was possible to provide evidences of previously unknown
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AABW activities through time, and to study the dynamical interactions between the AABW
and the LCDW in the South Atlantic sector of the Southern Ocean. We show that Heinrich
Events (HE) 1, 2 and 3 are preceded by a modification of the Southern Ocean overturning
circulation, and especially associated to a significant increase in AABW contribution to
sediment deposition. Consequently, this work highlights that a change in the Southern Ocean
overturning circulation can play a major role or even trigger the Heinrich Events. Our data also
indicates that the turbulent mixing was stronger during HE 2 than during HE 1, even though
HE 2 is muted in atmospheric CO> records. This suggests that the exchanges between the deep
ocean and the atmosphere might have been disabled due to dynamical/physical barrier resulting
from background conditions involved by low obliquity during the last glacial period. At the
very end of this glacial period, our data indicate a substantial “pulse” of AABW speed and
northern extent in the South Atlantic sector of the Southern Ocean. This “pulse” is concomitant
with the first increase of the ventilation recorded in the same sediment core and ends with the
beginning of the HS 1, a period of rising atmospheric CO>. These observations suggest that this
rapid incursion of AABW into the South Atlantic Ocean may be responsible of the breakdown
of the physical/dynamical barrier between the deep CO.-rich ocean and the surface, enabling
the exchange between these CO»-rich waters and the atmosphere during the HS 1, and thus, the
rise of atmospheric CO. during the last deglaciation.
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Chapter 1. General introduction
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l. Presentation

Today the importance of acting for the Planet health is taking an increasing place in
many people’s mind. Indeed, the effect of a falling biodiversity and the impacts of climatic
changes caused by rising anthropogenic greenhouse gas emissions are becoming one of
society’s most important preoccupations. In fact, the increase in the frequency and intensity of
extreme climate events such as major cyclones, prolonged droughts, temperature records being
surpassed year after year, or even the recent extreme cold in Northern USA has captured
people’s attention. Despite many countries signing the Paris climate agreement at the 21°%
Conference of the Parties to the United Nations Framework Convention on Climate Change
(COP 21), with the objective to reduce CO2 emissions to limit the global warming to less than
2°C by 2050 compared to preindustrial levels, recent political and societal events have taken
these problematics from the consciousness of a large part of the population. In this context the
election of Donald Trump, a climatosceptic, to the presidency of the United States of America
has had major impact. Moreover, the social movement of the “gilets jaunes” in France, triggered
by high petrol prices, has completely muted the COP 24 in the mainstream media in France and
is making all talk of climate change inaudible to general public. This makes it more challenging
for scientist’s to guide political decision, and to improve people consciousness about the risks
of living in a fast warming world which will lead of sea level rise, rainfall distribution changes

causing stronger droughts and stronger floods, food security hazards etc.

To make effective impact in the climate change debate, it is critical that scientists
understand how the climate is likely to change and to draw scenarios according to the amount
of CO: released to the atmosphere by anthropic activity. In that way, understanding all the
processes involved in the global carbon cycle at different time scales is necessary. In particular,
the role of oceans is vital to define, since there is 60 times more CO- in the deep ocean than in
the atmosphere (Adkins, 2013) and that it currently takes up about 30% of the CO; released by
the humans. Numerous studies have attempted to reconstruct past (Piotrowski et al., 2004, 2008;
Weber and Drijfhout, 2007; Zhang and Delworth, 2007; Barker et al., 2009, 2010; Vasquez
Riveiros et al., 2010; Waelbroeck et al., 2011; Adkins et al., 2013; Howe et al., 2016; and many
others) and present day (Reid, 1989, 1994, 1997, 2003; Tsuchiya et al., 1994; Park et al., 1991,
Park and Gambéroni, 1995; Orsi et al., 1995, 1999; Larqué et al., 1997; Rintoul 1985; Rintoul
et al., 2001; all geotrace project members; and many others) oceanic circulation, and its impact
on the atmospheric CO, (Ahn and Brook, 2008; Anderson et al., 2009; Skinner et al., 2010,
2013, 2014; Burke and Robinson, 2012; Adkins, 2013; Levy et al., 2013; Ziegler et al., 2013;
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Boer and Hogg, 2014; Menviel et al., 2014, 2015a,b; Yu et al., 2014; and many others). These
reconstructions are then used to test numerical models that aim to estimate the evolution of
climate in a global warming world induced by anthropogenic CO: liberation. If it can be shown
that these models are able to simulate the climate of the past, then, they are used to simulate the
future climate changes (sea level rise, temperature changes,...) generated by increased

atmospheric COa.

In all these studies of CO2, the Southern Ocean appears as a key area for the
understanding of present and past carbon cycle. Being a sink today, it acted as a source of
atmospheric CO> during the last deglaciation and caused a rise of ~100 ppm of the atmospheric
CO2 in few thousand years (Petitet al., 1990; Ahn and Brook, 2008; Bereiter et al., 2015). Many
processes have been invoked in the extensive literature to explain this deglacial atmospheric
COz rise. However, there is a consensus today that the upwelling of deep and CO»-rich water
masses in the Southern Ocean is the main contributor to this variation (Anderson et al., 2009;
Fischer et al., 2010; Burke and Robinson, 2012; Skinner et al., 2014; Menviel et al., 2018). As
a consequence, the organization, the extension, and the ventilation/stratification of the deep-
water masses (i.e. Atlantic Meridional Overturning Circulation, AMOC) have been widely
studied using proxies of the water column properties (Vic Manus et al., 2004; Barker et al.,
2009; Robinson and van de Flierdt., 2009; Vasquez-Riveiros et al., 2010; Skinner et al., 2010,
2013, 2014, Thornalley et al., 2010, 2011; Waelbroeck et al., 2011; Gottschalk et al., 2015a,b,
2018a; Howe et al., 2016; and many others). Yet, the signal carried by the terrigenous particles
in these deep-water masses in the sub-Antarctic Atlantic Ocean remain poorly studied
(Diekmann et al., 2000 — Scotia Sea; Walter et al., 2000— Scotia Sea and South-West South
Atlantic; Kuhn and Diekmann, 2002— Cape Basin; Borchers et al., 2011— South Kerguelen
Plateau-Prydz Bay). The interest for such studies remains low despite transport of terrigenous
particles has the potential to reconstruct the dynamic components of deep ocean circulation. In
fact, grain-size distribution has already been used successfully to distinguish the contribution
of different transport vectors such as wind or oceanic currents (\Weltje and Prins, 2007; Welije,
2012), and to reconstruct past flow speeds (Hall et al., 2001; McCave and Hall, 2006; Krueger
et al., 2012; Spooner et al., 2018). In the same way, clay minerals are known to be a useful
tracer of provenance, weathering and transportation pattern of marine sediments (Moriarty et
al., 1977; Petschik et al., 1996; Kuhn and Diekmann, 2002; Krueger et al., 2008). Coupled with
radiogenic isotope compositions, terrigenous particles of sediments furnish a robust tool to

decipher the provenance of marine sediments through time (\Walter et al., 2000; Bayon et al.,
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). Due to the relationship between grain-size
distribution and transportation pattern, several studies have explored the isotopic composition
of distinct grain-size fractions (

). In fact, a grain-size mode can be associated with an energy of transport, and thus,
to a particular vector of transport. In other words, grain-size modes could be associated to deep-
water masses, thus, allowing the isotopic composition of terrigenous particles transported by
each water mass to be determined. To understand these associations, it is crucial to understand
the history of the terrigenous particles from their formation to their deposition in the deep ocean,

.., their source-to-sink history.

The transfer of sediments from the continents to the oceans is influenced by both
geodynamical forcing (internal forcing) and climatic forcing (external forcing). In the present
work, the interval studied (one climatic cycle, ~30 000 years) is obviously too short to observe
any change due to internal forcing (the exception being volcanic eruptions that are easily
recognizable), but this timescale is ideal to explore the impact of the external forcing onto the
continent-ocean sediment transfer. The latter can be decomposed in several steps: the emission
of terrigenous particles from a bed rock, the transport of these particles to the ocean, and their
transport and deposit on the ocean floor. The nature of the sediment deposited (i.e. chemical
and physical properties) depends on the nature of the bedrock and the climatic conditions under
which the particle is generated (i.e. winds and rainfalls intensities, presence of ice, volcanism).
Sedimentary particles can be transported to the ocean by a combination of transportation vectors
such as wind, glaciers, and rivers, all related to climatic conditions. Finally, when the particle
is delivered to the open ocean, it reaches the site where it is deposited thanks to the oceanic
currents. To decipher the signal preserved in the detrital fraction of deep marine sediments, it
is obviously crucial to understand all these steps and how they impact the final composition of

the sediment.

Il. Objectives

The general objective of this PhD is to decipher the terrigenous signal in three sediment
cores recovered by the french vessel Marion Dufresne in order to provide a new kind of
information on the variation of the deep circulation in the Southern Ocean, and more generally
to give new insights on climate changes through the last climatic cycle (i.e., ~30 000 years).
One core is located in the South Atlantic sector of the Southern Ocean (MDQ7-3076Q), and two
are located east of the Kerguelen Plateau (MD12-3396Q and MD12-3401Q).
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To achieve this general objective, the main goals are:

e To characterise the composition of all the potential source of sediment for the
studied sites. This includes the original composition of the source regions (i.e.,
geological background) and the estimation of the effect of onland climatic
conditions on both mineral composition and transfer of the particles from the
continent to the ocean.

e To estimate the composition of the terrigenous particles transported by each deep-
water mass. The ultimate goal of this objective is to obtain an isotopic composition
of the terrigenous particles transported by deep-water masses as well as the clay
mineral assemblage. It includes the potential variation in the composition of the
terrigenous particles transported within one deep-water mass caused by changes in
the delivery from the continent by on-land climatic variations. There will be a
particular focus on the isotopic composition of grain-size modes from the South
Atlantic sediment core.

e To use outcomes from the previous objective to compare the relative contributions
of the deep-water masss through time and to understand the implication for the
Southern Ocean deep-water circulation. This will include an estimation of the
relative contribution of the deep-water masses to sedimentation and an estimation
of their respective velocity changes through time.

e To compare the data from the Atlantic and Kerguelen sectors with literature
observations to draw global scenarios and link to variations in atmospheric CO2. A
particular focus is made on Heinrich Stadials, and on the Younger Dryas in this

objective.

[11.  Organization of the manuscript

In order to respond to the objectives of the thesis, the present manuscript is organized
in 9 chapters, including this general introduction. The results from the PhD resulted in 5
scientific articles (4 being written by the PhD candidate as first author), consequently, the PhD
manuscript is articulated around these “ready to submit” or accepted papers that corresponds to
chapter 4 to 8, while chapters 2, 3 and 9 present the general settings, the material and methods,

and the conclusions and perspectives, respectively.

Chapter 2, the general settings, aim to help the reader understand the regional context

of the work. In this chapter, the sedimentological and geochemical tools used during the PhD
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are explained in part I. Part 11 describes the present day and past atmospheric settings from the
global to the regional scale. A particular focus is made on the highly variable climatic conditions
over South America. Part 11 depicts the present day and past oceanic circulation. In this part,
both surface and deep circulation are described, and a particular focus is made on the South
Atlantic and on the South Atlantic sector of the Southern Ocean. The last part of this chapter
(part 1V) provides a general description of the geology of almost the entire Southern
Hemisphere (only the Australia and the New Zealand are not described). This part includes the
general geodynamical context (including bed rock associations) of Antarctica, South America,
Africa, and of the circumpolar volcanic islands. The clay mineralogy produced and the
geochemical composition of the rocks are given in this part by taking into account the impact

of climatic conditions on-land.

Chapter 3, the material and methods, is split into three parts: the material used for the
study, the analytical methods used, and the quality control of the data produced. The first part
described the sediment cores used for the PhD and how they have been dated. The second part
details the protocols used for all the analyses (grain-size distribution, clay mineralogy,
geochemistry) and the instruments used for the measurements. The last part discusses the data
quality, and choices made on the viability of this data. Based on this review, some data have
been excluded from the rest of the manuscript.

Chapter 4 represents the first paper of the PhD. This paper focuses on deciphering the
terrigenous signal of particles transported by deep-water masses in the South Atlantic Ocean
using the sediment core from the South Atlantic (MD07-3076Q). In this paper, the isotopic
composition of the terrigenous particles and the clay mineral assemblages transported by deep-
water masses is given for each of the three main deep-water masses in the South Atlantic Sector
of the Southern Ocean. These associations are then used to reconstruct the past extent and

velocities of deep-water masses during the Last Glacial Maxima (LGM) and the deglaciation.

Chapter 5 corresponds to the second paper of the PhD. It focuses on the time interval
from the sediment core MD07-3076Q not examined in the previous chapter: the Holocene. It
uses the conclusions from the chapter four to explore the palaeoenvironnemental changes on
the Southern South American continent using marine terrigenous sediments. This study gives
new insights free of potential local bias on rainfalls and winds distribution and intensity through
the Holocene in the eastern side of the Andes.
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Chapter 6 is a paper focusing on the sediment core MD12-3396Q located in the
Kerguelen Sector of the Southern Ocean. This paper examines the provenance of terrigenous
sediments from this sediment core to reconstruct the past contributions of the ACC vs the
Antarctic Bottom Water (AABW). For the first time, robust evidence of AABW episodic
northward expansion via the local Deep Western Boundary Current (DWBC) is given using
clay mineral properties, radiogenic isotopes, and geochemical composition (i.e. trace and rare

earth elements).

Chapter 7, the final paper from the PhD focuses on rapid climatic changes that happened
during Heinrich Stadials and the Younger Dryas, and the implication for atmospheric CO>
variations. This paper uses the conclusions derived from all the four previous papers to give
new insights on the mechanisms involved in the Northern Hemisphere Heinrich Events,
deglacial CO: rise, Southern Ocean upwelling, and Atlantic Meridional Overturning

Circulation (AMOC) shut-down/recovery.

The last chapter 8, presents the general conclusions of the PhD, and the perspectives

that can be drawn from this work.
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Chapter 2. General settings
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I.  Sedimentological and geochemical tools

A. Grain-size distribution

Grain-size distribution is a useful tool to understand the dynamic processes occurring
during the transport of sediment and its deposition. Indeed, the size and the morphology of the
particles directly result from the processes involved during the transport. On Earth, the particles
are generally transported by wind, liquid water, ice, and/or gravity induced mass transport. In
the sediment cores of this study, gravitational processes have not been identified in the
sediment, and it is assumed that winds, oceanic currents, as well as icebergs are the only
processes that can bring sediments to our sites. Generally, ice transported sediments present a
very heterogeneous grain-size distribution because ice does not sort the particles according to
their size. In contrast, the sediments transported by winds and oceanic currents can be well
sorted. This sorting results from 3 transporting processes that are involved during the transport

of a particle by a fluid: crawling, saltation, and suspension ( ).
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Figure 1: Scheme showing transportation processes of detrital particles. 1: crawling, 2:

saltation, 3: suspension.

Crawling is the process that defines the movement of a particle that maintains contact
with the ground and moves (crawl) on it. It is the process that requires the least energy to move
a particle in fluid, but it is also the slowest in term of particle speed. Saltation requires more
energy and corresponds to a transport in the fluid with intermittent contact with the ground
where the particle is chocked. This phenomenon is very powerful in breaking particles and

creating smaller ones. The last process is suspension and is the one that requires the most energy
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in the fluid. This phenomenon corresponds to the transport of a particle in the fluid without
contact with the ground. Because coarse particles need more energy to be moved than fine
particles, they are likely transported by crawling, the finer one by saltation, and the finest ones
by suspension. Similarly, the finer the particle, the greater the distance it can be transported.
Consequently, the size of the particles decreases with distance from the particle source. To
conclude, the size of the particles transported by a fluid directly results from the speed and

nature of the fluid.
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Figure 2: Example of grain-size distribution curve (sample from the core MD07-3076Q

used in this PhD).
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Grain-size distribution has already been used successfully to distinguish the contribution
of different transporting agents such as wind or oceanic currents (

), and to reconstruct past flow speeds ( ). In grain-size
distribution analyses, the granulometric mode is identified as a “peaks” on the grain-size
distribution curve and corresponds to the particle size that is the most represented in the
sediment ( ). These grain-size modes can be interpreted as the grain-size most easily
transported by a fluid and is characteristic of the flow speed and of the nature of the fluid (most
likely wind or water in our case). Consequently, when observing these grain-size modes, we
can reconstruct the past evolution of the fluid speed (wind or oceanic current, ).
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Figure 3: Value of a grain-size mode through time showing flow speed variations. Values

used are from the coarse grain-size mode of the core MD07-3076Q used in this PhD.

B. Clay minerals

The clay minerals correspond to very small minerals (< 2 um) with a very high surface
area (specific surface; surface per weight, measured in m?/g), making them easily transportable
over long distance. They belong to the family of alumina phyllosilicates. This mineral family
is constituted by layers of octahedrons AI(OH)es and by silica tetrahedron SiO4 linked by O
atoms and OH molecules ( ). Based on the layer organization, 1/1 clays are distinguished
from 2/1 clays. The 1/1 clays are composed of one tetrahedron layer and one octahedron layer,
whereas 2/1 clays are composed of 2 tetrahedron layers and one octahedron layer. The
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formation of the clay minerals is controlled by the mineralogy of the primary rock, by the
climatic conditions, and also by the topography, i.e. the erosional environment ( ). In

this study, we focus on four types of clay minerals: smectite, illite, chlorite, and kaolinite.
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Figure 4: Structure of main clay mineral families (redrawn from ).

Chlorite is the clay mineral most sensitive to chemical weathering, and is mainly found
under dry climate conditions (i.e., high latitude mineral). Chlorite is abundant in metamorphic
rocks such as gneiss and schist, but is also present in magmatic and sedimentary rocks. The
chemical formula of chlorite is (Fe,Mg,Al)s(Si,Al)s010(OH)s. Its density is between 2.6 and
3.3, and its specific surface is between 100 and 175 m?#/g ( ).

In contrast, kaolinite is the final product of the chemical weathering, and is the dominant
mineral in most of the equatorial and tropical areas (i.e., low latitude mineral). The chemical
formula of kaolinite is AloK2Si>2Os(OH)a. Its density is between 2.5 and 2.6 and its specific

surface 10 and 35 m#/g making kaolinite the clay mineral with the lowest specific surface.

Smectite is the product of the alteration of basic rocks such as basalt, and is dominant
in  most volcanic areas. The chemical formula of the smectite s
(Na,Ca)o.3(Al,MQ)2Si2010(OH)n(H20) and its density is between 2 and 2.75. The specific
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surface of the smectite is between 700 and 800 m?/g. The high specific surface and the chemical
composition of the smectite make it chemically very reactive, and its behavior in the water
column may differs from the other clay minerals. As an example, smectite is likely to remain
“locked” between two distinct water masses that are characterized by distinct physicochemical

properties.

Ilite can be considered as a “detrital” clay mineral and is found in areas with moderate
to low chemical weathering such as desert. The chemical formula of illite is
(K,H30)(Al,Mg,Fe)2(Si,Al)4010[(OH)2,(H20)]. Its density is between 2.6 and 2.9 and its

specific surface is between 100 and 175m?/g.
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Figure 5: Relation between environmental conditions and clay mineralogy formation.
C. Trace and Rare Earth Elements

Rare earth elements (REE), or lanthanides, correspond to the group of atoms with atomic
numbers between 57 and 71 (i.e., from La to Lu). Some workers include scandium (Sc) and
yttrium (Y) in this group. The latter is characterized by very specific electronic configuration

making it very reactive. REE are useful in many fields of the industry and hence they are
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considered “strategic” (or “critical”’) elements. It is particularly true for the heavy rare earth
elements (HREE) which include the element from the Tb to the Lu. The lighter REE are called
light rare earth elements (LREE). In our study, REE are useful to identify the provenance of the
sediment. Indeed, the REE composition is characteristic of a rock formation, and thus can be

used to identify the provenance of sediments.

To avoid the odd even effect of element abundances (Oddo—Harkins rule), REE are
usually reported normalized to a standard composition. Many standard REE compositions are
used to allow comparisons between the different potential provenances. The most widely used
in the context of sediments are the North American Shale Composite (NASC), the chondrite
composition, the upper continental crust (UCC), and the Post Archaean Australian Shales
(PAAS). In the study of marine sediment, the REE composition of the sediment is usually
normalized to PAAS. This normalization corresponds to the ratios sample/PAAS for each
element. It allows to compare the composition of the sample to the PAAS standard which is
close to the average composition of the superficial Earth (UCC may also be used). Thanks to
the normalization, it is possible to produce REE spectra, which immediately show enrichments
and/or depletions of elements in the sediment. Recently, a study by explored
the composition of river’s runoff to the ocean on clays as well as on silts to develop a new
standard: the World River Average Silts (WRAS).

2.0
1.0 — Nd /Yb < 1=> greater
_ N N
basaltic/mantle influence
G Nl /YD, > 1 => crustal

O =TT T T T T T T T T T T T 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu

Figure 6: Examples of WRAS normalized REE spectra from two distinct areas. Values used
to trace the orange and blue spectra are from a tephra layer from dite IODP346 U1429
(Ndn/Ybn = 0.66; ) and from river sediments from located in cristaline
environment from Korea (Ndn/Ybn = 1.48; ).
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Elemental ratios are also used for comparison. As an example, the Ndn/Ybny ratio (the
“N” in index means that the values used are normalised) is commonly used to compare the
HREE with the LREE composition as they may help to discriminate the origin of the sources
( ). In fact, ratios close to 1 are related to the WRAS composition, whereas
lower ratios (i.e., enrichment in HREE compared to LREE, see ) contain material
derived more directly from Earth’s mantle (such as basaltic rocks). Changes in Ndn/Ybn can be
very useful to identify the poorly evolved volcanic-born material compared to mainly granitic

crustal material.

Europium (Eu) also has a particular behavior because of its divalent characteristic in
reductive environment, such as in the mantle. As a consequence, this element is favorably
partitioned into plagioclase feldspar, and the REE spectrum of plagioclase-rich rocks is
generally characterized by positive Eu anomaly. In contrast, this anomaly is negative in the
upper continental crust. This anomaly is evaluated by the ratio Eu/Eu* where
Eu* = (Gd x Sm)*2,

According to the definition given by , trace elements are “those elements
that are not stoichiometric constituents of phases in the system of interest”. Trace elements
correspond to elements that are rare and represent less than 0.1% of a rock composition.
Consequently REE can also be considered as trace elements, but they are studied separately in
this work. Because all these trace elements have distinct behavior during magmatic processes
and during supergene weathering, their concentrations are very heterogeneous. Consequently,
they can give clues on the processes involved from rock formation, to its deposition in deep
marine environments. Similarly, trace elements can give insights on the provenance of detrital

sediments.

Trace elements can be divided into 2 groups: compatible, and incompatible elements.
The compatible elements are also called mantle rock forming elements (MRFE) because they
partition into the main constituent minerals in the mantle. MRFE are characterized by a low to
moderate cationic charge, and low to moderate cationic radius (such as Al, Si, Mg, Cobalt). The
other elements are termed incompatible because they partition into the melt during partial
melting of the mantle and during the crystallization processes of a magma. Consequently, these
elements are abundant in the continental crust. These incompatibles elements can also be
divided into two groups according to the ratio cationic charge/cationic radius (z/r). Elements

whose z/r ratio is below 2 corresponds to the large ion lithophile elements (LILE), while those
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with a z/r ratio is above 2 are called high field strength elements (HFSE). By definition, HFSE
are characterized by a small radius compared to their charge. Consequently, they have a high
electrical field strength (from where their name comes from) and can create strong bounding
with adjacent ions. The result is that HFSE are not mobilized by fluids during weathering
processes while LILE are mobile. Thus, the ratios of HFSE and LILE can give insights on these

weathering processes.

D. Radiogenic isotopes

Isotopes are atoms with the same number of protons (positive charge particle of the
core), but a different number of neutrons (neutral charge particle of the core). Two types of
isotopes are commonly used in geology and paleoclimatology: stable isotopes and radiogenic
isotopes; but recently, several scientists also start to explore clumped isotopes, by working on
molecules instead of on atoms. The study of stable isotope is mainly makes use of the different
behavior of different isotopes based on the mass difference whereas the study of radiogenic
isotope is mainly based on radioactive decay and ingrowth. Radiogenic isotopes are used to the

study the history of magmas as well as to track the provenance of terrigenous sediments.

Terrigenous sediments are the result of the erosion of older rocks; magmatic,
metamorphic, or older sedimentary. In all cases, these rocks had an ultimate origin as
crystallization products of a magma. The geochemical properties of the magma — and by
extension of the rock formed during their crystallisation — depend on several parameters such
as the geological context (hot-spot, subduction zone, collision zone...), the period of Earth
evolution (pre- or post- modern plate tectonics), the mode of crystallization (fractioned,
slow/fast, intrusive/extrusive,...). Even though this list is not comprehensive, it serves to stress
that all these processes may change the chemical composition of the magma, and thus, of the
rock formed when the magma cools. It implies major spatial and temporal heterogeneity of the
chemical composition of rocks. These characteristics can be used to track the provenance of
terrigenous sediment. In particular, each rock is characterized by specific isotopic ratios at its
formation. This ratio changes through time due to the natural decay of radioactive isotopes.
Simultaneously, other parameters can impact the isotopic ratio, such as weathering, but the
changes involved are specific to the element studied and are detailed below and schematized

on
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Figure 7: 3D bloc diagram showing the impact of the geological context and weathering
environment on isotopic composition of Sr and Nd, and the clay minerals produced onland.
Clay minerals indicated on this diagram correspond to the clay mineral assemblage delivered
to the ocean. On the left, is represented a passiv margin, similar to what is found along the west
African coast. On the right is shown an active margin, similar to what is found along the west

South American coast. Note that the impact of grain-size on Sr is not shown on this figure nor
the influence of wind sorting.

1 Samarium-Neodymium (Sm-Nd) system

Neodymium is a Light Rare Earth Element (LREE). Its atomic number is 60 and its
atomic mass is 144.24. It possesses 5 stable isotopes, and 5 radioactive. **Nd and ***Nd’s half-
life time is very long (6 and 9 orders of magnitude longer than the Earth life, respectively) and
can be considered as stable at geological time scale. **Nd is formed by the natural decay of the
147Sm according to the following equation:

147Sm >1Nd + o (o radioactivity)

Samarium (Sm) is also a LREE. Its atomic number is 62, and its atomic mass is 150.36.
Similarly to Nd, 7 Sm isotopes are found in nature. 6 are stable, whereas the 4’Sm is radioactive
with a half-life of 1.06 x 10! years (Faure and Mensing, 2005). Due to their similar properties,
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Sm and Nd react similarly to surficial weathering, making this system very useful to track
provenance changes. However, due to the small difference between the two ionic radii of these
elements, Nd is preferentially concentrated in the liquid phase during partial melting of silicate
mineral while Sm preferentially stays in the residual solid. Consequently, the continental crust
appears enriched in Nd relative to Sm compared to the mantle. This causes less production of
radiogenic Nd into the continental crust than the mantle.

The ratio used to study the isotopic composition of Nd is ***Nd/**Nd. Because the
variations of this ratio are low, the index eng is commonly used to express the isotopic ratio.
This ratio is calculated by comparing the ***Nd/***Nd of the rock/sediment analyzed to the
material thought to have formed the Earth, chondritic meteorites. The material is names CHUR

(CHondritic Uniform Reservoir) and eng is defined following the equation presented by

143Nd

144Nd
eNd (t) = 143Nd

——CHUR
144Nd

sample
—1 ] x 10000

In this equation, the value of the CHUR is dependent of the age chosen. To study the
paleo-provenance during the quaternary, the value for the CHUR (at t=0; i.e. ena(0)) is
0.512638. The higher eng value, the more abundant the radiogenic isotope (***Nd) is compared
to the non-radiogenic isotope (}**Nd); i.e., the higher the **Nd/***Nd ratio. High eng (close to 0
and higher) are considered as radiogenic, and lower eng are considered as non-radiogenic (or
unradiogenic). Usually, crustal rocks have very unradiogenic values (often below -10) whereas

basaltic provinces derived from the Earth’s mantle have radiogenic values (higher than 0).

Strontium is an alkaline-earth element. Its atomic number is 38 and its atomic mass is
87.62. The 4 stable Sr isotopes found in nature are: 8Sr (0.56%), %6Sr (9.87%), 8Sr (7.04%),
and ®8Sr (82.53%). Not all 8Sr is primordial and is partially formed from the natural p decay

of radioactive 8'Rb.

In contrast rubidium is an alkaline element. Its atomic number is 37 and its atomic mass
is 85.47. Rubidium possesses 2 isotopes in the nature: ®Rb (72.2%) is stable, whereas the 8’'Rb
(27.8%) is radioactive (half-life of 4.88 x10%° years; ).

In contrast to Nd and Sm, Rb and Sr have distinct geochemical properties and hence

changes in Rb/Sr ratio can impact the 87Sr/%Sr ratio that is used to reconstruct provenances.
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The Rb/Sr ratio tends to change according to the magmatic processes involved during the
crystallization of magma. During crystallization, Sr tends to concentrate in plagioclases, while
Rb tends to stay in the liquid phase. As a result, Rb/Sr ratio of the residual liquid progressively
increases during magma differentiation. As an example, mantle-derived rocks generally have
lower Rb/Sr ratios than crustal rocks. This implies that the 87Sr/2Sr of crustal rocks rises faster
than the mantle due to higher Rb concentrations. It means that the continental granites are

characterized by higher 8Sr/®8Sr ratios than the oceanic basalts.

The distinct geochemical behaviors during magma crystallization also imply that Sr and
Rb are found in different mineral phases. The Sr?* ion has a comparable radius to Ca®*, which
it can replace in many minerals. Consequently, Sr is mostly found in Ca-bearing minerals such
as plagioclase, apatite, or calcium carbonate (especially aragonite). The ion Sr?* can also replace
the ion K* in K-feldspars, but it must be coupled to a substitution of Si** by AI** to preserve
electrical neutrality. In contrast, the Rb" ion can substitute for K* in all K-bearing minerals.
Consequently, Rb is commonly found in micas (such as muscovite and biotite), K-feldspar,
clays, and evaporites. In detrital sediments, this mineralogical segregation of Rb and Sr causes
changes in the Rb/Sr ratios according to the mineralogy, which is often related to grain-size
with fine-grained clays being more Rb rich. Indeed, Sr-bearing minerals (plagioclases) are
generally more resistant during transport than Rb-bearing minerals (clays and micas). In
addition, clays and micas are generally smaller than plagioclases. As a result, in detrital
sediments, Rb/Sr ratios are higher in the fine fractions of the sediment than in the coarse

fractions, and 8/Sr/®Sr ratios increase when the grain-size is smaller.

The different properties of Rb and Sr also lead to chemical fractionation during surficial
chemical weathering. Rb is less compatible in fluids than Sr, meaning that Sr tends to be washed
out during chemical weathering whereas Rb tends to stay in the solid residue. As a result,
strongly weathered rocks —and especially those with high original Rb/Sr ratios- generally have

higher 87Sr/%Sr than well-preserved rocks.

To summarize, 8Sr/f®Sr ratios in detrital sediments increase when the weathered rock

is old, derived from an evolved magma, chemically weathered, and when the grain-size is finer.

The Pb is a post transition metal. Its atomic number is 82 and its atomic mass is 207.2.
Pb possesses 4 natural stable isotopes: 24Pb (1.4%), 2°6Pb (24.1%), 2°"Pb (22.1%), and 2°¢Pb
(52.4%). 2°*Pb is primordial, but 2°Pb, 2°7Pb, and 2%®Pb are all partially formed as the final
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product of complex decay chains of the 238U (t12=4.47 x 10%), 23U (t12=0.70 x 10%), and 2%2Th
(t12=14.01 x 10°), respectively

U and Th are both members of the actinide series of elements. Because their electron
configurations are similar, they have similar chemical properties. In addition, they both occur
in a tetravalent oxidation state in nature and have similar radii (U** = 1.05 A; Th** = 1.10 A;

). As a consequence, they can easily substitute for each other.
However, under oxidizing conditions, U forms uranyl ions (UO,?*), which correspond to a
valence of +6 for U. Uranyl ions are soluble in water, making it mobile under oxidizing
conditions. Consequently, it is separated from Th, which only exists in the tetravalent state
which is insoluble in water. As a result, under oxidizing condition, chemical weathering on-
land may progressively wash away U from rocks. This U-removal reduces the proportion of the
radioactive parents of °Pb and 2°’Pb that ultimately reduces their production, and thus, their
abundance in rocks. Becaue Th is not washed away by this process, the removal of U form
rocks as uranyl in water may decrease the production of 2%Pb and 2°’Pb compared to 2P,

which results from Th decay.

Even if U and Th generally occurs in similar accessory minerals, there are some Th-
bearing and U-bearing minerals such as uraninite (UO2) and thorianite (ThO2). Similarly,
apatite is sometime considered as an urogenic mineral, whereas monazite is considered as a
thorogenic mineral. These kinds of minerals are not always ubiquitous in crustal rocks. As a
consequence, the type of mineral carrying the radioactive parent of the Pb radiogenic isotopes

may also have an impact onto the isotopic composition of the 2°Pb and 2°’Pb compared to 2%Pb.

Lead is often classified into two types of Pb: the “common Pb” and the “radiogenic Pb”.
Common Pb is the primordial Pb (i.e., ?®*Pb), while the radiogenic Pb corresponds to all the Pb
isotopes formed by the radioactive decay of U and Th. These two kind of Pb are not in the same
proportion in all the mineral phases. In minerals characterized by low original U/Pb and Th/Pb
ratios such as plagioclase and K-feldspar, the evolution of Pb isotopes by radioactive decay is
rather low due to the low production of radiogenic Pb by radioactive decay. As a result, these
minerals are “enriched” in common Pb ( ). On the other hands, radiogenic Pb is
abundant in minerals with high original U/Pb and Th/Pb ratios that are old enough to produce
radiogenic isotopes by radioactive decay. These minerals include zircon, apatite, epidolite,
monazite, sphene, and uraninite ( ). Because all these last minerals are generally
accessories, the Pb isotopic composition is usually controlled by the plagioclase and the K-

feldars ( ). This heterogenous distribution of common and radiogenic Pb in
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mineral phases is responsible of a differential reaction of common and radioactive Pb during
chemical weathering. Indeed, phosphates such as apatite and monazite are less resistant to
chemical weathering than feldspars and silicate accessory minerals (

). Consequently, radioactive Pb is generally easierly washed away from rocks

than the common Pb, resulting a decrease of the relative proportion of radiogenic Pb in rocks.

Similarly, radiation dommage to the crystal structure can be caused during the
production of radioactive Pb, leading to the creation of a pathway favorising the migration of
radiogenic Pb to the liquid phase ( ). Finally, also showed
that grain boundary effects can impact the reaction of the Pb isotopic composition of a rock to
chemical weathering. Indeed, minor phases as well as mineral impurities concentrating
incompatibles elements (including U and Th) are concentrated at the surface of the minerals.
This configuration exposes them more to chemical weathering processes, and thus eases the

removal of radiogenic Pb from rocks during chemical weathering.

Finally, to conclude on the Pb isotopes, there is more radiogenic isotopes in old rocks
containing substantial accessory mineral phases, while chemical weathering tends to wash them

away and to reduce their proportion in rocks.

1.  Atmospheric Settings

The world’s climate is controlled by many parameters such as orbital forcing and the
position of the continents that specifically constrain the oceanic transport of heat. These
parameters are known to have a strong impact on rocks weathering, sediments transport, and
oceanic and atmospheric circulations. Due to the shortness of the time period under study (25-
50 kyr), the position of the continents can be considered as constant. Here, we only consider

the main climatic phenomena occurring over our study area, and their variations through time.

The Earth’s atmosphere is composed of several layers: the troposphere, the stratosphere,
the mesosphere, the thermosphere, and the exosphere. However, most of the climatic structures
studied in this work are located in the troposphere. Consequently, when talking about the
atmosphere, we only refer to the lowest layer that contains most of the water vapor: the
troposphere. This troposphere is ~8-16 km thick and is thicker at the equator than at the poles.
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A. Modern atmospheric circulation
1 General circulation
a. Latitudinal atmospheric circulation

The Earth’s atmosphere is constituted by three main hemispheric cells: the Hadley cell, the
Ferrell cell, and the Polar cell (figure 8). These cells are the direct result of pressure gradients
caused by the latitudinal insolation gradient. However, the Coriolis force, corresponding to an
inertial force generated by the rotation of an object, strongly modifies the atmospheric

circulation on Earth.
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Figure 8: General atmospheric circulation (Urbano, 2011). The Hadley circulation cells

Sub-tropical
high

Sub-polar low

'

are represented in red, the Ferrel circulation cells in light blue, and the Polar circulation cells
in dark blue.

At the equator, the insolation is maximum, and the air is characterized by high
temperature and low pressure. It implies a convergence of the air masses in the area, which is
called the Inter Tropical Convergence Zone (ITCZ). This air migrates from higher latitude
characterized by higher pressures, and is loaded in moisture due to high evaporation involved
by the high temperature of these regions. At the ITCZ position, the warm and humid air rises,
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generating strong rainfalls (including thunderstorms) until it meets the tropopause. Locked by
this tropopause, the humid air is then pushed poleward by the constant flux of air coming from
below. When migrating poleward, the air is also deviated eastward by the Coriolis force.
Simultaneously, the air cools, loses its moisture, and starts to sink between the latitudes 30° and
35° called the “Horse Latitudes”. Because the air has lost his entire moisture when reaching
these latitudes, it generates vast desert areas, including the most famous one: the Sahara.
Finally, due to the high pressures prevailing in these areas, the air that sank starts to move
equatorward again and is deviated to the West by the Coriolis force, generating winds called
North (South) easterly trades in the northern (southern) hemisphere. All this circulation is
known as the Hadley cell.

In contrast, the insolation is minimum at the poles, where the air is consequently
characterized by high pressure and very low temperature. This cold and dry air migrates to
temperate areas through the lower part of the atmosphere, explaining the occurrence of dry cold
deserts around the poles (such as Antarctica). During this migration, the air is again deviated
westward by the Coriolis force, and is also progressively warmed and loaded with moisture. At
the latitude 60°, so called “Polar Front” (PF), the air starts to rise and to loose moisture,
generating humid areas over temperate latitudes. In the upper part of the atmosphere, the air is
pushed similarly than at the ITCZ, and migrates to its initial polar position. During this
migration, the air is deviated to the East by the Coriolis forces, and releases it moisture as

rainfall. This polar circulation constitutes the Polar cell.

The third atmospheric cell directly results from the Polar and Hadley cell circulations
and is known as the Ferrell cell. In the lower part of the atmosphere, the Hadley cell generates
high pressure in the tropical areas, while the Polar cell generates low pressure at 60° latitudes.
The warm and dry air close to the ground from the tropics (~30° latitude) migrates to the 60°
latitudes. It is deviated eastward forming winds called Westerlies, and is loaded with moisture.
When reaching the lower pressure areas, the wet air meets the wet air from the Polar cell and
they rise together. Then, it migrates to its initial tropical position in the higher part of the
atmosphere. During this migration, the air looses its moisture as rainfall, which also explains
the humidity of the temperate areas. When back to the tropical latitudes, the air sinks and

migrates again to higher latitudes.

b. ITCZ motion, and monsoon Activity
The monsoon is very well known in India since it is associated with very strong rainfall.

However, this phenomenon is present at almost all tropical latitudes. In fact, a transitional zone
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with alterning seasonal dry and wet seasons (the so-called “monsoon”) is often observed
between wet equatorial and dry tropical areas, resulting from the seasonal migrations of the
ITCZ. This phenomenon is mostly caused by the thermal gradient between the ocean and the
continent due to high thermal ocean inertia. At the beginning of the summer, the continent
warms faster than the ocean, promoting the development of warm and low pressure atmospheric
areas over the continent, while high pressure cells appear over the ocean surface. As a result,
the humid air evaporating from the ocean migrates toward the continental low pressure areas

generating strong precipitations on land.

In January, the ITCZ is at its southernmost position. As a result, strong rainfalls are
observed in tropical regions in the southern hemisphere, and dry and windy conditions are
observed in the same areas in the northern hemisphere: it is the summer monsoon in the southern
hemisphere, and the winter monsoon in the northern one. Then the ITCZ migrates northward
until it reaches it northernmost position at the end of June or early July. The situation is then
reversed with summer monsoon in the northern hemisphere, and winter monsoon in the
southern one. From August to December, the ITCZ migrates southward back to its initial
position. The timing and the duration of winter and summer monsoons vary from a few weeks
due the complex latitudinal position of the ITCZ, and to some discrepnacies in migration and
displacement timing.

a. Antarctica

The entire continent is located in the southern hemisphere Polar cell, and is consequently
under the influence of the cold and dry polar easterlies. The climate over Antarctica is very
uniform and polar. Almost all the continent is covered by thick ice sheets (99%), and this area
records the coldest temperature ever measured on Earth at the Vostok station (-89.2°C). The

entire continent is a cold desert, making it the largest desert area on Earth.

b. South America

The climate in South America is strongly influenced by the Andes Mountains, which
constitutes a continuous North-South barrier to easterlies and westerlies. It is responsible for
different humidity conditions on each side of the Andes ( ). In a general way, at tropical
latitudes, the easterly trades transport moisture from the Atlantic Ocean towards the East. This
moisture is blocked by the Andes piedmont where humid conditions develop, while dry and
arid conditions prevail on the western sides of the Andes. By contrast, at temperate latitudes,
the westerlies promote transport moisture from the Pacific Ocean toward the western part of
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the Andes, whereas the eastern part stays dry and arid. Modern moisture and climatic conditions
are described thereafter.
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Figure 9: Observed annual total precipitation (in millimetres) from 1976 to 2009. Figure
from the NOAA’s website (National Oceanic and Atmospheric Administration;

https://www.esrl.noaa.gov/psd/; using the data from (Libmann and Allured, 2005).

East of the Andes, four latitudinal areas can be distinguished: equatorial and tropical
latitudes, subtropical latitudes, and cool-warm temperature zone. Equatorial and tropical
latitudes are controlled by the South American Monsoon System (SAMS). Like other monsoon
systems, the SAMS is strongly influenced by the ITCZ position and by land-sea surface gradient
(\Vera et al., 2006). However, the SAMS is also influenced by an important convection band

named the South Atlantic Convergence Zone (SACZ). This cloudy band extends from the
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southern Amazonia toward the southeastern Brazil and the surrounding Atlantic Ocean (

)- The equatorial area is characterized by warm
conditions associated with significant rainfall. This rainfall is quite homogeneous over the
Amazon basin, however, the coastal areas and the Andean foothills receive much higher
rainfalls (up two 3 times higher; ). The vegetation in this area is mostly
composed of dense forests. The tropical areas know intense summer rainfalls, dry winters, and
moderate rainfalls the rest of the year. These areas correspond to northern Venezuela, and
eastern Columbia, north of the equator, and to the Brazilian highlands south of the equator. The
vegetation cover of these areas is mostly composed of woodland savannas, but tropical forests
occur near the Andes, and tropical scrub woodlands dominate the San Francisco River drainage
basin. The third area corresponds to the subtropical zone lying between 25 and 40°S. It is
characterized by highly seasonal rainfall concentrated during the summer. The vegetation is
characterized by tropical forests, and by tropical scrub woodlands close to the Andes. Over the
Pampa, the rainfall occurs as heavy showers concentrated into a few annual rainy days
( ). The vegetation is adapted to this very particular climate and is known as
Pampa grassland. The last area is the cool-warm temperate zone. This area is dry and can be
classified as a semi-arid desert and is called Patagonia. The very dry conditions characterizing
over this area ( ) are responsible for the very poor vegetation cover, mainly composed

of shrubs and grasses known as the Patagonian steppe ( ).

Another important feature characterizing South America is the South Westerly Wind
Belt (SWWB; ). This belt, briefly described hereafter, is responsible of important
rainfalls over southernmost Patagonia, and particularly on the west side of the Andes.
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Figure 10:  Schematic diagram showing precipitation patterns in summer and atmospheric
circulation over South America for the last 4 000 years (Cruz et al., 2009). Red arrows
represent the atmospheric convection cells. Note that the westerly wind belt is not represented
on this figure.
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Figure 11:  Percentage of annual precipitation received during December, January, and
February (left part); and during June, July, and August (right part). Figure from Flantua et al.
(2016).

The western part the Andes is not likely to supply any sediment toward our studied sites,
with the exception of the southernmost part, this area is only briefly described. Equatorial
climate dominates north of ~5°S. From 5 to 30°S, the climate is arid and warm. From 30°S to
40°S, the climate is more humid, with strong summer rainfall. The southernmost part, south of
40°S, is characterized by very strong winds and significant rainfall, largely received as snow
because of the high relief in the area. This important snowfall is the origin of important land

glaciers in the area (Clapperton, 1993).

C. Africa

Based on the main oceanographic and atmospheric configurations, Africa is not
expected to be a major contributor to sedimentation in our studied sites. However, in order to
be able to identify or to rule out any contribution from this continent, it is necessary to have a
general idea of its characteristics, even if only focusing on the main sources area. Africa
includes various climatic conditions. However, even if the East African Rift can acts as a small
climatic barrier, there is no major mountain chain such as the Andes as in South America.
Consequently, the spatial distribution of these climates in Africa is mostly latitudinally

controlled. Here we describe these different climate zonations.
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Desert and Humid areas

As in most parts of the world, the latitudes around 30° in Africa experience very dry
climatic conditions. These deserts are the direct result of the Hadley Cell described in
part II.A.1.a. These areas correspond to the Sahara in the northern hemisphere, and to the
Namibian desert in the southern hemisphere.

The African Monsoon

The African monsoon is strongly related to the ITCZ position, which is in turn strongly
linked to Earth obliquity. The geographical organization of the African monsoon is mostly
latitudinally controlled (see figures 12 and 13). Indeed, today, in the northern hemisphere, the
summer monsoon is generally located south of a line between northern Senegal and southern
Sudan. In the southern hemisphere, the southern limit of the summer monsoon is generally
located north of Namibia.
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Figure 12:  Schematic diagram of the general circulation pattern of winds and pressure over
Africa in January (Nicholson, 1996). Dotted line represent the ITCZ. Pressures are indicated
in hPa.
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Figure 13:  Schematic diagram of the general circulation pattern of winds and pressure over
Africa in January (Nicholson, 1996). Dotted line represent the ITCZ. Pressures are indicated
in hPa.

3. Circumpolar Islands

The climate over the circumpolar islands (i.e., volcanic islands located on the Antarctic
circumpolar current pathway) is cold to cold temperate climate. The seasonal thermal amplitude
is relatively low and regulated by the oceanic conditions (i.e., Antarctic circumpolar current).
All these islands are located on the westerlies pathways. As a consequence, they are regularly
submitted to strong winds and to frequent storms. Most of them, such as the Kerguelen Islands,

are partially covered by ice sheets.

B. Past atmospheric circulation

1 General circulation changes

The quaternary period of Earth history started 2.6 million years ago and is characterized
by a succession of glacial and interglacial periods. These cycles are mainly controlled by the
orbital parameters of the Earth defined by Milankovitch (1941, see figure 14). They are caused
by the eccentricity of Earth’s orbit (cycle of 100 000 and 400 000 years), the obliquity of Earth’s
rotation axis (cycle of 40 000 years), and the equinox’s precession (19 000 and 23 000 years).

These variations are at the origin of temporal variations of solar insolation.
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Figure 14:  Orbital parameters of the Earth.

These glacial-interglacial variations induce major changes in climatic conditions that
lead to temperature and salinity variations in the oceans. These variations can be recorded in

oxygen isotope ratios (580) measured in the skeletons of organisms, as foraminifera: This

180
proxy is calculated using the following formula: §180 = 1000 x [((f%);ﬂ — 1] were the
m W

SMOW is the Standard Mean Ocean Water. The response of the oxygen isotopes to changes in
insolation is not linear (figure 15), but the major temporal variations in 520 are used to delimit
marine isotopic stages (MIS) corresponding to a glacial or interglacial period. Even MIS
correspond to interglacial periods, and odd MIS correspond to glacial periods. The abrupt and
large climatic variations that occur during major deglaciation phases are called terminations
(figure 15). Terminations are labelled using roman numbers, and Termination | corresponds to
the last major deglaciation. The present study will focus on this particular termination. For this
latter (Termination 1), the climatic changes represent a sea level rise of ~120 m (Grant et al.,
2014), and a global warming of more than 15°C at the poles (Cuffey and Clow, 1997) in less
than 10 000 years.
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Figure 15:  NGRIP ice cores 680 from Andersen et al. (2004) (zoom only) and GLT_syn
simulation of 50 from Barker et al., (2011) (0-450 ka) and June insolation at 30°N.
Terminations on the first part of the figure are highlighted by grey areas and numerated from
Tl to TV. The MIS are numerated on the 60 curve from MIS 1 to MIS 12. On the second part,
a zoom is made on the last 20 kyr, including the last termination. The Younger Dryas (YD) and
the Heinrich Event 1 (HE 1) are highlighted by grey areas. The latters also delimite the
Holocene, the Bolling Allerod (B-A) and the Last Glacial Maxima (LGM) periods. On this
figure the discrepancy between 530 and insolation is visible at both scale (20 kyr and 450 kyr)

and demonstrate that the climate does not react linearly to insolation.

The Termination | is not a linear deglaciation and is composed of three main phases.
The first one starts with the collapse of the Laurentide ice sheet, generating the huge liberation
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of icebergs and fresh water to the ocean. This event is known as Heinrich Event 1 (HE 1),
characterized by the occurrence of ice rafted debris (IRD) in North Atlantic Ocean sediments
( ). This event is responsible for the cooling of the northern hemisphere between
~17 ka and 14.8 ka and is concomitant with a warming of the southern hemisphere called
Antarctic Warm Event. This transmission of the perturbation from one atmosphere to the other
is often referred as interhemispheric seesaw ( ). These interhemispheric
seesaw processes generally involved opposite variation in the two hemisphere: a warming in
one hemisphere is generally followed by a cooling in the other ( ). Other
Heinrich Events (HE) and their associated Antarctic Warm Events have been recorded in
various records. These events must not be confused with the term Heinrich Stadials (HS) that
is also commonly used. The term “Heinrich Stadials” encompass Heinrich Events and
correspond to a period were stadial climatic conditions occurred (cold northern hemisphere)
while the term “Heinrich Events” only refer to northern hemisphere ice sheet collapse events
that lead to fresh water input and ice rafting surge in the North Atlantic Ocean. Heinrich Stadials
usually starts slightly before Heinrich Events (0-2 kyr) and most of them are associated to
Antarctic Warm Events. The second deglaciation phase is called the Bglling-Allergd (B-A) and
corresponds to a warming of the northern hemisphere (from 14.7 to 12.7 ka). Meanwhile, the
southern hemisphere underwent cooling conditions, known as the Antarctic Cold Reversal
(ACR). The third phase of the deglaciation, the Younger Dryas, starts in the northern
hemisphere when the ACR is still ongoing in the southern hemisphere, and is characterized by
a cooling of the northern hemisphere. It corresponds to the last oscillation of the deglaciation
betwwen 12.7 and 11.5 ka. This period, also referred as the HE 0, experience important iceberg
activity. Finally, the Younger Dryas is marked in the Southern Hemisphere by a slight warming.
This last oscillation marks the end of the deglaciation, and the beginning of the actual Holocene
interglacial period. In our study, two of the sediment cores record the last 50 ka: HE 2, 3, and
4 are visible between 22 and 24 ka, 29 and 31 kyr, and 35 and 38 ka, respectively (
).

All these changes in orbital forcing, insolation distribution, and climatic conditions
resulted in a continuous reorganization of atmospheric conditions. In particular, the boundaries
between atmospheric cells were subject to latitudinal shifts in response to these forcings. As an
example, the position of the ITCZ is generally more northerly during interglacial periods, and
more southerly during glacial periods. Past evolutions of the ITCZ have been recorded in many

palaeo-proxy records: in speleothems (
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Wang et al., 2008; Cheng et al., 2006, 2012; Caley et al., 2014; Jo et al., 2014; Novello et al.,
2017), paleosols (An et al. 2000; Jo et al., 2014; Rousseau et al., 2009), as well as in marine
sediments (Kaplan et al., 2016; Beny et al., 2018; Zhao et al., 2018). This latitudinal variation
implies significant variation of summer and winter monsoon activities through time. For
example, it is well established that the northern hemisphere had enhanced summer monsoon
rainfalls during interglacial periods (Ayliffe et al., 1998; An et al. 2000; Wang et al., 2008;
Cheng et al., 2009, 2012; Rousseau et al., 2009; Caley et al., 2014; Jo et al., 2014; Beny et al.,
2018), and that enhanced winter monsoon winds occurred during glacial periods (An et al.,
2000; Hu et al., 2012; Beny et al., 2018).

Similarly, although still subject to debate (Hesse and McTainsh, 1999; Kohfeld et al.,
2013; Sime et al., 2013), several studies suggest that the Southern Hemisphere westerlies were
stronger and shifted equatorward during the last glacial periods (Moreno et al., 1999; Lamy et
al., 2001; Toggweiler et al., 2006). In particular, Moreno et al. (1999) suggest, based on pollens
recovered from the Canal de la Puntilla (41°S), that the westerlies were located north of 41°S

during the last glacial period, whereas they are located at 50°S today.

2. Regional circulation changes

a. Antarctica

Antarctica was submitted to stronger easterlies during cold periods, resulting from a
northward migration of the circumpolar climatic front associated with a stronger southern
hemisphere Polar cell. This phenomenon is particularly clear in Antarctic Ice cores in which
higher aeolian activitie are observed in the Dome C ice core (Grousset et al. 1992) and in the

Vostok ice core (Petit et al., 1990) during glacial periods.

b. South America

The position of South American climatic structures (i.e. ITCZ, SACZ, SWWB) is
controlled by summer insolation (Cruz et al., 2009), oceanic conditions (Kilian and Lamy,
2012), and thus, by the orbital parameters. As a result, important climatic changes occurred
during the deglaciation and during the Holocene in South America, and more generally during

all glacial terminations.

At a global scale, the ITCZ was located southward during glacial periods compared to
interglacials (Jo et al., 2014). These shifts have mainly been identified in speleothem records
worldwide (East Asia: \Wang et al., 2001, 2008; Yuan et al., 2004; Dykoski et al., 2005; Cheng
et al., 2016; Australia: Ayliffe et al., 1998; India: Dutt et al., 2015; Raza et al., 2017; South
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America: ) and resulted in an anti-phasing of
summer monsoon rainfall intensities between the southern and the northern hemispheres. In
South America, although past moisture conditions are still highly debated, some consensual
conclusions can be drawn ( ). During the LGM, the South American
monsoon rainfall was lower than today (

) partly due to a rather short wet season ( ). This change is likely due

to reduced evaporation from a cooler sea surface in the Atlantic ( ).

In southern Brazil, speleothem records indicate that rainfall intensities were controlled
by the austral summer insolation at orbital time scale ( ) while abrupt
increases of rainfall were likely driven by changes in the AMOC (Atlantic Meridional
Overturning Circulation) during Heinrich Stadials and the Younger Dryas (

). As a result, rainfall over southern Brazil during the LGM was likely similar to today,
while it was probably weaker during the Early-Mid Holocene and stronger during the
deglaciation ( ). Indeed during the Early Holocene (12 to 8 ka), the
SWWA retracted to the South, causing relatively weak winds and low rainfalls over southern
Brazil and Patagonia ( ). However, forest expansion in
southern Patagonia suggests that this area could have received stronger rainfalls during this
interval compared to the deglaciation ( ). During the Early to Mid-Holocene
transition, Patagonia experienced Holocene driest conditions likely due to the northward
migration of the SWWB ( ). This migration promoted
maximum ice field growth and sea ice expansion in Patagonia between 6.1 and 4.5 ka (

). Cold and dry Mid Holocene conditions were followed by warm and humid
conditions during the Late Holocene (since 4 ka). The transition between these two periods is
marked by a southward shift of the SWWB causing weaker winds but stronger rainfall over the
southern Brazil and southern Patagonia (

) leading to conditions
close to the present day climate. All these observations highlight the particularly high variability

of the South American climate during the Holocene.

C. Africa
As described in , climate over Africa is strongly influenced by the ITCZ
migrations. Most records indicate that dry conditions prevailed during the LGM (23-18 ka;
) due to a weak global hydrological cycle. At the beginning of the HS 1 (17-16 ka),

a wetting and warming phase occurred ( ). Two rapid arid to humid transitions are
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observed between 15 and 14.5 ka and between 11.5 and 11 ka ( ). During the
Holocene, two dry periods are recorded at the vicinity of the 8.2 ka event (from 8.4 to 8 ka) and

between 4.2 to 4 ka ( ).
d. Circumpolar Islands

The variation of the climate in the circumpolar islands is tightly linked to the changes
in oceanic condition, as well as shifts in the SWWB. As described in part , the SWWB
was stronger during the LGM, causing windier conditions over the circumpolar islands.

Similarly, circumpolar oceanic fronts (see part for details) were pushed equatorward
( ) during the LGM. Consequently, the climatic conditions were colder

over these islands.

[11.  Oceanographic settings

A. Modern Surface Circulation
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Figure 16: Schematic representation of the South Atlantic surface circulation (
).
shows the general surface circulation in the South Atlantic. The main features

in the South Atlantic are the Subtropical Gyre, and the Angola Gyre. The Angola Gyre is
delimited to the north by the South Equatorial Counter Current, to the east by the Africa
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continent, and to the south-west by the South Equatorial Current. This last current corresponds
to the northern limit of the Subtropical Gyre and flows westward to the eastern South America.
Here it splits into two branches: North Brazil Current which flows northward, and Brazil
Current which flows southward along the South American coast ( ).
At this location, the Brazil current meets the cold Falkland Current, shifts to the east, and leaves
the coast. There, part of the Brazil current flows northward to form the Brazil Current Front,
and another part flows to the east until the South Atlantic Current. This current goes east until
it meets the African continent where a part reaches the Benguela Current, which flows directly
into the South Equatorial Current, and the other part enters the Agulhas Current. The South
Equatorial Current, the Brazil current, and the South Atlantic Current together define the limits
of the Subtropical Gyre. The southern limit of this gyre corresponds to an important
convergence zone: the Subtropical Front (STF, also called subtropical convergence,

). The STF corresponds to the northern limit of the Antarctic Circumpolar Current (ACC),
and thus marks the northern limit of the Southern Ocean. North of this front, surface water
minimum temperatures range from 11°C in winter to 14.5°C in summer ( ) and

salinities are ca. 34.9 psu (practical salinity unit, ).

The Southern Ocean connects the three main oceans (i.e. Atlantic, Indian, and Pacific).
It is a one of the main features of the global overturning circulation and monitors the global
transport of heat, of fresh water and other properties influencing climate ( ).
The most remarkable feature in the Southern Ocean is the ACC, which flows eastward without
being stop by any land barrier. The northern limit of this ACC is delimited by the STF, whereas
it is limited to the south by the Antarctic Divergence ( ). The STF is remarkable
because it is marked by rapid changes of sea water temperature and salinity corresponding to
the northern limit of cold circumpolar waters - at least 4°C and 0.5 psu - (
). This front is located around 40°S in the southern
Ocean and is only interrupted by the South American continent ( ). The Antarctic
Divergence defined as “the limit between the eastward flowing ACC and the westward flowing
Antarctic Coastal Current” ( ) marks the southern ACC boundary. Other oceanic
fronts are present within the ACC: the sub-Antarctic Front (SAF), and the Antarctic
Convergence called the Polar Front (PF). The SAF corresponds to a salinity minimum (
), while the PF is a convergence zone where the surface waters sink due to buoyancy

loss and form intermediate and deep waters.
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B. Modern intermediate and deep circulation

1. South Atlantic sector

The South Atlantic deep and intermediate circulation is characterized by a conflict
between northern sourced water masses, and southern sourced water masses (figure 17). Four
water masses flow northward (so-called southern sourced water masses): the AntArctic
Intermediate Water (AAIW), the Lower and the Upper Circumpolar deep-water (LCDW and
UCDW), and the AntArctic Bottom Water (AABW); and one water mass flows southward: the
North Atlantic deep-water (NADW).
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Figure 17:  Schematic representation of the large scale NADW (red arrows) and
AABW/LCDW (light blue arrows) flow (redrawn from Stramma and England, 1999).

The North Atlantic deep-water (NADW) is formed in the North Atlantic, particularly in
the Labrador and the Nordic Seas. The NADW propagates southward in the South Atlantic
Ocean via the deep western boundary current (DWBC) that flows along the South American
shelf until ~45°S where it diverges eastward (Reid, 1989; Stramma and England, 1999, figure
17). A second branch of the NADW leaves the South American shelf near the equator and
further reaches the African shelf in the Angola Basin (figure 17). This branch flows south until
the Cape of Good Hope where it enters the Indian Ocean. Along all these pathways, the NADW
contains circulation cells, responsible for important water export in the Angola Basin,
Argentine Basin, and particularly in the Brazil Basin (figure 17, Stramma and England, 1999).
The NADW is characterized by high temperature (between 2 and 4°C), high salinity (around
35 psu, Schlitzer et al., 2018), high oxygen content (~250 umol/kg), and low nutrient content
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([PO4>] ~1.5 umol/kg) compared to southern waters. Its density is 27.76 kg/m® and the volume
transport ranges between 18 and 26 Sv. The NADW penetrates the Circumpolar Deep-Water
(CDW) in the Southern Ocean between 45°S and 55°S (Reid, 1989) where this CDW splits into
two distinct water masses: the Upper, and the Lower Circumpolar deep-water (UCDW and
LCDW). The UCDW flows northward above the NADW, while LCDW flows northward
beneath the NADW (figure 18).
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Figure 18:  Deep-water masses, as observed on the CTD profile GA02 from GEOTRACE
data. Delimitations between CDW and all other water masses (except the AABW) are drawn
following the isoline [PO+*]1=1.75 umol/kg (Data from Rijkenberg et al., 2014; Salt et al.,
2015). Delimitation between CDW and AABW is drawn following the isoline 0°C using the data
from Mawji et al. (2015)

Although some part of the CDW flow northward in the South Atlantic, as described
above, most of the CDW flows eastward around Antarctica. The UCDW is characterized by
low dissolved oxygen (<200 pmol/kg), high nutrient concentration ([PO4*] >2 umol/kg), and
low salinity (~34.6 psu Orsi et al., 1995). South of the Polar Front, it forms a potential
temperature maximum of at least 1.7°C. The northern extension of UCDW is very asymmetric
as it is more developed in eastern part of the South Atlantic than in the western part (Larque et
al., 1997). West of the Mid-Atlantic Ridge (MAR), the UCDW thickness progressively
decreases until 20-22°S (Larqué et al., 1997) where only a diluted version is found. From this
point, the UCDW characteristics vanish very rapidly (Larqué et al., 1997). East of the MAR,
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the UCDW contribution is much stronger, while the stratification of the Atlantic is much weaker
(Larqué et al., 1997). The LCDW exhibits a similar longitudinal distribution than the UCDW,
although it is much more constrained by the sea floor topography. West of the MAR, the LCDW
enters the Argentine Basin via the Drake Passage. It reaches the Brazil Basin via the Vema
Channel, the Hunter Channel, and the Lower Santos Plateau (figure 17; Speer and Zenk, 1993).
East of the MAR, the LCDW is abundant in the Cape Basin, but almost absent and diluted in
the Angola Basin because of weak but thick NADW (Larqué et al., 1997). The lower part of
the LCDW mixes with the upper part of the AABW, which allows the export of AABW further

north.
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Figure 19:  Bathymetric map and toponimy of the South Atlantic Ocean.

The AABW constitutes the southernmost-born water mass as it is produced along the
Antarctic continental shelf. Currently, this formation takes place in winter when the sea water,
already close to freezing, becomes saltier due to sea ice formation, which increases its density
(Foster and Camarck, 1975; Orsi et al., 1999). The properties of AABW mostly depend on their
production area. For example, the AABW that forms in the Ross Sea is saltier than the AABW
originating from the Weddell Sea (Orsi et al., 1999). However, the Drake Passage prevents any
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exchanges between these two types of AABW ( ), and the AABW in the Atlantic
sector is almost exclusively generated in the Weddell Sea. The AABW production takes place
at only a few places. demonstrated the formation of a very cold type
of bottom water in the vicinity of the shelf break between 29 and 40°W. They also showed
important formation of bottom water along the Antarctic Peninsula’s tip, between 35 and 55°W
and north of 65°S. This mode of formation of bottom water is called the Polynas Mode.
However, in the Weddell Sea, even if poorly represented today, a second mode of formation of
bottom water likely occurred in the past: the Ice Shelf Water mode, which corresponds to
bottom water formation under the Antarctic ice shelves due to super-cooling (

). After sinking, the AABW flows into the Weddell Gyre where it is
very thick (more than 4000m, ). A part of AABW reaches the Argentine basin,
where it is partly exported to the Brasil basin via the Vema Channel, the Agulhas Basin
(Atlantic Ocean; ), and the
Crozet Basin (Indian Ocean, not shown on the figure; ). The
northernmost expansion of AABW is about 10°S ( ). However, most of the AABW
does not flow north of 50°S. The AABW is very cold (6<0.1°C), moderately salty (34.6-
34.7 psu, ), oxygen poor ([02] ~220 umol/kg), and nutrient rich ([PO4%]
~2.1 umol/kg). It is also interesting to note that the AABW has a high content in dissolved
silicates (>100 umol/kg), and nitrates (>30 umol/kg; ).

The last important water mass is the AAIW, which is mainly generated north of the

Polar Front (PF) around Antarctica by buoyancy loss of the ACC. This water represents a
salinity minimum that flows northward to reach up to 1000 m depth at the Equator (

). Because AAIW formation occurs far from the continental margin, its capacity to

transport sediment is likely low compared to the other deep-water masses. In addition, the

AAIW is thinner than other deep-water masses. Consequently, in this study, the contribution of

AAIW is considered negligible compared to the three main deep-water masses.

The Kerguelen Plateau is located in the South Indian Sector of the Southern Ocean. It
constitutes a major obstacle to the ACC flowing eastward and splits it into several branches
( ). Presently, two thirds of the ACC flow is deviated north of the Kerguelen-Crozet
Plateau (i.e. ACC-core; 89-94 Sv; ) and lies south of the Sub-Antarctic Front
(SAF). The remaining one third of the ACC flow is flowing through the Fawn Trough (i.e.

Fawn Trough Current; 43Sv; ). This southern branch then deviates northward
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along the eastern flank of the Kerguelen-Crozet Plateau to rejoin the ACC-core (Park et al.,
2009). Secondary branches (8Sv) flowing onto the Kerguelen Plateau are also reported by Park
et al. (2009, 2014) and are associated to the Polar Front (PF). These branches move slowly

when crossing the Kerguelen Plateau (<5 cm/s; Park et al., 2014).
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Figure 20:  Present day deep and bottom circulation of the Kerguelen sector of the Southern
Ocean. Dark blue, red, yellow and green arrows: present day organisation of ACC branches
according to Park et al. (2009); light blue arrow: present day DWBC (i.e. AABW) according
to Fukamachi et al. (2010); dashed light blue arrow: position of the DWBC during Heinrich
Stadial period suggested by geochemical data from this study. SAF: Sub Antarctic Front.

The Kerguelen Plateau also acts as a barrier for the westward flow of AABW, which is
deviated northward as the so-called Deep Western Boundary Current (DWBC). The
northwestward transport of this current is estimated to be 16 to 22 Sv (Aoki et al., 2008;
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Fukamachi et al, 2010), of which 8.4 Sv are redirected to the Southeast, resulting in a net
equatorward export of AABW of 8 Sv. According to Aoki et al. (2008), the AABW transported
by the DWBC originates from both the Adélie Land (between 140 and 150°E, Bindoff et al.,
2000) and the Princess Elisabeth Trough (i.e. in the Prydz Bay). Close to the Antarctic
continent, the AABW interacts (e.g. mixing; Orsi et al. 1999) with the westward along slope
current from Antarctica (Antarctic Slope Current, ASC). This current remains restricted to the
Antarctic continental slope while the AABW formed on the continental shelf flows below the
ASC and is exported to the deep oceanic basins (figure 21).

ASC

Antarctic ice sheet

Figure 21:  Organisation of AABW and ASC circulations around Antarctica. AABW forms

on the continental shelf via interaction with sea ice and/or the Antarctic ice sheet and falls from
the shelf to the abyssal plain by flowing below the ASC on the continental slope. The ASC flows

along the continental slope and is not exported to the abyssal plain.
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C. Past oceanic circulation

60°S 0 70°N
B
60°S 0 70°N
Figure 22:  Simplified deep Atlantic circulation ( ). A: Modern deep circulation;

B: Last Glacial deep circulation.

During the Quaternary, the characteristics of deep-water masses were not constant. The
past evolution of the Atlantic Meridional Overturning Circulation (AMOC) is still a matter of
debate (

). However, some common features are accepted by a majority of the scientist
community: 1) the southern extent of the NADW is reduced during glacial periods, whereas the
northern extent of southern-born water masses is maximum (see

), 2) the Antarctic Circumpolar Current (ACC, including the

CDW) likely displayed high velocities associated with enhanced westerly winds during the
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LGM ( ), and 3) the South Atlantic
and the Southern Ocean are rather highly stratified during the LGM, and the ventilation
recovery during the deglaciation is known to enable the release of CO> from the ocean to the
atmosphere ( ).
Finally, abrupt variations during the deglaciation have also been observed during the Heinrich
Stadial 1 (HS 1, which encompasses the Heinrich Event), the Bolling-Allerod (BA), and the
Younger Dryas (YD, ). The
release of cold and fresh water during Heinrich Events 0 (i.e. YD) and 1 likely caused a
shutdown of the AMOC during these periods. The Bglling Allergd is marked by a deepening
of the AMOC, and a recovery of the NADW strength. Similarly, similar shutdown of the
AMOC generated by the release of fresh waters are associated to ventilation overshoots in the
Southern Ocean during HS 1 and the YD, raising the atmospheric CO, from 180 ppm to
280 ppm in two steps (

).

The evolution of the ACC and the AABW are controversial. Studies close to our
Kerguelen sites suggest stronger ACC during the Last Glacial Maxima (LGM) compared to the
Holocene ( ), Whereas a study
based on sortable silts in the Scotia Sea (Southwest Atlantic sector of the Southern Ocean) show
no major changes during the LGM ( ). The evolution of the DWBC is poorly
known, however, northward expansion of AABW during glacial periods has been reported in

other areas ( ).

V. Geological Settings

Our study sites (South Indian and South Atlantic sectors of the Southern Ocean) may
receive sediments from many geological formations under multiple climatic conditions. These
background conditions may have a substantial impact on the flux and on the composition of the
sediment delivery to our sites. Thus, it is necessary to constrain the regional geology and the
effects of climatic conditions on this geological background before interpreting any possible
provenance informations. However, since the size of potential source areas corresponds to
~20 % of the Earth’s surface, the provenance signal is smoothed and local bias are likely

negligeable. Consequently, we focus on large-scale features and general properties of potential

sources. In addition, the isotopic data from the literature are detailed in . Some maps
( , generated from this database, are used to constrain the geographical
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distribution for all the isotopic ratios used in this study (eng, 8’Sr/%Sr, 206Pb/2%4Ph, 207Ph/204PD,

and 2°8pb/2%4Ph),
A. Antarctica
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Figure 23:  Simplified geology of Antarctica’s coasts. Note that the geological limits has
been placed approximatively due to lack of outcrops (especially from the Wilkes Land to
George V Land).

The knowledge of Antarctica’s geology is mainly based on coastal observations, and
sparse nunataks due to the thick ice sheet covering 99% of the continent (figure 23). This
information is biased since the non-competent rocks are much less represented in nunataks.
However, this lack is balanced by the study of coastal marine sediments. Antarctica is composed
of two important blocks: East Antarctica and West Antarctica. West Antarctica is similar to the
Andes, whereas East Antarctica corresponds to a very old continental crust overlain by
undeformed sediments (Nordenskjold, 1913 In Elliot, 1975). Due to the difficulty of exploring
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the geology of Antarctica, we will describe its geology in this section by organizing the
information around the known outcrops, and try to fill the gaps using clues given by marine

sediments.
a. West Antarctica
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Figure 24. Outcrop map of West Antarctica. Black areas represent unclassified outcrops.
67

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

West Antarctica includes the Antarctic Peninsula, the Scotia Arc region, the Ellsworth
Land, the Ellsworth Mountains, and the Marie Byrd Land ( ). Qutcrops are
dominated by plutonic and volcanic rocks, but sedimentary and metamorphic rocks are also
present. Marie Byrd Land is mainly composed of alkaline volcanic rocks (

). However, it is located in the Pacific part of Antarctica, and its contribution
as a sediment source to our study site looks unlikely. The Ellsworth Land is located more
easterly than the Marie Byrd Land, but is still mainly in the Pacific part of Antarctica, and its
contribution at our study site may remain very limited. It is composed of Precambrian rocks,
corresponding mainly to granodiorite orthogneiss intruded by granitic and pegmatitic sheets
( ). However, the lack of outcrops in the area (only 3 locations) makes

geological investigation complicated.

In contrast, Ellsworth Mountains present much better outcrops and are located near the
southwest part the Weddell Sea ice shelf. This area contains a wide variety of rocks ranging in
age from Late Proterozoic to Late Paleozoic ( ). However,
these rocks are mainly sedimentary rocks (quartzite, volcanic diamictite, conglomerate) derived
from acid volcanic and plutonic material ( ), and some

carbonate formations are also present.

The Antarctic Peninsula is one of the most probable sources of sediment for CDW and
AABW. It is mainly composed of calc-alkaline magmatic rocks, associated with deformed
sediments of similar composition. It is interesting to note the occurrence of alkaline volcanic
rocks and associated detrital sediments near the AABW formation location identified by

between 35 and 55°W and North of 65°S.
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b. Transantarctic Mountains
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Figure 25:  Outcrop map of Transantarctic Mountains. Black areas represent unclassified
outcrops.
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The Transantarctic Mountains are one of the most striking geological features in East
Antarctica. However, because of their size and geological diversity, they are discussed
regionally. They correspond to an important relief and hence sediment source from Oates Land,
northern Victoria Land and Marie Byrd Land in the south ( ). They constitute
the western limit of the Ross Ice Shelf.

The basement of the Transantarctic Mountains is composed of Proterozoic to Cambrian
metamorphic rocks of variable grades intruded by Cambrian-Ordovician acid plutons
( ). This basement is
overlain by Devonian-Triassic sediments in turn intruded by dolerite sills and dykes mostly
from the Jurassic (

). This Jurassic intrusion is a major event that is observed in most of East Antarctica and
known as the Ferrar supergroup. Along with contemporary volcanic extrusion of basalt, this
magmatic activity was related to the breakup of a supercontinent and the separation of
Antarctica from Africa, India and Australia. Recent episodes of volcanic activity include

trachytic eruption at 25 Ma and undersaturated volcanic series from 19 to 12 Ma (
).

Oates Land and northern Victoria Land

Oats Land can be divided into three main formations: (1) Late Proterozoic phylites
( ) (2) Jurassic dolerites, and (3) metamorphic rocks (called the Wilson Group) of
amphibolite facies that includes layered gneisses (some of sedimentary origin), granitoids, and
pegmatite veins. Northern Victoria Land can also be divided in three formations. The Wilson
Group is also present in this area. However, the two other formations are different and

composed of Cambro-Ordovician sediments and mildly metamorphosed basic volcanic rocks.

South Victoria Land

The South Victoria Land contains one of the largest outcrops in Antarctica: the Victoria
Land Dry Valleys. The basement is represented by a low-grade metamorphic complex, mainly
composed of marbles, schists and gneisses of sedimentary origin ( ). This
basement is intruded by granitoids and overlain by Devonian quartzose sandstones, and by Late
Carboniferous to Early Jurassic sequence including glacial beds, sandstones, shales,

conglomerates and coal ( ). All of these rocks are intruded by Jurassic dolerites

( ).
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Central Transantarctic Mountains

The Central Transantarctic Mountains are largely composed of amphibolite facies
metamorphic rocks. This group includes quartzo-feldspathic gneiss, migmatite, quartzite,
semipelitic schist, amphibolite, calcsilicate schist, and marbles formed from metamorphism of
sandstone, limestone, dolomite, and interbedded mafic volcanic rocks. These metamorphic

rocks are intruded by granitoid plutons.

C. East Antarctica

East African £
Orogen g= =/

Africa

Grunehogna~
Craton

Il Archean Cratons
[ Archean/Proterozoic Mix
[II] Grenville Belts

(920-1330 Ma) Ruker
[ Pan-African Belts Te"an% s

[ Ross Orogenic Belt 900
© Approximate core MA
site location relative to
major crustal elements

East 1330-
Antarctic 'y

Shield

Adélie

Northern
Victoria Land

Figure 26:  Structural map of East Antarctica (Pierce et al., 2014). BH: Bunger Hills, LHB:
Lutzow-Holm Belt, PB: Prydz Bay.
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The East Antarctica region is much wider than West Antarctica. The main geological
structures are shown on figure 26). Because most of the geological knowledge comes from
coastal outcrops and mountains, the main features are described hereafter from west to east, and
from the Weddell Sea to the Ross Sea. Particular focus is made on the eastern part of the
Weddell Sea, and on the Prydz Bay inlet where the AABW may be formed (see part |11 of this
chapter for details on AABW formation).
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Figure 27:  Outcrop map of Eastern Weddell Sea Embayment and Dronning Maud Land.

Pensacola Mountains

In the central-east part of the Weddell Sea, the first feature of East Antarctica
corresponds to the Pensacola Mountains (figures 23 and 27). These mountains are characterized
by rocks from Late Proterozoic to Late Devonian ages (Laird, 1991). Late Proterozoic rocks
are characterized by slightly metamorphosed (green schists) slate and sandstones, and by basalts
(mainly pillow lavas). There are some occurrences of dolerites and minor rhyolite intrusions.

The Cambrian succession comprises limestones, a felsic volcanic unit, and interbedded
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siltstones and shales. The Ordovician is characterized by sedimentary successions with variable
clast compositions: limestone, volcanic clasts, and quartz. The grain-size varies from
argillaceous siltstones to conglomerates. The Late Devonian that unconformably overlies these
formations is composed of quartzite ( ). In the northernmost part of the Pensacola
Mountains, Jurassic gabbroic rocks of the Ferrar Supergroup formation (i.e. mostly flood basalt)
represent most of the exposed rocks ( ).

Berkner Island
Little is known on the geology of this island because it is totally covered by the ice sheet
( ). However, the study of marine sediments close to this island suggests that it has a
particular composition. Indeed, important amount of kaolinite has been recognized (
) in the vicinity of the island. In Antarctica, kaolinite is only found in the
Transantarctic Mountains, more specifically in the Beacon Supergroup ( ),
and in the Prince Charles Moutains in the McRobertson Land (see below).

Shackleton Range

The Shackleton Range is located in the eastern coast of the Weddell Sea (

). The geological formations are Archaean to Paleozoic (the youngest being Devonian). Most
of the rocks are metamorphics and can be divided in three groups on the basis of the
metamorphic grade and composition: (1) granitic gneisses, sillimanite-garnet gneisses, marbles,
pyroxene granulites, and garnetiferous dioritic gneisses; (2) amphibolites, garnet-mica schists,
mica schists, quartzites, marbles, and calcshists; (3) slates and quartzites ( ).
Some sedimentary rocks occur in the western part of these mountains and are ferruginous

shales, feldspathic sandstones, calcareous sandstones and quartzite conglomerate (
).

Theron Mountains

Theron Mountains are located ~100 km north of the Shackleton Range (
). They are mainly composed of Devonian-Permian formations (
) that comprise feldspathic sandstones, arkoses, and black carbonaceous shales. These

sedimentary formations are intruded by Jurassic tholeiitic dolerite dykes ( ).

Coats Land
Coats Land is located north of the Theron Mountains along the Weddell Sea coast
( ). In this area, only few nunataks give insights on the geology, and their

geological significance is uncertain. These nunataks are mainly composed of ~1 billion years
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old porphyry ( ). reported one coastal nunatak as
being granophyric granite, impure crystalline limestone, and spillite.

Western Dronning Maud Land

Dronning Maud Land is an area between 20°W and 45°E with outcrops mainly
concentrated in mountains close to the coast ( ). The western part includes
several outcrops known as Vestfjella (or Kraul Mountains), Mannefalknausane,
Heimefrontfjella (or Kottasberg), and Sembberget. Vestfjella and Mannefalknausane are
located close to the coast, whereas the two others are more in the hinterland. North-east of these
outcrops, are found the important exposure region of the Jutulstraumen Glacier which bring

sediments to the Weddell-Enderby oceanic basin.

Vestfjella is mainly composed of Permian clastic sediments (sandstones and shales), and
strongly altered basic lavas (mostly tholeiitic to alkaline basalts; ). Minor
pyroclastics and volcanogenic sediments are present. All of these formations are intruded by
dolerite dykes and olivine gabbro ( ). 80 km south of Vestfjella, the outcrop of
Mannefalknausane is mainly composed of gneisses. Four main rocks are recognizable: red
granite gneiss, charnockite gneiss, porphyroblastic gneiss, and intrusive dolerite (

). Heimerfrontfjella is an important outcrop and is also mainly composed of gneisses. It
includes biotite-quartz-feldspar paragneisses, amphibolites, and marbles, sometimes intruded
by granites or gneissic granites. This basement is sometimes overlain by terrestrial coal-bearing
sediments ( ) and Jurassic tholeiitic basalts containing rare olivines (

). The last outcrop, Sembberget, is entirely composed of this Jurassic tholeiitic basalt

( ).

The Jutulstraumen Glacier can be divided into four geological provinces. The first,
known as the Annandagstoppane-Juletopanne area, comprises Archean granitoids intruded by
Early Proterozoic gabbros. The second is the central Borgmassivet-Ahlmannryggen area
formed of Proterozoic sediments (mainly detrital) and volcanic rocks (basalts to andesitic
basalt, rare pyroclastic rocks) intruded by mafic/ultramafic and felsic sills. These first two
provinces correspond to the Grunehogna Craton ( ).
The third province is located in the Sverdrupfjella Mountains and is the easternmost province.
It is constituted by high grade metamorphic rocks intruded by Mesozoic alkali granitoids. These
high grades metamorphic contain a wide range of gneisses, which can bear garnet, sillimanite,

biotite, hornblende, and/or cordierite. Chert bands, marbles and skarns are also present. The last
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province is located in the South and named Kirwanveggen area. It is composed of high-grade

metamorphic basement, overlain by Cambrian and Permian sediments and Jurassic basalts.

Central Dronning Maud Land

Central Dronning Maud Land is largely formed by the Fimbulheimen Mountains
(~300 km long), located just east of the Sverdrupfjella Mountains ( ). Other
important features in the Central Dronning Maud Land are the Wolthat Massif, east of the
Fimbulheimen Mountains, and the Schimacher Oasis, north of the Wolthat Massif (

).

Fimbulheimen Mountains are also characterized by a variety of metamorphic rocks that
vary from the amphibolite facies in the west to granulite facies to the east. Charnockitic rocks
represent a large percentage of the outcrop. The Wolthat Massif is composed of a gabbro
anorthosite complex cut by rare lamprophyre dyke and altered gabbro, peridotite, and
pyroxenite. These rocks are rich in plagioclase (up to 80%; ), and the other main
minerals are pyroxenes, magnetite (1-4%), potash feldspar (0-3%), and quartz (0-1%;

). Schirmarcher Hills are composed of biotite-garnet gneiss, pyroxene granulite, and schist

with minor intercalation of basic and ultramafic metamorphosed rocks ( )

Eastern Dronning Maud Land

The eastern part is characterized by sparser outcrops than the coastal Dronning Maud
Land. It comprises two main outcrops: the Sor-Rondane between 20 and 30°E and the Yamato
Mountains around 35°E ( ). A smaller outcrop - the Belgicafjella - exists in
between. Sor Rondane and Belgicagjella are composed of metamorphic rocks similar with the
previously described Fimbulheimen Mountains, but they are not intruded by unmetamorphosed
material. The Yamato Mountains are mainly composed of migmatites, granite, syenite, and

layered gneisses. Rare metabasites are also present ( ).

Enderby Land
Enderby Land corresponds to an area located between 45 and 60°E ( ).

The coastal region of this land is characterized by the presence of two metamorphic complexes:
the Napier and Rayner Complexes ( ). The Napier Complex represents an old craton.
It is composed of two gneisses groups: (1) massive pyroxene-quartz-feldspar gneiss with minor
mafic to ultramafic intercalations; (2) layered garnet-quartz-feldspar gneiss with subordinate
siliceous, ferruginous, and aluminous metasediments. The Rayner Complex is exposed in the

southern and the western part of the Enderby Land (see cratonic areas on ). Its
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composition is similar to high-grade metamorphic rocks of Dronning Maud Land (Tingey,
1991).
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Figure 28:  Map from Enderby to Wilkes Land. Black areas represent outcrops.

MacRobertson Land

MacRobertson Land is located east of the Prydz Bay, and constitutes the western part
of the Prydz Bay inlet (figures 23 and 28). Two areas can be distinguished: the Mawson Coast,
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and the Prince Charles Mountains in the southeastern part of Prydz Bay’s watershed. The
Mawson coast is mainly constituted by Precambrian (620-1250Ma,

) high-grade granulite facies, intruded by charnockite plutons.

The Prince Charles Mountains have more diverse rock formations ranging from the
Archean to Eocene ( ). It can be divided into a northern and a southern province.
The Northern Province is composed of high-grade metamorphic rocks regarded as the eastward
extension of the Rayner Complex ( ). The southern province corresponds to the
Ruker Terrane ( ) and is composed of an Archean granitic orthogneiss basement
overlain by terrestrial metasediments (Permo-triassic sandstones, shale, coal and basal
conglomerate; ). These rocks are intruded by metamorphosed
tholeiitic dykes. The metasediments were deposited during warm and wet conditions
( ), which promoted the formation of kaolinite. The imprint of
this kaolinite is recognizable in the clay mineralogy of the Weddell-Enderby Basin (

), but is less obvious in the Australian-Antarctic Basin ( ).

Princess Elizabeth Land

Princess Elizabeth Land represents the eastern part of the Prydz Bay and is located
between 73.5 and 88°E ( ). This area exposes isolated mountains and nunataks,
and some coastal outcrops. The Grove Mountains, east of the South Prince Charles Mountains
have similar geological properties than the North Prince Charles Mountains. Coastal outcrops
of the Prydz Bay are mainly composed of high grade metamorphic rocks intruded by a few
granitic plutons. These rocks are dominantly granulite facies in the southwest, and amphibolite
facies migmatites the central-northeast ( ). The Vestfold Hills are located on the
northeastern coast of Prydz Bay and are mainly composed of Archean gneisses intruded by
mafic dykes. The gneisses comprise 3 units: (1) basic to intermediate metavolcanic rocks with
layered pyroxenites and metagabbros; (2) heterogeneous layered felsic orthogneiss mainly
composed of quartz, pyroxenes, and plagioclases; (3) paragneisses mainly composed of garnet,

biotite, pyroxenes, quartz and feldspar, and basic metavolcanics rocks.

Shackleton ice shelf — Bunger Hills region

This area includes Queen Mary Land and the western part of Wilkes Land. It is located
between 98 and 101°E ( ). Two areas separated by the Denman Glacier located
west of 100°E can be distinguished. The western part is mainly composed of migmatitic
orthogneisses of tonalitic to granitic composition intruded by plutonic rocks such as gabbro,

diorite, syenite, monzonite and granite. The eastern part is composed of felsic gneisses of
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predominantly tonalitic composition, and subordinate mafic and ultramafic granulites. These
complexes are locally intruded by charnockitic plutons. Some Cambrian red siltstones and

sandstones are also present ( ).

Wilkes Land

The Wilkes Land corresponds to an area between 100°E to 136°E largely covered by
ice ( ). The only significant outcrops are located in the Bunger Hills region
described above, the Windmill Islands (around 110.5°E) and very isolated nunataks mainly
composed of Proterozoic felsic intrusive rocks. The Windmill Islands consist in layered schists,
gneisses, and migmatites intruded by pluton of charnockitic and porphyritic granites. All of
these rocks are intruded by dolerites dykes from the Jurassic ( ). Despite this lack
of outcrop, it is thought that the age of most of the rocks from Wilkes Land are grenvillian and

thus correspond to an ald orogeny ( ).

Adelie Land and George V Land

The geology of Adelie Land and the George V Land is very difficult to draw with
precision due to the lack of outcrops. Overall, the Adélie Land and the westernmost part of
George V Land represent a vast old craton ( ), while the
rest of George V Land is probably dominated by the Ross Orogen and by rocks of the Ferrar
supergroup (i.e. mafic rocks; ). Garnet bearing granite gneiss largely composes
the coastal outcrops of the Adelie Land and a part of the George V Land ( ).
The other formations consist in garnet cordierite sillimanite metapelites in the Adelie Coast,
granitic orthogneiss intruded by amphibolized mafic dykes and muscovite aplite and pegmatite
veins at the Cape Dension (between the two lands), and felsic orthogneisses largely outcrop in
George V Land. Isolated Triassic continental sediments intruded by Jurassic dolerites are found
in the Adelie Coast. The last formation is represented by the phylite of the Cape Hunter (

). The sediment delivery from this formation is rich in chlorite and is recognizable in the
data of where chlorite concentration are higher along the Adelie Coast in

the Australian Antarctic Basin.

Under dry and cold condition, chemical weathering is absent or occurs at a very low
rate, which leads to the preservation of chlorite. This mineral is very characteristic of
Antarctica’s provenance and represent ~30% of the clay mineral delivered to the Ocean by the
Antarctic ( ). No kaolinite is formed under dry

condition but may be inherited from old rocks weathered under wet conditions when Antarctica
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was located at lower latitudes. Such rocks are found in the east of the Dronning Maud Land (in
the Prydz Bay), but are almost absent in the Weddell Sea ( ). Some smectite
are found where basic rocks are exposed, especially in West Antarctica, where smectite is one
of the most abundant clay minerals (up to 90%;

). In east Antarctica, smectite does not represent more than 15% of the clay
minerals ( ). In Antarctica, illite is ubiquitous and usually well crystallised
( ), it corresponds to half of the clay mineral delivered by Antarctica
( ). The isotopic composition
of West Antarctica strongly differs from East Antarctica (see for detailed references).
Radiogenic neodymium is found in West Antarctica ( ), while very unradiogenic
neodymium is found in East Antarctica (down to eng = -50 for the old cratons identified above,

). Pb and Sr isotope ratios record highly radiogenic values in East Antarctica,

and unradiogenic values in West Antarctica ( ).

B. South America

South America can also be divided into two major geomorphology-geological regions.
The first corresponds to the Andean Chain, and the second to the South American shield partly

covered by younger sediments.

a. Andean Chain

Argentinian Fuegian Andes (Southern Patagonia)

The Argentinian Fuegian Andes can be divided into seven stratigraphic units organized
from south/southwest to north/northeast ( ). The basement rocks
(Paleozoic-Jurassic) are composed of schists and amphibolites and are unconformably overlain
by the Lemaire Formation formed during extensional tectonism (upper Jurassic). This
formation comprises rhyolites, basalts, slates, acidic volcanic breccias, tuffs, conglomerates,
and turbidites ( ). The Yahgan-Beauvoir formations (Lower
Cretaceous) formed in a post-rift tectonic context and included black mudstones, andesitic
volcaniclastic turbidites, and tuffs. The Cerro Matrero Formation (Late Cretaceous) marks the
tectonic inversion and the beginning of the uplift of the Argentinian Fuegian Andes generating
the molasses deposits of the Rio Claro Formation (Paleocene). The Despedida Group (Eocene)
corresponds to fold and thrust belts deposits overlain by the Cabo Pena Formation (uppermost

Eocene-earliest Oligocene; ).
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Patagonia and Pampa loess basins

Patagonia is the southernmost part of the Andes located south of 40°S. In term of
geomorphology, this area can be divided into two parts: the Andean mountains located along
the western and southern coasts (previously described), and loess basins in the central part and
the Atlantic coast. The loess basin includes Patagonia and the Pampa area located on the South
American Shield. The Pampa basin is mainly made up with reworked material from the Andes.
The provenance of the loess is however debated. The first hypothesis proposes the Puna
Altiplano as the source of loess material ( ). The
second hypothesis suggests that this loess is transported from the south and southwest Andes
by vertical advection of fine material at high altitude and by strong wind transport of sandy
material over short distance ( ). However, , explained
that the morphology and loess structures (such as dunes) rather suggest a transport by winds
from the south and southeast, which is more consistent with the second hypothesis.

b. South American Shield and sediment cover

The South American Shield comprises Pre-Cambrian crystalline rocks. It is exposed to
the surface over wide areas: the Guyana Highlands, the Brazilian Highlands, and over a large
coastal band from the Parana River to the north of the San Francisco River ( ). This

Pre-Cambrian shield is covered by Paleozoic to Cenozoic sedimentary and volcanic rocks

( ).

80

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

CRUSTAL PROVINCES OF SOUTH AMERICA
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Figure 29:  Structural map of the South America (Cordani and Sato, 1999); AM: Amazonian
Craton, SL: Sao Luis Craton, SF: Sao Francisco Craton, LA: Luiz Alves Craton, RP: Rio de la

Plata Craton, B: Borborema Province, T: Tocantins Province, M: Mantiqueira Province.

The Guyana Highlands and Northernwestern Brazilian Highlands

The Guyana Highlands and the northwestern part of the Brazilian Highlands constitute
the Amazonian Craton, formed of 6 major geological provinces oriented NW-SE (Engler,
2009). (1) The Maroni-Itacaiunas Province (2.25-1.95 Ga) corresponds to the northernmost
province and is located along the Guyana coast. It is mainly composed of metasedimentary and
metavolcanic units associated with granite-greenstone terrane (greenschists to amphibolite
facies), granulite facies rocks, gneiss-migmatites terranes, and granitoid plutons (Engler, 2009).
(2) The Central Amazonian Province (older than 2.3 Ga) is located south of the Maroni-
Itacaiunas Province. This province corresponds to high-grade metamorphic terranes, granite-
greenstone belt sequences, granitoids, ultramafic intrusions, gneiss, amphibolite, metavolcano-
sedimentary sequences, and mafic dykes (Engler, 2009). (3) The Venturi-Tapajos Province
(1.95-1.8 Ga) is located west and south of the two previous provinces. It is mainly composed

of calc-alkaline granitoids. It also contains calc-alkaline and alkaline to intermediate volcanic
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rocks, mafic dykes, and a sedimentary platform cover. (4) The Rio Negro-Juruena Province
(1.8-1.55 Ga) is located Southwest of the Venturi-Tapajos Province. It is composed of volcano-
sedimentary sequences, felsic plutonic-gneiss and granitoids, molasses platforms and marine
sediments from the Mesoproterozoic to the Mesozoic. (5) The Rondonian-San Ignacio Province
(1.55-1.3 Ga) is located southwest of the Rio Negro-Juruena Province and is only south of the
Amazon at the westernmost area of the Brazilian Highlands. It is composed of granite-
migmatite terranes, granulitic rocks, metavolcano-sedimentary sequences, intrusive rocks, and
sedimentary sequence associated with alkaline basalts. (6) The Sunsas Province (1.25-1.0 Ga)
Is exposed over a very small area compared to the other provinces and located in the southwest
of the Brazilian Highlands. It is composed of metavolcano-sedimentary sequences and

granitoids (Engler, 2009).
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Figure 30:  Sedimentary basins of Brazil (De Alkmim, 2015)

This wide craton is not exposed in the Amazon River depression which separates the
Brazilian Highlands from the Guyana Highlands. This depression includes two sedimentary
basins: the Solimoes and the Amazonas Basins (figure 30). These two basins have similar

lithological properties. In fact, the topographic high separating the two basins is covered by
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Paleozoic sedimentation. Paleozoic sediments are exposed at the rim of the Amazonian Basin,
while its central part mainly corresponds to quartzo-kaolinitic Cretaceous sediments
( ). Scarce
Miocene and Pleistocene-Holocene fluvial deposits are present ( ). In the
Salimoes Basin, the Cenozoic sediments cover wider areas, especially in the western part of the
basin. They consist of sandstones composed of weathering resistant minerals, sands composed
of micas (muscovite, chlorite, biotite) and quartz in variable proportions, and some rare
siltstones ( ). In both basins, intrusive Permo-Triassic magmatic rocks are

present, although not exposed in the Amazonas Basin ( ).

Southern Brazilian Highlands and Southeast Brazilan Coast

Smaller cratons are surrounded by large orogenic belt areas in the South and southeast
of the Amazonian Craton ( ). The Sao Luis Craton (2.2-
2.1 Ga) is located south of the Amazon River mouth. This area is also extensively covered by
sediments of the Paleozoic Parnaiba Basin and thus the basement is poorly exposed. It is
composed of Paleoproterozoic granite-greenstone terrain (tonalites, trondjhemites;

).

The Sao Fransisco Craton is separated from the Amazonian Craton by the Brazillia Fold
Belt to the west and by the Paranaiba sedimentary basin to the north. This craton contains rocks
from 3.4 Ga to 1.2 Ga mainly similar to the Amazonian Craton, including charnockites,
tholeiitic volcanic rocks, chemical sediments, gneisses of the amphibolite facies, migmatites,
granitoids and associated greenstone belts, flysch deposits, mafic dykes, and Paleo to

Mesoproterozoic sediments (pelitic and carbonated sediments; ).

The Borborema Province corresponds to the easternmost part of South America and is
located north of the San Francisco Craton ( ). This orogenic belt is composed of various
basement massifs covered by Proterozoic metasediments largely intruded by Neoproterozoic
granites ( ). The basement massifs correspond mainly to orthogneisses (from
quartz diorite to granite), but meta-ultramafics, metagabbros, amphibolites, and metasediments

are locally important ( ).

The Parnaiba Basin is located on the northern Brazilian coast ( ). It is
surrounded by the Amazonian Craton to the West, the Tocantin Province and the San Fransisco
Craton to the south, and the Borborema Province to the east. This sedimentary basin is

composed of sediments deposited since the Silurian (conglomerates, sandstones). Mesozoic
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sediments are fine-grained sandstones and clays. Triassic and Early Jurassic aeolian sandstones
are largely intruded by tholeiitic basalts ( ).

The Tocantin Province is located between the Amazonian and San Fransisco Cratons
( ). This orogen is mainly composed of three Neoproterozoic fold belts: the Araguaia,
Paraguay, and Brazilia ( ). The Brazilia belt is exposed along the western edge
of the San Francisco Craton. It is composed of a thick continental margin sequence, ophiolite
fragments, and a large juvenile magmatic arc ( ). The thick sedimentary
sequence has been heterogeneously metamorphosed from granulite facies to unmetamorphosed
facies ( ). This sequence includes a high proportion of quartzites (from
quartz-rich to micaceous), micaschists (sometimes chlorite-rich), interlayered carbonated rocks,
diatomite, phylites, calcschists, and metapelites ( ). The Araguaia belt is
located in the Northern part of the Tocantin Province. It corresponds to metamorphosed

psamitic and pelitic sequence with minor chemical sediments, mafic and ultramafic rocks

( ). The Paraguay belt is located south of the Amazonian Craton, and
is exposed west of the Parana Basin ( ). It is composed of
metamorphosed Neoproterozoic strata ( ) that can be divided into the

Cuiaba Group, the Puga formation, the Araras Group, and the upper Paraguay Alto Group
( ). It includes pelites, diatomite, siliciclastic rocks, and carbonates (

).

The Mantiqueira Province is located along the southeastern coast of South America
between the San Fransisco and the Rio de la Plata Craton ( ). It is largely covered by
Phanerozoic sediments in the southwestern part of the province and it is mostly exposed along
the coast and in the northeast ( ). In this northeast part, old basement
reworked during the upper Precambrian forms most of the outcrop area. This basement can be

divided into three massifs: Pelotas, Joinville, Guaxupé Massifs.

The last structure corresponds to the Parana Basin, located south of the South American
Shield. It includes sediments from the Late Ordovician to the Late Cretaceous (Horn et al.,
2014, Journal of South American Earth Sciences) that can be divided into six depositional
sequences ( ). These formations are mainly detrital
with minor coal and ash deposits ( ). Interlayered basalts
are also present in most of the formations, but a large volcanic pile occurs in the Upper Jurassic

to Lower Cretaceous sequence ( ). It corresponds to voluminous
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extrusion of mainly basic tholeiitic basalt with minor acid rhyolites and rhyodacites (

).

The geographical distribution of clay mineralogy is strongly linked to past climate and
to the composition of the parent-rocks. However, drastic modifications of clay mineral
formation driven by climatic condition can be excluded at the studied timescale (<40 ka).
Whatever, the important rainfall over the Amazon watershed generates a lot of chemical
weathering, and thus, the final product of the chemical weathering (i.e. kaolinite) is clearly
dominant in this area (up to 100% at the Amazon River mouth,

). South of this Amazon region, the high content in volcanic rocks, and particularly basalts,
explain the smectite found over this area ( ). Because of the arid conditions
over Patagonia and Pampa, it is also possible to find illite and minor amounts of chlorite

( ). However, smectite is dominant in these two regions, as shown by

The isotopic composition of South America can also be regarded as controlled by two
regions (see for detailed references). The Andes and Patagonia present radiogenic Nd
( ) and unradiogenic Pb ( ) and Sr isotopes (

). In contrast, the South American Shield is characterized by unradiogenic to strongly
unradiogenic Nd isotopes ( ), and radiogenic to strongly radiogenic Pb (

) and Sr isotopes ( ). In South America, climatic conditions play a
key role in the Sr and Pb isotopic composition of weathering products. Indeed, strong rainfalls
occurring in equatorial and tropical areas strongly changes isotopic ratios of sediments
compared to the source rock (see of this chapter for details on the impact of chemical
weathering on these ratios). Consequently, changes in these isotopes could reflect changes in
both chemical weathering and provenance.

C. Africa

The African continent is characterized by rock formations from the first billion years of

Earth’s history to today, and by tropical to temperate climate with arid and wet conditions.

Archean cratons outcrop in Western Africa, Congo and in southern Africa. They are
constituted of migmatitic gneiss (tonalities, trondhjemites, granodiorites) separated by
greenstone belts and intruded by granitoid plutons. Most of these rocks are metamorphosed
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from amphibolite to granulite facies. Later Proterozoic tectonic events (i.e., Panafrican
orogenesis) outcrop all along the coastline from the western part of the Gulf of Guinea to
Southern Africa. They also comprise a major part of the Western Sahara, and in the Great Lakes
region. These rocks are mainly flysch deposits associated with volcanic formation, and intruded
by granitic pluton. Magmatism for the last ~40 Myr forms a large igneous province in the Great
Lake region.

The Early Paleozoic is marked by the end of the Panafrican orogenesis. Many
sedimentary basins are formed in northern Africa and in the Congo depression where
sandstones with high content in quartz occurred. Marine deposits are visible in the north of
Africa. The Middle Paleozoic is marked by fluvial-glacial deposits. The Paleozoic rocks

outcrop in the Sahara, South Africa, and around the Great Lakes.

The Meso-Cenozoic is characterized by sedimentation with fluviatile and lacustrine
deposits in the depressions, and by a strong aeolian activity over huge areas. In northern Africa,
carbonated deposits are formed during high sea level periods. This period is also marked by a

few magmatic phases with the formation of magmatic provinces in the African rift.

Northern Africa is the largest source on Earth of mineral dust ( ).
This area is known for its important input of aeolian dusts to the Equatorial Atlantic (

). However, the signature of these dusts is likely overprinted by more proximal
sources. The most important vectors of sediment to the South Atlantic in Africa are equatorial
rivers (including the Condo River) and Namibian loesses ( ). The equatorial
rivers mostly deliver poorly crystallized smectite, and kaolinite, while Namibian deserts mostly
delivers illite ( ). The isotopic composition of

these sources are characterized by unradiogenic Nd, and radiogenic Sr and Pb isotopes (
).
D. Circumpolar islands

Along the ACC pathway, a few volcanic islands and plateau are present. Here, we

examine the main structures along this pathway.

The Kerguelen Plateau is a large (1,250,000 km?2) volcanic province induced by the
activity of a mantle plume that started at least 120 Myrs ago ( ) and that
is mostly composed of basaltic rocks ( ). Most of the southern Kerguelen Plateau
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formed at ~110 Ma while the northern Kerguelen Plateau formed during the Cenozoic (

). |The Kerguelen Plateau can be divided into 4 parts: the South, Central and North
Kerguelen Plateau, and the Elan Bank, forming an East-West topographic high on the western
flank of the plateau ( ). Even though these 4 parts present some differences, they
are considered as neglictible compared to the difference between the Kerguelen Plateau and
Antarctica. Consequently, their geologies and histories is not described in detail in this PhD.
The Kerguelen Achipelago that was formed ~30 Myrs ago. It is mostly composed of basalts,
but a few trachytic and phonolitic rocks are identified (especially in the south of the archipelago
of this plateau; ). In addition, the volcano plutonic complex
of Rallier du Baty in the southwest of the island is mostly composed of rhyolitic and trachytic
rocks ( ). Weathering of the Kerguelen Plateau mostly
delivers smectite (up to 90%) associated with minor illite and chlorite ( ).
The WRAS normalised rare earth element (REE) composition of such volcanic areas is
generally enriched in heavy rare earth elements (HREE) compared to light rare earth elements
(LREE). The isotopic signature of the Kerguelen Plateau is characterized by radiogenic
neodymium (end > -5;

), and unradiogenic strontium (8'Sr/®Sr < 0.71;

)-

Climate over the Kerguelen Islands is mainly polar to subpolar, and particularly windy.
However, most of the plateau being under the sea level, rock alteration is mostly driven by
seawater. Under such conditions (i.e., basaltic area), most of the clay minerals formed are

smectites. The isotopic composition is radiogenic Nd and unradiongenic Sr.

The Scotia Sea is located southwest of the South Atlantic. It is delimited to the west by
the Drake Passage. This area corresponds to the narrowest Antarctic Circumpolar Current
pathways, being restrained by the southern tip of the South America and the Antarctic
Peninsula. To the east, the Scotia Sea is delimited by a subduction zone marked by the South
Sandwich Islands and the South Sandwich Trench. These islands correspond to volcanic islands
formed of calc-alkaline series rocks. However, due to the Early stage of development of the arc,
the poorly evolved rocks from this magmatic series are dominant (i.e. basalts and basaltic
andesite). To the orth, the Scotia Sea is delimited by Southern Patagonia, the North Scotia Ridge
and South Georgia Island. Southern Patagonia and South Georgia Island are formed of rocks of

similar composition (see Andean chain description). To the south, the Scotia Sea is separated
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from the Weddell Sea by the Antarctic Peninsula, and the South Scotia Ridge, that are described
in the section on Antarctica.

The clay mineral produced in the area are mostly well crystalized smectite (

) and few chlorite. In addition, a lot of chlorite brought from more distal sources by the
oceanic currents (mostly ACC) are deposited and transit through the Scotia Sea, as shown by
the analyses of bottom sediments from the area ( ).
The isotopic composition is radiogenic Nd (eng > -5), unradiogenic Sr (87Sr/%Sr ~0.703 for the
volcanic islands, &Sr/®Sr ~0.706 and ~0.703 for Patagonia and the Antarctic Peninsula,
respectively; and 8Sr/®Sr ~ 0.710 for marine sediments in the Scotia Sea due to additional
distal sources). The Pb isotopes range from low to moderate isotopic ratios with the Scotia

Ridges showing the lowest isotopic ratios, and the Patagonia showing the highest.
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Chapter 3. Material and Methods
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l. Material

This study is based on sediment samples from three sediment cores: one in the South
Atlantic, and two east of the Kerguelen Plateau. The sediment core from the South Atlantic is
the MDO07-3076Q (44°9.2°S, 14°13.7°W) recovered by the French Vessel Marion Dufresne in
2007 on the eastern flank of the Mid-Atlantic Ridge at 3770 m depth. The core chronology is
based on planktonic foraminifer radiocarbon dates (37 measurements for the studied interval)
and stratigraphic control points ( ; ). A
total of 221 sediment samples were used from this core. Today, LCDW flows over the site.
From the seafloor to the surface, the water masses observed in the water column above the study
site are the LCDW, NADW, UCDW, and intermediate and surface waters. In nearby deeper
oceanic basins, the AABW is also found, and it is thought that particles transported by this

bottom water can reach our site by advection and mixing with the LCDW.

The sediment cores located east of the Kerguelen Plateau are the cores MD12-3396Q
(latitude: 47° 43.88° S, longitude: 86° 41.71° E, water depth: 3630 m) and MD12-3401Q
(latitude: 44° 40.76’ S, longitude: 80° 23.62° E, water depth: 3445 m). They were recovered in
2012 during the IndienSud-2 cruise of the French Research Vessel (RV) Marion Dufresne.
These sediments core were undated before the PhD. A total of 331 and 409 sediment samples
were used from the sediment core MD12-3396Q and MD12-3401Q, respectively. In this thesis,
only samples from sediment core MD12-3396Q are presented. Data from core MD12-3401Q
and grain-size distribution data from core MD12-3396Q will be presented in a paper in
collaboration with Alain Mazaud and Elisabeth Michel. Because these collaborators are the
main authors of the paper in prep., and because the paper is still under review, this work is not
presented in this manuscript.

II. Methods

A. Preliminary treatment
As explained in , carbonates may affect the detrital fraction and disrupt
clay mineralogy analyses. Consequently, carbonates need to be removed. For that purpose, the
sediment is placed in an Erlenmeyer flask with 0.1N HCI solution and is homogenized using a
magnetic agitator. After ~2 hours, the acidity of the solution is checked, and HCI (30%) is added
until the pH is close to 1 to ensure that all the carbonates are removed. The sediment is then

transferred to glass beak and deflocculated by repeated washes using pure water.
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B. Grain-size distribution analyses
Grain-size distribution analyses are performed immediately after carbonate removal
using an aliquot of the carbonate-free sediment. These analyses were performed using a
Malvern Mastersizer 2000 laser (0.02-2000 um) following standard protocols (Montero-
Serrano et al., 2009). The clay-size fraction corresponds to the proportion (in volume) of
particles with a diameter smaller than 2 um, the cohesive silts correspond to the 2 to 10 um
diameter particles, the sortable silts correspond to 10 to 63 wm diameter particles, and the sand

fraction to the particles coarser than 63 pm.

C. Clay mineralogy analyses
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Figure 31: Scheme showing the protocol to extract the size fraction below 2 xm (redrawn
from Holtzapfell, 1985).

The clay-size fraction (< 2um) was isolated by differential settling according to Stoke’s
Law. Deflocculated sediment is homogenized for 30 seconds using electronic micro
homogenizer directly into the beaker. After 1 hour 15 minutes of settling, the upper 1.5 cm is

extracted using a trocar (figure 31). This fraction was then concentrated by centrifugation (40
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minutes, 3500 rotation per minute) and an aliquot was placed on glass slides. X-ray diagrams
were obtained using a Bruker D4Endeavor (standard 30 kV and 30 mA). Each sample is run
three times between 2.49 and 32.5°26: (1) dried sample, (2) glycolated sample (12 hours in
ethylene glycol), and (3) heated sample (490°C for 2 hours).

Each clay mineral is characterized by a diffraction angle obtained in °26 that is further
converted in Angstrom (A), and appears as peaks on XRD diagrams. This different diffraction
angle is caused by the distance between the layers of the clay minerals that is specific to each
species of clay. Other peaks can also be observed on XRD diagrams, such as the peaks of quartz,
amphiboles, or feldspars. All these peaks are characterized by a first peak, called the main peak,
which usually presents the highest intensity, and by harmonics. The proportions of the clay
minerals are calculated by determining the area below the first peak according to their

crystallographic characteristics ( ).

Smectite is characterized by a main peak at 14-15 A on the air-dried samples that
expands at 17 A after ethylene glycol saturation and collapses at 10 A after heating. lllite is
characterized by basal peak at 10 A on the 3 runs. Kaolinite and chlorite are measured on their
main peak at 7-7.2 A and further distinguished using pseudo void deconvolution of the
kaolinite/chlorite doublet at 3.54/3.58 A. All measurements and semi quantitative estimations
are processed using the McDiff software ( ). The formula used for the calculation

of the clay mineral proportion are detailed below:

Area(smectite 17A) y

- 100
Y. terrigenous

%smectite =

Area(illite 10A) y

- 100
Y. terrigenous

%illite =

o o ] Area(3.584)
%kaolinite = Area (kaolinite + chlorite) X o — X 100
Area(3.58A) + Area(3.544)

. . , Area(3.544)
%chlorite = Area (kaolinite + chlorite) X = — X 100
Area(3.58A) + Area(3.54A)

In addition to the mineral proportions, other parameters can be measured. The index of
Esquevin ( ) is calculated by using the ratio between the intensity of the illite at
10 A and at 5 A (illite 5A/10A). This index gives information on the composition of the illite
that is derived mostly derived from two micas: muscovite and biotite. Ratios below 0.2 indicate

that the illite is derived from biotite, whereas ratios above 0.5 indicate an illite derived from
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muscovite. The crystallinity of the clay minerals can also be measured by using two methods:
the width at half height, and the method of the integral breath ( ). In order
to allow comparisons with the work of in the South Atlantic, the method
used in this work is the method of the integral breath. Usually, chlorite and kaolinite are well
crystallized, whereas smectite and illite present high range of crystallinities. Consequently, only
the crystallinities of smectite and illite are relevant and calculated.

D. Isotopic, trace and rare earth elements

Isotopic compositions, and trace and rare earth elements have been measured onto 2
sediment cores: the cores MD07-3076Q and MD12-3396Q. These measurements have been
determined on isolated grain-size fractions. In both cores, the clay size fraction (0-2 um) has
been measured, whereas additional size fractions have been measured in the South Atlantic core
(MDO07-3076Q). Indeed, results from grain-size distribution analyses show the occurrence of 2
grain-size modes that vary through time. Consequently, isotopes as well as trace and rare earth

elements have also been measured on these grain-size modes in this sediment core.

The clay size fraction (0-2 um) was isolated by repeated extractions by settling (at least
50 per sample) until no sediment is recovered after concentration by centrifugation. The coarse
fraction (20-40 um in the old section of the core before 11.5 ka cal BP, noted hereafter as ka,
and 20-32 um after 11.5 ka) was isolated by sieving the clay-free residue. The 2-20 um grain-
size fraction is thus the residue of clay separation and coarse fraction sieving. An aliquot of 10
to 150 mg (depending of the sediment quantities available) was then used for chemical
procedures.

The HCI solutions are dried at 120°C, and dissolved in 5% HNOs. An aliquot was taken
to obtain a dilution factor close to 5000. For example, to obtain 10 mL of solution (~10 g), 2
mg of original dry sediment are used. Then, the trace element and REE measurements are
determined by ICPMS.

Chemical and isotopic measurements were performed at the Faculty of Science of the
Vrije Universiteit, Amsterdam. Sediment was digested in closed Savillex™ Teflon beakers
using a mixture of concentrated HF and HNO3 (~2/3 and 1/3, respectively) for a few days at

120°C. After digestion, samples were dried out and re-dissolved in ~6.5N HCI to remove
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fluorides. Nd, Sr, and Pb were purified using conventional ion chromatography. Pb isotopes
were processed first and purified using AG-X8 200-400 mesh resin. Light rare earth elements
(LREE) were isolated using true-spec resin medium (Eichrom™, 100-150 pm mesh size) and
Nd was eluted from the LREE fraction using LN-resin (Eichrom™, 50-100 pm mesh size). Sr
was recovered using a column containing Sr-Spec resin. Nd and Pb measurements were
performed by bracketing using respectively CIGO and NBS987 standards on Thermo Scientific
Neptune multi-collector inductive coupled plasma-mass spectrometer (MC-ICPMS), whereas
Sr measurements were performed on a thermal ionization multi-collector-MS (TIMS). Due to
relatively low content of Nd in some of the coarse grain-size fraction (20-32/40um), Nd

measurements of these fractions were also performed by TIMS.

[11.  Quality control of the data

In this part, few results will be shown and discussed to assess the quality of the data
produced. Data considered as contaminated or biased will be excluded and not used for

interpretations.

A. Clay mineralogy
The clay mineralogy analysis is based on the visual interpretation of XRD diagrams. To
limit any potential bias involved, all the diagrams need to be interpreted by the same person

using the same method for all the samples of one study.

In addition, XRD analysis can be disrupted by amorphous minerals that can hardly be
removed from the crystalline fraction, such as volcanic glass or diatoms. These minerals, when
abundant, can overprint the signal preventing from accurate identification and quantification of
the clay association. Sediments from the core MD12-3396Q and MD12-3401Q are located both
in the Circum-Antarctic Opal Belt described by , and on the Eastern
Kerguelen Plateau volcanic province ( ). Due to the
abudance of opal and of volcanic materials, the rather bad quality of XRD diagrams for these
two cores prevents from discriminating accurately chlorite from kaolinite. As a result, the

respective proportion of chlorite and kaolinite in this sector is not calculated.

B. Grain-size distribution

The grain-size distribution instrument is calibrated by measuring standards (calibrated
spheres). However, such calibration is designed for the study of spherical particles, and some
biases may occur when measuring non-spherical particles such as layered clay minerals. In

addition, small particles (< 10 um) are slightly underestimated by the instrument when
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measuring small-size standards. As a consequence, when interpreting the data it is necessary to
keep in mind that: (1) the flat shape of clay minerals may bias the analysis, (2) <10 um particles

may be slightly underestimated by the instrument.

C. Trace elements

The accuracy of trace element measurements was assessed by measuring blanks, and
standards. MAG-1 sediment standards and blanks were processed along with the digestion of
sediment in the clean lab as quality controls. Additional geochemical standards DCS and BCR-
2 and BHVO?2 were also measured.

D. Radiogenic isotopes

The quality of the data produced when measuring isotopes is controlled by measuring
standards and blanks. Two types of standards are processed: reference standards designed for
the isotopic measurements, and rock/sediment standards treated simultaneously to the samples
using the same chemical procedure. Standards used for the isotopic measurements depend on
the target element. CIGO (internal standard) and Jndi-1 ( ) standards are used
for neodymium isotopes, NBS-987 for strontium isotopes, and NBS-981 for Pb isotopes. The
standard processed throughout the PhD is the standard MAG-1. This sample has been chosen
because this standard is a deep marine sediment that has similar properties than our samples.

Overall the measurements of the standards were consistent with the reference values, as shown

in
VU code 879 /35Sr 20 143Nd/**Nd 20

X331 0,722595 0,000012 0,512076  0,000004
X332 0,722724 0,000012 - -
X557 0,722647  0,00001 - -
STD - - 0,512053  0,000007
Y263 0,72269 0,000009 0,512068  0,00001
Y396 0,722646 0,000014  0,512056  0,000022
Y570 0,722693 0,000008  0,512049  0,000006
Y635 0,722876 0,00001  0,512052  0,000008

REFERENCE VALUE min 0,722638 0,512054

REFERENCE VALUE mean 0,722806 0,512081

REFERENCE VALUE max 0,722973 0,512107

Repeatability

standard deviation 0,000090 0,000011

mean 0,722696 0,512059

Table 1: Sr-Nd isotopic measurements and repeatability calculations of MAG-1 standard.

o corresponds to the internal error.
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VU code 206phy /204py 2c 207ppy /204ph 20 208ph/204ph 20
X332 18,8593 0,0005 15,6519 0,0007 38,7832  0,0010
X557 18,8774 0,0005 15,6536 0,0008 38,6975 0,0014
REFERENCE VALUE min 18,861 15,6518 38,7968
;EeFaEnRENCE VALUE 18,8612 15,6539 38,8034
REFERENCE VALUE max 18,8614 15,656 38,81
Repeatability
standard deviation 0,012806 0,001157 0,060607
mean 18,868312 15,652761 38,740314
Table 2: Pb isotopic measurements and repeatability calculations of MAG-1 standard. o

corresponds to the internal error.

date of measurement W3Nd/**Nd 20
10/11/2016 0,511334 0,000014
20/03/2017 0,511328 0,000004
20/03/2017 0,511332 0,000005
21/03/2017 0,511321 0,000005
21/03/2017 0,511319 0,000005
06/04/2018 0,511333 0,000004
06/04/2018 0,511326 0,000004
09/04/2018 0,511333 0,000005
14/04/2018 0,511332 0,000003
Repeatability
standard deviation 0,000006
mean 0,511329
Table 3: Measurements of CIGO Nd standard. o corresponds to the internal error.
date of measurement WNd/Nd 20
06/11/2017 0,512105 0,000012
06/04/2018 0,512099 0,000004
06/04/2018 0,512093 0,000004
09/04/2018 0,512097 0,000004
09/04/2018 0,512091 0,000005
14/04/2018 0,512099 0,000006
REFERENCE VALUE 0,512115
Repeatability
standard deviation 0,000005
mean 0,512097
Table 4:
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date of measurement 87Gy /855y 26

XX/05/2016 0,710250 0,000008
XX/05/2016 0,710249 0,000010
XX/05/2016 0,710243 0,000011
XX/05/2016 0,710240 0,000007
17/11/2017 0,710261 0,000008
20/11/2017 0,710237 0,000009
21/11/2017 0,710264 0,000005
26/11/2017 0,710264 0,00001
12/12/2017 0,710254 0,000007
08/04/2018 0,710249 0,000005
10/04/2018 0,710247 0,000007
18/04/2018 0,710239 0,000009
19/04/2018 0,710259 0,000008

Repeatability

standard deviation 0,000009

mean 0,710250

Table 5: Measurements of NBS987 Sr standard. o corresponds to the internal error.

sample Sr(pg)  Nd(pg) Pb (pg)

X333 447 burnt 31,4

X334 572 burnt 132

X558 524 burnt 519

blk no name 481 15,2 not measured

Y264 400 250000 486

Y397 49 1000 262

Y571 burnt Nd-150 not measured 72,5

Y636 160 Nd-150 not measured Pb not processed

Table 6: Blank measurements from the PhD.

In addition to standards, total blank are processed and measured using isotopically
enriched spikes (solutions of known concentration and known isotopic composition). All the
blank measurements are reported in The blank procedure for the Sr gave variable and
high values (up to 572 pg). However, considering the amount of Sr in our samples (2900 ng on
average, and up to 11821 ng), these blanks correspond to less than 1/1000 of the value. As a
consequence, the isotopic values obtained do not need blank correction. These relatively high
blank values for the Sr can result from a combination of factors: (1) the high quantities of Sr in
our samples, (2) the proximity of the beakers (opened) when drying down the samples. This
second factor result from technical issue linked to the efficiency of the work in the clean lab
that was concentrated over few weeks during the PhD. Indeed, 172 Nd and Sr samples, and 142
Pb samples have been processed in ~25 weeks. Similarly, the Pb blanks are high (up to 519 pg

in samples series with high Pb concentrations). However, for the sample series with “normal”
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Pb concentrations (~40 ppm, blanks X333, X334, and Y571), the blank values are more typical
of those routinely measured in the laboratory and range from 31 to 132 pg. Analysed samples
contained at least 121 ng of Pb, and 2800 ng on average. Hence no Pb blank correction was

required.

A more detailed discussion of potential contamination is presented below.

By looking the ICPMS results, it appeared that some samples had an unexpectedly high
concentration in Pb (up to 2250 ppm). These high concentrations are found in the coarse grain-
size fractions (2-20 um and 20-32/40 pum), but not in the <2 um fraction. In addition, the
isotopic composition of Pb is characteristic in these two coarse fractions, and there is a relation
between concentration and isotopic composition (see ). Such phenomenon can be
explained by the occurrence of coarse particles characterized by high Pb concentration. To
identify the nature of these particles, scanning electron microscope (SEM) observations were
performed in Lille at the LOG. These studies allow the idenfication of Pb-rich particles that
correspond to a Pb, Fe, and Cr alloy, evidencing their anthropogenic nature and thus
contamination. This alloy derives from the micro-homogenizer used during Early stages of the
chemical procedure. This finding means that the Pb isotope measurements of the two coarse
grain-size fractions cannot be used to reconstruct provenances. To avoid such problems in the
future, it appears necessary to avoid using a micro-homogenizer during the separation of the

grain-size fractions.
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Figure 32:  Isotopic composition vs concentration of Pb in the grain-size fractions 2-20 zm

205Pb/204Ph

and 20-32/40 um. The red dashed line represent the estimated composition of the micro

homogenizer for each isotopic ratio.

To check the validity of the isotopic composition of the clay size fraction, we used the
correlation between the concentration and the isotopic composition in the coarse grain-size
fraction to calculate the isotopic composition of the micro homogenizer (see ), which

gives:

> 206pp/204pp ~ 18.0
> 207pp/204pp ~ 15.59
> 208pp/204pp ~ 37.9
By comparing these values to the isotopic composition of the clay size fraction, we noted
that the isotopic composition of our samples varies between two end-members that are not the
isotopic composition of the micro homogenizer. In addition, the Pb concentrations of the fine
fraction are consistent with what have been observed in marine sediments in the studied area.
As a result, we conclude that the clay size fraction is not polluted by the micro homogenizer

and can be used for paleoprovenance and paleoclimate reconstructions.
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When looking at the blank results for Nd isotopes, it appears that the blank procedure
was clearly not as good as expected. First, there are no blank results for the series 1 to 3 (X333,
X334, and X558, ) because the blanks were run as sediment samples instead as blanks.
Second, °°Nd spike has been used, but this isotope was not measured in the method used for
the analyses due to a misunderstanding. This was caused by the fact that: (1) it was the first
blanks the PhD ran on the Neptune, (2) it was the first time that the new operator measured Nd

at the VU and communication was not optimum.

The only good blank value measured is the “blk no name” (15 pg, ). The highest
blank value (250 ng) is an incorrect measurement. This amount of Nd is higher than the average
content in classic marine sediments. The small measurement beams indicate that the analysis
does not correspond to the actual blank and that most of the *°Nd spike was lost during sample
preparation, leading to an incorrect blank determination. Moreover, the isotopic results of the

sediment sample processed with this blank are consistent with comparable samples in the same

core (see ). In addition, coupled Nd and Sr isotope variations are coherent, as shown
on
- -3 0 other series
g o bad blank value o oo
S 4 o ® 00°° 0% o
- O o (0] o
Z o)
-3 | | | | | |
0 5 10 15 20 25 30
Age (ka)

Figure 33:  Comparison of Nd isotopic composition of series with bad blank value with

others series.
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Figure 34:  Comparison of Nd and Sr isotopes results in the 2-20 zm grain-size fraction of
core MD07-3076Q.

Finally, the last high blank (Y397; ~1000 pg, ) was due to additional chemical
treatment. When loading the Nd samples onto filaments, TaCl was added by mistake. TaCl is
usually used to make a ceramic for Sr measurement in order to slow down the evaporation of
Sr isotopes during measurements by TIMS. As a result, it was impossible to obtain sufficient
Nd evaporation. Consequently, the Nd samples were recovered from the Re filaments. To do
so, filaments have been soaked in 10% HNO3z until the sample is dissolved. Then, the sample
was dried down to restart the elution procedure to remove the Re and the Ta from the sample.
The Tru-spec columns were used as a clean-up. In order to validate the Nd isotope ratios, 2
duplicates have been made on two samples. These samples were taken from REE pre-fraction
collected during the first elution and hence come from the same original sediment sample. The
isotopic results are within analytical error ( ). Despite the excellent reproducibility, the
samples recovered from the filament do not reveal any shift between the LGM and the
Holocene, and have a high variability with no apparent link to climatic events. This contrasts
with samples from previous measurements that are stable during the Holocene and the LGM,
and record a marked shift during the deglaciation ( ). Consequently, these values are

considered doubtful and are not used in the PhD.

Sample ID Sample type 143Nd/*Nd SE Difference
v387 recovered from the filament 0.512454  0.000005 0.000008
re-processed duplicate 0.512446 0.000007
Y393 recovered from the filament 0.512456  0.000005 0.000004
re-processed duplicate 0.512452  0.000005
Table 7: Comparison between samples recovered from the filaments and duplicate from

the same original sediment.
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Figure 35:  Comparison between isotopic composition of samples recovered from filaments,
and isotopic composition of other samples processed normally.
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Abstract

The past evolution of the Southern Ocean, one of the major components of the climatic
system, is still a matter of debate. This study provides new insights into the deep Southern
Ocean circulation based on the radiogenic isotopes and clay mineralogical signature of the
terrigenous fractions transported by the main deep-water masses to sediments recovered in core
MDO07-3076Q from the central South Atlantic. This approach successfully permits: (1)
provenance identification of the various grain-size fractions (clay, cohesive silt and sortable
silt); (2) assignment of each grain-size fraction to a specific water-mass; (3) reconstruction of
past changes in the main deep water-mass pathways. These data document the evolution of
deep-water masses in the South Atlantic Ocean during the last deglaciation. The Antarctic
Bottom Water (AABW) speed and northward extension were maximum at the end of the Last
Glacial Maximum (LGM), associated with strong bottom water production in the Weddell Sea,
together with a vigorous Lower Circumpolar deep-water (LCDW). In contrast the North
Atlantic deep-water (NADW) circulation was weaker than today. The onset of the deglaciation
(from 17.5 ka to 15 ka, ~Heinrich Stadial 1, HS 1) was marked by weakening and southerly
retreat of the AABW and by an increase of mixing between AABW and LCDW. The speed of
the AABW remained at its lowest during the Bglling Allered (B/A) and the Younger Dryas
(YD), and the LCDW slowed and retreated to the south, while the NADW progressively
migrated southward, deepened, and strengthened between the beginning of the Balling Allerad
and the Holocene (from ~15 to 10 ka).

Keywords

Last Deglaciation; Paleoceanography; Southern Ocean; South Atlantic; Radiogenic

isotopes; Clay mineralogy; Grain-size distribution.
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l. Introduction

The Southern Ocean (SO) is a key area for understanding the present and past carbon
cycle. Direct observations indicate that the SO is a sink of atmospheric CO; today (Le Quere et
al., 2007; Sallee et al., 2012) while it was likely a source of CO> to the atmosphere during the
deglaciation (Bouttes et al., 2012; Jaccard et al., 2013). Upwelling of CO2-rich deep-water
likely explains most of the CO: rise observed during Heinrich Stadials (HS; Ahn and Brook,
2008; Anderson et al., 2009; Fischer et al., 2010; Skinner et al., 2010; Menviel et al., 2014,
2017). Several other processes occurring in the Southern Ocean have also been invoked to
explain the deglacial atmospheric COz rise. For example, reduction of biological pump due to
reduced iron fertilization (\Watson et al., 2000; Wolffet al., 2006; Fischer et al., 2010; Martinez-
Garcia et al., 2014); reduced CO2 solubility due to increased temperature of the ocean (Kohler
and Fischer, 2006; Fischer et al., 2010); reduction of sea ice extent (Fischer et al., 2010). As a
consequence, the organization and extension of the Southern Ocean deep water-masses (i.e.,
Atlantic Meridional Overturning Circulation, AMOC; Skinner et al., 2010; Shakun et al., 2012;
Toggweiler et al., 2006) were studied, mainly using paleo-hydrological proxies (5120, §'3C, end
of sea water, A3C; Barker et al., 2009; Vasquez-Riveiros et al., 2010; Skinner et al., 2010,
2013, 2014; Waelbroeck et al., 2011; Gottschalk et al., 2015b). By contrast, the terrigenous
particle signal transported by these deep water-masses in the sub-Antarctic Atlantic Ocean
remain poorly studied, even though locally it was successfully used to reconstruct the deep
ocean circulation dynamical component (Diekmann et al., 2000 — Scotia Sea; \Walter et al., 2000
— Scotia Sea and southwest South Atlantic; Kuhn and Diekmann, 2002 — Cape Basin). In this
study, we aim to reconstruct the past evolution of deep-water masses (i.e. contribution to
sedimentation, vertical and horizontal extensions, and speeds) during the last deglaciation using
the signal carried in the terrigenous particles transported by these water masses. Sediment grain-
size distribution allows identifying the contribution of distinct oceanic currents (\Weltje and
Prins, 2007; Weltje, 2012), and reconstructing the speeds of the main deep water-masses
(McCave and Hall, 2006; McCave and Andrew, 2019). Grain-size distribution displays distinct
modes (\Weltje, 2012) that can be attributed to specific physical transport processes (e.g., wind,
water currents, ice) and/or transport energy. Because grain-size distribution reflects both
carrying vectors (e.g., wind, water currents, ice) and flow speed, several studies focused on the
respective isotopic composition of distinct grain-size fractions in order to track distinct
provenance patterns (Meyer et al., 2011; Bayon et al., 2015; Beny et al., 2018). Similarly, clay

minerals are useful tracers of provenance, erosion balance, weathering, and transportation
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pattern of fine-grained sediments (
). Finally, radiogenic isotope compositions of
sediments can be used to decipher the different provenances of terrigenous particles and

determine their respective contributions through time ( ).

This study focuses on the South Atlantic Ocean, where northern water-masses (North
Atlantic Deep Water, NADW) and southern ones (Lower Circumpolar Deep Water, LCDW and
Antarctic Bottom Water, AABW) mix, because this area is key for understanding the
atmosphere-ocean exchanges that control CO. sequestration/outgassing. The reorganization of
these deep water-masses during the deglaciation is still a subject of debate and their impact on
deglaciation is not resolved (

). Recent studies of the last deglaciation
ventilation events in the South Atlantic Ocean demonstrated an apparent synergy between
physical and biological processes ( ), whereas chemical and physical
processes appear to be decoupled ( ). These contrasting results highlight the
lack of constraints on the dynamical aspect of the water-masses mixing. In this paper, we
combined grain-size distribution, clay mineralogy, and radiogenic isotope (Sr-Nd-Pb) analyses
(on separated grain-size fractions) in order to investigate the evolution (horizontal and vertical
extensions, pathways, speed) of deep water-masses in the South Atlantic Ocean during the last

termination.
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Figure 36:  Simplified geological map of the study area. Light blue text names riverine
systems, dark blue text names seas, black text names oceanic basins, and white abbreviations
names areas. In South America: Guyana Highlands -GH-, Brazilian Highlands -BH-,
Argentinian Pampas -Pam-, Patagonia -Pat-; in Africa: Namibian deserts-Na-; in Antarctica:
Ellsworth Mountains -EM-, Antarctic Peninsula -AntP-, Pensacola Mountains -PM-, Berkner
Islands -Bl-, Shackleton Range -SR-, Coats Land -CL-, Dronning Maud Land -DML-. Clay
mineral inputs to the South Atlantic Ocean derived from the studies of Petschick et al.
(1996 );Diekmann et al. (2000); Walter et al. (2000); Guyot et al. (2007); Bayon et al. (2016);
and Khondoker et al. (2018).
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A. Deep water-masses

Modern South Atlantic deep circulation is characterized by the incursion of the NADW
into the Southern Ocean, where it mixes/interacts with both the AABW and the Circumpolar
deep-water (CDW; ). The southward NADW mainly flows as Deep Western Boundary
Current along the South American Margin before leaving the continental shelf and flowing
eastward around 45°S ( ). A branch
of the NADW crosses the Atlantic Ocean at the equator before to flow southward along the
African margin and to reach the Indian Ocean via the Good Hope Cape ( ).
In the Southern Ocean, NADW flows between two parts of the CDW: the Upper Circumpolar
deep-water (UCDW) flows above, whereas the Lower Circumpolar deep-water flows
underneath. The northern extension of the UCDW is very asymmetric with larger extent in the
eastern part of the South Atlantic ( ). On the west side of the Mid-Atlantic
Ridge (MAR), the LCDW penetrates into the Argentine Basin via the Drake Passage and flows
northward into the Brazil Basin ( ). On the east of the MAR, the LCDW

is a major oceanic feature in the Cape Basin, where it becomes diluted in the Angola Basin

( ). The lower part of the LCDW is currently mixed with the upper part of the
AABW ( ) that is produced heterogeneously along the Antarctic Shelf (
). demonstrated the formation

of a very cold type of bottom water in the vicinity of the shelf break (the Polynyas mode)
between 29 and 40°W and along the Antarctic Peninsula’s tip, between 35 and 55°W and north
of 65°S. Today this production occurs mainly in winter when seawater is close to freezing and
becomes saltier due to sea ice formation ( ), which
increases its density and promotes convection. This mode is called the Polynyas mode.
However, in the Weddell Sea, a second mode of bottom water formation occurs: the Ice Shelf
Water mode, which corresponds to bottom water formation under the Antarctic ice shelves due
to super-cooling ( ). The AABW is very thick in the
Weddell-Enderby Basin (more than 4000 m; ) and is partially exported to the
Argentine Basin via the eastern Scotia Sea (east and west of the South Sandwich Islands) toward
the Brazil Basin via the Vema Channel, and to the Agulhas and Crozet basins (

). The AABW is a dominant oceanic feature south of 50°S although its’ northern
influence extents to around 10°S ( ).

The characteristics of deep-water masses were not constant through time and the

evolution of the AMOC is controversial (
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). Some studies have suggested that during the
Last Glacial Maximum (LGM) the NADW was as strong as today but shallower (
). Other studies suggest that it was weaker and shallower
( ). The NADW southern extension seems limited during
glacial times, whereas southern-born water-masses extended further north (
). Similarly, modifications of the Antarctic Circumpolar
Current (ACC, including the CDW) during the last climatic cycle are still debated. Some studies
reported severe modifications of the ACC intensity in the Atlantic ( ) and
Indian ) sectors of the Southern Ocean: the activity
of the ACC increased during the LGM, probably linked to enhanced westerly winds (
). In contrast, other studies support
insignificant modification of the ACC in the Atlantic sector of the Southern Ocean (

) and Drake Passage ( ). Finally, the evolution of the AABW is
also uncertain. suggests that the production of AABW was similar during
glacial and interglacial, but dropped during terminations (including the last deglaciation). In
addition, suggest that the “AABW” (corresponding to CDW and AABW
in our study) was weaker during the LGM than today. In contrast, other studies suggest
enhanced northward flow of AABW via deep western boundary currents in all three major

ocean (Pacific: ; Indian: ; Atlantic:
).

Any modifications of the AMOC have a potential effect on carbon storage/outgassing
that is tightly controlled by ocean stratification/ventilation, itself resulting from contrasting
physical and chemical properties of the water-masses. High ocean stratification — as during the
last glacial — inhibits vertical mixing and isolates the deep ocean from the atmosphere. In
contrast, ventilation events — breakdown of the stratification that occurred during the last
deglaciation — allow CO3 to upwell from the deep ocean and to be rapidly transferred to the
atmosphere (

).
B. Geological setting

The Atlantic sector of the Southern Ocean may receive sediments from Antarctica, the
Scotia Sea area (i.e., Scotia Arc, southern Patagonia, and northern Antarctic Peninsula) South
America, and Africa. Here, we present the general geological structure of these areas, and their

respective isotopic signatures ( ).
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Antarctica corresponds to two distinct geological domains: East and West Antarctica.
West Antarctica includes the Ellsworth Mountains (EM), the Antarctic Peninsula (Ant P), the
Scotia Arc region (SCA). The geology of the Ellsworth Mountains ( ) is poorly known
due to the lack of outcrop. These mountains are composed of Precambrian rocks, corresponding
mainly to granodiorite orthogneiss intruded by granitic and pegmatitic sheets (

). The isotopic composition of the area is not known, but the age of the rock suggests
radiogenic Sr and Pb isotope ratios, and unradiogenic eng ( ). This area mostly delivers
illite to the sea ( ). The Antarctic Peninsula, composed of alkaline
and calcalkaline magmatic rocks associated with deformed sediments of similar composition
( ), is a potential source of terrigenous sediment for CDW
and AABW. The Antarctic Peninsula is characterized by radiogenic eng, and low Sr and high
Pb isotope ratios ( ). Clay minerals from this area mostly correspond to well-
crystallized smectite (crystallinity around 1.5, ), and chlorite.
The Scotia Arc islands rocks are similar to those of the Antarctic Peninsula but with slightly
more radiogenic Nd, and slightly less radiogenic Sr and Pb ( ). This area exports
exclusively well-crystallized smectite to the ocean (crystallinity lower than one;

).

The East Antarctic domain is an old shield with rocks > 0.9 Ga. Rocks from the
Pensacola Mountains (PM) to the Shackleton Range (SR) represent the Ross Orogen (i.e.,
Transantarctic Mountains) and are mainly composed of varied metamorphic rocks aged from
the Late Proterozoic to Late Paleozoic (

). The isotopic composition of the area is
characterized by unradiogenic Nd, with intermediate to high Sr isotope ratios ( ). The
Pb isotope composition unknown, as is the case for most of East Antarctica rocks. The few
studies reporting Pb isotope ratios have been carried out on feldspars only. The area releases
mostly illite and chlorite ( ). Smectite is also exported from the Berkner
Island, but is found only locally ( ). To the east, the Grenville Belts (920 to
1330 Ma) outcrop on the Coats Land (CL) and western Dronning Maud Land (WDML) with a
wide range of gneissic and clastic sediments (

) with unradiogenic Nd, and radiogenic Sr isotope ratios ( ). Clay minerals
produced in this area are mainly chlorite and illite ( ). In the northernmost
part of the Dronning Maud Land, the old Grunehogna Craton is composed mainly of Archean

granitoids ( ) with very
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unradiogenic Nd (end<< -20) and radiogenic Sr ratios (figure 36). The clay minerals generated

in that area are mainly chlorite and illite (Petschick et al., 1996).

South America can be divided into two blocks: the recent Andean Orogen, and the old
South American Shield. In the Atlantic Sector of the Southern Ocean, the Andean Orogen
mostly corresponds to Patagonia (Pat). The geology and the isotopic composition of this region
is similar with the Antarctic Peninsula: radiogenic Nd, unradiogenic Sr and Pb isotope ratios,
but with higher 2”Pb/?%*Pb than the Antarctic Peninsula (figure 36; Olivero and Martinioni,
2001; Sayago et al., 2001 and references therein; Smith et al., 2003; Khondoker et al., 2018).
Even if the climate is slightly more humid than in the Antarctic Peninsula, Patagonia also
produces mainly well-crystallized smectite (Petschick et al., 1996; Desiage et al., 2018;
Khondoker et al., 2018).

The South American Shield is composed of several cratonic areas separated by vast
ancient orogenic belts. (Cordani and Sato, 1999; Engler, 2009; Oyhantcabal and Siegesmund,
2011; Siegesmund et al., 2011; de Alkmim, 2015). Cratonic areas are mainly composed of
granitoids and a wide range of metamorphic rocks, while orogenic belts are composed of a large
variety of metamorphic rocks with high original composition (from the granite to the ophiolite
and the juvenile magmatic arc; Almeida et al., 1981; Barros et al., 1982; Moura and Gaudette,
1993; Neves, 2003; de Alkmim, 2015; Nogueira et al., 2007; Pimentel et al., 2011; Fuck et al.,
2014; McGee et al., 2015; D'el-Rey Silva et al., 2016). The overall isotopic composition of the
South American Shield is radiogenic Sr and Pb, and very unradiogenic Nd isotope ratios
(figure 36). South of the South American Shield, a large tholeiitic-basaltic province is known
as the Parana basalt (\Waichel et al., 2012; Milani and Ramos, 2017). The composition of the
Parana basalts differs from the South American Shield with radiogenic Nd, and very low
87Sr/8r ratio (<0.5; Tapani Ramo et al., 2016).

This South American Shield is drained by important riverine systems such as the
Amazon and Parana rivers. The Amazon drains sediments from the Andes, as well as the South
American Shield. The South American Shield is characterized by rocks with unradiogenic Nd
and radiogenic Srand Pb (figure 36). The clay mineral exported to the ocean is mainly kaolinite
(Petschick et al., 1996; Guyot et al., 2007; Bayon et al., 2015). However, sediments are mainly
exported northwards toward the Caribbean Sea. The Parana River drains the southern part of
the South American Shield, the Parana basalts, and the north of Patagonia. Its isotopic
composition has intermediate Nd, Sr, and Pb isotope ratios (figure 36). Clay minerals

transported via this river are illite (~60%; Petschick et al., 1996; Campodonico et al., 2016),
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kaolinite, and smectite. Other smaller rivers drain the south of Brazil, and mainly deliver
sediments characterized by unradiogenic Nd, and radiogenic Sr and Pb isotope ratios,
containing mainly smectite derived from the Parana basalts and kaolinite (

). On the other hand, Patagonia and Pampas are dry and windy areas (

). Consequently, part of the detrital particles is exported to the ocean via aeolian processes
as loess ( ). The overall isotopic composition of this smectite-rich loess is
radiogenic Nd, unradiogenic Pb and Sr ratios. According to , the sediment
delivery to the southwest Atlantic is currently dominated by loess, and by the Parana River

sediments.

A large proportion of the African continent comprises Archean Cratons (western Africa,
Congo), and rocks related to the Pan African Orogen. The cratons are composed of gneisses
while the Pan African Orogen is mainly composed of flysch deposits associated with volcanic
formations, and intruded by granitoids. The overall geochemical composition of Africa is
intermediate to very unradiogenic Nd, and intermediate to very radiogenic Sr and Pb isotope
ratios ( ). Clay minerals formed in the Congo depression are mainly poorly crystallized

smectite and kaolinite, whereas the Namibian deserts release illite-rich loess (

).
[1l. Material and methods

A. Material

This study is based on sediment samples from core MDO07-3076Q (44°9.2°S,
14°13.7°’W) recovered by the French Vessel Marion Dufresne in 2007 on the eastern flank of
the Mid-Atlantic Ridge at 3770 m depth ( ). The core chronology is based on planktonic
foraminifer radiocarbon dates (30 measurements for the studied interval) and stratigraphic
control points ( ; ). Today, the site is
bathed in the LCDW. From the seafloor to the surface, the water masses observed in the water
column above the study site are the LCDW, NADW, UCDW, and intermediate and surface
waters. In nearby deeper oceanic basins, the AABW is also found, and it is thought that particles

transported by this bottom water can reach our site by advection and mixing with the LCDW.

B. Sample preparation and analytical procedure

All samples were first decarbonated using 0.1N HCI and then deflocculated by repeated

washing using pure water.
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Grain-size distribution was measured on carbonate-free sediment using a Malvern
Mastersizer 2000 laser (0.02-2000 um) following standard protocols (
). The clay-size fraction corresponds to the proportion (in volume) of particles with a
diameter smaller than 2 um, the cohesive silts correspond to the 2 to 10 um diameter particles,
the sortable silts correspond to the 10 to 63 um diameter particles, and the sand fraction to the

particles coarser than 63 um.

The clay-size fraction (< 2um) was isolated by differential settling according to Stoke’s
Law. This fraction was then concentrated by centrifugation (40 minutes, 3500 rotation per
minute) and an aliquot was placed on glass slides. X-ray diagrams were obtained using a Bruker
D4Endeavor (standard 30 kV and 30 mA). Each sample is run three times between 2.49 and
32.5°26: (1) dried sample, (2) glycolated sample (12 hours in ethylene glycol), and (3) heated
sample (490°C for 2 hours). The proportion of each clay mineral (smectite, chlorite, illite, and
kaolinite) is determined using the main X-ray diffraction peaks (layer and interlayer) on X-ray
spectra according to their crystallographic characteristics ( ). Smectite is
characterized by a main peak at 14-15 A on the air-dried samples that expands at 17 A after
ethylene glycol saturation and collapses at 10 A after heating. lllite is characterized by a main
peak at 10 A on the three runs. Kaolinite and chlorite are measured based on their main peak at
7-7.2 A and further distinguished using pseudo-void deconvolution of the kaolinite/chlorite
doublet at 3.54/3.58 A. All measurements and semi-quantitative estimations are processed
using the McDiff software ( ). The index of Esquevin ( )
corresponds to the ratio between the intensity of the peak of illite at 5 A and at 10 A (illite
5A/10A). In this study, the crystallinity of illite and smectite has been measured using the
method of integral breath to enable comparison with the work of in the
South Atlantic. High crystallinity (high values of the index) corresponds to badly crystallized

mineral.

The grain-size distribution recognized three distribution modes. These three grain-size
fractions were then isolated in order to examine their provenance. The clay-size fraction (0-
2 um) was isolated by repeated extractions by settling. The coarse fraction (20-40 um in the

old section of the core before 11.5 ka cal BP, noted hereafter as ka, and 20-32 um after 11.5 ka)
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was isolated by sieving the clay-free residue. The 2-20 um grain-size fraction is thus the residue
of clay separation and coarse fraction sieving. An aliquot of 10 to 150 mg (depending of the
sediment quantities available) was then used for chemical procedures.

Chemical and isotopic measurements were performed at the Faculty of Science of the
Vrije Universiteit, Amsterdam. Sediment was digested in closed Savillex™ Teflon beakers
using a mixture of concentrated HF and HNO3 (~2/3 and 1/3, respectively) for a few days at
120°C. After digestion, samples were dried out and re-dissolved in ~6.5N HCI to remove
fluorides. Nd, Sr, and Pb were purified using conventional ion chromatography. Pb isotopes
were processed first and purified using AG-X8 200-400 mesh resin. Light rare earth elements
(LREE) were isolated using true-spec resin medium (Eichrom™, 100-150 pm mesh size) and
Nd was eluted from the LREE fraction using LN-resin (Eichrom™, 50-100 um mesh size). Sr
was recovered using Sr resin column. Nd and Pb measurements were performed by bracketing
using respectively CIGO and NBS981 standards on Thermo Scientific Neptune multi-collector
inductive coupled plasma-mass spectrometer (MC-ICPMS), whereas Sr measurements were
performed on a thermal ionization multi-collector-MS (TIMS). Due to relatively low content
of Nd in some of the coarse grain-size fraction (20-32/40um), Nd measurements of these

fractions were also performed by TIMS.

V. Results
A. Grain-size distribution
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Figure 37:  Grain-size results from core MD07-3076Q. (a) and (b) Variation of the coarse

and fine grain-size mode values, respectively, through time. Black lines represent the average
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value for both grain-size modes while dashed lines represent their standard deviation; (b)
typical grain-size distribution curve from the core MD07-3076Q. Two grain-size modes can be
identified from the grain-size distribution curve. YD: Younger Dryas, BA: Bglling Allergd, HS:
Heinrich Stadial; LGM: Last Glacial Maxima.

The grain-size distribution is bimodal throughout the core ( ) with a coarse
mode ranging in the sortable silts fraction (from 23.6 and 36.2 um, average: 30.4, standard
deviation: 2.48; ) and a fine mode ranging in the cohesive silts fraction (from 5.6 and
9.3 um, average: 6.8, standard deviation: 0.8; ). The sortable silt (10-63 um) fraction is
dominant (41 to 52% in volume of the total terrigenous fraction, average: 47%, standard
deviation: 2.4; ) and the cohesive silts (2-10 um) represent 35 to 45% (average: 39%,
standard deviation: 2.4; ). The clay (<2 um) and sand fractions (>63 um) represent
respectively 2 to 5% (average: 3.4%, standard deviation: 0.7; ) and 1 to 6% (average:

3.0, standard deviation: 1.0; ) of the total terrigenous fraction ( ).

In details, the mean of the coarse mode (hereafter mentioned as the sortable silt mode)
is slightly coarser during the LGM ( ), and decreases during the deglaciation and
reaches its minimum values after the Younger Dryas (YD). The average size of the fine mode
(hereafter mentioned as the cohesive silt mode) is maximum at the end of the LGM and displays

its lowest values during the deglaciation ( ).
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Figure 38:  Clay mineral data from core MDO07-3076Q. Purple dots represent the
radiocarbon dates used for the age model. (a) relative proportion of smectite (%); (b) smectite
crystallinity (°26); (c) illite crystallinity (°26); (b) and (c) note that the lower is the crystallinity
index, the better the mineral is crystallized; (d) relative proportion of illite (%); (e) relative
proportion of chlorite (%); (f) relative proportion of kaolinite; (g) kaolinite/chlorite ratio
(K/C); (h) illite/smectite ratio (1/S).

B. Clay Mineralogy

The clay mineral assemblage is composed of smectite ((S) 18-59%; ), illite

(N 21-40%; ), chlorite ((C) 12-33%j; ), and kaolinite ((K) 5-14%;
) with higher smectite content at the end of the deglaciation, and higher illite, chlorite

and kaolinite contents during the LGM. The smectite crystallinity ranges from 0.89 and 1.45
( ) and varies in phase with the smectite content with slightly higher variability
between 25 and 30 ka. The illite crystallinity varies between 0.27 and 0.42 ( )
without major variation. Clay mineral proportions are relatively stable during the LGM but
records a shift during the deglaciation with an increase of smectite compared to the other clay
minerals. The smectite crystallinity varies simultaneously with smectite proportion changes.
The K/C ratio is stable during the LGM, and increases during the deglaciation. The I/S ratio
presents two maxima at the beginning of the record and at the end of the LGM, sharply

decreases at the beginning of the HS 1, and steadily decreases during the deglaciation.
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Figure 39:  Crystallographic properties of illite from site MD07-3076Q (black dots) and
comparison with properties of illite from potential sources to the South Atlantic basin. The data

used for comparison are from . Illite 5A/10A ratio gives information on
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the chemical properties of illite (Fe-Mg- vs Al-rich illite) while the crystallinity gives clues on
the quality of the mineral crystal (high crystallinity: badly crystallized mineral).

C. Radiogenic Isotopes
Isotopic results are presented for the sortable silt mode fraction (20-32/40 um) and the

cohesive silt mode fraction (2—20 wm) and for the clay-size fraction (<2 um) ( ).

Lead isotope ratios were only been measured on the clay-size fraction ( ).

The eng Of the clay-size fraction ranges from -7.2 to -4.8. It is relatively stable during
the last glacial (<+ 0.5 end), decreases by 2 ¢ units during the deglaciation and shows minimum
values at the end of the deglaciation ( ). The 8/Sr/8Sr ratio ranges from 0.711 to
0.712: it is rather high and stable (<+ 0.0003), during the last glaciation and displays a rapid
decrease at ~15 ka. The ratio records a short rebound at 12.7 ka before reaching its minimum
values at the end of the deglaciation (0.7107; ). The 8/Sr/®Sr ratio and the eng Show
a similar temporal evolution (they both decrease during the deglaciation), which is surprising
as in nature they usually record opposite relationship. The three Pb isotope ratios record their
lowest values around 25 ka, and increase thereafter. This trend is more pronounced for the
207pp/2%4pp ratio during the deglaciation. Some fluctuations of the three ratios are observed
during the deglaciation with higher ratios at climatic transitions (LGM/Heinrich Stadial 1 —
HS1-, HS1/Bglling-Allergd — B-A —, B-A/Younger Dryas —YD-, Holocene onset), and low
values during the middle of the HS1, the middle of the B-A, and the second half of the YD
(except for the 2%Pb/2%Ph). We note that the Sr isotope rebound observed at 12.7 ka is also
associated with variations Pb isotope ratios.

The eng of the 2-20 um grain-size fraction (cohesive silt mode fraction) ranges from -
5.5 to -3.9 with the lowest values at 13, 18, 23 and 29 ka ( . The 87Sr/2Sr ratios are

generally constant with higher values around 13, 19, and 24 ka ( ).

The eng of the sortable silt mode fraction ranges from -4.9 to -1.4. Values are relatively
unchanging during the last glacial period (-2 = 0.5 eng) but decreases after 18 ka and reaches a
minimum (-5) at the end of the deglaciation ( ). The &Sr/%8Sr ratio ranges from 0.708
and 0.710. 87Sr/88Sr values are lower during the HS 2, at the beginning of the HS 1, and at the
beginning of the YD, while the highest value is recorded at the B-A offset ( ).
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Figure 40:  Isotopic results from core MDO07-3076Q. (&) end from the sortable silt mode
fraction (20-32/40 um); (b) end from the cohesive silt mode fraction (2-20 zm); (C) ena from the
clay-size fraction (<2 um); (d) 8Sr/®Sr from the clay-size fraction (<2 um); (f) 8’Sr/%Sr from
the sortable silt mode fraction (20-32/40 wm); (g) 8'Sr/%Sr from the cohesive silt mode fraction
(2-20 um); (h) 2%8Pb/2%4Ph, (i) 207Pb/?*Pb, and (j) 2°°Pb/2**Pb from the clay-size fraction
(<2 pm).

V. Discussion

A. Sediment provenance

To determine the provenance of this grain-size fraction, both clay mineral proportions
and radiogenic isotopes have been used. Kaolinite and chlorite have distinct provenances: at
present, kaolinite is mainly found at low latitudes where chemical weathering is strong.
Brazilian rivers (Amazon and Parana), as well as equatorial and tropical African rivers are
characterized by high contents of kaolinite ). Inherited kaolinite is also found in East
Antarctica marine sediments ( ), but is transported by the westward Antarctic Coastal
Current and remains trapped in the Weddell-Enderby Basin due to the Weddell Gyre circulation
( ) and this kaolinite is therefore unlikely to contribute to sedimentation at
the studied site. Consequently, kaolinite can be used to trace the low latitude provenance.
Conversely, presently, chlorite mainly characterizes high latitude regions, where weak chemical
weathering allows its preservation. It is abundant in Antarctica and the Scotia Sea ( ).
Consequently, chlorite can be considered a tracer of high latitude provenance. Thus, the
kaolinite/chlorite ratio (K/C) discriminates southern-born versus northern-born material in the

southern Atlantic ( ).

Illite provenance is more complex. It is very abundant in the Weddell Sea, Namibian
deserts, the Parana River (60% of the delivered sediment), and it is also present, although at
lower concentrations (<30%), in the Scotia Sea ( ). To decipher the provenance of illite,
we used the chemical (5/ 10A ratio, i.e., Fe-Mg vs. Al rich illite) and crystallographic properties
(crystallinity) of this mineral. Data are compared with the 5/ 10A ratio and the crystallinity of
illite of potential illite sources from the database of ( ). This
comparison demonstrates that the illite from core MDO07-3076Q is similar to illite from the
Weddell and Scotia seas while the chemical and crystallographic properties of the illite

recovered at site MDO07-3076Q is not compatible with a Namibian source. In the Scotia Sea,
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illite represents less than 30% of the total clay mineral fraction (from 10-30%;
) and represents a mix of illite coming from the Weddell Sea embayment via the AABW,
and illite from the Pacific sector of Antarctica delivered by the CDW (
). Importantly, in the Weddell Sea, illite represents at
least 50% of the total clay mineral fraction (more than 80% in some areas;
). Consequently, the Weddell Sea embayment is considered as the major, source of illite

for our studied site.

Smectite has several potential provenances: the Angola Basin, southern South America,
Scotia Sea Islands, and Antarctic Peninsula. The crystallinity of this mineral was measured in
order to decipher its provenance. The well-crystallized smectite (low crystallinity; )is
compatible with a provenance from southern South America (Pampas and Patagonia), Scotia
Arc, or Antarctic Peninsula, which are all characterized by crystallinity lower than 1.5
( ; ). It rules out a contribution of poorly crystallized smectite
(crystallinity > 2; P ) from Angola. In detail, the crystallinity of the smectite
from our studied site likely corresponds to a mix between two types of sources: (1) Patagonia
and Antarctic Peninsula with a crystallinity of 1.5; and (2) Scotia Arc with a crystallinity lower
than 1.0. Interestingly, the proportion and crystallinity of smectite record very similar variations
that suggest a dominant and rather continuous flux of smectite from the Scotia Arc (low
crystallinity - ~1.1) during the last glacial period, with a supplementary supply of less well
crystallized smectite (slightly higher crystallinity — 1.5; ~20%) from Patagonia or Antarctic

Peninsula during the deglaciation ( )

In summary, both the proportions of the clay minerals and their crystallographic
properties suggest that kaolinite mainly derives from low latitude areas, chlorite originates from
Antarctica and the Scotia Sea, while illite mainly derives from the Weddell Sea embayment and
smectite is derived from several sources (Scotia Arc, Patagonia, and Antarctic Peninsula).
Moreover, mineralogical and crystallographic properties exclude Africa as a source of clay

minerals consistent with the dominant westward oceanic circulation in the ACC ( ).

125

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

10

Scotia Arc Legend
and Ridge O coarse mode (15-30ka)
Antarctic O coarse mode (10-15ka)

5 Peninsula O 2-20um (15-30ka)

O 2-20pm (10-15ka)

Patagonia, ©  0-2um (15-30ka)

Pampas, o 0-2um (10-15ka)

Southern Andes
0 —
z
w
-5
South American
\Shield
-10 -
East « NADW-W
Antarctica | — ]
-15 ' I | |
0.70 0.71 0.72 0.73 0.74
St/ Sr

Figure 41:  87Sr/%Sr-gy¢ diagram of MD07-3076Q sediments and of potential sources of
sediments for the South Atlantic Basin. Boxes representing the reference data delimit the first
and the third quartile. The median values are represented by horizontal and vertical lines
attached to the boxes for the avg and the 8/Sr/®Sr ratios, respectively. The short strokes at the
end of these lines represent the 10" and 90" percentile values. Accordingly, the box represent
50% of values found for each potential provenance, and 80% is represented with the lines. Data
sources: -South American Shield- Allegre et al. (1996); Basile et al. (1997); Walter et al.
(2000); de Mahiques (2008); Jeandel et al. (2007), and references therein; Mallmann et al.
(2007); Ganade de Araujo et al. (2014); Fuck et al. (2014); -Patagonia, Pampas, Southern
Andes- Stern et al. (1990); Grousset et al. (1992); Basile et al. (1997); Walter et al. (2000);
Smith et al. (2003); Jeandel et al. (2007), and references therein; Khondoker et al. (2018); -
Scotia Arc and Ridge- Jeandel et al. (2007); Harrison et al. (2003);-Antarctic Peninsula- Hole
el al. (1993); Kosler et al. (2009); Roy et al. (2007); Lee et al. (2005); -East Antarctica-
DePaolo et al. (1982); Luttinen et al. (1998, 2010); Roy et al. (2007); Will et al. (2010).
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The coupled eng - 8Sr/ 88Sr isotope variation of the clay-size fraction (figure 41) reveal

a mixed provenance between young sources around the Scotia Sea (Scotia Arc, Antarctic

Peninsula, Patagonia) and southern South America (Patagonia and Pampas), and an old source

from East Antarctica or the South American Shield (i.e., Brazil and Parana River).
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Figure 42:  PDb isotope composition of core MD07-3076Q and of potential sources of

sediments. The reference data used for comparison are from Fretzdorff et al. (2002), -Scotia
Ridge-; Khondoker et al. (2018), -Patagonia-; Co/en and O Nions (1982); Barreiro (1983), -
Scotia Arc-; Lee et al. (2005), Kosler et al. (2009), Flowerdew et al. (2012) -Antarctic
Peninsula-, de Mahiques et al. (2007), -South American Shield-; Flowerdew et al., (2012), -

Eastern Weddell Sea-.

The coherent Pb isotope variations in figure 42 support this interpretation recording a

mix between the Antarctic Peninsula, Scotia Arc, and South American Shield. However, since

very few data are available for the Pb isotope compositions of East Antarctica, a contribution

from this area cannot be excluded. The three isotopic systems suggest an increased contribution

of older material during the deglaciation compared with the LGM. Based solely on Nd and Pb

isotope data, it is rather difficult to distinguish South America and East Antarctica as the old

end-members during the deglaciation. However,

the increase of the K/C ratio during the

deglaciation supports the hypothesis of enhanced relative contribution from the South American

Shield.
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Both &Sr/%®Sr and eng of the cohesive silt mode fraction record limited variation
throughout the deglaciation ( ). The isotopic results indicate that the provenance is
located in Patagonia and in the Antarctic Peninsula, with an additional contribution of old
source (South American Shield and/or East Antarctica). These results suggest that no major
modification of provenance occurred during the deglaciation. Strontium and Nd isotope ratios
do not allow discrimination of the source of old material for the cohesive silt mode fraction.
The Nd isotope ratios suggest on average a higher radiogenic contribution for cohesive silts

compared with the clay-size fraction ( ).

Both Sr and Nd isotope ratios of the sortable silt during the LGM record one dominant
provenance: the Scotia Sea area (Patagonia, Scotia Arc, Antarctic Peninsula; ). During
the deglaciation, an important shift to less radiogenic eng values (4 units) is observed implying
an increased contribution of an older end-member such as East Antarctica and/or the South
American Shield. However, because East Antarctica and the South American shield have
similar Sr and Nd isotope composition, it is not possible to distinguish them with these isotopes
( ). Consequently, investigating the main transportation patterns is necessary to identify
the source of old material for both the cohesive (2-20 um) and the sortable silt mode fractions
(20-32/40 um).

In summary, ( ) all three grain-size fractions compositions are located between
two end-members: the Scotia Sea-southern South America area (Antarctic Peninsula, Scotia
Arc and Ridge, Patagonia, Pampas, Southern Andes), and crustal shields (East Antarctica,
South American Shield). The clay-size fraction appears the most crustal-like, whereas the
sortable silt mode presents the most mantle-like composition. The 2-20 um grain-size fraction
presents the lowest 8Sr/®Sr, meaning that the difference with the other grain-size fraction is
related to distinct provenances rather than grain-size effect. Both the clay size and the sortable
silt mode fractions display an increase of the crustal end-member. In the clay size fraction, clay
mineralogy enabled the identification of this old crustal source (i.e., the South American
Shield).

B. Transportation pattern and palaeoclimatic implications

The provenances of the sediments for the three distinct grain-size fractions have been

identified (or partially identified) in the previous section using their mineralogical and
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geochemical characteristics. Now, we will focus on identifying their transportation patterns and
vectors from the source to the sedimentation site.

Several studies propose that aeolian processes may lead to significant particle transfers
from Patagonia into the central Atlantic sector of the Southern Ocean
. The aeolian contribution of loess from Patagonia was enhanced during
the LGM as far as Antarctica
. Although this hypothesis could be supported by the radiogenic Nd signal observed
in both the clay-size and the sortable silt mode fraction during the LGM, the mineralogical of
MDO07-3076Q sediments is not in agreement with an enhanced contribution from Patagonia.
The dominant clay mineral in Patagonia is smectite (up to 95%), and the contribution of
Patagonian smectite in our clay-size fraction is lowest during the LGM ( ).
Consequently, direct aeolian inputs cannot be significant at our site, and oceanic currents appear
to be the main contributors to sedimentation
. This means that any aeolian particles from Patagonia delivered to the

southwest Atlantic ( ) likely reach our site via oceanic transport processes.

The size of particles transported by water flow is directly related to the flow energy,
with size increasing with the flow speed. This property was used in previous studies to track
the temporal evolution of paleo-current flow (e.g.

). Below we show that the different grain-size modes not only correspond to
distinct flow speeds, but specific water mass at site MD07-3076Q. Consequently, grain-size

modes (2-20 um and 20-32/40 um) can be associated to specific deep water-masses.

The clay-size fraction (i.e., the < 2 um particles) with very high specific surface readily
floats and hence can undergo long-range transportation (>500 km). Consequently, particles
within this grain-size fraction can be used to record the relative contribution of the main deep-

water masses.

The NADW carries fine suspended particles from as far as the Labrador Sea. However,
this signal is probably overprinted by the supply of sediments from more proximal sources such
as Africa or South America. The western branch of the NADW (NADW-W,; i.e., Deep Western
Boundary Current) can transport sediments from Brazil, Parana River, Pampas, and Patagonia
( ). Both mineralogical and geochemical compositions of the particles transported by
the western branch of the NADW are likely controlled by the southern extension of the water-
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mass. Currently the western branch drifts away from the South American coast around 45°S.
This southern extension likely changed during the last glacial period and deglaciation (

). Depending on its southern extent, the NADW is thus able to carry
either mostly kaolinite (equatorial Brazil), or kaolinite and smectite (southern Brazil), or illite
(Parana River basin), or well-crystallized smectite (crystallinity ~1.5; Patagonia). As shown
above, the eng signature of these sediments is more radiogenic when the NADW extends further
south (-20 in equatorial Brazil, to ~0 in Patagonia) while the Pb and Sr yield a slightly less

radiogenic signature ( ).

The CDW transports sediments from the Scotia Sea area, including Scotia Arc,
Patagonia, and the Antarctic Peninsula, as well as from the Weddell Sea when mixing occurs
between the lower part of the LCDW and AABW. Then particles transported by the CDW likely
record a younger isotopic signature (i.e., more radiogenic eng and unradiogenic Sr and Pb
isotopes), and a mineralogical composition dominated by smectite and chlorite, while additional
contribution of old material (unradiogenic eng and radiogenic Sr and Pb isotopes) and illite is
possible when the LCDW and AABW mix together. In summary, illite is considered as injected
into the sedimentary system via the AABW through mixing processes between LCDW and
AABW while smectite and chlorite are likely transported by the CDW.

The AABW in the Atlantic sector mainly forms in the Weddell Sea embayment

, and thus, must carries sediments from its drainage basin (East Antarctica, Antarctic
Peninsula), but may also transport sediment winnowed on its pathway such as the Scotia Arc
or southern Patagonia in the Argentine Basin. The main clay minerals in the Weddell Sea
embayment are illite associated with chlorite. Smectite may be injected in the AABW at the
vicinity of the Scotia Arc. Kaolinite is almost absent in both the Weddell Sea embayment and
the Scotia Sea area (Patagonia, Antarctic Peninsula and Scotia Arc) and is unlikely to be
transported by the AABW. The isotopic composition of fine particles transported by the AABW
ranges between two end-members: the very old sediments from East Antarctica
(®Sr/8Sr > 0.72; end < -20), and younger material from the Antarctic Peninsula and the Scotia
Arc (]7Sr/88Sr ~ 0.70; eng > -5; intermediate Pb isotope ratios). Consequently, the composition
of particles transported by the AABW flowing out of the Weddell Sea is intermediate, with eng
around -9 ( ), and is potentially enriched in young material when entering the

Scotia Sea.
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The above observations are summarized in , In which specific isotopic and
mineralogical signatures are associated to each deep-water mass. It is clear that the K/C ratio
as well as the eng composition reflect northern- versus southern-born water mass contributions
(i.e., NADW versus CDW and AABW). Similarly, smectite and illite are transported by distinct
water-masses and the illite/smectite ratio (I/S) can efficiently distinguish the AABW from the
other water-masses. Thus, this ratio will further be used as a tool for estimating the AABW

contribution through time.

The illite/smectite and kaolinite/smectite ratios have been plotted in . The three
end-members for AABW, CDW and NADW are plotted according to the clay composition of
their suspended loads. highlights how the relative contribution of the three water
masses (i.e., AABW, CDW, and NADW) to clay deposition has changed with time since the
LGM. To interpret this figure it is important to keep in mind that changes observed in the
contribution one deep-water mass are relative compared to the other water masses. To construct

, the proportion of clay particles deposited by each deep-water mass was calculated

as described below.

End-member deep-water mass compositions were calculated from the average
composition of deep water-masses shown in . Weights are computed as the inverse
of the distance between the position of water-mass end-member (Xw;yw) with xw=K/Cw and
yw=I/Sw and the position of the data point (Xq;yd), with Xxq=K/Cq and yq=1/Sq taken from the
graph ( ) for each water-mass: Ww=1/[ (Xa-xw)?+(ya-yw)?]*. The position used for
the deep-water masses are: XxAapw = K/Caasw = 0.3 ; Yaasw = I/Saasw = 2.5 ; Xcow = K/Ccpw
=0.1; ycow = I/Scow = 1 ; Xnapw = K/Cnabw = 0.9 ; ynapw = I/Snapw = 1. The values used
for the NADW correspond to the mineralogical composition of the NADW during the LGM.
As a result, the contribution of NADW to the deposition of clay particles is underestimated
(~10%) at the end of the deglaciation while the contribution of the CDW is overestimated
(~10%). This choice does not have a strong impact on the contribution of the AABW (less than
4.5%). Second, the percentage of the contribution of each water mass is calculated by bringing
the sum of the weights computed to 100: [NADW?’s contribution] = Wnapw/(Wnapbw + Wepw
+ Waasw) X 100

To test the validity of this method to reconstruct the evolution of the past deep
circulation, we compared our results with those of other water-masses proxies (e.g. seawater
ena and 8'3C). However, these latter methods proved incapable of distinguishing AABW from

CDW. Consequently, we based the comparison on the proportion of the NADW compared to
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the southern sourced deep waters. Based on data from the same core, our estimates give
comparable results to these two proxies (see ). This suggests that our approach
successfully reconstructs the evolution of these three deep-water masses. However, our estimate
of the proportion of the NADW is higher than the estimate of based on eng.
This discrepancy can be explained by two factors. First, we were unable to make corrections
for concentration differences of particles in the three deep-water masses (i.e., quantity of clay
particles per volume of water) due to the large uncertainties involved. In addition, it is very
likely that the NADW is more concentrated in clay particles than the AABW and CDW due to
sediment source effect (e.g., dry East Antarctica below thick ice sheets vs. humid South
America highly drained by equatorial rivers). Consequently, even though our tool successfully
reconstruct the variations of the NADW, the contribution of NADW is probably overestimated.
In other words, our estimate of NADW contribution to the clay deposition is likely higher than
the proportion of NADW (in volume of water). Second, the choice of the end member for the
seawater end of AABW+CDW made by is debatable (-5.5 during the LGM,
-8.5 during the Holocene). used a compositional end-member between -5
and -2, which yields a better match with the isotopic composition of seawater Nd at our site (-
5.5, ). Therefore, the estimate of appears to underestimate
the contribution of NADW at our site.

From 25 to 20 ka, the CDW is clearly dominant, with a contribution of 50% on average,
while the NADW and AABW deliver 35% and 15% of the clay fraction, respectively. The
highest contribution of the AABW is observed at the end of the LGM between 20 and 17.5 ka
(27% in average, but up to 52% at 18 ka). During this interval, the NADW and CDW deliver
respectively 34% and 39% on average. At the end of this period, the mineralogical composition
of the fine sediments deposited at site MDO07-3076Q suggests that the AABW was dominant.
At the beginning of the deglaciation, between 17.5 and 15 ka (i.e., during HS 1), the clay mineral
composition of core MD07-3076Q indicates a decreased relative contribution of the AABW
end-member (15% on average) associated to an increase of the relative contribution of the CDW
(49%) end-member. This observation of an increase of the CDW contribution is supported by

the radiogenic eng Of the clay-size fraction and a 87Sr/Sr close to the Scotia Arc composition

( ).

132

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

(a)
2.5
AABW e 25-20 ka
e 20-17.5ka
2 © o 17.5-15ka
@ 15-12ka
2 o 12-10ka
43 1.5 4
g
2 14 CDW
- NADW
0.5 —
0 I I T T
0 0.2 04 0.6 0.8 1
kaolinite/chlorite
(b) CDW
AABW NADW

Figure 43:  (a) Plot of kaolinite/chlorite vs illite/smectite ratios from core MDO07-3076Q
from 25 to 10 ka. The composition of deep-water masses has been determined using the data
from Petschick et al. (1996). (b) Ternary diagram comparing the contribution of the three deep-

water masses to the clay deposition at site MD07-3076Q.
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From 15 ka on, the clay mineral composition at the study site records an increasing
contribution of the NADW until the end of the deglaciation (at least 47% for the interval 10-
12 Kka, ). Compared with the LGM this suggests enhanced contribution of the NADW
with reduced contributions from the CDW (40% for the interval 10-12 ka) and AABW (13%
for the interval 10-12 ka). These results are strongly supported by the sharp decrease in engand

by the concomitant increase of 2%Pb/2%Ph and 2°"Pb/?%*Pb ratios from the clay size fraction

( ). This corroborates the conclusions based on the cibicides 53C measured in
the same core ( ). In addition, increasing inputs of less
crystallized smectite (slightly higher crystallinity: ~1.5, ) from

Patagonia support the southward penetration of the NADW in the southern Atlantic Ocean,
consistent with an increasing contribution of the NADW-W to sedimentation at site MDQ7-
3076Q. Interestingly, the transition between B/A (that starts simultaneously with the southern
Hemisphere cooling, the Antarctic Cold Reversal) and the YD appears to have no effect on the
relative contribution of deep-water masses and shows a continuous increase of the relative

contribution of the NADW during these two periods.

Overall, the clay size fraction demonstrates that the contribution of the three deep water-
masses changed through time. An increase of contribution of the AABW is recorded at the end
of the LGM and is followed by a two-step deglaciation. First, an important reduction of the
AABW is observed at the HS 1 onset. Second, an increase in the NADW contribution compared
to the CDW is observed during the B/A and YD.

According to our geochemical data, the provenance of the cohesive silt fraction is
dominated by sources from the Scotia Sea area, especially Patagonia and Antarctic Peninsula,
and by an old, unidentified, crustal source. According to the modern deep oceanic circulation,
only the CDW and AABW are able to transport sediment from the Scotia Sea to the studied site
( ). It was also likely the case during the LGM and deglaciation. The AABW and CDW
were likely spreading further north while the NADW was likely shallower, and retreated to the
north ( ). These
modifications do not affect the continental sources of terrigeneous sediment for the CDW and
AABW compared the present day, and the NADW is still unable to transport sediments from
the Scotia Sea. Consequently, it excludes the NADW as a transport medium for the cohesive
silt mode fraction to site MD07-3076Q. Therefore, because the NADW is also the only water-
mass able to transport sediment from the South American Shield to our study site, it excludes
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the South American Shield as a source of sediment for the cohesive silt mode fraction, and
implies East Antarctica as the source of old material identified in the cohesive silt mode
fraction. The terrigenous supplies deriving from East Antarctica/Scotia Sea strongly suggest
the AABW has been the dominant carrier of the 2-20 um grain-size fraction since the LGM. In
addition, because the mean isotopic composition of this grain-size fraction transported by the
AABW s relatively constant through time ( ), the relative contributions of East

Antarctica and Scotia Sea area seem to have remained largely unchanged since the LGM.

A part of the particles transported by the AABW and the NADW are derived from old
crustal sources (i.e., East Antarctica and South American Shield, respectively). Thence, these
two deep-water masses cannot be the source of the sortable silt mode fraction during the LGM.
In contrast, the CDW is a good candidate to transport particles solely from the Scotia Sea, as
identified for the sortable silt mode fraction during the LGM. Consequently, the only possible
source of this grain-size fraction is the CDW. During the deglaciation, the Nd isotope
composition of the sortable silt mode fraction became gradually less radiogenic while the
87Sr/®Sr ratio fluctuated, suggesting a modification of provenances and/or an additional
contribution of less radiogenic Nd source. Such isotopic changes could be explained in two
ways; (1) a change in the CDW pathway; (2) the incorporation of terrigenous material by
mixing with other water-masses (such as AABW or NADW). The CDW slowed down and
migrated southward during the deglaciation in concert with the southward migration of the
subpolar and polar fronts ( ).
However, such a change in the CDW pathway would have no effect on the terrigenous sources
of particles. In contrast, several studies proposed increased ventilation in the Southern Ocean,
enabling the degassing of oceanic CO> to the atmosphere (

). Currently the base of the LCDW is
mixed with the AABW, which was apparently not the case during the LGM (

). The onset of AABW/LCDM mixing could explain the incorporation of unradiogenic
terrigenous material from the Weddell Sea embayment (i.e., East Antarctica) into the LCDW.
This mechanism likely explains the shift in eng composition during the deglaciation. This
hypothesis is supported by the results of who reported lower eng in
terrigenous sediments in the southern Scotia Sea during the interglacial period and interpreted
this as higher contribution of sediment from the Weddell Sea embayment due to the mixing of
the AABW into the ACC. From 15 ka, the Nd isotope composition of the sortable silt mode
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fraction is very close to the one from the cohesive silt mode fraction transported by the AABW.
It suggests that the sortable silt mode fraction is specifically transported by the LCDW rather
than by the entire CDW. This highlights the fact that the eng variations from the sortable silt
mode fraction provide a useful tool to study the mixing between the AABW and LCDW.

Our results establish that different grain-size modes can be attributed to distinct water-
masses and that variation of the particle size of the different grain-size modes ( ) can
be used to record the variations of flow speed of these water-masses as well as changes in
pathways/mixing. This method has the advantage of distinguishing the speed of each water
mass instead of giving the average speed of all the water masses, as it is the case for the sortable
silt method ( ). During the last glacial period, the large mean particle
diameter (>30 um) of the sortable silt mode fraction reflects strong LCDW activity. At the
beginning of the deglaciation, the variation of the mean particle size suggests that the LCDW
speed slightly decreased, but remained high. Since ~15 ka, the LCDW speed has been showing
a gradual decrease. observed minor change in the Antarctic Circumpolar
Current (which includes the CDW) flow speed at the Drake Passage during the deglaciation.
Our observation, however, is consistent with other studies in the south Indian sector of the
Southern Ocean indicating that the Antarctic Circumpolar Current (which includes the CDW)
flow speed was maximum during the LGM and decreased during the deglaciation (

), with a notable increase from ~15 ka on ( ). Altogether, these

studies and our results suggest that the weakening of the ACC started at ~15 Kka.
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Figure 44.  Comparison between paleoceanographic proxies from core MD07-3076Q and
data produced in this study. Grey areas delimit the main climatic events and the red band
highlights the particularly strong AABW event. (a) size of the sortable silt mode (zm), a proxy
of the speed of the LCDW; (b) size of the cohesive silt mode (#m), a proxy of the speed of the
AABW; (c) bottom water ventilation age from site MD07-3076Q (data from

); (d) eng from the sortable silt size fraction; (e) Cibicides 5C from site MD07-3076Q
( ); (f) ena from the cohesive silt size fraction; (g) seawater ang from site
MDO07-3076Q ( ); (h) proportion of clay particles delivered by the NADW
(see ); (i) proportion of clay particles delivered by the CDW (see ); (1)
proportion of clay particles delivered by the AABW (see ). On curves (h), (i) and (j),
the red line represent values calculated using the Holocene end-member of the NADW (I/S =
0.5), while the blue line correspond to the values calculated using the LGM end-member of the
NADW (I/S = 1).

From ~26 to 21 ka, the low particle sizes recorded in the cohesive silt mode ( :
transported by the AABW) indicate slow AABW, which is consistent with the observed
moderate relative contribution of AABW in clay particles ( ). In this time
interval, one isolated high value is recorded at 24 ka and suggests that, temporarily, AABW
activity was stronger. However, no change is registered in the clay minerals ( ).
The grain-size data indicate that the AABW became more vigorous from 21 ka to reach its
strongest speed at the end of the LGM. This maximum speed is concomitant with the strongest
relative contribution of the AABW of the clay record ( ), as shown by the
peak of the illite/smectite ratio ( ) illustrated on . Interestingly, this AABW
maximum preceded the HS 1, and both its speed and relative contribution fell at the LGM/HS 1
transition as defined by . At the beginning of the deglaciation, the abrupt
decrease of the fine grain-size mode indicates a slowdown of the AABW ( ). This is
supported by a sharp decrease in the illite/smectite ratio in the clay-size fraction ( ),
which also suggests an abrupt decrease of the relative contribution of the AABW. At ~16 ka, a
slowdown of the AABW is indicated by a second sharp decrease of the cohesive silt mode
( ), which reaches its lowest values of the entire record, indicating low AABW speed
from 16 to 11.5 ka, when the AABW activity increased suddenly and recovered the speed

observed before 16 ka.

These variations of the AABW speed could indicate the transition from the Ice Shelf
Mode dominated bottom water formation at the end of the LGM to the Polynyas Mode
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dominated bottom water formation during interglacial periods. The variations of the cohesive
silt mode support a strong AABW during the LGM and the Early Holocene, and a minimum
flow during the deglaciation. This minimum flow would result from the reduction of bottom
water production via the Ice Shelf Mode and still low production via the Polynyas Mode. Our
results confirm the results of who demonstrated the relation between the
flow speed changes in the Cape Basin and the higher AABW production rates and indicate that
the size of the cohesive silt mode is a reliable tracer of the AABW flow speed and hence of
AABW production rates in the Weddell Sea.

Overall, the variations of the AABW flow speed and ventilation age are similar, with
higher average speeds corresponding to the old ventilation ages. Taken together with the
reconstructed vigorous LCDW during the LGM ( ), these observations suggest that
the deep Southern Ocean was poorly ventilated but with a vigorous circulation. It means that
both the AABW and LCDW remained isolated from the surface during the LGM. This
conclusion is consistent with our hypothesis that AABW was formed under ice shelves during
this period and that the major expansion of sea ice (

kept the AABW isolated from the atmosphere during the LGM. In addition,
poorly ventilated deep Southern Ocean associated with a vigorous deep circulation (i.e., high
AABW and LCDW flow) suggests that a barrier existed between the deep ocean and the
surface, which is consistent with the study of . In contrast, direct comparison
highlights the fact that the peaks of ventilation age and of the AABW flow are not in phase.
Indeed, the peaks of the AABW flow ( ) and of the AABW contribution to clay
deposition ( ) are synchronous with the first decrease in deep-water ventilation ages
after the LGM and prior to HS1. Moreover, this well-defined change in the AABW behavior is
recorded by two distinct proxies (i.e., clay minerals and grain-size distribution) and in two
distinct grain-size fractions (clays and silts). These synchronous changes are associated with a
drop in ventilation age prior to the HS 1. The variations in two grain-size fractions that are
transported and deposited by distinct dynamic processes indicates a major perturbation in
Southern Ocean circulation. Interestingly, the increase in the AABW strength associated to the
Early decrease in deep-water ventilation age took place significantly earlier than the changes

recorded by the other proxies measured in core MD07-3076Q (i.e., sea water eng between 17.5

and 16 ka, 5'3C at 14.5 ka, 820 at 15 ka, LCDW flow speed at 15 ka, NADW proportion at

15 ka) and also precedes the atmospheric COz rise ( ) and the change in the
opal flux ( ). For the first time, these data indicate a change in the deep
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Southern Ocean circulation that is associated with ventilation change that precedes the HS 1.
This suggest that the identified large temporary (~1 kyr long) increase in the AABW
contribution and flow speed may have had a substantial impact on the deep Southern Ocean
ventilation, and by extension, on the deglacial CO: rise. Indeed, the magnitude of the change in
the AABW behavior has the potential to “break™ the hypothetical physical barrier between the
deep Southern Ocean and the surface that was responsible of poorly ventilated deep-water
during the LGM. This combination of events also explains the unexpected Early fall of the

deep-water ventilation age observed at ~18.2 ka.

Conclusion

The mineralogical characteristics of the clay-size fraction provide new insights into the
general thermohaline circulation in the southern South Atlantic. The mineralogical signal
demonstrates strong influence of both the CDW and AABW during the last glacial period. Clay
assemblages reveal a particularly high contribution of the AABW at the end of the LGM, which
is interpreted as reflecting strong Ice Shelf Mode bottom water production in the Weddell Sea.
The contribution of the CDW and AABW then progressively decreases during the deglaciation
together with the growing influence of the NADW ( ). Indeed, clay size fraction data
monitor the progressive incursion of NADW into the Southern Ocean during the deglaciation
from ~15 ka ( ), as well as the synchronous southward retreat of the southern-born deep
water-masses (i.e., CDW and AABW).

The isotopic compositions of the distinct grain-size modes provides invaluable
information. The sortable silt mode fraction helps to trace the LCDW activity whereas the
cohesive silt mode fraction is associated with the AABW signal. Consequently, the temporal
evolution of flow speeds, pathways and interactions of these deep water-masses can be
determined in a very robust way. This study suggests: (1) vigorous LCDW during the LGM and
a marked weakening from ~15 ka; (2) strong AABW at the end of the LGM and during the
Early Holocene, and weak AABW during the deglaciation between 16 and 11.5 ka. These
results suggest a decrease of AABW production rates during the deglaciation that could result
from the transition from strong Ice Shelf Mode bottom water production during the LGM to

stronger Polynyas Mode bottom water during the Holocene.

The strong LCDW speed observed during the LGM is associated with increased clay
deposition by the CDW, and the reduction of LCDW speed since the B/A is accompanied by
an increased clay contribution from the NADW. Similarly, the highest AABW speed recorded
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at the end of the LGM is concomitant with the highest relative contribution of the AABW to
clay mineral deposition. Interestingly, this AABW maximum preceded the HS 1 and both its
speed and contribution fell markedly at the LGM/HS 1 transition.

Finally, this study demonstrates that based on (1) the combination of isotopic and
mineral investigation of the clay size fraction, (2) the combination of isotopic measurement of
isolated grain-size modes and of grain-size distribution results, and (3) a complete synthesis of
the potential sources of sediments, it is possible to obtain reliable information on the lithogenic
material transported by each deep-water mass. This approach allows efficient tracking of the
evolution of distinct water-masses through time, since it helps to isolate the specific signal
associated to each water-mass. Based on these observations, we conclude that the increase in
the AABW strength at the end of the LGM may have had a substantial impact on the ventilation

recovery of the deep Southern Ocean, and by extension, to the deglacial COz rise.
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Supplementary figures
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SUPPLEMENTARY FIGURE S1: Crystallinity of smectite from site MDO07-3076Q
(black curve) and comparison with crystallinity of smectite from potential sources to the South
Atlantic basin. The data used for comparison are from Petschick et al., 1996.

142

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

o N
] (]

Proportion of smectite (%)
[0'%]
[a]

20
10
0
10 15 20 25 30
age (ka)

SUPPLEMENTARY FIGURE S2: Contribution of the two types of smectite from site
MDQ07-3076Q. The black line represent the total smectite content, the purple area represent the
smectite content from the Scotia Arc, and the red area represent the smectite content from

Patagonia. The proportion of the two types of smectite are calculated as followed:

sample crystallinity] — (Scotia Sea crystallinit
[%Patagonian smectite] = [%total smectite] X ( p - y ,t_YI ( - ki - ,YI x 100
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[%Scotia Sea smectite] = [%total smectite] — (%Patagonian smectite]
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SUPPLEMENTARY FIGURE S3: Sedimentation rate from site MD07-3076Q calculated from
the age model published in Skinner et al. (2010, 2013, 2014) and Gottschalk et al. (2015b).
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Abstract

Reconstructions of paleoenvironmental conditions over South America are mainly
based on continental archives. Here, we provide new insights into past South American climate
emphasizing on rainfall distribution and intensity as well as wind strength by studying the
nature and provenance of deep sea sediments deposited in the central South Atlantic Ocean
(core MDO07-3076Q) during the Holocene. By combining clay mineralogy, X-ray fluorescence
core scanning data, and Sr-Nd-Pb isotopes of detrital sediments, we show that most of the
sedimentary changes in the deep South Atlantic observed during the Holocene can be linked to
paleoenvironmental changes over South America (with the exception of the 8.2 ka event).
Smectite content and smectite crystallinity are used to estimate the sediment supply from
Patagonia while the kaolinite/chlorite ratio (Kaol/Chlo) is considered to represent the
contribution of the Parana River, directly recording rainfall distribution over its watershed. The
aluminum/potassium (Al/K) ratio was used to reconstruct the degree of chemical weathering
over southern South America, and is interpreted as changes in rainfall intensity. These proxies
demonstrate that moderately dry conditions associated with weak winds prevailed during early
Holocene (11-9 ka), while dryness and wind strength increased thereafter (9-7 ka). The mid-
Holocene was the driest and the windiest period of the Holocene, with the strongest winds likely
occurring between 6 and 4.5 ka. At the end of the mid-Holocene (~5 ka), environmental
conditions became significantly wetter and the wind strength decreased until the beginning of
the late-Holocene (~3 ka). The time interval between 3 and 2.2 ka was likely the wettest of the

Holocene, before the return to dry conditions at the end of the record.
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l. Introduction

Precipitation in South America is primarily controlled by the position (figure 45) of the
Intertropical Convergence Zone (ITCZ), the South Atlantic Convergence Zone (SACZ), and
the South Westerly Wind Belt (SWWB) at present-day (Cruz et al., 2009; Kylian and Lamy,
2012). The ITCZ causes strong precipitation over equatorial and tropical South America, while
the SACZ mostly controls rainfall over the Parana River Basin (i.e. Southern Brazil, Paraguay,
Uruguay, South Easternmost Bolivia, and Northern Argentina). The SWWB is linked to strong
surface wind stress and rainfall over Southern Patagonia. Reconstructions of past changes in
rainfall and wind intensity associated with these atmospheric patterns are mainly based on
speleothems (Cruz et al., 2005; 2006; 2009; Novello et al., 2017), lagoons and lakes (Schabitz,
1994; Barker et al., 2005; Mayr et al., 2007; Sallun et al., 2012; Kaplan et al., 2016; Fontes et
al., 2017), terrestrial (Behling et al., 2001; Mansilla et al., 2016), and glacier advance
reconstructions (Glasser et al., 2004; Kaplan et al., 2016). Past precipitation patterns on land
were also assessed based on marine sediment cores using magnetic properties (Mathias et al.,
2014), grain size distribution of detrital sediments (Razik et al., 2013, 2015), and
micropaleontological proxies (Razik et al., 2013). However, the sensitivity of rainfall intensity
and distribution patterns over South America to changing environmental and climatic
conditions, in particular during the Holocene (Kilian and Lamy, 2012), remain insufficiently

understood.

The provenance of terrigenous sediments from marine records has proven useful in
order to study terrestrial rainfall distribution patterns for instance driven by monsoon systems
owing to a direct link to offshore sediment delivery and transport (i.e. Indian monsoon: Clift et
al., 2008; Pandarinath, 2009; East Asian Monsoon: Liu et al., 2003; Diekmann et al., 2008: Dou
etal., 2012; Lietal., 2015; Zhaoet al., 2017, 2018; Beny et al., 2018; African Monsoon: Meyer
et al., 2011). The benefits of this approach have so far not been exploited to study South
American climate variations. Here, we aim to provide a new record of rainfall distribution
patterns and wind strengths over South America by reconstructing the nature and provenance
of deep sea sediments from core MD07-3076Q from the central South Atlantic Ocean, including
clay mineralogy, elemental sediment composition and radiogenic isotope signatures. This
sediment core has previously been used to reconstruct past oceanic circulation changes (Skinner
et al., 2010, 2013, 2014; Gottschalk et al., 2015a,b, 2017, 2018; Beny et al., 2020), and may

thus allow a distinction between the impact of environmental changes (e.g., precipitation
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intensity and distribution, aeolian activity) and oceanic circulation (e.g., sediment transport) on
the provenance signal of sediment fractions in the central South Atlantic.
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Figure 45:  Simplified geological map of the study area showing riverine systems (light
blue), seas (dark blue), oceanic basins (black), major geographic areas (white), and main
climatic fronts in South America (light blue stippled lines). In South America: Guyana
Highlands -GH-, Brazilian Highlands -BH-, Argentinian Pampas -Pam-, Patagonia -Pat-; in
Africa: Namibian deserts -Na-; in Antarctica: Ellsworth Mountains -EM-, Antarctic Peninsula
-AntP-, Pensacola Mountains -PM-, Berkner Islands -Bl-, Shackleton Range -SR-, Coats Land
-CL-, Dronning Maud Land -DML-. The northern limit of the modern South Westerly Wind Belt

(SWWB) is drawn following the summer mean zonal wind isoline 6 m/s, calculated by Bjorck
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using the NCEP/NCAR data from for the period 1981-2000;
the modern Intertropical Convergence Zone (ITCZ) and South Atlantic Convergence Zone
(SACZ) are drawn using the data from . Clay mineral inputs to the South

Atlantic Ocean (boxes) derived from the studies of

II. Material and Methods

A. Material

This study is based on sediment samples from marine sediment core MDO07-3076Q
(44°9.2°S, 14°13.7°W) recovered by the French Research Vessel Marion Dufresne during the
SOUC cruise in 2007 on the eastern flank of the Mid-Atlantic Ridge at 3770 m water depth
( ). The core chronology is based on planktonic foraminifer radiocarbon dates (9
measurements for the studied interval) and additional stratigraphic control points based on
planktonic foraminiferal Mg/Ca ratios and assemblage changes (

; ).

B. Sample preparation and analytical procedure of the clay fraction

Samples were first decarbonated using 0.1N HCI, and deflocculated by repeated washes
using milli-Q water. The clay-size fraction (<2 pum) was isolated by settling according to
Stoke’s Law, concentrated by centrifugation (40 minutes, 3500 rotation per minute) and then
oriented on glass slides. X-ray diffractograms were obtained to determine the clay composition
using a Bruker D4Endeavour (standard 30kV and 30mA) coupled with a rapid Lynxeye detector
and by running each sample three times between 2.49 and 32.5°26 in different setups: (1) dried
sample, glycolated sample (12 hours in ethylene glycol), and heated sample (490°C for 2 hours).
The proportion of each clay mineral (smectite, chlorite, illite, and kaolinite) is determined using
the main peak (layer and interlayer) on the X-ray diffraction diagrams according to their
crystallographic characteristics ( ). Smectite is characterized by a main peak at 14-
15 A on the air-dried samples that expands at 17 A after ethylene glycol saturation and collapses
at 10 A after heating. lllite is characterized by a basal peak at 10 A on the 3 runs. Kaolinite and
chlorite are measured on their main peak at 7-7.2 A and further distinguished using pseudo void
deconvolution of the kaolinite/chlorite doublet at 3.54/3.58 A. All measurements and semi-

guantitative estimates are processed using the McDiff software ( ). The index of
Esquevin ( ) corresponds to the ratio between the intensity of the peak of illite at
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5 A and at 10 A (illite 5A/10A). The crystallinity of smectite and illite has been measured using
the method of integral breath to enable comparison with the work of in

the South Atlantic. High crystallinity corresponds to low values of the index (
).

An aliquot of ~100 mg from the clay fraction (<2 um) was separated and used for
chemical procedures. Chemical and isotopic measurements were performed at the Faculty of
Science of the Vrije Universiteit, Amsterdam. Sediment was digested in closed Savillex™
Teflon beakers using a mixture of concentrated HF and HNO3 (~2/3 and 1/3, respectively) for
a few days at 120°C. After digestion, samples were dried out and re-dissolved in ~6.5N HCI to
remove fluorides. Nd, Sr, and Pb were purified using conventional ion chromatography. Pb
isotopes were processed first and purified using AG-X8 200-400 mesh resin. Light rare earth
elements (LREE) were isolated using true-spec resin medium (Eichrom™, 100-150 um mesh
size) and Nd was eluted from the LREE fraction using LN-resin (Eichrom™, 50-100 um mesh
size). Sr was recovered using Sr resin column. Nd and Pb measurements were performed by
bracketing using respectively CIGO and NBS981 standards on Thermo Scientific Neptune
multi-collector inductive coupled plasma-mass spectrometer (MC-ICPMS), whereas Sr

measurements were performed on a thermal ionization multi-collector-MS (TIMS).

C. X-ray flourescence (XRF) scanning

The XRF core scanner measurement were carried out at the Universtity of Cambridge
using an AVAATECH core scanner. The data is own by Luke Skinner, and detailed method has
not been transmitted yet when this PhD manuscript was submitted. Thus, this section will only

be completed for publication.

Because K is easily washed away from rocks by liquid water and Al is one of less mobile
element in water, bulk sedimentary XRF Al/K ratio is used as indicator of the degree of

chemical weathering, and thus rainfall intensities, over southern South America.
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Figure 46:  Mineralogical and geochemical composition of Holocene terrigenous sediment
of core MD07-3076Q. (a) crystallinity (grey) and proportion of smectite (black); (b) proportion
of illite; (c) proportion of kaolinite; (d) proportion of chlorite; (e) bulk sedimentary XRF Al/K
ratio (black) and Kaolinite/Chlorite ratio (Kaol/Chlo, orange); (f) 2°®Pb/?%*Pb of the clay size
fraction; (g) 2°’Pb/?%Pb of the clay size fraction; (h) 2°°Pb/?**Pb of the clay size fraction; (i)
87Sr/%Sr of the clay size fraction; (j) ena Of the clay size fraction. The error bars on eng

corresponds to the 2o.

I11. Results
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Figure 47:  Properties of illite from site MD07-3076Q (Early Holocene: red dots; Mid
Holocene: yellow dots; Late Holocene: green dots) and comparison with properties of illite
from potential sources to the South Atlantic basin taken from Petschick et al. (1996). The Illite
5A/10A ratio gives information on the chemical properties of illite (Fe-Mg- vs Al-rich illite),
while the crystallinity largely reflects the quality of the mineral crystal (high crystallinity: badly

crystallized mineral).

The clay mineral assemblage is composed of 44% = 8 of smectite (30-67%) and 29% =+

4 of illite (17-35%) ( ). Chlorite and kaolinite are less abundant, representing
respectively 17% = 3 (9-24%), and 10 % + 2 (6-14%) of the clay mineral fraction (

). The crystallinity of smectite varies between 1.02°26 and 1.38°20 and is closely

linked to changes in the proportion of smectite (R2=0.60) ( ), pointing at changes in the

provenance of smectite. Both display high values from 11 to 9 ka before present. The
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crystallinity of smectite gets reduced between 8.8 and 8.5 ka, then rises from 7.7 to 7.4 ka
(figure 46) and is accompanied by similar decrease/increase of the smectite proportion. Both
further increase from 7.5 and 4 ka and decrease from 4 to ~3 ka in our study core. Holocene
variations of both illite crystallinity and chemistry (Esquevin index, Esquevin, 1969) are not
significant when compared with the range of composition of the different sources of illite
(figure 47). Properties of illite from site MDO07-3076Q are similar to the properties of illite
stemming from the Weddell Sea and Scotia Sea (figure 47). However, as demonstrated by Beny
et al. (2020), the major source of illite in the central South Atlantic is the Weddell Sea
embayment.

The kaolinite/chlorite ratio (Kaol/Chlo) varies between 0.35 and 0.81. It remains fairly

invariable until the end of the mid Holocene and increase significantly during the late Holocene

(figure 46).
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Figure 48:  Crystallinity of smectite from site MD07-3076Q (black curve) and comparison
with crystallinity of smectite from potential sources to the South Atlantic basin. The data used
for comparison are from Petschick et al. (1996).
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B. Radiogenic isotopes
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Figure 49:  87Sr/%Sr-gayg diagram of MDO07-3076Q sediments and potential sources of
sediments to the South Atlantic Basin. Boxes represent reference data from the South American
Shield (Allegre et al., 1996; Basile et al., 1997; Walter et al., 2000; de Mahiques, 2007; Jeandel
et al., 2007, and references therein; Mallman et al., 2007; Canade de Aujo et al., 2014; Fuck
etal., 2014), Patagonia, Pampas and Southern Andes, (Stern et al., 1990; Grousset et al., 1992;
Basile et al., 1997; Walter et al., 2000; Smith et al., 2003; Jeandel et al., 2007, and references
therein; Khondoker et al., 2018), Scotia Arc and Ridge (Jeandel et al., 2007; Harrisson et al.,
2003), Antarctic Peninsula (Hole el al., 1993; Kosler et al., 2009; Roy et al., 2007; Lee et al.,
2005), and East Antarctica (DePaolo et al., 1982; Luttinen et al., 1998, 2010; van de Flierdt,
2007; Roy et al., 2007; Will et al., 2010). Box limits show the 25%- and 75%-quartiles, while
whiskers highlight the 10th- and 90th percentiles. The median is represented by horizontal and
vertical lines attached to the boxes. Note that the median value for East Antarctica is located
exactly at eng=-15. The isotopic composition of fine-grained sediment during the last glacial

maximum (LGM) and the deglaciation shown for comparison are from Beny et al. (2020).
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The eng signature of the clay fration varies between -7.3 and -6.1 with no significant
variations over the Holocene ( ). The 8Sr/®Sr ratio changes between 0.7107
and 0.7119 ( ), with a maximum at ~8 ka and a decreasing trend over the rest
of the record ( ). The 206Pb/2%4Ph, 207Ph/2%4Ph and the 2°8Pb/2%4PDb are between 18.71 and
18.77, 15.64 and 15.66, and between 38.73 and 38.83, respectively ( ). When
compared with the Pb signature from potential sources ( ), the Pb isotopic composition
of the clay size fraction suggests a mix between two end members: a region in the vicinity to
the Scotia Sea (that includes Patagonia, Scotia Arc, Antarctic Peninsula, hereafter referred as
Scotia Sea area) and the South American shield. All the values to ~5 ka (including glacial and
deglacial data from ) are located on a mixing line between these two end-
members ( ). At the end of the Holocene, the isotopic composition of Pb from the clay
size fraction deviates from this mixing line by presenting lower 2%Pb/2%Pb compared to
207Pb/204pb.
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Figure 50:  Lead isotopic composition of the clay fraction from core MD07-3076Q and of

potential sources of sediments to the deep South Atlantic. The reference data used for

comparison come from Scotia Ridge (Fretzdorff et al.,2002), Patagonia (Khondoker et al.,
2018), Scotia Arc(Cohen and O Nions,, 1952 Barreiro, 1983), Antarctic Peninsula (Lee et al.,
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, South American Shield (
, and Eastern Weddell Sea ( . The data for the studied sediment
core for the interval 10-30 ka are taken from . Panel b zooms into the dashed

box shown in panel a.

C. XRF scanning

The bulk sedimentary Al/K ratio varies between 0.07 and 0.44, with lowest values
during the mid-Holocene, and highest values during the late Holocene ( ). It slightly
decreases during the late-mid Holocene transition and increases significantly simultaneously to

the Kaol/Chlo ratio during the early Holocene ( ).

IV. Discussion

A. Provenance and transport of fine grained sediments
The provenance of deep central South Atlantic sediments during the deglaciation and
the last glacial maximum (LGM) in core MDO07-3076Q has been recently investigated (

), demonstrating that provenance changes during this period mainly result from
modifications by deep ocean circulation. indicate that at the onset of the
Holocene clay-sized sediments were likely advected to our study site by NADW and by
southern-sourced deep waters: NADW transporting sediments from South America,
Circumpolar Deep Water (CDW) transporting sediments from the Scotia Sea area (Southern
Patagonia, Scotia Arc, Antarctic Peninsula), and Antarctic Bottom Water (AABW) carrying
particles from the Scotia Arc and the Weddell Sea embayment ( ).

) utilize the eng Of the clay size fraction to track the relative
contribution of NADW compared to AABW and CDW to variable clay composition and -
mineralogy during the deglaciation. The relative stability of this tracer during the Holocene
( ) suggests that there is no major change in deep water masses configuration during
the Holocene. Similarly, the authigenic eng signature of fish debris and mixed benthic
foraminifera measured in our study core, considered to reflect the source of deep waters, as well
as the Cibicides 5'®0 and &'3C are rather constant during the Holocene (

). This support the notion that the advection of
NADW into the South Atlantic was relatively stable, hence having a minor influence on the

abundance and geochemistry of the terrigenous clay fraction in the central South Atlantic.
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Figure 51:  Comparison between proxy data obtained from the terrigenous fraction in core

MDO07-3076Q and other proxy-records reflecting changes in the South American Monsoon (c-
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f), the AMOC (g and i), and of the winds over Antarctica (j). (a) Proportion (black) and
crystallinity (grey) of smectite from core MD07-3076Q (South Atlantic; ); (b) AI/K
(black) and Kaol/Chlo ratios (orange) from core MD07-3076Q (South Atlantic; ); (€)
organic matter 5*3C from core NE98-PC2 (Lake Titicaca; ); (d) Stalagmite
5180 from Botuvera Cave (SE Brazil; ); (e) Rio Grande de Norte 530 record,
obtained from 5 stalagmites recovered in the Rainha, Furna Nova, and Abissal caves (NE
Brazil; ), (f) Bulk sedimentary Ti proportion from ODP Site 1002 (Cariaco
Basin; ), (g) sea water ang (from fish debris and benthic foraminifera;

) from site MDOQ7-3076Q); (h) summer insolation at 30°S (December); (i) Cibicides
680 from core MD07-3076Q ( ); (j) EPICA Dome C dust flux
(Antarctica, ). Y-axes are chosen to encompass the LGM values in order to
highlight mismatch in the variability of South American climate proxies (curves (a) to (f)) and
the variability of the proxies of Antarctic climate and of the AMOC (curves (g), (i), and (j)). In
that purpose, the average value of the LGM is given for curves (g), (i), and (j). Note that EPICA
Dome dust flux (j) varied substantially during the LGM, with maximum dust fluxes of
15 mg/m?/yr.

Although short term ~1500 years fluctuations in NADW formation were identified in
the northern North Atlantic Ocean (
), no major change in Atlantic overturning has been reported for the Holocene further
to the south (
), except for the 8.2 ka event. This global cooling event of
approximately half the magnitude of the Younger Dryas occurred from 8.4 to 8.0 ka (
) and was likely caused by catastrophic drainage of Laurentide lakes (

) delivering freshwater to the North Atlantic and slowing
down the Atlantic Meridional Overturning Circulation (AMOC). Significant changes in the clay
mineralogy composition of core MD07-3076Q, particularly in the smectite crystallinity and
proportions, are observed during this interval ( These changes suggest a decreased
contribution of smectite from Patagonia during the 8.2 ka event, meaning that the ability of
NADW to transport smectite to the study site may have been reduced at that time. A slow-down
followed by a fast recovery of the AMOC after the 8.2 ka event (

) support this notion. For the remainder of the Holocene, the rather
constant clay eng signature observed in our study attests to the fact that the AMOC was

relatively stable in the South Atlantic Ocean during the Holocene, consistent with previous
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findings (
).

The Kaol/Chlo ratio is assumed to reflect northern-sourced versus southern-sourced
deep water masses in the South Atlantic during the deglaciation (

). During the mid and the late Holocene, an increase in this ratio suggests an
increase of NADW compared to southern-sourced deep water masses ( ). The
magnitude of this variation in the Kaol/Chlo ratio is similar to the one observed during the
deglaciation ( ), likely suggesting an incursion of NADW into the Southern
Ocean at that time. This is inconsistent with other proxies suggesting no major change of the
AMOC. Taking advantage of further insights from our new proxy data on chemical weathering
intensities we favor a different explanation of the Kaol/Chlo variations during the Holocene, as

described below.

Clay-fraction Pb isotopes show important variations after 5 ka in time with the observed
Kaol/Chlo increase ( ). Until ~5 ka, the Pb isotopic signature of the samples
suggest a source in the vicinity of the Scotia Sea (Scotia Arc, Antarctic Peninsula, Patagonia)
and/or the South American Shield ( ). After 5 Kka, the values deviate from this mixing

line between these two sources and display lower 2°8Pb/2%4Pb ratios compared to 2°/Pb/?*4Pb
( )-

Pb isotopes are known to be sensitive to chemical weathering due to the higher mobility
of the elements from which radiogenic Pb is formed compared to the Pb itself (

As a consequence, chemical weathering can
reduce the amount of radiogenic Pb (2°°Pb, 2°’Pb, and 2%Pb) formed by the radioactive decay
of U and Th compared to primordial Pb (***Pb). In our data, the decrease of 2Pb/2%Pb and of
206pp/294pp after 5 ka may result from enhanced chemical weathering during the Late Holocene.
Similarly to the Pb isotopes, the Kaol/Chlo ratio can be sensitive to chemical weathering
because kaolinite is formed by chemical weathering while chlorite is destroyed during these

processes.

The co-variation of the XRF Al/K — that can be considered as a chemical weathering
proxy — and of the Kaol/Chlo ratios (with constant clay size fraction eng, ) suggests
that the Kaol/Chlo ratios reflect changes in chemical weathering. This is consistent with the
constant clay end Signature, as it is not sensitive to superficial weathering processes (

). We thus argue that the observed change in the Kaol/Chlo ratio and on Pb
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isotopes during the Holocene reflect changes in chemical weathering on land instead of
provenance and redistribution changes driven by ocean circulation changes, the latter of which

remained rather stable/constant in the South Atlantic (
).
B. Chemical weathering variations: insights onto moisture distribution over South

America

Our dataset implies no major modifications of oceanic configuration throughout the
Holocene. We have argued above that the observed changes in Kaol/Chlo, smectite proportion
and crystallinity, as well as bulk sedimentary Al/K and clay Pb isotopes reflect changes in
chemical weathering on land prior to transport by AABW, CDW and/or NADW to our study

site.

Most of the particles transported by AABW hardly interact with liquid water on land:
chemical weathering processes are assumed to be negligible in Antarctica and in the Scotia Arc
and cannot explain the modulation of Kaol/Chlo, Al/K and of Pb isotopes. Most of the particles
transported by CDW come from Southern Patagonia and from the Scotia Arc, with minor
contributions from the Antarctic Peninsula ( ). Even if Patagonia is sensitive to
precipitation changes over the Holocene ( ), which
would cause an increase of chemical weathering product, we argue that these modifications are
not likely to affect the Kaol/Chlo ratio at our study site as Patagonia delivers mostly smectite
to the South Atlantic basin (>90%; ). As a result,
we argue that the modulation of Kaol/Chlo and Al/K ratios, as well as of the Pb isotopes of the

fine fraction during the Holocene at our study site are not a signal driven by CDW transport.

At the beginning of the Holocene, terrigenous particles from Southern Brazil to
Patagonia are delivered to the South Atlantic Ocean by rivers and winds (
) and transported to our site by the
NADW ( ). Vegetation and precipitation changes in South America are closely
linked to the migration of the Intertropical Convergence Zone (ITCZ), of the South Atlantic
Convergence Zone (SACZ), and of the South Westerly Wind Belt (SWWB). Due to the
migrations of these atmospheric systems, South America experienced successive periods of
enhanced/reduced rainfalls and wind strength during the Holocene (

). Modifications of hydrolysis
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conditions (i.e. on the South American continent) are thus likely the main driver of
mineralogical and geochemical characteristics of particles formed on land, which are

subsequently transported toward the deep South Atlantic basin via NADW during the Holocene.

Since modifications of the composition of sediment have been identified as the cause of
the changes observed in sedimentological and geochemical proxies during the Holocene, we
will now focus on characterizing environmental conditions (i.e., rainfall intensity and
distribution, wind strength) in South America. According to , the Parana
River and the Patagonian loess are the dominant sources of sediment supplied to the SW

Atlantic, with higher contributions of Patagonian loess during dry and windy periods. Parana

River sediments contain a large proportion of illite (60%; ) that does not
reach our study site ( ), along with minor contributions from
kaolinite, and smectite ( ). On the other hand,
Patagonian loess are derived from reworked material from the Andes ( ). As

a result, the clay minerals formed in this region are mostly smectite (~90%,

). These two areas experienced different moisture conditions throughout the Holocene:
Patagonia is a semi-arid desert today, whereas the Parana River basin is located in sub-tropical
climate characterized by highly seasonal rainfalls during austral summer ( ).
Consequently, chemical weathering in these two areas is different, with stronger chemical
weathering over the Parana River Basin than over Patagonia. Hence, not only rainfall intensities
but also rainfall distribution sediment provenance can impact the values of the chemical
weathering proxies (e.g., via Al/K and Kaol/Chlo) used in this study. Similarly, wind patterns
can also have an important influence on the geochgemical and mineralogical composition of
sediments. Indeed, Patagonian loess are mostly transported to the ocean by wind, and stronger
winds may increase the relative contribution of Patagonia loess to deep South Atlantic

sediments, especially smectite ( ).

To decipher the paleoenvironmental changes in South America recorded with our
provenance proxies, it is necessary to identify the main forcing parameters of variations in
smectite proportion and crystallinity, the Kaol/Chlo ratio and the Al/K ratio. We argued above
that the influence of oceanic circulation on these proxies during the Holocene was negligible,
except of the 8.2 kyr event. Our results indicate rather stable conditions in Antarctica, and hence
rather constant supply of chlorite to the South Atlantic. As a result, we suggest that the

Kaol/Chlo ratio of central South Atlantic marine clays will mainly reflect changes in supply of
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kaolinite to the South Atlantic Ocean during the Holocene. This delivery depends on the
efficiency of both the production of kaolinite, and the efficiency of river transport. Both
processes are controlled by the intensity of rainfall over the river drainage basins. Today, the
main sources of kaolinite are the drainage basins of coastal rivers of South Brazil, the Parana
River, and the Sao Francisco River. However, the Parana River is the dominant contributor to
sediment delivery to the Southwest Atlantic ( ), and thus
likely controls the delivery of kaolinite. Consequently, the ratio Kaol/Chlo tracks changes in
the intensity of rainfall over the Parana River watershed that is strongly controlled by the
position of the SACZ ( ).

The XRF AIl/K ratio is commonly used as an index for the magnitude of chemical
weathering ( ), but provenance changes can also have an impact on this ratio
( ). Changes of the XRF Al/K ratio can also reflect changes in rainfall
distribution (via increased drainage of poorly weathered sediments), as well as changes in
aeolian activity (via delivery of mostly physically eroded particles to the ocean that are
transported to the central South Atlantic Ocean via oceanic currents). As a result, it is crucial

to disentangle the effects of those processes on observed XRF Al/K ratios at our study site.

The driving mechanisms of proportion changes of smectite appear to be complex. At
our study site, the proportion and the crystallinity of smectite display a good correlation (R2 =
0.60), suggesting that the quantity of smectite at the studied site is mainly controlled by supply
from Patagonia. We pointed out that AMOC changes associated with the 8.2 kyr event may
alter the efficiency of smectite transport by the NADW. However, other phenomena can explain
changes in smectite supply throughout the remainder of the Holocene: changes in precipitation
and in wind intensity may strongly modify the delivery of Patagonian smectite to the ocean by
increasing the drainage of rivers in Patagonia, and/or by increasing the transport of particles to
the oceans via aeolian processes. Because provenance proxies are not able to discriminate
aeolian versus fluvial processes, the role of stronger winds, stronger rainfalls, or both, in
variations of smectite abundance in the South Atlantic remains unconstrained. But as the
majority (90%) of clay minerals delivered from Patagonia is smectite, this mineral can still be
used as a tracer of the Patagonian provenance, and thus helps to support provenance changes

derived from other proxies such as Kaol/Chlo.

Paleoenvironmental interpretations require a careful consideration of the advantages

and limitations of each proxy applied. In the case of our study, the distance between the
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continental source and the studied site (>1000 km) tends to smooth the signal and only large-
scale (i.e. regional) processes are likely recorded. Any local effects have thus a negligible
impact on our proxy records. As a result, we argue that our work aids to understand large-scale
phenomena over the South American continent such as the South American Monsoon System
or shifts in the SWWAB. In addition, we highlight that our proxies provide qualitative insights
into the relative changes in precipitation and wind strength. Secondly, we take advantage of
differences between the geochemical and mineralogical signatures of rocks from Patagonia
(arid region, with young mantellic rock signatures), and from Brazil (mostly humid, with old
crustal signature), allowing to distinguish between source apportionment and processes
controlling central South Atlantic sediments.

At the beginning of Holocene (11-9 ka, ), the intermediate XRF Al/K values
indicate moderate chemical weathering, and low Kaol/Chlo ratios support a relatively weak
sediment delivery by the Parana River, suggesting relatively weak rainfalls over this area. In
addition, high content of smectite associated with “high” smectite crystallinity (~1.3°26)
indicate substantial sediment delivery from Patagonia. At that time, studies suggest that the
SWWB was shifted to the south ( ) and weakened
( ), which may have also caused a weakening of local
winds in Patagonia. This would however contradict our observations of higher sediment (i.e.,
smectite) supply from Patagonia. However, observed forest expansion in
southern Patagonia during the early Holocene and interpreted it as the result of more humid
conditions. We hence argue that the contribution of small Patagonian rivers was significantly
higher during the early Holocene due to increased rainfalls over southern Patagonia, hence

allowing for increased fluvial smectite supply to the South Atlantic.

From ~9 to ~7.4 ka, the Kaol/Chlo ratio remains rather stable, reflecting no significant
change in rainfall intensity/distribution over South America, whereas the XRF Al/K ratio
suggests a slight decrease in chemical weathering. This suggests that the Parana River Basin
suffered from increased dryness during the early to mid-Holocene transition, likely due to a
weakening or to a northward migration of the SACZ. Our results also reveal the quasi absence
of smectite supply from Patagonia during that time, as the smectite percentage decreases to
|35% during this time. As discussed above, this might be related to weak winds and/or weak

precipitation over Patagonia, along with changes in the AMOC during the 8.2 ka event.

The period between 7.4 and 5 ka is characterized by the lowest XRF Al/K and Kaol/Chlo

ratios of the entire Holocene record suggesting that this period was the driest interval of the
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Holocene in southeast South America, indicating relatively weak rainfall caused by the SACZ
over the Parana River watershed. This agrees with several studies that assess pollen variations

( — southern Brazilian Highlands — Southern
Patagonia), marine South Atlantic sediments ( ), and
palynological record from lake sediments ( — northern Patagonia). During this

interval, the high smectite content suggests enhanced delivery from Patagonia via winds, and
moderately low Al/K and low Kaol/Chlo ratios further highlight reduced sediment delivery by
Parana River. This is consistent with the occurrence of aeolian deposits from Patagonia on the
Southeast Brazilian shelf during the mid-Holocene ( . The high proportion
of Patagonian smectite ( ) suggest that the SWWB was positioned northward and was
promoting strong winds over Patagonia during the mid-Holocene, which is supported by
previous studies ( ).
The period between 6.1 and 4.5 ka corresponds to the highest contribution of Patagonian
smectite, suggesting that this interval was the windiest of the entire Holocene. This is supported
by similar observations made by , supporting our interpretation of strong
aeolian sediment supply from Patagonian deserts due to northward intensification of the
SWWB between 6.1 and 4.5 ka.

Significant changes occurred during the mid to late Holocene transition (5-3 ka). The
increase of both XRF Al/K and Kaol/Chlo ratios suggest enhanced supply from the Parana
River, and thus increasing rainfalls over the Parana River watershed. During this period, the
observed increase of XRF Al/K ratios suggest increased chemical weathering. This agrees with
the variation in the Pb isotopic composition of the clay size fraction, whereby the lowest
208pp/204pp and 2%Ph/?%*Ph ratios during this time interval ( ) is interpreted to reflect
enhanced chemical weathering (see section 111.B.1), as both Sr and Nd isotopic composition of
the clay fraction remains unchanged ( ). Altogether, these changes indicate enhanced
rainfall over the Parana River watershed linked to a shift in the SACZ. At the same time, the
contribution of Patagonian smectite falls to almost zero (

), which suggests a decrease in aeolian transport during this period likely caused by a
migration to the south and/or a weakening of the SWWAB. This agrees with continental records
(

) as well as with marine studies on the SE Brazil Shelf ( that
observe increased precipitation over the Parana River basin and Southern Brazil, while

Patagonia became drier and less windy.
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The interval between 3-2.2 ka appears to be the most humid of the Holocene in SE South
America, as shown by the highest XRF Al/K and Kaol/Chlo ratios of the entire Holocene
record. A decreasing trend of the XRF Al/K and Kaol/Chlo ratios, as well as a small increase

of the 2%Pb/?%Pb and 2°°Ph/?%*Pb ratios instead suggest reduced rainfall where after 2.2 ka.

V. Conclusion

In this study, we assessed changes in the provenance of terrigenous sediments in the
deep central South Atlantic Ocean to reconstruct the past evolution of rainfall and wind strength
over Southern Brazil and Patagonia. Our marine study core provided insights into in the position
and intensity of winds and rainfalls at a regional scale, specifically associated with changes of
the SWWB and the SACZ, respectively. We were thus able to circumvent complications
associated with potential local effects and provide new insights into paleoenvironmental

changes over South America during the Holocene.

We show that the AMOC had a negligible impact on provenance variations of sediments
in the deep South Atlantic during the Holocene, except for the 8.2 ka event, when a strong
perturbation of the AMOC was observed in the North Atlantic. Thus, we argue that most of the
mineralogical and geochemical changes observed at our study site reflect changes in the
composition of sediments at their source that is strongly determined by rainfall and wind
strength changes, and hence riverine and aeolian sediment transport, in southern South America

throughout the Holocene.

Variation of smectite content and crystallinity of sediments in the deep South Atlantic
mainly result from variations in terrigenous supply from Patagonia because Patagonia is the
only source of smectite. We show that changes in terrigenous smectite supply to the central
South Atlantic vary during the Holocene and are associated to Patagonian supplies. Because
the Kaol/Chlo ratio is controlled by the precipitation intensity over the source area of kaolinite,
namely Parana River watershed and Southern Brazil, this ratios was used to identify the
contribution of the Parana River as well as changes in precipitation distribution to Holocene
kaolinite changes at our study cite. The XRF Al/K ratios serves as measure of the intensity of

chemical weathering, and thus rainfall intensities, over southern South America.

Low Kaol/Chlo and intermediate Al/K ratios suggest moderately dry conditions
associated with weak winds during Early Holocene (11-9 ka). Decreasing XRF Al/K ratios
indicate increased dryness over southern Brazil between the end of the late Holocene to the
onset of the mid-Holocene (9-7 ka), with a weak NADW coinciding with the 8.2 ka event
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disabling the transport of Patagonian smectite to our marine study site. As shown by the lowest
Al/K and Kaol/Chlo ratios, the mid-Holocene was the driest period in South America of the
Holocene. This is paralleled by the highest smectite content and crystallinity, indicating that the
mid-Holocene was also the windiest period of the Holocene, with a wind intensity maximum
probably occurring between 6 and 4.5 ka. At the end of the mid-Holocene (~5 ka), a marked
increase of the Kaol/Chlo and AL/K ratios suggest that conditions became significantly wetter
while a marked decrease in smectite proportion and crystallinity suggest that the wind strength
decreased until the beginning of the late Holocene (~3 ka). As suggested by the highest Al/K
and Kaol/Chlo ratios of the Holocene record, we argue that the period between 3 and 2.2 ka
was the wettest period in southern South America throughout the Holocene, and was followed
by a marked weakening in rainfall to the end of the record indicated by a decrease of the Al/K

and Kaol/Chlo ratios.

Finally, our study suggests that the position and strength of the SACZ and of the SWWB
were similar to their present-day “average” characteristics during the Early Holocene. Rainfalls
associated with the location of SACZ were weak during the mid-Holocene, while the SWWB
intensified and shifted further to the north, promoting substantial aeolian activity in Patagonia.
The Mid to Late Holocene transition is characterized by a marked strengthening of the SACZ
and associated rainfall increase as well as by a marked southward migration and weakening of
the SWWB and associated wind systems in Patagonia. The Late Holocene was likely
characterized by the stronger SACZ and the weakest SWWB of the Holocene.
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SUPPLEMENTARY FIGURE S1: Grain-size variation during the Holocene observed
in sediment core MDO07-3076Q (left): (a) coarse grain size mode; (b) fine grain size mode. A
typical grain-size distribution curve for core MD07-3076Q obtained in sediment samples from

XX-XX cm (right) shows that two grain-size modes can be identified.
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SUPPLEMENTARY FIGURE S2: Abundance variationsof two types of smectite
observed at site MD07-3076Q. The black line represents the total smectite content, where the
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purple and red area represent the smectite content from the Scotia Arc and from Patagonia,

respectively. The proportion of the two types of smectite are calculated as followed:

[sample crystallinity] — [Scotia Sea crystallinity]
([Patagonia crystallinity] — [Scotia Sea crystallinity]

[%Patagonian smectite] = [%total smectite] X 100

[%Scotia Sea smectite] = [%total smectite] — [%Patagonian smectite]
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Abstract

The evolution of the Antarctic Circumpolar Current (ACC) and of the Antarctic Bottom
Water (AABW) during past major climate changes remains controversial. This study uses
coupled trace-element contents and Sr-Nd isotope composition of fine-grain detrital sediments
(<2um) from the sediment core MD12-3396Q recovered east of the Kerguelen Plateau to
constrain hydrological changes during the last deglaciation. The sediments studied correspond
to a mix between material from the Kerguelen Plateau and Antarctica. Overall, the Kerguelen
Plateau is the dominant source of sediment, demonstrating that the ACC is the main sediment
conveyor to the site. Provenance proxies, however, show that the contribution from Antarctica
reaches 40% during Heinrich Stadials (HS) 1, 2 and 3. We propose that the AABW delivers
sediment from Antarctica via the Deep Western Boundary Current (DWBC) flowing northward
along the Kerguelen-Crozet Plateau. The AABW delivered 3 times more sediment during HS
1, 2 and 3 than during modern interglacial period, and generated enhanced export of the AABW
to the Global Ocean via the DWBC.
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l. Introduction

Better knowledge of the past global carbon cycle is crucial to understand how the CO>
released in the atmosphere by anthropic activity can impact future climate. The oceans acts as
a sink for atmospheric CO2 today (Le Quere et al., 2007; Sallee et al., 2012), but likely acted as
a COz source during specific past climate intervals, called Heinrich Stadials (HS) (Bouttes et
al., 2012; Jaccard et al., 2013). Today the Southern Ocean plays a major role in this CO, storage
and release (Fischeretal., 2010; Adkins et al., 2013). Upwelling of deep CO»-rich water masses
in the Southern Ocean is thought to be responsible for most of the world atmospheric CO2 rise
observed during HS (Ahn and Brook, 2008; Anderson et al., 2009; Fischer et al., 2010; Skinner
et al., 2010; Siani et al., 2013; Menviel et al., 2014, 2017). Menviel et al. (2014, 2015, 2017)
suggest that the AABW played an important role in CO; variations during the HS. Although
some studies examined variations of the AABW at glacial/interglacial time scales (Hall et al.,
2001; Govin et al., 2009; Krueger et al., 2012; Spooner et al., 2018), little is known about
millennial scale variations during HS. Due to a simple oceanographic setting compared to other
sectors of the Southern Ocean (Figure 52), the Kerguelen sector is an ideal area to reconstruct
past evolution of the AABW. Currently, the Deep Western Boundary Current (DWBC) -
flowing below the Antarctic Circumpolar Current (ACC) eastward main core (Figure 52) -
promotes the northward export of the AABW along the eastern flank of the Kerguelen Plateau
(Aoki et al., 2008; Fukamachi et al, 2010). The variations of the ACC in the vicinity of the
Kerguelen Plateau are well constrained for today (Park et al., 2009, 2014), as well as for the
last glacial cycle (Bareille et al., 1994; Dezileau et al., 2000; Mazaud et al., in prep.), while the
evolution of the AABW since the last glaciation is still poorly studied. In this study, we fill this
gap by studying the provenance and transfer of sediments in core MD12-3396Q, located west
of the Kerguelen Plateau in the area influenced by the DWBC by examining the coupled

variation in clay mineralogy and trace element and Sr-Nd isotope composition.
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Figure 52:  Present-day deep and bottom circulation of the Kerguelen sector of the Southern
Ocean. Dark blue, red, yellow and green arrows: present-day organisation of ACC branches
according to Park et al. (2009); light blue arrow: present-day DWBC (i.e., AABW) according
to Fukamachi et al. (2010); dashed light blue arrow: position of the DWBC during Heinrich
Stadial period suggested by geochemical data from this study. SAF: Sub Antarctic Front.

Il.  Regional settings

A. Oceanography

The Kerguelen-Crozet Plateau is located in the South Indian Sector of the Southern
Ocean (figure 52). It constitutes a major obstacle to the eastward flowing ACC that splits into
several branches. Currently, two-third of the ACC flow is deflected to the north of the
Kerguelen-Crozet Plateau (i.e., ACC-core; 89-94 Sv; Park et al., 2009) and lies south of the
Subantarctic Front (SAF). The remaining third of the ACC flows through the Fawn Trough (43
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Sv; ). This southern branch is deflected north along the eastern flank of the
Kerguelen-Crozet Plateau and then rejoins the ACC-core ( ). Secondary
branches (8 Sv) flow onto the Kerguelen Plateau and associated with the Polar Front (PF;

. These branches are very slow when they pass over the Kerguelen Plateau

(<5cmls; ).

The Kerguelen Plateau also acts as a barrier for the westward flow of the AABW that is
deviated northward as the Deep Western Boundary Current (DWBC). The northwestward
transport of this current is estimated to be 16 to 22 Sv ( ),
of which 8.4 Sv are redirected to the southeast, resulting in a net equatorward export of the
AABW of 8 Sv. The AABW forms heterogeneously around Antarctica. According to

, the AABW transported by the DWBC originates from both Adélie Land (between
140 and 150°E, ) and the Princess Elisabeth Trough (i.e., in the Prydz Bay).
Close to the Antarctic continent, the AABW mixes with the westward along slope current from
Antarctica (Antarctic Slope Current, ASC, ). This current remains restricted to
the Antarctic continental slope while the AABW formed on the continental shelf flows below

the ASC and is exported to the deep oceanic basins ( ).

The past variations of the ACC and AABW remain controversial. Some previous
sedimentological studies indicated stronger ACC during the Last Glacial Maxima (LGM)
compared to the Holocene (

), whereas other detected no major changes
since the last glaciation ( ) or even an increase since the LGM (

) . These studies however were conducted in different area along the ACC path around
the globe, so that regional difference in the ACC dynamics may have occurred. The evolution
of the DWBC is poorly documented, even though northward expansion of AABW during
glacial period has been reported in other areas (Pacific: ; Indian:

; Atlantic: ).
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ASC

Antarctic ice sheet

Figure 53:  Organisation of AABW and ASC circulations alongshore Antarctica.

B. Geological background

The study area receives sediments from two main geographical areas: the Kerguelen
Plateau, and East Antarctica. The Kerguelen Plateau is a large (1,250,000 km?) volcanic
province induced by the activity of a mantle plume at least 120 Myrs ago (\Wasilewski et al.,
2017). The Kerguelen Plateau is often divided into 4 geological parts (Frey et al., 2000).
However, the difference between these part is assumed to be neglictible for the studied proxies
compared to the difference between the plateau and East Antarctica. Consequently, these 4 parts
are not distinguished in this study. It is mostly composed of basalts (Gautier et al., 1990; Frey
et al., 2000), but a few trachytic and phonolitic rocks are identified (especially in the south of
the archipelago of this plateau; Nougier et al., 1970; Gautier et al., 1990; Wasilewski et al.,
2017). In addition, the volcano plutonic complex of Rallier du Baty in the southwest of the
island is mostly composed of rhyolitic and trachytic rocks. Weathering of the Kerguelen Plateau
mostly delivers smectite (up to 90%) associated with minor illite and chlorite (Borchers et al.,
2011). The WRAS normalised rare earth element (REE) composition of such volcanic areas is
generally enriched in heavy rare earth elements (HREE) compared to light rare earth elements
(LREE). The isotopic signature of the Kerguelen Plateau is characterized by radiogenic
neodymium (eng > -5; Dossa and Rama Murphy, 1980; Gautier et al., 1990; Weis et al., 1993;
Jeandel et al., 2007), and unradiogenic strontium (8Sr/%®Sr < 0.71; Dossa and Rama Murphy,
1980; Gautier et al., 1990; Weis et al., 1993).
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East Antarctica is mostly composed of Archean cratons and Precambrian orogens
comprising a variety of granites and granitic gneisses. A Grenville Belt (920-1330 Ma) extends
from Enderby Land to Wilkes Land (

). Pan-African crustal rocks are locally exposed between these
belts in the area of the Denmann Glacier in Queen Mary Land, and on the Eastern flank of the
Prydz Bay ( ). Archean cratons are present on the Enderby coast
(Napier Complex), in the southern part of the Prydz Bay (Ruker Terrane), and Adelie Land
(Gawler Craton; ). Clay minerals released from these Precambrian areas are
mostly chlorite and illite ( ). Inherited kaolinite -
formed under past wet conditions when Antarctica was close to the equator - is present in the
Prydz Bay ( ). The REE composition of
East Antarctica is very similar to the upper continental crust. The isotopic compositions of these
areas display very unradiogenic neodymium (eng < -20), and radiogenic strontium
(8Sr/8Sr > 0.72). Archean cratons such as the Ruker Terrane can reach extreme values with

ena close -50 and 87Sr/%Sr exceeding 0.8 (see for detailed references).

[1l. Materials and Methods

A. Materials

Core MD12-3396Q (latitude: 47° 43.88” S, longitude: 86° 41.71° E, water depth:
3630 m) was taken in 2012 during the IndienSud-2 cruise by the French Research Vessel (RV)
Marion Dufresne.

The age model of core MD12-3396Q is based on radiocarbon analyses of mono specific
planktic foraminifera samples measured at the ARTEMIS facility, Bern (

). Neogloboquadrina pachyderma was used for datation except for Holocene samples
where G. bulloides was analysed). 73 samples have been dated yielding ages between 8 and
27.6 ka. The next age measurement is at 34 ka and the age between 27.6 ka and 34 ka was
calculated using a linear interpolation, generating a highly uncertain age model for this interval.
The sedimentation rate ( ) displays many marked variations and a linear interpolation

is not representative of the behavior of sedimentation rates in this sediment core.
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Figure 54:  Sedimentation rate of core MD12-3396Q based on the age model described
above. Grey areas correspond to Heinrich Stadials; red area indicates substantial northward
migration of the AABW in the South Atlantic sector of the Southern Ocean ( );

orange area indicates the interval of high datation uncertainty (only 2 tie-points over 7 kyr).

B. Sample preparation and analytical procedures

Samples were first decarbonated using 0.1N HCI, and deflocculated by repeated washes
using milli-Q water. The clay-size fraction (<2 pum) was isolated by settling according to
Stoke’s Law. This fraction was then concentrated by centrifugation (40 minutes, 3500 rotation
per minute) and an aliquot was oriented on a glass slide. X-ray diffraction patterns were
obtained using a Bruker D4Endeavour (standard 30kV and 30mA). Each samples is run three
times between 2.49 and 32.5°20: (1) dried sample, (2) glycolated sample (12 hours in ethylene
glycol), and (3) heated sample (490°C for 2 hours). The proportion of each clay mineral
(smectite, illite, and chlorite+kaolinite) is determined using the main X-ray diffraction peaks
(layer and interlayer) on X-ray spectra according to their crystallographic characteristics
( ). Smectite is characterized by a main peak at 14-15 A on the air-dried samples
that expands at 17 A after ethylene glycol saturation and collapses at 10 A after heating. The
main peak at 10 A on the three runs characterizes illite. Kaolinite + chlorite are measured based
on their main peak at 7-7.2 A. The presence of residual opal affect the signal-to-background
ratio preventing distinction of kaolinite from chlorite. All measurements and semi-quantitative

estimations are processed using the McDiff software ( ).
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Trace and rare earth elements and isotopic analyses were carried out on the clay-size
fraction (<2 um). An aliquot of 10 to 150 mg (depending of the sediment quantities available)
was then used for chemical analysis at the Faculty of Earth and Life Sciences of the Vrije
Universiteit, Amsterdam. Sediment was digested using a mixture of concentrated HF and HNO3
(~2/3 and 1/3, respectively) for a few days and then dissolved in ~6.5N HCI for a few days. The
HCI solutions are dried at 120°C, and redissolved in 5% HNOs. An aliquot was taken to obtain
a dilution factor close to 5000 (e.g., 2 mg of original dry sediment are used to obtain 10mL of

solution). Then, the trace element and REE measurements are determined by ICPMS.

Neodymium and strontium isotopes were purified using conventional ion
chromatography. Light rare earth elements (LREE) were isolated using true-spec resin medium
(Eichrom™, 100-150 pm mesh size) and Nd was eluted from the LREE fraction using LN-resin
(Eichrom™, 50-100 pm mesh size). St was recovered using Sr resin column. Nd measurements
were performed by bracketing using CIGO standards on Thermo Scientific Neptune multi-
collector inductive coupled plasma-mass spectrometer (MC-ICPMS) when possible, whereas
the measurements of low Nd samples (<50 ng) and of Sr isotopes were performed on a thermal
ionization multi-collector-MS (TIMS).
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V. Results
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Figure 55:  Geochemical and mineralogical proxies from site MD12-3396Q: (a) engd (red)
and 8’Sr/®Sr (green) measured on the clay-size fraction; (b) amphibole/quartz ratio (thin black
line, amphibole/quartz ratio, thick black line, 5 points-smoothed signal); (c) chemical
properties of the illite (thin red line, illite intensity at 5A / illite intensity at 10A ratio, thick red
line, 5 points-smoothed signal); (d) smectite proportion (%), black line represent the mean
smectite proportion and black dashed lines the standard deviation; (e) illite proportion (%),
black line represent the mean smectite proportion and black dashed lines the standard

deviation; (f) kaolinite and chlorite proportion (%); (g) Nd/Yby ratio (normalized to WRAS).

A. Mineralogy

Clay mineralogy analyses results are detailed in and in . The total
clay mineral assemblage is composed of 71+6% of smectite, 15+3% of kaolinite+chlorite and
14+4% of illite (5-26%). Overall, smectite is the dominant clay mineral ranging from 53 to
86%, being less abundant between 30 and 26 ka and between 9 and 8 ka. Relatively higher than
average inputs of illite and kaolinite+chlorite correspond to smectite lows. The illite 5A/10A
ratio ranges from 0.002 to 0.569 (Fe- and Mg-rich illite) with the lowest values (<0.3)
corresponding to illite-rich and smectite-depleted intervals. The amphibole/quartz ratio varies
between 0.05 and 5.05 with high values associated with low illite 5A/10A ratio.

B. Isotopic compositions

The isotopic results are detailed in and displayed on . The
end varies between -10.1 and -4.5, with lowest values between 30 and 26 ka and between 18
and 15 ka, associated with low illite 5A/10A values and high amphibole/quartz ratios (

). The 88Sr/%Sr ratios range between 0.70922 and 0.71506 and are correlated to the Nd
isotope composition (R2=0.908 if an outlier value at 30.433 ka is excluded). This observation,
taken together with the fact that Nd isotope composition is relatively insensitive to chemical
weathering, suggests that the variations of Sr isotopes track provenance changes rather than

chemical weathering variations.
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Figure 56:  87Sr/%Sr-gng diagram of core MD12-3396Q. Boxes represent the reference data

are delimited by the first and the third quartile. The median is represented by horizontal and

vertical lines attached to the boxes for the eng and the 87Sr/%8Sr ratios, respectively. The short

strokes at the end of these lines mark the 10" and 90™ percentile values. According to this, the

box represent 50% of values found for each potential provenance, and 80% is represented with

the lines. The black dots on the mixing lines represent 10% intervals by black dots joined by

dashed lines. Reference data used to draw the boxes are: -Kerguelen Plateau- Dosso and Rama
Murphy, 1980; Gautier et al., 1990; Weis et al., 1993; -East Antarctica- DePaolo et al., 1982;
McCulloch and Black, 1984; Black et al., 1987; Grousset et al., 1992; Jeandel et al., 2007; Roy

et al., 2007; Van de Flierdt et al., 2007; Boger et al., 2008.
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C. Trace and rare earth elements
Trace element compositions are detailed in and representative ratios are
presented on . REE have been normalized to the world river average shale (WRAS;

). In the normalised REE patterns HREE are enriched compared to LREE,
expressed by the Nd/Ybn ratios ranging from 0.70 and 0.85.

Most trace element ratios (Rb/Sr, Rb/Hf, Cs/Hf, Cs/Zr) correlate with isotopic ratios
( ), suggesting that provenance changes are the main factor controlling the chemical
composition of the sediment at our site. In addition, most of ratios comparing large ion
lithophile elements (LILE; Rb, Sr, Cs, Ba) with high field strength elements (HFSE; Zr, Nb, Ti,
Hf, Ta) decrease throughout the studied interval (Cs/Zr, Rb/Hf ; ) whereas normalised
LREE/ HREE ratios increase through time (La/Ndn, Nd/Yby ; ). Th/Sc ratio behaves
similarly to the LILE/HFSE ratio. The apparent enrichment in incompatible trace elements
compared to lithophile element across the deglaciation is likely due to an increased contribution
of newly exposed minerals that have been previously physically broken up by glacial processes.

Overall, the trace element ratios show a good correlation with radiogenic isotopes. In
addition, LILE/HFSE ratios present a decreasing trend through the record, likely due to the
progressive retreat of the ice sheets. The low normalised LREE/HREE ratios indicate an
important contribution of volcanic material compared to crustal material. In addition, the
variations of the Nd/Ybn display a good correlation with the other geochemical proxies until
15 ka. From this date, the ratio increases and presents a short decrease during the Younger

Dryas (YD), suggesting that less volcanic material is delivered compared to crustal material.

Figure 57:  Trace and rare earth element ratios from site MD12-3396Q. (a) eng (red) and
87Sr/8Sr (green) measured on the clay-size fraction; (b) Rb/Sr ratio; (c) Sm/Nd ratio; (d) Cs/Zr
ratio; (e) Rb/Hf ratio; (f) Th/Sc ratio; (g) Nd/Ybn ratio (normalized to WRAS).
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V. Discussion

A. Provenance of marine sediments East of the Kerguelen Plateau

Clay mineral abundance is dominated by smectite, which typically represents more than
70% of the total clay mineral fraction. This indicates a dominant contribution of detrital material
derived from the Kerguelen Plateau, which is the nearest and largest productive source of
volcanic material. This observation is independently supported by the relative HREE
enrichment, as shown by the Nd/Yby ratios ( ) ( ). The second most
abundant clay mineral is illite, which constitutes up to 26% of the clay mineral content. In the
Indian sector of the Southern Ocean, illite has 2 possible provenances, the Kerguelen Plateau
and the Antarctica ( . Illite delivered by the Kerguelen Plateau is clearly
muscovitic (5A/10A ratio > 0.5), whereas the composition of illite delivered from Antarctica is
biotitic (5A/10A ratio < 0.2) or a mix biotitic/muscovitic (5A/10A ratio from 0.2 to 0.5). This
ratio rarely exceeds 0.4 and is generally below 0.25, suggesting that most of the illite comes
from Antarctica. Since smectite is mostly delivered by the Kerguelen Plateau, these
observations strongly support the idea that illite and smectite have distinct provenances. The
chemical composition of illite is controlled by crystallographical properties that can be used to
pinpoint the detailed provenance of illite in Antarctica. demonstrated that
the chemical signature of illite from deep-sea sediment west of the southern Kerguelen Plateau
(5A/10A ratio = 0.20) is too low to be solely explained by a mix between illite from Prydz Bay
(0.15-0.38) and from the Kerguelen Plateau (> 0.6) and suggested that a branch of the Antarctic
Slope Current may bring biotitic illite toward the eastern part of the Kerguelen Plateau. In fact,
a similar interpretation applies to the illite found at our site located northeast of the Kerguelen
Plateau where the contribution of the Kerguelen Plateau compared to Antarctica should be even
more significant than the sites studied by . In particular, between 30 and
26 ka, 24.5 and 23 ka and 17.5 and 15 ka and at 12 ka, the 5A/10A ratio drops down to 0.1 and
an additional source of illite is necessary to explain these low values.
pointed out that there was little information about the clay mineral composition west of the
study of : 100-170°E) to validate this hypothesis. However, very low 5A/10A
ratio (down to 0.05) occur in Holocene and Quaternary illite-rich sediments off Wilkes Land
( The nature of these illite-rich intervals is also highlighted by the
geochemical data, with higher LREE/HREE and LILE/HFSE ratios ( ), consistent with
a higher contribution of terrigenous particles originating from Antarctica. Equally, the isotopic

compositions clearly indicate a high contribution of sediments originating from Antarctica.
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Indeed, the contribution of East Antarctica varies between 10% and 40% in the total clay-size
fraction ( ), with higher contribution from Antarctica (characterized by low eng and
high 87Sr/%Sr) associated with higher 5A/10A ratio ( ). In addition, the
amphibole/quartz ratio ( ) displays high values during these intervals giving support
for an Antarctic provenance as described by . These conclusions contrast with
a previous study of on #%Th and trace elements, arguing against sources
from Antarctica during the LGM compared with the Holocene, and concluding that AABW
formation was not significantly different during the LGM. Overall, the provenance of the
sediment at our site is dominated by basaltic inputs from the Kerguelen Plateau whereas
Antarctica is a minor source of sediments. However, the supply of detrital particles from
Antarctica appears higher than expected (up to 40% between 30 and 27 ka), highlighting that
equatorial transport of Antarctic deep water masses was previously underestimated.

B. Transport of marine sediments

In the Southern Ocean, several processes may be involved in the transport and
deposition of terrigenous sediments. estimated that the contribution of
aeolian particles, turbidity current and Ice Rafted Detritus (IRD) on the Southeast Indian Ridge

were insignificant. In contrast, many studies in the South Atlantic sector (

and in the South Indian sector (

) of the Southern Ocean highlight the importance of oceanic currents in the
redistribution of detrital sediments. In the core MD12-3996Q, variations of both clay-size
fraction and magnetic susceptibility ( ) are not synchronous with changes
in aeolian dust activities in Antarctica ( ), in sea surface
temperature, or in IRD deposits. Consequently, it is concluded that sediments in core MD12-

3996Q were mostly transported and deposited by oceanic processes.

In this sector of the Southern Ocean, the ACC is responsible for the transport of material
from the Kerguelen Plateau while the AABW - via the DWBC — delivers material from
Antarctica ( ). According to
the Sr-Nd diagram ( ), the contribution of the AABW ranges between 10 and 40%, and
does not display significant changes through the deglaciation. In contrast, enhanced
contribution of the DWBC occurred during Heinrich Stadials 3 and 1. The increase of the
amphibole/quartz ratio during the HS 2 suggests that enhanced contribution of the DWBC also

occurred during this interval, but additional isotopic data of well dated samples are required to
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confirm this hypothesis. The mineralogical changes are characterized by modifications of illite

chemistry ( ) indicating changes in sediment provenance. Moreover, these events are
also marked by coupled variation in trace elements ( ) and Sr and Nd isotope ratios
( ), clearly indicating an increase of the Antarctic contribution. Such changes

in provenance imply modification in the mode of AABW formation (which feeds the DWBC)
with additional AABW coming from the east Antarctica. This hypothesis is consistent with the
work of that provided evidence of the existence of an additional branch
of the Antarctic Slope Current intermittently feeding the DWBC and delivering biotitic illite.
Our data show clear evidences that (1) the delivery of sediment by the AABW coming from the
east (especially Wilkes Land illite) is stronger between 30 and 27 ka ( ) when illite
supply is at a maximum, and (2) that this branch is more vigorous during HS 3, 2, and 1, as the

contribution of material from east Antarctica increased ( ).

C. Paleoclimatic implications

The marked increase in sediment delivery by the AABW during HS 3 and 1 in core
MD12-3396Q potentially results from several processes including: (1) enhanced sediment
production linked to increased ice sheet activity in the Wilkes Land area, (2) stronger Antarctic
Slope current, (3) formation of bottom water off Wilkes Land, (4) northward migration of the
DWABLC, likely related to higher AABW production.

Higher sediment delivery by the unstable ice sheets associated with invigorated DWBC
has been previously observed in Miocene sediments at site ODP 375 ( ).
Unfortunately, this study did not provide any information on the timing of changes and both
climate and oceanic configurations in the Miocene were different from today, preventing any
direct comparison with our study.

revealed that the retreat of the East Antarctic Ice Sheet since the
LGM was not homogenous: some areas such as central Dronning Maud Land or Eastern Wilkes
Land were affected by minor changes during the deglaciation, whereas the thickness of the ice
sheet was reduced by at least 700 m in the central Wilkes Land (at the Bunger Hills). In addition,
the timing of the ice-sheet retreat differs regionally. Precise data about the ice-sheet history in
the Wilkes Land are scarce and poorly studied across the LGM. It is thus impossible to build
robust conclusions on the role of the Wilkes Land ice sheets on sediment delivery to the ocean.
Nevertheless, the ice-sheet retreat began between 30 and 40 kyr while most of the retreat of the
East Antarctic Ice Sheet happened progressively between 14 and 6 ka ( ).
This progressive ice-sheet recession is consistent with the geochemical data that show a
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progressive decrease of the LILE/HFSE ratio values from 30 to 10 ka. Indeed, ice-sheets retreat
would expose incompatible elements-bearing minerals broken up through physical erosion
during the glaciation. Nevertheless, this progressive ice-sheet retreat is not consistent with the
fast and brief detrital inputs from Antarctica observed at our site during HS 1, 2, and 3, ruling
out any major sharp terrigenous contribution resulting from ice-sheet destabilization during

these climatic events.

No important change of the Antarctic Slope Current during the LGM and the
deglaciation has been reported. Moreover, magnetic properties and grain size distribution,
interpreted as proxies for current intensity and speed measured on core MD12-3996 (

) do not display any variations associated with the provenance changes
observed between 30 and 26 ka, or during HS3 and HS1. Hence, the observed provenance

changes do not appear to result from modification in AABW or ASC speeds.

A northward expansion of the AABW has been recorded in the southern flank of the
South Indian Ridge during the MIS 5.5-5.4 transition and interpreted as reflecting higher
AABW production due to enhanced sea ice formation ( . Other
sedimentological evidences of northward expansion of AABW during glacial times in the
Atlantic and Pacific sector of the Southern Ocean have also been reported (
). Moreover, rapid perturbations of the Atlantic
Meridional Overturning Circulation were revealed by changes in benthic foraminifera
preservation during HS 1 to 6, indicating rapid changes in the carbonate compensation depth,
interpreted as the result of incursion of southern-sourced bottom water (i.e., AABW from the
Weddell Sea; ). All these related findings suggest that the AABW reacted
rapidly to perturbations induced by the Heinrich Events in the North Atlantic ocean: the AABW
expanded northward during HS not only in the Kerguelen Sector but in the entire Southern
Ocean. Our results also highlight that the export of the AABW to the global ocean was
especially enhanced in the Kerguelen sector during Heinrich Stadials compared to the other
areas. In addition, our results pinpoint a specific provenance for some of the bursts of Antarctic
detrital material inputs and thus suggest that additional area(s) of production of AABW may
have existed at that time. Indeed, specific changes in illite chemistry imply additional inputs of
terrigenous material from the Wilkes Land, which is not known for AABW production. These
changes are coeval with periods of northward expansion of the AABW and with increases of
all materials deriving from Antarctica. Such additional terrigenous inputs from the Wilkes Land

thus suggest that AABW production may have occurred off Wilkes Land at that time.
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The data indicate the enhanced export of AABW before HS 1 and 2. Due to the high
uncertainty in dating of samples older than 27 ka, similar observation cannot be confirmed for
HS 3. Nevertheless, the changes observed in the AABW during the HS 1, 2, and possibly 3,
cannot result from changes involved by the Heinrich Events (1, 2 and 3, respectively) as these
events started after the recorded change in the AABW. In the Atlantic Ocean,

and also observed an incursion of southern source deep
water (i.e., AABW, CDW, AAIW) ~2 kyr before the Heinrich Event 2.

proposed that a change of the Atlantic Meridional Overturning Circulation (AMOC)
may have contributed to, or even triggered, the ice sheet instability in the Northern Hemisphere.
Here, our data independently support this idea by providing evidences of enhanced production
of AABW in the South Indian sector of the Southern Ocean ~2 kyr prior to the Heinrich Event 2.

V1. Conclusions

Based on coupled mineralogical and geochemical variations in sediments deposited at
site MD12-3996 record mixing of sediments originating from (1) the Kerguelen Plateau and
transported by the ACC, and (2) Antarctica and transported by the AABW via the DWBC. The
contribution of the AABW was previously underestimated, especially during Heinrich Stadials.
Radiogenic isotopes indicate that the AABW is responsible for up to 40% (at 27 ka) of the
terrigenous inputs during these intervals. Moreover, the composition of illite reveals (1) that the
provenance of material from Antarctica via the AABW is not constant, and (2) that production
of the AABW may have occurred periodically in the Wilkes Land. Data also highlight the rapid
and major response of the AABW in response to perturbations of the AMOC during Heinrich
Events resulting in northward expansion, and enhanced production with additional formation

area (off Wilkes Land) and increased DWBC contribution to thermohaline circulation.

193

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

Chapter 7. The role of the Southern Ocean

Overturning on Heinrich Event atmospheric

CO» variations: clues from marine terrigenous

sediments.
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Abstract

A strong correlation has been observed between Antarctic temperature, Southern Ocean
overturning circulation, and atmospheric CO», indicating abrupt changes associated with rapid
climatic events such as during Heinrich Stadial periods. This work is specifically designed to
study the dynamic component of the Southern Ocean deep water masses by using grain size
distribution data from well dated sediments (core MDO07-3076Q) whose provenance and
transportation patterns have been previously determined. This new dataset is compared with (1)
previously published data from the same core (2) data from a core located in the Kerguelen
sector of the Southern Ocean, and (3) published climatic records. The data establish that
Heinrich Events 1 and 2 are preceded by a modification of the Southern Ocean overturning
circulation associated with a significant change in the extent of Atlantic Antarctic Bottom Water
(AABW) northward. Consequently, this study supports the theory that a change in overturning
circulation in the Atlantic and the Southern Ocean played a major role in triggering Heinrich
Events. In addition, we demonstrate that the comparison between the two main grain-size
modes from core MD07-3076Q is a valuable tool to identify changes in turbulent mixing at the
AABW/LCDW (Lower Circumpolar Deep Water) interface. The data indicate enhanced
turbulent mixing during rapid climatic events such as Heinrich Events and the Younger Dryas.
Turbulent mixing was more intense during HE 2 than during HE 1, even though HE 2 is muted
in atmospheric CO; records. These results demonstrate that turbulent mixing occurred at the
AABW/LCDW interface although water exchange between the deep ocean and the atmosphere
were interrupted during the last glacial period. Our results suggest that the apparent
disconnection between the deep and surface ocean may be due to a dynamic/physical barrier to
turbulent mixing, likely driven by astronomical specific configuration associated with low

obliquity that created specific background lockdown surface-to-deep oceanic conditions.
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Introduction

In the context of a global warming world due to increased greenhouse gas (including

COy) release into the atmosphere mainly through anthropic activities, it is crucial to understand
the global carbon cycle and how it may impact future climate. In order to estimate these
potential impacts, the scientific community concentrates its effort in understanding past
reactions of the carbon cycle during rapid climatic perturbations. Most studies focus on the role
of the ocean in the cycle since the deep ocean is currently a sink for CO., while it appears to
have been a source of CO, within the past (Anderson et al, 2009; Adkins et al., 2013; Bereiter
et al., 2015). In this context, the Southern Ocean plays a key role in modulating atmospheric
CO. variations during the Quaternary being the most important “window” (or active interface)
between the deep ocean and the atmosphere (Anderson et al., 2009; Barker et al., 2009; Skinner
etal., 2010, 2013, 2014; Burke and Robinson, 2012; Adkins et al., 2013; Boer and Hogg, 2014;
Menviel etal., 2015a,b). Indeed, upwelling of CO2-rich deep water masses likely explains most
of the COz rise observed during Heinrich Stadials (HS; Ahn and Brook, 2008; Anderson et al.,
2009; Fischer et al., 2010; Skinner et al., 2010; Menviel et al., 2014, 2017). Other processes
occurring in the Southern Ocean can also be invoked to explain deglacial atmospheric COz rise:
reduction of the biological pump due to reduced iron fertilization (\Watson et al., 2000; Wolff
et al., 2006; Fischer et al., 2010; Martinez-Garcia et al., 2014); reduced CO> solubility due to
increased temperature of the ocean (Kohler and Fischer, 2006; Fischer et al., 2010); and
reduction of sea ice extent (Fischer et al., 2010). Despite the crucial role of the Southern Ocean
on the CO2 cycle, no attempt has yet been made to reconstruct past variations of the Southern
Ocean overturning during rapid climatic events of the last deglaciation by using detrital
sediments, even though they are useful tracers for reconstructing the dynamical component of
deep water masses (Hall et al., 2001; McCave and Hall, 2006; McCave and Andrews, 2019;
Beny et al., 2020). Here, we explore the evolution of Southern Ocean overturning recorded in
the well-dated sediment core MD07-3076Q using a new grain size distribution dataset. Specific
attention will be paid to grain size distribution modes in the frame of previously constrained
provenance and transportation patterns (Beny et al., 2020). These data will be compared with
results from a core located on the Kerguelen sector of the Southern Ocean (Beny et al., in prep.
Chapter 6), and with other previously published paleoceanographic records in order to
qualitatively constrain the role of the Southern Ocean on the carbon cycle during rapid climatic

changes.
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l. Material and Methods

A. Material
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Figure 58:  Simplified geological map of the study area. Light blue text riverine systems,
dark blue text seas, italic black text oceanic basins, and white abbreviations areas. In South
America: Guyana Highlands -GH-, Brazilian Highlands -BH-, Argentinian Pampas -Pam-,
Patagonia -Pat-; in Africa: Namibian deserts-Na-; in Antarctica: Ellsworth Mountains -EM-,
Antarctic Peninsula -AntP-, Pensacola Mountains —-PM—, Berkner Islands -BI-, Shackleton
Range -SR-, Coats Land -CL-, Dronning Maud Land -DML-. Clay mineral inputs to the South
Atlantic Ocean derived from the studies of Petschick et al.,1996, Guyot et al. 2007, and Bayon
et al., 2016, and Khondoker et al.,2018.
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This study is based on sediment samples from core MDO07-3076Q (44°9.2°S,
14°13.7°’W) recovered by the French Vessel Marion Dufresne in 2007 on the eastern flank of
the Mid-Atlantic Ridge at 3770 m depth ( ). The core chronology is based on planktonic
foraminifer radiocarbon dates (30 measurements for the studied interval) and stratigraphic
control points ( ; ). Today, the site is
bathed in the LCDW (Lower Circumpolar Deep Water). From the seafloor to the surface, the
water masses observed in the water column above the study site are the LCDW, North Atlantic
Deep Water (NADW), Upper Circumpolar Deep Water (UCDW), and intermediate and surface
waters. The Antarctic Bottom Water (AABW) is observed in nearby deep oceanic basins and
terrigenous particles transported by this bottom water reach the studied site by advection and
mixing with the LCDW.

B. Sample preparation and analytical procedure

The samples were first decarbonated using 0.1N HCI and then deflocculated by repeated
washing using milli-Q water. Grain-size distribution was measured on carbonate-free sediment
using a Malvern Mastersizer 2000 laser (0.02-2000 um) following standard protocols
( ). The clay-size fraction corresponds to the proportion of particles
with a diameter smaller than 2 um, the cohesive silts correspond to the 2 to 10 um diameter
particles, the sortable silts correspond to the 10 to 63 um diameter particles, and the sand

fraction to the particles coarser than 63 pm.

II. Results

A. Previous results

The provenance of the sediment from this core during the deglaciation and the LGM
were previously discussed ( ). The clay size fraction (<2 um) records the
relative contribution of past variations of deep water masses relative contributions. Both
mineralogy and radiogenic isotopes from the clay size fraction indicate particularly high
contribution of AABW during the LGM, followed by an increased contribution of CDW during
the early deglaciation. The NADW becomes dominant during the rest the deglaciation
associated with its southern incursion into the Southern Ocean ( ).

demonstrated that the cohesive fraction (2-20 um grain size fraction) is transported by
the AABW, while the sortable fraction (20-32/40 um grain size fraction) is carried by the
LCDW. The isotopic composition of the sediment transported by the AABW is relatively
constant (-5.5<end<-3.5), while the incorporation of AABW component into the LCDW (-1<end
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<-3 during glacial) is suggested by a shift in the eng (-4.5<end<5.5) during the deglaciation
(figures 61c-e). The eng of the clay size fraction reflects the relative contribution of NADW
compared with southern sourced deep waters (i.e. AABW and CDW), with enhanced
contribution of NADW to clay sedimentation when enq is lower (Beny et al., 2020). Moreover,
the eng Of the coarse grain size fraction gives insight onto the mixing between LCDW and
AABW, with no mixing when eng is close to -2, and active mixing enabling the incorporation
of sediment initially transported by the AABW to the LCDW when eng is close to -4 or below
(Beny et al., 2020).

B. Results

Fine mode Coarse mode

percentage of the size fraction (%)

0 T T T 'I'IIII'I T T T ll'llll

1 10 100
grain size (um)

Figure 59:  Representative examples of grain size distribution curves from the sediment core
MDO07-3076Q. These grain size distribution curves indicate a bimodal regime suggesting the
presence of 2 main oceanic currents with the dominant mode varying. The fine mode is
dominant on the dark blue curve while it is the coarse mode on the black curve. Black curve:
10.03 ka; light blue curve: 15.05 ka; red curve: 18.46 ka; green curve: 21.25 ka; dark blue
curve: 24.26 ka.
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The grain size curves display a bimodal distribution (figure 59), with a fine mode (2-
10um, transported by the AABW, Beny et al., 2020) and a coarse mode (20-32/40um,
transported by the LCDW, Beny et al., 2020) suggesting the presence of two distinct oceanic
regimes. Note that the dominant mode (i.e. the most representative class size) varies throughout
the studied interval (figure 60). The dominant mode is generally the coarse grain size mode,
except during the Heinrich Events and the Younger Dryas when the fine grain size mode
becomes dominant (figure 60). The coarse grain size mode displays the highest abundnce during
the LGM, and decrease during the deglaciation. In addition, during Heinrich Stadials and the
YD, the size of the coarse grain size mode is slightly smaller, indicating a slight slowdown of
the LCDW. The fine grain size mode displays the lowest values between the end of the record
and ~22 ka and during the deglaciation. The mode progressively rises from 22 ka to reach its
maximum value at 18.3 ka. Then, it decreases rapidly in two periods between 18.3 and 18 ka

and 16.2 and 15.8 ka.
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Figure 60:  Main grain size modes shown on figure 57 through time. The coarse grain size
mode values are represented by squares while the fine grain size mode values are represented
by circles. The dominant mode is represented in red, while the secondary mode is represented
in green. This figure shows that the coarse grain size mode is generally dominant. The fine

grain size mode becomes dominant during Heinrich Events and the Younger Dryas.
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The ratio of the proportion of particles represented by the fine grain size mode and of
the proportion of particles represented by the coarse grain size mode (hereafter referred as
Fine/Coarse ratio, ) ranges from 1.20 to 1.88. Values of the Fine/Coarse ratio higher
than 1.5 characterize HS 1, HS 2, and the YD, with the highest values during HS 2 (2.14;

). The data also show that the onsets and ends of HS 1 and the YD are marked by sharp
rise/drop of the Fine/Coarse ratio, indicating a marked change in the interaction between the
LCDW and the AABW. Interestingly, high Fine/Coarse ratios recorded during HS 2 are not
restricted to the duration of the stadial: the ratio rises sharply at the HS 2 onset, and remains

high until it decreases sharply 0.7-1.2 ka after the end of HS 2.
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Figure 61:  Comparison of data from site MD07-3076Q with the literature. (a) Fine/Coarse
ratio from core MD07-3076Q calculated using the ratio of the relative proportion of the fine
grain size mode divided by the relative proportion of the coarse grain size mode (this study);
(b) opal flux from site TN0O57-13PC, a proxy of Southern Ocean upwelling (

); (c) Nd isotope composition of the coarse grain size mode from site MD07-3076Q (

); (d) Ventilation age from core MDQ7-3076Q ( ); (e) Nd isotope
composition of the clay size grain size fraction from site MD07-3076Q ( ); ()
Cibicides &C from core MD07-3076Q ( ); (g) Atmospheric CO;
concentration calculated from a compilation of Antarctic ice core records. (

); (h) 680 from Byrd ice core ( ); (i) proportion of clay minerals
delivered by the CDW from site MD07-3076Q ( ); (j) proportion of clay
minerals delivered by the AABW from site MD07-3076Q ( ); (k) Nd isotope
composition of clay size fraction from site MD12-3396Q in the Kerguelen sector of the Southern
Ocean, showing the strength of DWBC (i.e. AABW;, ); (D BIT
(Branched and Isoprenoid Tetraether) index indicating the European rivers discharge of fresh
water in the North Atlantic ( ).

[11.  Discussion
A. Grain size mode switches during Heinrich Stadials

A previous study demonstrated that sediment distribution at this site is mainly
dominated by two grain size modes that are useful tracers of deep water masses flow speed (i.e.
AABW and LCDW, ). However, distribution and mean diameter of the
dominant mode (see representative examples) are varying through time ( ).
In details, it appears that the coarse grain size mode is generally dominant, except during the
YD, and HS 1 and 2 ( ).

The Fine/Coarse ratio, reflecting relative contributions of the fine versus coarse grain
size mode, is used to summarize the results ( ). This ratio rapidly increases/decreases
at the beginning/end of northern hemisphere Heinrich Events (HE 1 and 2 on ), with a
slight lead of 1 kyr for the HE 2. Previous studies demonstrated that NADW production is
severely reduced or even stopped during Heinrich Events (

). Both fine and coarse grain size modes are transported by southern-born water
masses (i.e. AABW and LCDW, ), and consequently the Fine/Coarse ratio is

unlikely to be directly impacted by the collapse of northern hemisphere ice sheets (

206

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

). This new dataset suggests that rapid modifications
of both AABW and LCDW, and therefore of the Southern Ocean Overturning, occurred as the
NADW production was weakened in the North Atlantic.

Such a stronger export of sediment via the AABW (Fine/Coarse ratio; )
apparently contrasts with mineralogical results from the same core (illite/smectite ratio;

) which support a maximum contribution of AABW during the LGM - due to
northward expansion of AABW (from ~20 to ~17.5 ka; ) — whereas an abrupt
reduction of AABW compared to CDW and NADW occurs slightly before the onset of Heinrich
Stadial 2 (from 17.7 to 17.5 ka; ). These observations can be reconciled because clay
minerals generally have a non-linear response to dynamic changes of the water masses resulting
from their high particle cohesiveness ( ). In
summary, clay mineralogy allows tracing of water mass volume and latitudinal extent, while

the Fine/Coarse ratio reflects changes in the dynamic properties of deep water masses.

The speed of AABW or LCDW as recorded by the grain size diameter modes does not
display obvious correlation with the Fine/Coarse ratio although this latter parameter is forced
by the dynamic characteristics of deep water masses ( ). These data indicate that
the speed of the LCDW slightly decreases while the speed of AABW is generally slow during
the HE and the YD ( ). Consequently, the increased contribution of AABW compared
with LCDW to the sedimentation at the studied site does not result from an increase of AABW
speed. Moreover, as mineralogical results from the southern South Atlantic suggest that the
AABW retreated toward the South slightly before the HS 1 ( ), a latitudinal
shift of the AABW cannot be responsible for the change observed during the HS 1. As a result,
it is impossible to explain the enhanced export of AABW compared to LCDW at the studied
site during the HS 1 (and during HS 2 and the YD by extrapolation), without involving the
advection of particles from the AABW due to enhanced upwelling or turbulence at the
AABW/LCDW interface. This interpretation is supported by eng data from the coarse grain size
fraction that show incorporation of AABW-derived particles into the LCDW during HS 1 (

).

The major slow-down of the AABW indicated by a marked decrease of the size of the

fine grain size mode during HS 1 ( ) is coeval with an significant increase of opal flux

( ), a proxy for the Southern Ocean upwelling ( ). This suggests
a change in the mode of production of AABW. This change is likely due to the retreat of sea
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ice ( ) resulting from enhanced poleward
export of heat ( ) that may have promoted changes in AABW speed.

Overall, the Fine/Coarse ratio record changes in the advection of particles transported
by the AABW, and by implication, deep ocean mixing. In particular, high values of this ratio
( ) suggest that deep mixing was stronger during HS 2 than during the HS 1 and the
YD. In addition, the synchronicity between the increased Southern Ocean overturning marked
by grain size distribution and the onset of Heinrich Events supports the importance of inter-
hemispheric seesaw processes ( ) and questions the role of the southern

sourced deep water as a driver of rapid climatic changes.

B. Does a perturbation of the Southern Ocean overturning triggered Heinrich
Events?

In the Southern Ocean, the deep western boundary currents (DWBC) are responsible for
an important part of the export of AABW toward the Pacific, the Atlantic and the Indian oceans
( ; ).

demonstrate increased advection of particles transported by the AABW

(through the Kerguelen DWBC, a boundary current flowing northward along the eastern flank
of the Kerguelen Plateau) during HS2, HS1 and the YD, reflecting enhanced southern
overturning. Previous studies also reported an enhanced flow of AABW via DWBC during
glacial time compared to interglacial (Pacific: ; Indian:
; Atlantic: ), but the behavior of the

Southern Ocean outflow during rapid climate change during the last deglaciation is currently

poorly constrained.

Nevertheless, provide evidence of enhanced DWBC

flow during HS 2 and HS 1 in the South Indian sector of the Southern Ocean whereas

showed a major change in AMOC due to rapid southern

incursions of NADW into the South Atlantic sector of the Southern Ocean during Dansgaard-

Oeschger interstadials. report that increased AABW outflow

toward the South Indian Ocean occurs before Heinrich Events. This observation is similar to

findings from and who observed that AAIW
incursions into the North Atlantic preceded HE 1 and 2 by ~1-2 kyr. As proposed by

, these observations suggests that a change in the meridional overturning

circulation coming from the Southern Hemisphere may be responsible, or even triggered the
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HE 2. They argued that the input of relatively “warm” southern sourced water could favor or
even trigger the melting of the Northern Hemisphere ice sheets by transferring heat toward the
northern hemisphere. Similarly, proposed that the input of AAIW to the
North Atlantic may have stimulated the collapse of North Atlantic convection. In addition,

observed a 0-3 kyr lead of atmospheric CO: rise over HE, supporting the
findings of

Previous studies also suggest that a perturbation of the meridional overturning
circulation happened before the HE 1. Clay minerals ( ) reveal that
the AABW significantly migrates equatorward at around 20 ka. The eng of seawater from

reveals an increased contribution of southern-sourced water in the Tobago
Basin (i.e. AAIW and “AABW” — corresponding to AABW and CDW undifferentiated in the
study) at ~19 ka concomitant with the last deglaciation ( ). A second, substantive
equatorward migration of AABW is observed in clay minerals from 18.3 to 18.0 ka (

) simultaneous with the increase of the ventilation of the Southern Ocean recorded by

in the same sediment core. Previous studies provided evidence of a slow-
down of the AMOC due to reduced fresh water inputs from Northern Hemisphere ice sheets at
18 ka ( ) while the Southern Ocean deep water circulation was reinvigorated
( ). All of these observations suggest that the AMOC, and particularly the
Southern Ocean overturning, changed before Heinrich Event 1 (17.5 ka; ).
The perturbation of the AMOC invoked by as the trigger of HE 2

may thus also be responsible for the onset of HE 1.

The cause(s) of this early perturbation of the AMOC is not clear, but enhanced
northward export of southern-sourced waters appear a key factor. Clay minerals reveal an early
migration of AABW in the South Atlantic from 20 ka with a marked peak at 19.7 ka, and a
second, more substantive, maximum from 18.3 to 18.0 ka ( ).

suggest that the enhanced equatorward export of AABW via
DWABC east of the Kerguelen Plateau between 18.5 and 14.5 ka may result from increased
production of AABW due to the activation of additional areas of bottom water formation off
Wilkes Land. showed that AAIW production was reduced in the Pacific
Ocean during the northward migration of the AAIW in the Atlantic that occurred before the
HE 1 (from ~19 ka). They proposed that AAIW migration into the North Atlantic was probably
due to reduced competition with a weakened NADW. Indeed, during the early stage of the

deglaciation, this AAIW incursion at ~19 ka ( ) occurs simultaneously with
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increased fresh water discharge from European Rivers due to the melting of the European Ice
Sheet ( ). Together with the meltwater supply from the Laurentide
Ice Sheet (MWP1A-0), this freshwater discharge could be responsible for the weakening of the
NADW in the North Atlantic at 19 ka ( ). Similarly, the maximum of
AABW excursion observed by at 18ka happened synchronously
with the major freshwater discharge from European rivers ( ) and with a
slowdown of the AMOC ( ), highlighting the strong interconnection between

Southern Ocean overturning and the North Atlantic climate.

In this context, we propose a “southern view” of the scenario initially proposed by

. The first observed change in ocean circultation happened at ~21 ka with

a warming recorded by a drawdown of the quantity of polar foraminiferal species in core
TNO057-21, interpreted as an early phase of deglacial warming ( ). Clay
minerals reveal an early northward migration of AABW through the South Atlantic, associated
to a reduced flow of the LCDW ( ) at 19.7 ka. Both events indicate that
modification of the Southern Ocean overturning precedes any change in the North Atlantic. It
supports the proposal of that the Southern Ocean overturning was
responsible of the perturbation of the AMOC instead of being a consequence of it. These events
are immediately followed by a small retraction of AABW to the south, a small increase of
LCDW speed, and by freshwater discharge in the North Atlantic (MWP1A-0) due to the melting

of the Northern Hemisphere ice sheet ( ). This situation promoted slowdown
of the AMOC ( ) by reducing the production of NADW
( ). The reduced competition with the
NADW ( ) promoted the incursion of AAIW in the North Atlantic Ocean at
19.3 ka ( ) and a short cooling in the Southern
Hemisphere that lasted until the beginning of the HS 1 ( ). This succession of

events supports the idea that heat was likely transported toward the northern hemisphere via the
northward migration of southern source water ( ), thus exerting a positive
feedback on the upcoming collapse of the northern hemisphere ice sheet. Between 18.3 ka and
18.0 ka, a substantive equatorward migration of AABW due to enhanced AABW production
( is associated with a slowdown of the
LCDW ( ) and a reduction of the CDW contribution ( ). These
perturbations of the Southern Ocean overturning are coeval to the freshwater supply from

European ice sheets that coincides with the beginning of the HS 1 stadial conditions (
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). At 17.5 Kka, the southward retreat of the AABW ( ) -
due to a reduced production of AABW in the Weddell Sea ( ) associated with
an increased contribution of CDW in the South Atlantic ( ) — is concomitant

with the beginning of the recovery of the Southern Ocean upwelling (

), with the southward migration of the Southern Hemisphere oceanic fronts and
subsequent southern hemisphere warming ( ), and
associated atmospheric CO; rise ( ). All these events, and in
particular the southern sourced waters migration toward the North Atlantic may have exerted a
positive feedback on the collapse of Northern Hemisphere ice sheet by transferring heat from
below the northern hemisphere ice sheets, as suggested by . This
collapse released huge amount of freshwater to the North Atlantic, shutting down the AMOC
and NADW production ( ). These
interconnected mechanisms likely amplified the phenomenon initiated by the freshwater
discharge from European rivers (e.g. Channel River discharge) or by the southern hemisphere
warming. These new findings strongly support the results from the numerical simulation of

which suggested that the apparent lead of the Southern Hemisphere warming could
reflect a bipolar seesaw phenomenon. At the beginning of the HE 1, reduced production of
AABW in the Weddell sea associated with an increased contribution of CDW in the South

Atlantic ( ) favored heat transport toward the Southern Hemisphere while the
Northern ACC fronts are pushed poleward ( ). This event likely provoked an
increase in wind pressure and wind driven upwelling ( ) while

the enhanced turbulent mixing between AABW and LCDW recorded by our Fine/Coarse ratio,
generated conditions favorable to the release of CO- to the atmosphere, with potential positive

feedback on the deglaciation ( ).

To conclude, our data suggest that enhanced Southern Ocean overturning started before
and continued during Heinrich Events and could represent the trigger of these events. A small
increased seasonality under dry and cold climate in the northern hemisphere (

) or an early warming in the southern hemisphere ( ) was likely sufficient
to trigger a series of mechanisms amplifying each other through positive feedbacks during the
early stages of the deglaciation. An early change in AABW production preceded the northern
hemisphere ice sheet melting during MVP1A-0 and HS 2, providing evidence of a seesaw
response of the AMOC to southern ocean overturning changes. This new finding gives

additional support to the observed rise in CO2 and Southern Hemisphere temperatures that
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preceded the melting of Northern Hemisphere ice sheets during Termination Il (
).

C. Implication for atmospheric CO; variations

In this study, we give new insights on the major role of the Southern Ocean overturning
in setting HS climate and AMOC perturbations. The equatorward transport of AABW due to
enhanced mixing or/and production appear especially a major forcing mechanism during rapid

climatic events of the last deglaciation ( ).

Previous studies proposed that interhemisphic and Pacific/Atlantic seesaw processes
lead to enhanced production of AABW (referring in these studies and many others to the
combination of AABW and CDW) and of North Pacific Deep Water while both AMOC and
NADW experienced weak production, enabling the ventilation of the Southern Ocean and
Pacific carbon pool ( . Our results clearly support these
model outputs for HS 1 by providing evidence of stronger export of AABW in the South
Atlantic as well as in the South Indian Ocean ( ). In addition,
the observed stronger exports of AABW predate any weakening of the AMOC and NADW
production, suggesting that the perturbation caused by the change in AABW production was
transferred to the North Atlantic via seesaw processes. Surprisingly, these exports are even
stronger during HS 2 depsite HS 2 and HS 3 appearing to be muted in the atmospheric CO>
signal ( ). Consequently, our data demonstrates that
enhanced Southern Ocean upwelling alone is necessary but not sufficient to drive atmospheric
COz rise. Thus, the question arises as to why some HS, such as HS 2, are not associated to
atmospheric CO: rise, even though enhanced vertical mixing is suggested in the Southern
Ocean?

The rather different environmental conditions prevailing during HS2 and HS3 compared
with HS1 are likely responsible for the contrasted atmospheric CO; response to deep southern
ocean ventilation. Orbital forcing, and in particular obliquity may represent the explanation of
the contrasting results. observed a poor correlation between ventilation
proxies such as &'3C (Iberian margin) and 8*°N (Chile margin), and the rate of change of
atmospheric CO2 between 19 and 37 ka, a period of low obliquity ( ).
This observation suggest no apparent link between oceanic ventilation and atmospheric CO>
during this interval of low oblitquity. During this time interval, also
suggested that the amplitude of the oscillation between weak and strong modes of the AMOC

was reduced compared to high obliquity intervals. In addition, stratified deep ocean formed
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under minimum obliquity periods (at ~27 ka; ; during MIS 4 and the LGM;
) reducing the strength of the AMOC and thus reduces its capacity to react

to perturbation such as Heinrich Events ( ).

Obliquity could also have a strong impact on the position of climatic fronts.
demonstrated that the position of the Polar Front and its role on buoyancy fluxes are
both crucial in glacial/deglacial CO> variations. Low obliquity is responsible of strong seasonal
variations of the latitudinal position of the sub-tropical front during MIS 4 (

). Similar conditions were likely prevailing during the LGM, and may have had a strong
impact on seasonal sea ice extension, and thus, on CO> storage/degassing ( ).
In addition, the reduction of ocean atmosphere exchanges- preventing from CO: degassing -
may have been stronger during HS 2 than during HS 1 due to extended sea ice cover during the
LGM ( ).

In addition to orbital forcing, other processes may have contributed to the unexpected
muted atmospheric CO- signal during HS 2. Increased ocean stratification due to strong salinity
gradient between the AABW and NADW (often referred as Glacial North Atlantic Intermediate
Water due to their shallow position during glacial time — i.e. above 2000 m; ) is
likely responsible of an important reduction of the exchange between deep ocean and the
surface waters during the LGM (

). In this context, this salinity gradient could “capped” the deep ocean, preventing
exchanges between ventilated deep ocean and surface water during HS 2. This idea is supported
by the absence of apparent change in the Southern Ocean opal flux during HS 2 (

) indicating that the vertical mixing observed in our data does not affect the
upper part of the ocean. Similarly, argued for ventilation within the

deep ocean layers during the HS 2 while the upper ocean remained stratified.

The northward position of the westerly winds ( ) could alter the
efficiency of wind driven Southern Ocean upwelling. Indeed, upwelling generally occurs during
strong and poleward retracted westerly winds (

). Thus, a more northly position of these winds during
low obliquity intervals would prevent them from completing the full ventilation of the ocean.
In other words, this driver would not be efficient enough under low obliquity conditions to
enable the full ventilation of the Southern Ocean and the degassing of CO> to the atmosphere.
This conclusion, taken together with the fact deep ventilation is observed when wind is not able

to generate upwelling, questions the importance of winds as the driver of the Southern Ocean
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upwelling. The active biological pump due to high iron fertilization caused by enhanced dust
flux during the LGM (
) could have counterbalanced the CO. release by enhancing the storage of
CO.. Similarly, the tight link between Antarctic temperatures and atmospheric CO2 (
) suggests that a colder
Southern Ocean was probably a better CO> trap due to enhanced CO> solubility during the LGM

( ).

To conclude, we suggest that background conditions (i.e. low amplitude between weak
and strong AMOC modes, position of the Polar Front, sea ice extent, enhanced stratification
due to the formation of saltier AABW, stratified ocean, northward position of the westerly
winds, efficient biological pump, colder ocean being a better CO; trap) prevailing before HS 2
(and by extension HS 3) possibly driven by low obliquity likely explains the absence of CO>
rise during this particular HS, even though our data clearly demonstrate deep mixing due to
higher AABW production.

IVV. Conclusion

Rapid climate variations associated with Heinrich Stadials in the southern south Atlantic
(Core MDO07-3076Q) as well as in the Kerguelen sector (core MD 12-3396Q) highlight that
modifications of Southern Ocean conditions preceded climatic events HS1 and HS 2. Before
the HS 1, changes in the Southern Ocean (i.e. warming and AABW equatorward expansion)
are immediately followed by the increase of freshwater release from Northern Hemisphere ice
sheets. This release would have slowed the production of NADW and enabled the incursion of
southern source deep and intermediate waters to the North Atlantic. This incursion would be
associated with the transfer of heat toward the northern hemisphere, exerting a positive
feedback on the incoming melting of northern hemisphere ice sheets (i.e. HE 1). These changes
were associated with a change in AABW production preceding the HE in both the Atlantic and
the Kerguelen sector of the Southern Ocean (
Consequently, this work support the model/hypothesis of and of

that the Southern Ocean overturning circulation could have triggered the

HE.

In this study we demonstrated that: 1) major modifications of the dominant grain size
mode are generated by changes in turbulent mixing at the AABW/LCDW interface, and; 2) the

sediment fine-to-coarse mode ratio trace the turbulent mixing through time. The coarse grain

214

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

size mode is generally dominant, while the fine grain size mode becomes dominant during the
YD, HE 1 and HE 2. Surprisingly, mixing in the Southern Atlantic sector appears to be stronger
during HE 2 than HE 1, while the HE 2 is muted in the atmospheric CO records. This
information is supported by stronger AABW production during the HS 2 compared to HS 1 in
the Kerguelen sector of the Southern Ocean. Consequently, we propose that even if deep ocean
mixing occurred during the HS 2 as during HS 1, background conditions driven by the low
obliquity prevailing during HS 2 (e.g. extended sea ice, ACC fronts located north, strong
efficiency of the biological pump, ...) likely prevented any large exchanges between the CO»-
rich deep ocean and the atmosphere. This conclusion strongly supports a physical and/or
dynamic barrier preventing exchange between the deep ocean and the overlaying water masses
during the LGM, and thus favored the storage of CO; into the deep ocean although strong
AABW production is recorded in the Southern Atlantic and Kerguelen Sector of the Southern
Ocean during HS 2.
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Chapter 8. General conclusions and

perspectives
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l. Conclusions

This study allows to draw some major conclusions about sediment provenance, deep
water-masses variations, Heinrich Event trigger, and about carbon cycle since the last glacial

epoc. These major conclusions are presented below.

Composition of the potential sources of sediments:

In this PhD, the composition of the potential sources of sediment to the South Atlantic
sector and of the Kerguelen Sector of the Southern Ocean has been widely investigated. The
geology of the potential sources can be simplified according to their geological context: (1) old
continental shields (including very old craton and old orogens, generally older than 1 Ga), and
(2) modern orogens associated to important volcanic activity. The type (1) is represented by the
African continent, East Antarctica, and the South American shield, while the type (2) is
represented by the Andean Orogen, the Antarctic Peninsula, and the circumpolar volcanic
islands (i.e. Scotia Arc, Kerguelen Plateau). The average composition of these areas and the
way it can be impacted by climate conditions is illustrated on figure 62 (already shown in
chapter 2)
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Figure 62: 3D bloc illustrating the isotopic and mineralogical composition of the potential
sources of sediments (already shown in Chapter 2)
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In this PhD, I also demonstrated that even if climate may affect sediment delivery to the
ocean, it does not affect the composition of the sediments located East of the Kerguelen Plateau.
By contrast, the composition of South Atlantic sediments is strongly influenced by moisture
conditions over South America, especially during the Holocene. | evidenced that the
provenance changes observed during the Holocene in the South Atlantic sediment can only
result from climatic changes over South America without any significant modifications in the
AMOC, except during the 8.2 ka event. | also pinpointed that moderately dry conditions
associated to weak winds prevailed during the Late Holocene (11-9 ka). Enhancing dryness and
increasing winds occurred thereafter until the Mid-Holocene (9-7 ka), while the NADW was
probably weaker in response to the 8.2 ka event. The Mid-Holocene was the driest and the
windiest interval, with the strongest winds observed between 6 and 4.5 ka. At the end of the
Mid-Holocene (~5 ka), climatic conditions became significantly wetter and the wind strength
decreased until the beginning of the Late Holocene (~3 ka). The period between 3 and 2.2 ka
was probably the wettest of the Holocene, and was followed by a marked decrease of rainfalls

to the end of our record.

Determination of the composition of the specific particles transported by distinct deep-

water masses:

An extensive comprehension of continent-ocean transfers associated to a good
knowledge of the main water mass pathways enabled to constrain the composition of sediments
transported by each deep-water mass. The mineralogical and isotopic composition of these
sediments is represented on for the South Atlantic sector of the Southern Ocean. In
particular, determining the isotopic signatures of different grain-size modes provide clues on
understanding the evolution of the main deep-water masses (AABW and LCDW) through time.
In the Kerguelen sector, the estimation is easy, as shown on , since the hydrographical
conditions are simple: the ACC transport sediments deriving from the Kerguelen Plateau

whereas the AABW transport sediments originating from East Antarctica.
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Figure 63:  Composition of the sediment transported by deep-water masses in the South

Atlantic sector of the Southern Ocean.

0. @ Kerguelen Plateau

€na

-15 4

=20 4
=25 4
East Antarctica
-30 4
-35 T T T
0.70 0.71 0.72 0.73 0.74
8Sr/*Sr
Figure 64:  Isotopic composition of the sediment transported by water masses in the

Kerguelen sector of the Southern Ocean.

Evolution of the relative contribution of deep-water masses to sedimentation through

time:

These estimations allow comparing the relative contribution of each deep-water mass to
sedimentation through time. Our method enabled the distinction between the AABW and the
CDW, which was not possible using “classical” deep-water mass proxies. Thus, it was possible
to estimate the proportion of material delivered by each deep-water mass through time (figure
63), and by extension, the latitudinal modifications of these water masses thoughout the last

deglaciation. Overall, our results in the South Atlantic sector support the idea that southern
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sourced were stronger during the LGM compared to the Holocene while the NADW was
retreated North (see figure 65). In details, our results provide evidence of highly expanded
AABW at the end of the LGM (between 20 and 17.5 ka). Then the AABW retreated rapidly
due to modifications associated to HS. During the HS 1, the isotopic composition of LCDW
sediments suggests that particles transported by the AABW were added to the LCDW
suspended load by mixing. During the Bglling-Allerad, the isotopic composition of the clay
size fraction as well as the clay mineralogy suggest an increased contribution of the NADW
compared to southern born deep-water masse, likely due to the incursion of the NADW into the

Southern Ocean and to the deepening of the AMOC at that time.
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Figure 65:  Relative contribution of the deep-water masses at site MD07-3076Q.

In the Kerguelen sector, little provenance changes are associated to the deglaciation.
Instead, important provenance changes occurred during and before HS 1, 2, and 3. These
provenance changes indicate an increased contribution of the DWBC (a branch of AABW) and
suggest that enhanced production of AABW may cause a northward migration of this water
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mass during HS 1, HS 2, and HS 3. In addition, mixing calculations show that the contribution
of the DWBC to sedimentation is more important than previously thought and that it may have

delivered up to 40% of the terrigenous sediment.
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Figure 66:  Provenance changes in core MD12-3396Q showing changes of contribution of

deep-water masses to sedimentation.

Evolution of deep-water velocity through time:

The use of grain-size distribution, and in particular of grain-size modes enabled the
reconstruction of past variations of the oceanic currents flow speed. In the South Atlantic sector,
the analysis of the isotopic composition of the two grain-size modes highlighted that these two
modes are respectively carried by the AABW (fine grain-size mode) and by the LCDW (coarse
grain-size mode). Our results indicate that the AABW speed was: 1) maxima during the end of
the LGM (especially between 20 and 17.5 ka, when the AABW extent was important); 2) low
during Heinrich Stadials, when the AMOC is shut down, and 3) minimum between the middle
of the HS 1 (~16 ka) and the end of the Younger Dryas. The LCDW speed presents a plateau
during the LGM until the end of the HS 1. This plateau is punctuated by intervals of higher
speed (22-21 ka; 19.5-19 ka; 17.6-17 ka) - the latter being the most significant one - slightly
preceding the contraction of the AABW at 17.5 ka. From the onset of the Bglling-Allergd to
the end of the record, the LCDW speed is slowly decreasing.

223

© 2020 Tous droits réservés. lilliad.univ-lille.fr



© 2020 Tous droits réservés.

Thése de Francois Beny, Université de Lille, 2020

Age (kyr)
20

YD BA HSI1 Last Glacial HS2

w
O
|

Coarse mode
(um)
98]
(o)

(um)

Fine mode

Figure 67:  Size of grain-size modes from site MD07-3076Q indicating speed changes of
LCDW (coarse mode) and of AABW (fine mode) in the South Atlantic sector of the Southern

Ocean.

In the Kerguelen Sector, similar observations has been made, but are not presented in
this PhD, since these data will appear in a collaborative paper in preparation with Alain Mazaud
(first author) and Elisabeth Michel from LSCE (Laboratoire des Sciences du Climat et de

[’Environnement).

Timing and trigger of the Heinrich Events:

Finally, a careful look at the timing of fast variations associated with Heinrich Stadial
(in the Kerguelen sector as well as in the Atlantic sector) shows that modifications of the
Southern Ocean preceded the onset of HE 1, 2, and 3 as defined in the northern hemisphere. In
addition, our data indicate that Southern Ocean modifications probably favoured the penetration
of relatively “warm” southern born water masses into the North Atlantic Ocean, and hence
played a major role in the Heinrich Event 1. As a result, | proposed a scenario in which, before
the HS 1, an early perturbation in the Southern Ocean (i.e. warming and AABW equatorward
expansion) was rapidly transmitted to the North Atlantic and are immediately followed by the
increase of fresh water release into the North Atlantic. This early release of fresh water and the
associated reduction of NADW production in the North Atlantic would have favoured the
penetration of relatively “warm” southern born waters. This incursion would be associated with
the transfer of heat toward the northern hemisphere, exerting a positive feedback on the
incoming melting of northern hemisphere ice sheets (i.e. HE 1). These changes were associated
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with a change in AABW production preceding the HE in both the Atlantic and the Kerguelen
sector of the Southern Ocean ( Consequently, this work
support the model/hypothesis of and of that
the Southern Ocean overturning circulation could have triggered the HE 1, and by extension,
HE 2 and 3.

Fast oceanographic changes during the Heinrich Stadials and their implication on carbon

cycle:

This study evidenced that the dominant grain-size mode varies through time in the South
Atlantic sector. In general, the coarse mode — reflecting the transport by the LCDW - is the
“dominant” mode. However, during the YD, and the HE 1 and 2, the fine mode — reflecting
transport by the AABW — becomes “dominant”. The coarse-to-fine ratio exhibits brutal shifts
at both the onset and the offset of Heinrich Events. Such shifts reflect vertical mixing between
AABW and LCDW, giving some support to the idea of enhanced upwelling during HE 1 and
the YD enabling CO> outgassing. However, this ratio displays higher variations during HS 2
than during HE 1 while no atmospheric COz rise occurred during HS 2. Contrasted observations
during HS 1, 2, and 3 are also found in the Kerguelen sector where the DWBC displays a higher
northward extension during HS 3 than during HS 1. Consequently, deep mixing may have
occurred during the HS 2 and 3 whereas ventilation between the deep and surface ocean was
inhibited. In order to reconciliate these contrasted obesrvations, | proposed that the low
obliquity prevailing at that time was responsible for specific background conditions (e.g.
extended sea ice, ACC fronts located north, strong efficiency of the biological pump, etc.) that
may have favoured the existence of a physical/dynamical barrier between deep and surface
oceanic compartments. Such barrier would have disabled the exchanges between the CO2-rich
deep ocean and the atmosphere during the last glacial period, even though mixing occurred
during HS 2 and HS 3 within the deep compartment. Finally, our data suggest the occurrence
of a massive AABW northward excursion ~1 kyr before the HS 1. This excursion is associated
with a first increase of the ventilation in the South Atlantic Ocean although “classical” deep-
water proxies do not evidence any major change in the NADW/southern born water masses
ratio. This massive AABW excursion preceeding the HS 1 could be responsible for the
breakdown of the physical/dynamical barrier between the deep and surface ocean and thus
enabled the interaction of upwelled CO»-rich water masses with the atmosphere.

225

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

Il.  Perspectives

This PhD work demonstrated the utility of working on distinct grain-size fractions and
in particular on grain-size modes when studying oceanic currents. As a result, it would be
interesting to test this methods and this set of data (radiogenic isotopes, clay minerals, grain-
size distribution) in other areas. The most evident one is the Pacific sector of the Southern
Ocean. This sector is less studied, and the composition of the sediment transported by deep-
water masses in the area is poorly known. The information coming from the study of terrigenous
sediment in the area is then likely to give new insights on the evolution of the Pacific Ocean
overturning, and on its role the global carbon cycle and atmospheric CO. variations. In addition,
data from this area would fill some gaps unravelled during my PhD and will enable robust
interpretations applicable to the whole Southern Ocean as well as potential inter-oceanic seesaw

processes.

During this PhD work, | had the opportunity to sail on the expedition IODP 374 in the
Ross Sea and to recover samples from this area. The ideas behind this project are: 1) to use the
method developed during my PhD in new areas where ice plays a major role, and 2) to try
distinguishing the terrigenous signal derived from the ice sheets from the signal derived from
the oceanic currents during the deglaciation. For the same reason, it could be interesting to test
this method in the North Atlantic to check if any link with the South Atlantic can be drawn, and
to check if interhemispheric seesaw processes can be observed in the terrigenous sediments.

This method could also be tested for shallower sites where few grain-size modes have
been identified in order to catch a grain-size mode transported by UCDW, NADW, or even
AAIW. Such a work could be useful to precise the composition of the sediment transported by
these water masses. In addition, testing this method at a site close to the boundary between
NADW with one other deep-water masse could be useful to track the variation of NADW depth
during the Heinrich Stadial and during the Bglling Alleragd, when important variations of the
NADW depth and strength has been identified.

In this PhD, | highlighted that a lot of changes of AABW punctuated the Heinrich
Stadials. Few studies focused on glacial/deglacial changes of AABW by measuring sortable
silts within DWBC in several sector of the Southern Ocean, and no grain-size distribution
analyses focused on the change of AABW during HS. As a result, it could be interesting to
measure the grain-size distributions of core located within DWBC in all sector of the Southern

Ocean to estimate the variations of AABW’s speed during these short intervals. Similarly, using
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a method similar to the study of ; applied at glacial/interglacial resolution
only) at high resolution during Heinrich Stadials could also give additional information on the

evolution of AABW characteristics through time.

Performing additional analyses on the sites studied during my PhD could also be of
interest. First, it could be useful to increase the sampling resolution of some records. In
particular, technical issues are responsible for a low resolution in the isotopic composition of
neodymium in the coarse grain-size modes in core MD07-3076Q during the LGM. In addition,
the onset of the deglaciation shift is poorly constrained, and no sample is recording the HS 2.
For similar reasons, there is no Pb isotopic data in the Atlantic sector of the Southern Ocean
although these data will help to constrain the provenance change in the sediment core. Due to
the lack of time, the Nd and Sr isotopes have only been measured on targeted samples from the
core MD12-3396Q in the Kerguelen sector. Consequently, it would be interesting to increase

the resolution, and to explore the isotopic composition of the Holocene sediments.

Similarly, due to the lack of time, no isotopic analyses has been performed on site
MD12-3401Q. Consequently, it could be interesting to measure a few samples during targeted
periods to check the potential arrival of sediment from Antarctica. If these preliminary results
are promising, then more samples could be analysed, and it would be interesting to compare
these results with core MD12-3396Q.

On the opposite, it is probably useless to carry out isotopic measurement on the grain-
size modes from the Kerguelen sector of the Southern Ocean. Indeed, these grain-size modes
are both transported by the ACC from the Kerguelen Plateau. Consequently, there is almost no
chance to observe any variation of their isotopic composition through time. Similarly, the Pb
isotopes in this sector appear unnecessary: the Nd and the Sr isotopes already clearly constrain
the provenance changes in the area, and the information that could be added by Pb isotopes will

face the lack of data (to not say the absence) on the isotopic composition of Pb of Antarctica.

Finally, this PhD give insights on the specificities of the HS 2 and 3 (i.e. deep mixing
without atmospheric COz rise, Southern Ocean overturning reacting before the HE 2). In several
aspects, HS 2 is similar to HS 3, as shown in core MD12-3396Q. Consequently, it would give
valuable information to deeply explore this period with the same tools to confirm/refute deep

mixing during this interval.
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Abbreviations

AABW: AntArctic Bottom Water
AAIW: AntArctic Intermediate Water
ACC: Antarctic Circumpolar Current
ACR: Antarctic Cold Reversal

AMOC: Atlantic Merdional Overturning Circulation
ASC: Antarctic Slope Current

B/A and B-A: Bglling Allergd

CDW: Circumpolar Deep Water

CHUR: CHondrite Uniform Reservoir
DWBC: Deep Western Boundary Current
HE: Heinrich Event

HFSE: High Field Strenght Elements
HREE: Heavy Rare Earth Element

HS: Heinrich Stadial

ITCZ: InterTropical Convergence Zone
LCDW: Lower Circumpolar Deep Water
LGM: Last Glacial Maximum

LILE: Large lon Lithophile Elements
LREE: Light Rare Earth Element

MIS: Marine Isotopic Stage

MRFE: Mantle Rock Forming Elements
MAR: Mid-Atlantic Ridge

NADW: North Atlantic Deep Water
NASC: North American Shale Composite
PAAS: Post Archaean Australian Shales

229

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

PF: Polar Front

REE: Rare Earth Element

SACZ: South Atlantic Convergence Zone
SAF: Sub-Antarctic Front

SAMS: South American Monsoon System
SEM: Scanning Electron Microscope
STF: SubTropical Front

SWWAB: South Westerly Wind Belt
UCDW: Upper Circumpolar Deep Water
UCC: Upper Continental Crust

WRAS: World River Average Silts

YD: Younger Dryas
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grain size
la tude (°N) longitude (E°) region (when given) locality (when given) frac on (when | *Nd/***Nd Nd [Nd] (ppm) 875y /sr [Sr] (ppm) | 2°Pb/*Pb | 2’Pb/**Pb | *®®pb/**Pb | [Pb] (ppm) number of sample type of sample (when given) reference
given)
-12,12 12,36|Africa Angola Basin -24,9 9 1| core n—- TE7-S (1760m) Jeandel et al., 2007 and references therein
-14,53 10,23 Africa Angola basin -18,8 22 1] core n— MD96-2091 (3569m) Jeandel et al., 2007 and references therein
-25,36 13,23 Africa Cape basin -12,2 10 1| core n— MD96-2087 (1028m) Jeandel et al., 2007 and references therein
-30,58 13,28|Africa Cape Basin -11,6 22 1] core n— VM19-240 (3103m) Jeandel et al., 2007 and references therein
-25,5 11,3|Africa Cape Basin -11,6 16 1] core n— RC13-229 (4191m) Jeandel et al., 2007 and references therein
-29,42 12,56|Africa Cape basin -11,0 8 1] core n— MD96-2085 (3001m) Jeandel et al., 2007 and references therein
-6 12|Africa Congo -16,1 35 1| river sediment & n— KZAI-01 Jeandel et al., 2007 and references therein
-19 49| Africa E Madagascar -22,1 24 7| rocks Jeandel et al., 2007 and references therein
-27 33| Africa Kaapvaal Craton -30,0 29 41| rocks Jeandel et al., 2007 and references therein
-33 23| Africa South Africa -9,5 37 9] rocks Jeandel et al., 2007 and references therein
-32 28|Africa South Africa -9,2 30 3| rocks Jeandel et al., 2007 and references therein
-20 34,5|Africa Zimbabwe -14,5 15 12| rocks Jeandel et al., 2007 and references therein
Africa Congo bulk 0,511958 -13,3 0,72257 18,47 15,703 38,75 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511873 -14,9 0,72333 18,121 15,638 38,44 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511865 -15,1 0,72583 18,731 15,732 39,23 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511686 -18,6 0,72839 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511795 -16,4 0,7316 19,1 15,784 39,35 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511804 -16,3 0,73398 18,536 15,722 39,06 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511833 -15,7 0,73639 18,919 15,767 39,08 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511739 -17,5 0,74668 19,78 15,872 39,5 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511712 -18,1 19,07 15,853 39,78 1|suspended par cles (5m below river's surface) Allegre et al, 1996
Africa Congo bulk 0,511765 -17,0 1|suspended par cles (5m below river's surface) Allegre et al, 1996
-23 15]Africa Gobabeb bulk 0,512285 -6,9 0,721688 1]loess Grousset et al, 1992
-23 15| Africa Gobabeb bulk 0,512219 -8,2 0,7232 1]loess Grousset et al, 1992
-23 15]Africa Gobabeb bulk 0,512234 -7,9 0,724816 1]loess Grousset et al, 1992
-23 15]Africa Gobabeb bulk 0,512243 -7,7 0,725423 1]loess Grousset et al, 1992
3 -6|Africa Ivory Coast -9,1 46 1| dust n—JL-42 Jeandel et al., 2007 and references therein
-27,5 20| Africa Kalahari bulk 0,512444 -3,8 0,746431 1]loess Grousset et al, 1992
-27,5 20| Africa Kalahari 0-5 m 0,512382 -5,0 0,747157 1]loess Grousset et al, 1992
-27 16]Africa Luderitz bulk 0,511534 -21,5 0,723115 1]loess Grousset et al, 1992
-29 17]Africa Orangemund bulk 0,512478 -3,1 0,716897 1]loess Grousset et al, 1992
-29 17| Africa Orangemund bulk 0,511997 -12,5 0,721911 1]loess Grousset et al, 1992
Africa South Africa whole rock 0,51224 -7,8 0,70949 17,796 15,524 37,796 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,51217 -9,1 0,70956 17,869 15,545 37,9 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,70957 17,909 15,518 37,94 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,51219 -8,7 0,70959 17,889 15,57 37,95 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,51217 -9,1 0,70968 17,994 15,534 37,978 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,51217 -9,1 0,71064 17,739 15,482 37,701 1]|micas brearing kimberlite Fraser et al, 1985
Africa South Africa whole rock 0,51217 -9,1 0,71188 18,245 15,574 38,23 1]|micas brearing kimberlite Fraser et al, 1985
27,5 31]Africa South Africa whole rock 0,51081 -35,7 18 1|dacite Wilson and Carlson, 1989
27,5 31]Africa South Africa whole rock 0,510863 -34,6 19 1|dacite Wilson and Carlson, 1989
27,5 31]Africa South Africa whole rock 0,511081 -30,4 70 1|rhyolite Wilson and Carlson, 1989
27,5 31| Africa South Africa whole rock 0,511175 -28,5 80 1|rhyolite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511844 -15,5 11 14,813 14,751 34,8 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511934 -13,7 17 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511959 -13,2 16 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511978 -12,9 10 19,729 16,036 40,52 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511979 -12,9 15 16,753 15,569 37,13 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,51198 -12,8 11 27,486 17,813 48,28 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,511988 -12,7 10 15,826 14,954 36,17 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512 -12,4 1 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512019 -12,1 11 13,411 14,281 33,39 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512047 -11,5 16 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512049 -11,5 17 19,35 16,016 40,3 1|basalt Wilson and Carlson, 1989
27,5 31| Africa South Africa whole rock 0,512069 -11,1 11 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512094 -10,6 16 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512145 -9,6 6 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512156 -9,4 9 26,628 17,993 49,35 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512186 -8,8 2 29,196 17,921 48,84 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512195 -8,6 5 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512266 -7,3 3 16,826 15,927 36,63 1|basal ckomai te Wilson and Carlson, 1989
27,5 31| Africa South Africa whole rock 0,512268 -7,2 7 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512321 -6,2 8 40,176 20,658 62,01 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512352 -5,6 8 30,337 18,235 48,69 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,51237 -5,2 6 14,98 14,762 35,41 1|lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512374 -5,1 13 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512401 -4,6 6 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512477 -3,1 6 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512514 -2,4 6 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512519 -2,3 6 1|lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512523 -2,2 6 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512524 -2,2 6 16,871 15,201 37,2 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512547 -1,8 6 16,144 15,035 36,65 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512547 -1,8 6 20,321 16,169 40,94 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512548 -1,8 7 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512595 -0,8 6 1|lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512617 -0,4 6 16,434 15,192 36,95 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512683 0,9 5 18,653 15,762 39,48 1|lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512694 1,1 7 24,491 17,074 44,13 1lkomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512747 2,1 5 22,432 16,674 41,58 1|basal ckomai te Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,512764 2,5 4 1|basal ckomai te Wilson and Carlson, 1989
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grain size
latitude (°N) longitude (E°) region (when given) locality (when given) fraction (when | Nd/**Nd | eng [Nd] (ppm) 875y /%6sr [Sr] (ppm) | 2°Pb/*®Pb | 2"Pb/**Pb | **®pb/**Pb | [Pb] (ppm) number of sample type of sample (when given) reference
given)
27,5 31|Africa South Africa whole rock 0,512941 5,9 6 16,121 15,347 35,65 1|basalt Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,513 7,1 9 17,758 15,713 37,83 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,513038 7,8 3 17,553 15,621 37,48 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,516143 68,4 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,516436 74,1 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,516776 80,7 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,518892 122,0 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,519612 136,0 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,519638 136,5 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,522474 191,9 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 0,522702 196,3 0 1|peridotite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 15,567 14,907 35,85 1|komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 31 1|dacite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 19,118 15,84 39,97 1|komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 21,909 16,493 42,16 1|komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 24,778 17,018 42,73 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 31,961 18,588 45,8 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 30,337 18,236 48,69 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 31,213 18,637 52,39 1|basaltic komatiite Wilson and Carlson, 1989
27,5 31|Africa South Africa whole rock 41,86 20,802 67,33 1|basalt Wilson and Carlson, 1989
-23 15| Africa Walvis Bay bulk 0,512404 -4,6 0,722826 1|loess Grousset et al, 1992
-6 6|Africa bulk 0,511775 -16,8 1|marine sediment Bayon et al, 2009
-5 8| Africa bulk 0,511807 -16,2 1|marine sediment Bayon et al, 2009
-5 7| Africa bulk 0,511815 -16,1 1|marine sediment Bayon et al, 2009
-25,6 13,3861|Africa bulk 0,512009 -12,3 1|marine sediment Bayon et al, 2009
-25,6 13,3861|Africa bulk 0,512062 -11,2 1|marine sediment Bayon et al, 2009
-25,6 13,3861 Africa bulk 0,512087 -10,7 1|marine sediment Bayon et al, 2009
-25,6 13,3861|Africa bulk 0,512089 -10,7 1|marine sediment Bayon et al, 2009
-25,6 13,3861|Africa bulk 0,512108 -10,3 1|marine sediment Bayon et al, 2009
-63,5 -59]Antarctica Scotia arc whole rock 5,7 21 4| rocks Jeandel et al., 2007 and references therein
-66 141]Antarctica Adelie Land bulk -24,9 0,736836 1|plateforme Grousset et al, 1992
-67 140|Antarctica Adelie Land bulk 0,512198 -8,6 0,760816 1|moraine Grousset et al, 1992
-67 140]Antarctica Adelie Land 0-5 um 0,512117 -10,2 0,774102 1|moraine Grousset et al, 1992
-74,65 124,167 |Antarctica Adelie Land bulk 0,512894 5,0 0,708707 1|dust Grousset et al, 1992
-72,6043 -6,2072|Antarctica Annandagstoppane feldspar 26,6584 17,7865 35,0361 1|granite Flowerdew et al., 2012
-72,6035 -6,213|Antarctica Annandagstoppane feldspar 18,8218 15,8725 34,5087 1|granite Flowerdew et al., 2012
-72,6035 -6,213|Antarctica Annandagstoppane feldspar 20,2765 16,1987 36,8552 1|granite Flowerdew et al., 2012
-70 -70]Antarctica Antarctic Peninsula whole rock  ]0,512952 6,1 0,70269 1]- Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock 0,51292 5,5 0,7027 1|tephrite Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock 0,51296 6,3 0,7027 1|tephrite Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock ]0,512878 4,7 0,70272 1]- Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock ]0,512883 4,8 0,70276 1]- Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock 0,51288 4,7 0,7028 1|tephrite Hole et al, 1993
-66 -61|Antarctica Antarctic Peninsula whole rock 0,51299 6,9 0,7028 1]alkaline basalt Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,512994 6,9 0,7028 1]- Hole et al, 1993
-66 -61|Antarctica Antarctic Peninsula whole rock 0,512924 5,6 0,703 1]- Hole et al, 1993
-70 -70]|Antarctica Antarctic Peninsula whole rock 0,51294 5,9 0,703 1|basanite Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,51294 5,9 0,703 1|tholeite Hole et al, 1993
-70 -70]|Antarctica Antarctic Peninsula whole rock 0,51296 6,3 0,703 1]alkaline basalt Hole et al, 1993
-70 -70]|Antarctica Antarctic Peninsula whole rock 0,512923 5,6 0,70305 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,51291 5,3 0,70306 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,512957 6,2 0,70308 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,512904 5,2 0,70309 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,51296 6,3 0,7031 1]alkaline basalt Hole et al, 1993
-66 -61|Antarctica Antarctic Peninsula whole rock 0,70313 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,51283 3,7 0,70325 1]- Hole et al, 1993
-66 -61|Antarctica Antarctic Peninsula whole rock 0,5128036 3,2 0,70326 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,51284 3,9 0,7033 1|tholeite Hole et al, 1993
-70 -70]Antarctica Antarctic Peninsula whole rock 0,51286 4,3 0,7033 1|olivine bearing basalt Hole et al, 1993
-70 -70]|Antarctica Antarctic Peninsula whole rock 0,512863 4,4 0,70331 1]- Hole et al, 1993
-66 -61]|Antarctica Antarctic Peninsula whole rock 0,512852 4,2 0,70336 1]- Hole et al, 1993
-70 -80]|Antarctica Antarctic Peninsula -4,1 55 1| core n— ELT42-09 Jeandel et al., 2007 and references therein
-66 -72|Antarctica Antarctic Peninsula -3,2 0 1| core n—-2 Jeandel et al., 2007 and references therein
-65 -70]Antarctica Antarctic Peninsula 1,1 0 1| core n-1 Jeandel et al., 2007 and references therein
-69,5 -70,9]Antarctica Antarctic Peninsula 5,5 38 6| rocks Jeandel et al., 2007 and references therein
-63,81233333 -57,83166667 ] Antarctica Antarctic Peninsula whole rock 0,51289 4,9 0,703175 18,953 15,608 38,637 1|basalt lava flow Kosler et al., 2009
-63,869 -58,108 | Antarctica Antarctic Peninsula whole rock 0,512888 4,9 0,703188 18,932 15,614 38,646 1|basalt lava flo Kosler et al., 2009
-63,852 -58,059]Antarctica Antarctic Peninsula whole rock 0,512903 5,2 0,703211 18,829 15,584 38,463 1]dolerite volcanic plug Kosler et al., 2009
-63,80883333 -57,8245|Antarctica Antarctic Peninsula whole rock 0,512891 4,9 0,703216 18,916 15,608 38,626 1|basalt lava flow Kosler et al., 2009
-63,81766667 -57,94166667 | Antarctica Antarctic Peninsula whole rock 0,512899 5,1 0,703216 18,745 15,596 38,47 1|dolerite lava flow Kosler et al., 2009
-63,88616667 -57,903 | Antarctica Antarctic Peninsula whole rock 0,512905 5,2 0,703222 18,849 15,599 38,549 1|dolerite dyke Kosler et al., 2009
-63,8745 -58,079]Antarctica Antarctic Peninsula whole rock 0,512866 4,4 0,703256 18,974 15,616 38,692 1|dolerite lava flow Kosler et al., 2009
-63,82716667 -57,9365|Antarctica Antarctic Peninsula whole rock 0,512895 5,0 0,703256 18,894 15,602 38,554 1|dolerite lava flow Kosler et al., 2009
-63,81233333 -57,83166667 ] Antarctica Antarctic Peninsula whole rock 0,512889 4,9 0,703281 18,972 15,608 38,658 1|basalt lava flow Kosler et al., 2009
-63,811 -57,88916667 ] Antarctica Antarctic Peninsula whole rock 0,512903 5,2 0,703281 18,859 15,618 38,617 1]|basalt pillow breccia Kosler et al., 2009
-63,809 -57,91666667 | Antarctica Antarctic Peninsula whole rock 0,512866 4,4 0,703369 18,775 15,625 38,531 1]dolerite volcanic plug Kosler et al., 2009
-63,79216667 -57,81|Antarctica Antarctic Peninsula whole rock 0,512884 4,8 0,703387 18,855 15,601 38,556 1]basalt pillow lava Kosler et al., 2009
-63,797 -57,80083333 ] Antarctica Antarctic Peninsula whole rock 0,512896 5,0 0,703737 18,841 15,603 38,544 1]basalt pillow lava Kosler et al., 2009
-63,80316667 -57,95166667 | Antarctica Antarctic Peninsula whole rock 0,512818 3,5 0,703948 18,857 15,619 38,644 1|basalt dyke Kosler et al., 2009
62,95983333 60,66066667|Antarctica Antarctic Peninsula whole rock 0,513004 7,1 2410,703714 18,629 15,585 38,358 1|marine sediment Lee et al., 2005
62,23366667 58,32883333|Antarctica Antarctic Peninsula whole rock 0,512846 4,1 25]0,705187 18,680 15,618 38,523 1|marine sediment Lee et al., 2005
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63,151 61,07416667|Antarctica Antarctic Peninsula whole rock 0,512747 2,1 20]0,705618 18,721 15,606 38,538 1|marine sediment Lee et al., 2005
-69,99 -80,4|Antarctica Antarctic Peninsula 0-63 um 0,51242 -4,3 55 1|marine sediment Roy et al, 2007
-67,18 -74,78| Antarctica Antarctic Peninsula 0-63 um 0,512469 -3,3 38 1|marine sediment Roy et al, 2007
-65,95 -70,25]Antarctica Antarctic Peninsula 0-63 um 0,512685 0,9 41 1|marine sediment Roy et al, 2007
-67,37 49,2 | Antarctica Antarctica whole rock -38,2 37 7| rocks Jeandel et al., 2007 and references therein
-75,9424 -70,3359]|Antarctica Bean Peaks feldspar 19,3417 15,7815 39,0881 1|granite Flowerdew et al., 2012
Antarctica Berkner feldspar 14,717 14,687 35,674 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 15,706 14,825 33,961 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 15,714 14,969 35,745 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 15,819 14,821 38,423 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 16,444 15,155 36,924 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 16,465 15,199 37,864 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 16,776 15,2 36,915 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 16,94 15,422 37,082 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,038 15,472 37,998 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,435 15,28 36,371 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,474 15,511 37,416 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,595 15,523 37,438 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,597 15,462 37,345 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,626 15,459 37,123 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,696 15,459 36,991 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,701 15,496 37,4 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,708 15,526 37,499 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,714 15,503 37,356 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,741 15,472 37,292 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,764 15,518 37,525 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,774 15,428 37,001 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,78 15,545 37,344 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,83 15,649 37,965 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,857 15,667 37,717 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,867 15,502 37,138 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,876 15,573 37,605 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,91 15,583 37,579 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,922 15,569 37,476 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,966 15,573 37,427 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,984 15,548 37,463 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 17,998 15,649 37,663 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,072 15,498 37,285 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,154 15,602 37,787 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,217 15,551 37,589 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,227 15,639 37,807 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,239 15,645 37,833 1]basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,248 15,661 37,762 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,25 15,58 37,854 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,282 15,565 37,583 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,308 15,616 37,652 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,344 15,635 37,905 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner lithic 18,385 15,621 38,123 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,429 15,618 38,124 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner lithic 18,453 15,607 38,039 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,473 15,752 37,953 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner lithic 18,562 15,59 37,887 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 18,567 15,602 38,188 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner lithic 18,655 15,599 38,404 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner lithic 18,825 15,633 38,649 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 19,008 15,681 38,582 1|basal ice core sand Flowerdew et al., 2012
Antarctica Berkner feldspar 19,494 15,784 36,186 1|basal ice core sand Flowerdew et al., 2012
-67 102|Antarctica Bunger Hills bulk 0,72512 1|moraine Basile et al, 1997
-66,7833 -64,0042|Antarctica Cole Peninsula feldspar 18,7858 15,6515 38,4703 1|granite Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,589 15,555 37,234 1|granite gneiss Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,571 15,511 37,074 1|granite gneiss Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,491 15,529 36,829 1|granite gneiss Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 19,739 16,101 33,206 1|Annadagstoppane granite Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 21,729 16,532 33,248 1|Annadagstoppane granite Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 16,546 15,159 32,746 1|Annadagstoppane granite Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,312 15,58 36,84 1|granite gneiss Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,119 15,444 36,498 1]granite gneiss Flowerdew et al., 2012
Antarctica Dronning Maud Land feldspar 17,317 15,588 36,885 1]granite gneiss Flowerdew et al., 2012
-70 20]Antarctica Dronning Maud Land -14,0 60 3| core Jeandel et al., 2007 and references therein
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,51284 3,9 16]0,70386 337 1|Bjornnutane mountains Luttinen et al., 2010
-74,63 -10]Antarctica Dronning Maud Land whole rock 0,512861 4,4 10]0,70386 298,4 1|Bjornnutane mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,512713 15 19]0,70394 378 1|Bjornnutane mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,51268 0,8 14]0,70409 302,7 1|Bjornnutane mountains Luttinen et al., 2010
-74,61833333 -10,025]Antarctica Dronning Maud Land whole rock 0,512785 2,9 12]0,70426 218,6 1|Bjornnutane mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,51269 1,0 11]0,70475 146,6 1|Sembberget mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,512689 1,0 14]0,70531 154,6 1|Sembberget mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,512673 0,7 15]0,70561 165,1 1|Sembberget mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,51251 -2,5 14]0,70568 172,6 1|Sembberget mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,512511 -2,5 21]0,70577 188 1|Sembberget mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,512537 -2,0 18]0,70616 162,7 1|Sembberget mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,512316 -6,3 15]0,7062 296,4 1|Bjornnutane mountains Luttinen et al., 2010
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-74,61833333 -10,06|Antarctica Dronning Maud Land whole rock 0,51234 -5,8 14]0,70663 289,5 1|Bjornnutane mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,512304 -6,5 22]0,7069 310 1|Bjornnutane mountains Luttinen et al., 2010
-74,61833333 -10,025|Antarctica Dronning Maud Land whole rock 0,512474 -3,2 13]0,70815 122,7 1|Sembberget mountains Luttinen et al., 2010
-74,62333333 -9,983333333 ] Antarctica Dronning Maud Land whole rock 0,512394 -4,8 23]0,70926 145 1|Sembberget mountains Luttinen et al., 2010
-74,47666667 -8,138333333 ] Antarctica Dronning Maud Land whole rock 0,512373 -5,2 17]0,70937 147,5 1|Sembberget mountains Luttinen et al., 2010
-65,4 36,72]Antarctica Dronning Maud Land 0-63 um 0,511749 -17,3 20 1|marine sediment Roy et al, 2007
-68,61 10,97|Antarctica Dronning Maud Land 0-63 um 0,512074 -11,0 65 1|marine sediment Roy et al, 2007
-70 -5,08|Antarctica Dronning Maud Land 0-63 um 0,511867 -15,0 95 1|marine sediment van de Flierdt, 2007
-80,34166667 -24,03583333 ] Antarctica Dronning Maud Land whole rock 0,51262 -0,4 14]0,7035 187 21,0113 15,7579 40,9695 1[felsic amphibolite Will et al., 2010
-80,39166667 -29,52166667 | Antarctica Dronning Maud Land whole rock 0,51205 -11,5 60]0,70632 1127 17,4717 15,5074 37,9251 1]amphibolite Will et al., 2010
-80,63666667 -20,6375|Antarctica Dronning Maud Land whole rock 0,512311 -6,4 65]0,70666 576 18,7319 15,6587 38,661 1[felsic amphibolite Will et al., 2010
-80,60133333 -19,09166667 | Antarctica Dronning Maud Land whole rock 0,512311 -6,4 65]0,70666 576 18,7319 15,6587 38,661 1|metagranite Will et al., 2010
-80,38466667 -29,651|Antarctica Dronning Maud Land whole rock 0,70666 576 18,7319 15,6587 38,661 1|metasyenodiorite Will et al., 2010
-80,53916667 -19,60166667 | Antarctica Dronning Maud Land whole rock 0,51266 0,4 21]0,7071 258 21,2545 15,7692 40,4688 1]amphibolite Will et al., 2010
-80,34166667 -24,03583333 ] Antarctica Dronning Maud Land whole rock 0,51266 0,4 21]0,7071 258 21,2545 15,7692 40,4688 1]|garnet bearing amphibolite Will et al., 2010
-80,65666667 -25,05166667 | Antarctica Dronning Maud Land whole rock 0,51102 -31,6 130]0,71028 1939 17,1038 15,5286 39,2776 1|metadiorite Will et al., 2010
-80,37583333 -29,7075|Antarctica Dronning Maud Land whole rock 0,51224 -7,8 90]0,71228 378 19,3482 15,631 40,6719 1]amphibolite Will et al., 2010
-80,39166667 -29,52166667 | Antarctica Dronning Maud Land whole rock 0,72028 320 18,3403 15,6198 38,4063 1]|garnet bearing metagranite Will et al., 2010
-80,40466667 -29,65833333 ] Antarctica Dronning Maud Land whole rock 0,5122 -8,5 12]0,72219 305 19,9927 15,9193 38,1389 1|metadiorite Will et al., 2010
-80,72433333 -25,76816667 | Antarctica Dronning Maud Land whole rock 0,72219 305 19,9927 15,9193 38,1389 1]amphibolite Will et al., 2010
-80,40466667 -29,65833333 ] Antarctica Dronning Maud Land whole rock 0,72478 267 18,7179 15,6563 38,4092 1]|garnet bearing metagranite Will et al., 2010
-80,40466667 -29,65833333]Antarctica Dronning Maud Land whole rock 0,72604 281 18,7008 15,6561 38,4485 1|metadiorite Will et al., 2010
-80,37583333 -29,7075]Antarctica Dronning Maud Land whole rock 0,512065 -11,2 75 1]amphibolite Will et al., 2010
-80,72433333 -25,76816667]Antarctica Dronning Maud Land whole rock 0,5122 -8,5 12 1]amphibolite Will et al., 2010
-80,38466667 -29,651|Antarctica Dronning Maud Land whole rock 0,512264 -7,3 76 1]orthogneiss Will et al., 2010
-80,4025 -29,54033333 ] Antarctica Dronning Maud Land whole rock 0,512311 -6,4 65 1[felsic amphibolite Will et al., 2010
-80,40266667 -29,6705]Antarctica Dronning Maud Land whole rock 0,512687 1,0 32 1| metadioritic orthogneiss Will et al., 2010
-78 165]Antarctica Dry Valley 0-30 um 0,512175 -9,0 0,7128678 1|sand Basile et al, 1997
-72,1667 -62,3333]Antarctica E Palmer Land feldspar 18,7348 15,6459 38,5795 1|granitoid Flowerdew et al., 2012
Antarctica Enderby Land whole rock 0,511175 -28,5 0,73003 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,73233 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,7347 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,73353 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,73701 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,7275 1]rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,7296 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,74127 1]rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,79608 1]|rayner complex paragneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,510791 -36,0 0,83148 1]rayner complex pegmatite Black et al., 1987
Antarctica Enderby Land whole rock 0,510682 -38,2 0,82156 1]|rayner complex orthogneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,510462 -42,4 0,82562 1|rayner complex granite Black et al., 1987
Antarctica Enderby Land whole rock 0,82618 1|rayner complex granite Black et al., 1987
Antarctica Enderby Land whole rock 0,8313 1|rayner complex granite Black et al., 1987
Antarctica Enderby Land whole rock 0,82969 1|rayner complex granite Black et al., 1987
Antarctica Enderby Land whole rock 0,51071 -37,6 0,80019 1|rayner complex orthogneiss Black et al., 1987
Antarctica Enderby Land whole rock 0,510692 -38,0 0,7165 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,73512 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,72133 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,72252 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,7567 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,72942 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,71978 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,72231 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,72301 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,510573 -40,3 0,73795 1|rayner complex anothosic gneiis Black et al., 1987
Antarctica Enderby Land whole rock 0,74604 1|charnockite Black et al., 1987
Antarctica Enderby Land whole rock 0,74651 1|charnockite Black et al., 1987
Antarctica Enderby Land whole rock 0,74852 1|charnockite Black et al., 1987
Antarctica Enderby Land whole rock 0,75045 1|charnockite Black et al., 1987
Antarctica Enderby Land whole rock 0,74509 1|charnockite Black et al., 1987
Antarctica Enderby Land whole rock 0,74855 1|charnockite Black et al., 1987
-65 50]Antarctica Enderby Land whole rock 0,51085 -34,9 0,7078 1|2 pyroxenes garnet bearing granulite DePaolo et al, 1982
-65 50]Antarctica Enderby Land whole rock 0,51019 -47,8 0,7134 1]|quartzofeldspathic granulite DePaolo et al, 1982
-65 50]Antarctica Enderby Land whole rock 0,50944 -62,4 0,7157 1]|quartzofeldspathic granulite DePaolo et al, 1982
-65 50]Antarctica Enderby Land whole rock 0,50961 -59,1 0,7164 1]magnesian pyroxene bearing granulite DePaolo et al, 1982
-65 50| Antarctica Enderby Land whole rock 0,50969 -57,5 0,7189 1|bounded iron formation DePaolo et al, 1982
-65 50]Antarctica Enderby Land whole rock 0,50996 -52,2 0,7372 1]magnesian pyroxene bearing granulite DePaolo et al, 1982
-65 50]Antarctica Enderby Land whole rock 0,50943 -62,6 0,816 1]|quartzofeldspathic granulite DePaolo et al, 1982
Antarctica Enderby Land whole rock 0,50913 -68,4 16]0,79991 129,2 1|charnockite McCulloch, 1984
Antarctica Enderby Land whole rock 0,50936 -63,9 6]0,83517 99,8 1|charnockite McCulloch, 1984
Antarctica Enderby Land whole rock 0,50979 -55,6 10]0,74362 93,6 1|charnockite McCulloch, 1984
Antarctica Enderby Land whole rock 0,50917 -67,7 5]0,83196 133,1 1|charnockite McCulloch, 1984
Antarctica Enderby Land whole rock 0,50939 -63,4 13]0,77116 176,2 1|leuconorite McCulloch, 1984
Antarctica Enderby Land whole rock 0,50997 -52,0 7]0,73648 72 1|leuconorite McCulloch, 1984
Antarctica Enderby Land whole rock 0,51032 -45,2 6]0,76422 54,6 1|leuconorite McCulloch, 1984
Antarctica Enderby Land whole rock 0,51034 -44,8 47]0,70884 185,5 1]|gabbro McCulloch, 1984
Antarctica Enderby Land whole rock 0,51067 -38,4 21]0,70565 131 1|gabbro McCulloch, 1984
Antarctica Enderby Land whole rock 0,51007 -50,1 30]0,70654 249,7 1|gabbro McCulloch, 1984
-74,014 -77,4799]Antarctica FitzGerald Bluffs feldspar 18,7541 15,617 38,33 1|granite Flowerdew et al., 2012
-75,1 -12,7833|Antarctica Heimefrontfjella feldspar 17,732 15,5942 37,5521 1|granite gneiss Flowerdew et al., 2012
-74,2833 -9,6333]Antarctica Heimefrontfjella feldspar 17,6307 15,5435 36,9856 1|granite gneiss Flowerdew et al., 2012
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Antarctica Heimefrontfjella feldspar 17,115 15,518 37,011 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,124 15,529 37,037 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,382 15,492 36,832 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,529 15,521 37,104 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,695 15,576 37,196 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,797 15,477 37,147 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,814 15,587 37,487 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,817 15,503 37,464 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,864 15,466 37,427 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,909 15,231 36,48 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,935 15,373 36,87 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 17,972 15,497 37,32 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,003 15,545 37,445 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,016 15,558 37,473 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,162 15,648 37,48 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,188 15,553 38,213 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,288 15,404 36,934 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,348 15,542 38,844 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,348 15,542 38,844 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,378 15,503 37,404 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,501 15,582 38,216 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,501 15,593 38,012 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,52 15,661 38,084 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,608 15,617 38,219 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,671 15,629 38,379 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,689 15,64 37,669 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,705 15,54 37,769 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,723 15,414 37,477 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 18,908 15,565 37,496 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 19,038 15,483 38,631 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 19,047 15,635 37,602 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 19,096 16,013 39,28 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 19,256 15,734 39,101 1|Permian sandstone Flowerdew et al., 2012
Antarctica Heimefrontfjella feldspar 19,528 15,738 39,586 1|Permian sandstone Flowerdew et al., 2012
-68,1717 -65,2312]Antarctica Joerg Peninsula feldspar 18,75 15,6518 38,4762 1|granodiorite Flowerdew et al., 2012
-72,17 -0,0586|Antarctica Kirwanveggan feldspar 17,4099 15,4498 37,9708 1|syenite Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,226 15,393 36,608 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,572 15,311 36,513 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,628 15,423 36,725 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,702 15,47 36,961 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,748 15,452 36,847 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,752 15,5 36,916 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,806 15,476 36,983 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,897 15,5 37,046 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 17,931 15,516 36,949 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 18 15,592 37,247 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 18,05 15,458 36,771 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 18,174 15,516 36,951 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,275 15,588 37,398 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 18,311 15,545 37,487 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan clast 18,325 15,589 37,275 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,339 15,41 36,959 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,341 15,482 37,206 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,595 15,611 37,72 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,839 15,614 38,13 1|Permian gritstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 16,55 15,514 36,234 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 16,971 15,555 36,921 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,054 15,467 36,889 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,399 15,513 36,896 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,479 15,528 37,256 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,551 15,568 37,448 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,581 15,544 36,918 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,663 15,635 37,638 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,698 15,429 37,254 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,747 15,631 38,004 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,75 15,628 38,065 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,772 15,539 37,567 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,827 15,611 37,698 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,861 15,606 37,631 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,892 15,589 37,765 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,931 15,575 37,961 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 17,96 15,525 37,425 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,018 15,497 37,858 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,02 15,593 37,749 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,054 15,569 37,696 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,059 15,504 37,801 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,089 15,685 38,251 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,104 15,622 37,872 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,106 15,566 37,711 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,115 15,557 37,895 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,142 15,598 38,049 1|Jurassic sandstone Flowerdew et al., 2012
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Antarctica Kiwanveggan feldspar 18,156 15,62 38,189 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,178 15,662 38,071 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,198 15,605 37,888 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,213 15,613 38,102 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,246 15,601 38,073 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,247 15,699 38,392 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,273 15,552 37,845 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,3 15,582 38,112 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,3 15,644 37,911 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,311 15,636 38,321 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,315 15,625 38,176 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,327 15,684 38,292 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,334 15,624 38,232 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,384 15,561 38,128 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,418 15,673 38,443 1|Jurassic sandstone Flowerdew et al., 2012
Antarctica Kiwanveggan feldspar 18,418 15,796 38,627 1|Jurassic sandstone Flowerdew et al., 2012
-77,8 -34,9|Antarctica Littlewood Nunataks feldspar 17,937 15,5103 37,1149 1|granite Flowerdew et al., 2012
-69,9417 -64,4217|Antarctica Mount Charity feldspar 18,5771 15,6228 38,3436 1]granite Flowerdew et al., 2012
-80,55 -96,7167|Antarctica Mount Woolard feldspar 18,6853 15,6605 38,5244 1|granite Flowerdew et al., 2012
-80,4178 -29,3722|Antarctica North Shackletons feldspar 18,208 15,608 37,9545 1|granite Flowerdew et al., 2012
-80,3886 -29,64|Antarctica North Shakletons feldspar 17,5421 15,4943 37,8259 1|granite Flowerdew et al., 2012
Antarctica Pensacola Mountains whole rock 0,716 12|Permian rocks (Beacon supergroup) Faure and Barret, 1973
Antarctica Pensacola Mountains whole rock 0,7252 3| Devonianc rocks (Beaacon supergroup) Faure and Barret, 1973
Antarctica Pensacola province feldspar 18,323 15,631 38,76 1|Thiel Mountain granite Flowerdew et al., 2012
Antarctica Pensacola province feldspar 18,194 15,594 37,672 1|Thiel Mountain granite Flowerdew et al., 2012
Antarctica Pensacola province feldspar 18,213 15,605 37,698 1|Thiel Mountain granite Flowerdew et al., 2012
-83,9125 -56,5081|Antarctica Pensacolas feldspar 18,3898 15,6154 37,9841 1|granite Flowerdew et al., 2012
-83,5681 -54,8108| Antarctica Pensacolas feldspar 18,4131 15,6076 38,0524 1|granite gneiss Flowerdew et al., 2012
Antarctica Prince Charles Mountains whole rock 0,51117 -28,6 40]0,7757 194,5 1]- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,51149 -22,4 106]0,70968 1636 1]- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,51033 -45,0 23]0,70751 892,5 1|- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,5112 -28,1 33]0,75639 167,5 1]- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,51128 -26,5 12]0,74271 251,1 1|- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,51115 -29,0 71]0,74596 260,7 1]- Boger et al., 2008
Antarctica Prince Charles Mountains whole rock 0,51129 -26,3 3]0,73904 228,7 1|- Boger et al., 2008
-65 60| Antarctica Prydz Bay -18,8 39 3| core Jeandel et al., 2007 and references therein
-65,65 60,68]Antarctica Prydz Bay 0-63 um 0,511655 -19,2 31 1|marine sediment Roy et al, 2007
-66,66 77,9]Antarctica Prydz Bay 0-63 um 0,511544 -21,3 47 1|marine sediment van de Flierdt, 2007
-61,12 71,27]Antarctica Prydz Bay 0-63 um 0,511681 -18,7 40 1|marine sediment van de Flierdt, 2007
-67,41 74,47 Antarctica Prydz Bay 0-63 um 0,51173 -17,7 1|marine sediment van de Flierdt, 2007
-80,7617 -25,6083]Antarctica Read Mountains feldspar 15,9469 15,3406 35,2839 1|granite gneiss Flowerdew et al., 2012
-80,5111 -29,3667]Antarctica Read Mountains feldspar 19,9269 16,1329 40,1852 1|granite gneiss Flowerdew et al., 2012
-80 0]Antarctica Ross Sea -20,8 12 1 Jeandel et al., 2007 and references therein
-70 170]Antarctica Ross Sea -6,8 46 3| core Jeandel et al., 2007 and references therein
-73,54 176,96]Antarctica Ross Sea 0-63 pum 0,512262 -7,3 1]marine sediment Roy et al, 2007
-64,2 170,08]Antarctica Ross Sea 0-63 pum 0,512498 -2,7 1] marine sediment Roy et al, 2007
-71,96 178,6]Antarctica Ross Sea 0-63 pum 0,512283 -6,9 46 1]marine sediment van de Flierdt, 2007
-56,5 -30,75|Antarctica Scotia Sea bulk 0,512969 6,5 0,70344 19,3462 15,6422 39,1027 1|Scotia Sea Ridge Harrison et al., 2003
-56,5 -30,75|Antarctica Scotia Sea bulk 0,512975 6,6 0,703444 19,3156 15,5868 38,9295 1|Scotia Sea Ridge Harrison et al., 2003
-56,5 -30,75|Antarctica Scotia Sea bulk 0,512977 6,6 0,703453 19,1941 15,5833 38,8289 1|Scotia Sea Ridge Harrison et al., 2003
-56,5 -30,75|Antarctica Scotia Sea bulk 0,512999 7,0 0,703454 19,3208 16,6212 39,0284 1|Scotia Sea Ridge Harrison et al., 2003
Antarctica Shackleton range feldspar 20,33 16,228 40,512 1|Read Mountains granite Flowerdew et al., 2012
Antarctica Shackleton range feldspar 19,899 16,135 40,348 1|Read Mountains granite Flowerdew et al., 2012
Antarctica Shackleton range feldspar 19,733 16,071 39,984 1|Read Mountains granite Flowerdew et al., 2012
80,34166667 24,03583333|Antarctica Shackleton Range whole rock  ]0,51262 -0,4 14]0,7035 187 40,9695 15,7579 21,0113 1|felsic amphibolite Will et al., 2010b
80,39166667 29,52166667|Antarctica Shackleton Range whole rock 0,51205 -11,5 60]0,70632 1127 37,9251 15,5074 17,4717 1|amphibolite Will et al., 2010b
80,38466667 29,651|Antarctica Shackleton Range whole rock 0,51209 -10,7 65]0,70666 576 38,661 15,6587 18,7319 1|metasyenodiorite Will et al., 2010b
80,60133333 19,09166667|Antarctica Shackleton Range whole rock  ]0,51266 0,4 21]0,7071 258 40,4688 15,7692 21,2545 1]garnet bearing amphibolite Will et al., 2010b
80,65666667 25,05166667|Antarctica Shackleton Range whole rock  ]0,51102 -31,6 130]0,71028 1939 39,2776 15,5286 17,1038 1{metadiorite Will et al., 2010b
80,37583333 29,7075]Antarctica Shackleton Range whole rock  ]0,51224 -7,8 90]0,71228 378 40,6719 15,631 19,3482 1]amphibolite Will et al., 2010b
80,50633333 19,20466667|Antarctica Shackleton Range whole rock  ]0,51193 -13,8 11]0,71556 134 39,8358 16,1052 19,9802 1|amphibolite Will et al., 2010b
80,39166667 29,52166667|Antarctica Shackleton Range whole rock 0,51204 -11,7 26]0,72028 320 38,4063 15,6198 18,3403 1|garnet bearing metagranite Will et al., 2010b
80,72433333 25,76816667|Antarctica Shackleton Range whole rock  ]0,51199 -12,6 18]0,72219 305 38,1389 15,9193 19,9927 1{amphibolite Will et al., 2010b
80,40466667 29,65833333|Antarctica Shackleton Range whole rock 0,512 -12,4 50]0,72478 267 38,4092 15,6563 18,7179 1|garnet bearing metagranite Will et al., 2010b
80,40466667 29,65833333|Antarctica Shackleton Range whole rock 0,51199 -12,6 41]0,72604 281 38,4485 15,6561 18,7008 1|metadiorite Will et al., 2010b
80,50633333 19,20466667|Antarctica Shackleton Range whole rock 0,51182 -16,0 14]0,73186 233 39,3181 15,856 18,4557 1]amphibolite Will et al., 2010b
80,50633333 19,20466667|Antarctica Shackleton Range whole rock  ]0,51185 -15,4 17]0,73776 138 39,2159 15,8373 18,3276 1{amphibolite Will et al., 2010b
80,38466667 29,651|Antarctica Shackleton Range whole rock 0,51149 -22,4 72 1|metasyenodiorite Will et al., 2010b
80,4025 29,54033333|Antarctica Shackleton Range whole rock 0,51152 -21,8 44 1[felsic amphibolite Will et al., 2010b
80,50633333 19,20466667|Antarctica Shackleton Range whole rock 0,511678 -18,7 27 1]hb-bi gneiss Will et al., 2010b
80,72333333 25,93833333|Antarctica Shackleton Range whole rock 0,511804 -16,3 27 1]amphibolite Will et al., 2010b
80,37583333 29,7075|Antarctica Shackleton Range whole rock 0,512065 -11,2 75 1]amphibolite Will et al., 2010b
80,39166667 29,52166667|Antarctica Shackleton Range whole rock 0,512081 -10,9 37 1|metagranodiorite Will et al., 2010b
80,71833333 25,925 Antarctica Shackleton Range whole rock 0,512082 -10,8 13 1]amphibolite Will et al., 2010b
80,4025 29,54033333|Antarctica Shackleton Range whole rock 0,51215 -9,5 33 1|metadiorite Will et al., 2010b
80,4025 29,54033333|Antarctica Shackleton Range whole rock 0,512183 -8,9 31 1|garnet bearing amphibolite Will et al., 2010b
80,72433333 25,76816667|Antarctica Shackleton Range whole rock 0,5122 -8,5 12 1]amphibolite Will et al., 2010b
80,38466667 29,651|Antarctica Shackleton Range whole rock 0,512264 -7,3 76 1]orthogneiss Will et al., 2010b
80,4025 29,54033333|Antarctica Shackleton Range whole rock 0,512296 -6,7 39 1|garnet bearing amphibolite Will et al., 2010b
80,4025 29,54033333|Antarctica Shackleton Range whole rock 0,512311 -6,4 65 1[felsic amphibolite Will et al., 2010b
Antarctica South Sandwich Islands whole rock 18,587 15,545 38,522 0,53 1|volcanic rock Barreiro et al., 1983
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Antarctica South Sandwich Islands whole rock 18,56 15,564 38,426 1,89 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,6 15,566 38,482 0,79 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,513 15,567 38,415 2,02 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,578 15,57 38,448 2,14 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,583 15,576 38,458 1,7 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,603 15,597 38,596 4,72 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,575 15,599 38,493 3,7 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,567 15,601 38,51 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,622 15,61 38,398 14,1 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,608 15,61 38,447 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,626 15,61 38,552 1,93 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,716 15,61 38,618 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,484 15,613 38,453 11,6 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,614 15,616 38,446 7,4 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,694 15,617 38,587 9,33 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,637 15,619 38,596 1,8 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,641 15,62 38,519 15,5 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,74 15,638 38,679 14,8 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 18,658 15,644 38,638 0,61 1|volcanic rock Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,793 15,655 38,777 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,677 15,656 38,603 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,604 15,663 38,497 11,6 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,71 15,681 38,662 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands bulk 18,802 15,693 38,804 3,96 1]pelagic sediment Barreiro et al., 1983
Antarctica South Sandwich Islands whole rock 0,51305 8,0 0,70384 18,44 15,57 36,28 1]volcanic rock Cohen and O'Nions, 1982
Antarctica South Sandwich Islands whole rock 0,51307 8,4 0,70386 18,41 15,58 38,23 1]volcanic rock Cohen and O'Nions, 1982
Antarctica South Sandwich Islands whole rock 0,51314 9,8 0,70386 18,42 15,55 38,21 1]volcanic rock Cohen and O'Nions, 1982
Antarctica South Sandwich Islands whole rock 0,51304 7,8 0,70399 18,45 15,62 38,4 1]volcanic rock Cohen and O'Nions, 1982
Antarctica South Sandwich Islands whole rock 0,51301 7,3 0,70414 18,41 15,59 38,27 1]volcanic rock Cohen and O'Nions, 1982
-72,2608 1,2847|Antarctica Sverdrupfjella feldspar 17,3385 15,5539 37,6427 1|granite gneiss Flowerdew et al., 2012
-72,1053 1,4797|Antarctica Sverdrupfjella feldspar 16,4526 15,6337 37,6068 1|granite Flowerdew et al., 2012
-72,1032 1,4792|Antarctica Sverdrupfjella feldspar 16,5396 15,6448 37,6607 1|syenite Flowerdew et al., 2012
-72,095 1,2171]Antarctica Sverdrupfjella feldspar 16,972 15,473 37,3318 1|granite gneiss Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,358 15,494 37,888 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,479 15,539 38,086 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,507 15,59 38,241 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,538 15,597 38,232 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,552 15,644 38,358 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,556 15,614 38,25 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,557 15,607 38,269 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,581 15,627 38,316 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,582 15,607 38,27 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,611 15,612 38,251 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,617 15,628 38,256 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,651 15,695 38,56 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,655 15,638 38,306 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,657 15,712 38,536 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,657 15,679 38,427 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,661 15,683 38,46 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,664 15,646 38,35 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,671 15,654 38,405 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,671 15,729 38,555 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,681 15,641 38,417 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,698 15,665 38,408 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,699 15,698 38,548 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,713 15,728 38,558 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,73 15,655 38,415 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,733 15,642 38,387 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,747 15,76 38,549 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 18,847 15,698 38,556 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains zircon 19,044 15,621 38,559 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains lithic 19,051 15,499 38,683 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains lithic 19,26 15,738 39,115 1|Permian sandstone Flowerdew et al., 2012
Antarctica Theron Mountains lithic 19,541 15,754 39,64 1|Permian sandstone Flowerdew et al., 2012
-85,0133 -91,7667|Antarctica Thiel Mountains feldspar 18,2525 15,6247 37,7714 1|porphiry Flowerdew et al., 2012
-85,0133 -90,2833|Antarctica Thiel Mountains feldspar 18,3018 15,6082 37,7745 1|granite Flowerdew et al., 2012
Antarctica Vestfjella whole rock 0,512985 6,8 13]0,703112 220 18,111 15,491 37,69 0,93 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512958 6,2 24]0,703118 321 18,122 15,504 37,78 1,79 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,513008 7,2 19]0,7032 303 17,961 15,473 37,52 1,27 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,513004 7,1 15]0,703302 263 18,103 15,489 37,73 1,03 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,513 7,1 9]0,703348 234 17,825 15,492 37,57 0,65 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,513014 7,3 9]0,703692 161 17,701 15,437 38,31 1,07 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,513006 7,2 13]0,703833 240 18,256 15,543 37,74 0,84 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512829 3,7 32]0,703844 455 18,26 15,598 37,79 2,34 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512757 2,3 27]0,704572 516 18,351 15,597 38,26 2,27 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512589 -1,0 6]0,70481 151 17,809 15,523 37,17 0,91 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512523 -2,2 7]0,705088 119 17,203 15,44 37,16 1,24 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512688 1,0 27]0,70518 415 17,38 15,535 38,28 2,08 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestfjella whole rock 0,512055 -11,4 5]0,708039 66 17,374 15,541 37,93 0,72 1]highly magnesian dykes Heinonen, 2010
Antarctica Vestjella whole rock 0,512730 1,8 32]0,704468 287,5 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512768 2,5 28]0,704563 374,9 1|dolerite dyke Luttinen et al., 1998
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Antarctica Vestjella whole rock 0,512732 18 14]0,704926 291,7 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512706 1,3 9]0,705001 427 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512720 1,6 12]0,705279 532,2 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512631 -0,1 11]0,706343 239,9 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512533 -2,0 24]0,7066 411,1 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512007 -12,3 22]0,707139 499,7 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,512277 -7,0 16]0,707265 271,7 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,511859 -15,2 19]0,70735 430,4 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,511746 -17,4 27]0,708245 629 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,511804 -16,3 13]0,708289 464,5 1|lava Luttinen et al., 1998
Antarctica Vestjella whole rock 0,511814 -16,1 13]0,70832 466 1|lava Luttinen et al., 1998
-77,15 -40,5|Antarctica Weddell Sea -10,4 19 1] core n— PS1016-1 (702m) Jeandel et al., 2007 and references therein
-75 -40|Antarctica Weddell Sea -8,0 70 2| core Jeandel et al., 2007 and references therein
-74,4 -35,05|Antarctica Weddell Sea -7,7 11 1] core n— PS1490-2 (497m) Jeandel et al., 2007 and references therein
-60,95 -45,42 | Antarctica Weddell Sea -6,2 24 1] core n— D-ORC-15 (290m) Jeandel et al., 2007 and references therein
-66,05 -55,32|Antarctica Weddell Sea -5,7 21 1] core n— PS2805-1 (466m) Jeandel et al., 2007 and references therein
-66,5 -45,62|Antarctica Weddell Sea 0-63 um 0,512147 -9,6 75 1|marine sediment van de Flierdt, 2007
-62 -20,01|Antarctica Weddell Sea 0-63 um 0,512201 -8,5 65 1|marine sediment van de Flierdt, 2007
Antarctica West Antarctic Province feldspar 18,679 15,657 38,469 1|Graham Land granite Flowerdew et al., 2012
Antarctica West Antarctic Province feldspar 18,576 15,642 38,381 1|Graham Land granite Flowerdew et al., 2012
Antarctica West Antarctic Province feldspar 18,751 15,55 38,297 1|Graham Land granite Flowerdew et al., 2012
-70 -120]Antarctica West Antarctica bulk -3,7 53 5| core Jeandel et al., 2007 and references therein
-70 -120,17|Antarctica West Antarctica 0-63 um 0,512358 -5,5 66 1|marine sediment Roy et al, 2007
-70,17 -106,64|Antarctica West Antarctica 0-63 um 0,5124 -4,6 38 1|marine sediment Roy et al, 2007
-70,42 -99,25]|Antarctica West Antarctica 0-63 um 0,51247 -3,3 55 1|marine sediment Roy et al, 2007
-70,1 -122,26|Antarctica West Antarctica 0-63 um 0,512502 -2,7 58 1|marine sediment Roy et al, 2007
-70,14 -102,82|Antarctica West Antarctica 0-63 um 0,512399 -4,7 47 1|marine sediment van de Flierdt, 2007
-82,6833 -104,2|Antarctica Whitmore Mountains feldspar 18,68 15,6356 38,3162 1|granite Flowerdew et al., 2012
-65 120]Antarctica Wilkes Land -14,3 47 7| core Jeandel et al., 2007 and references therein
-66,08 145,02 |Antarctica Wilkes Land 0-63 um 0,511765 -17,0 34 1|marine sediment Roy et al, 2007
-65,22 138,88]Antarctica Wilkes Land 0-63 um 0,511815 -16,1 43 1|marine sediment Roy et al, 2007
-65,55 141,1|Antarctica Wilkes Land 0-63 um 0,511817 -16,0 38 1|marine sediment Roy et al, 2007
-64,67 132,98|Antarctica Wilkes Land 0-63 um 0,511876 -14,9 75 1|marine sediment Roy et al, 2007
-61,04 114,81]Antarctica Wilkes Land 0-63 um 0,511927 -13,9 48 1|marine sediment Roy et al, 2007
-64,43 119,98|Antarctica Wilkes Land 0-63 um 0,512006 -12,3 48 1|marine sediment Roy et al, 2007
-60 105]Antarctica Wilkes Land 0-63 um 0,511881 -14,8 1|marine sediment van de Flierdt, 2007
-64,83 150,49]Antarctica Wilkes Land 0-63 um 0,512003 -12,4 47 1|marine sediment van de Flierdt, 2007
67 93| Antarctica bulk 0,511538 -21,5 0,7249 1|marine sediment Basile et al, 1997
-50,58 2,9]Atlantic Antarctic Circum, Current -4,8 18 1] core n— RC13-255 (3332m) Jeandel et al., 2007 and references therein
45,04 -7,59] Atlantic Biscay abyssal plain -9,9 36 1] core n— TE1-M (4526m) Jeandel et al., 2007 and references therein
13 -80]Atlantic Carribean_Plateau 4,1 10 1] rocks (average) Jeandel et al., 2007 and references therein
14 -18]Atlantic Continental Shelf (Senegal) -14,5 42 1] loess n-Ro Jeandel et al., 2007 and references therein
14,38 -17,27|Atlantic Dakar (Senegal) -16,2 3 1| loess n—Est Jeandel et al., 2007 and references therein
64 -57|Atlantic Davis Strait -27,5 27 1] core n—- HU87-033-007 (823m) Jeandel et al., 2007 and references therein
62 -53 ] Atlantic Davis Strait -24,1 31 1] core n— HU87-033-008 (2424m) Jeandel et al., 2007 and references therein
68 8|Atlantic East Greenland -15,1 40 1| core n—JM 98 624 Jeandel et al., 2007 and references therein
31,58 -4,25|Atlantic Er Rachidia (Morocco) -13,6 33 1| loess n—Elra Jeandel et al., 2007 and references therein
62 -7]Atlantic Faeroe Island -6,5 7 1| core n— Rom1 Jeandel et al., 2007 and references therein
28,59 -8,55|Atlantic Foum el Hassan (Morocco) -17,1 39 1| loess n—Foum Jeandel et al., 2007 and references therein
14,08 -16,3|Atlantic Foundiougne (Senegal) -14,3 28 1| loess n—Foun Jeandel et al., 2007 and references therein
36 -10]Atlantic Gibraltar -8,5 21 1] dust n—JL-50 Jeandel et al., 2007 and references therein
65,1 -50,07|Atlantic Greenland -34,3 83 1| stream sediment n— 105862 Jeandel et al., 2007 and references therein
65,07 -49,56|Atlantic Greenland -33,0 54 1] stream sediment n— 110528 Jeandel et al., 2007 and references therein
65,08 -49,53|Atlantic Greenland -26,1 40 1| stream sediment n— 105894 Jeandel et al., 2007 and references therein
65,1 -49,48|Atlantic Greenland -24,2 46 1] stream sediment n— 110326 Jeandel et al., 2007 and references therein
40,3 -76]Atlantic Hudson (U,S,A) -11,3 46 1] river sediment Jeandel et al., 2007 and references therein
60,57 -22,08|Atlantic Iceland basin 3,4 21 1] core n- SU-9033 (2400m) Jeandel et al., 2007 and references therein
60 -38]Atlantic Irminger Basin -7,9 30 1] core n— HU91-045-051 (2949m) Jeandel et al., 2007 and references therein
11,43 -12,35|Atlantic Labe (Guinea) -12,1 22 1| loess n-Lab Jeandel et al., 2007 and references therein
55 -55]Atlantic Labrador Sea -27,7 30 1] core n— HU91-045-005 (530m) Jeandel et al., 2007 and references therein
59 -59]Atlantic Labrador Sea -17,0 22 1] core n— HU90-013-020 (2865m) Jeandel et al., 2007 and references therein
60 -46]Atlantic Labrador Sea -16,5 32 1] core n— HU90-013-006 (1105m) Jeandel et al., 2007 and references therein
59,5 -48|Atlantic Labrador Sea -8,8 36 1| core n—- HU90-013-011 (2805m) Jeandel et al., 2007 and references therein
11,2 -75|Atlantic Magdalena (Colombia) -8,3 27 1| river sediment Jeandel et al., 2007 and references therein
30 -89|Atlantic Mississippi (U,S,A) -10,9 33 1| river sediment Jeandel et al., 2007 and references therein
58 -2|Atlantic N British Isles -10,6 40 18| rocks & river sediments Jeandel et al., 2007 and references therein
72,9 -13,99]Atlantic N-E Greenland -13,7 27 1] core n-MD99-2308Hy (2520m) Jeandel et al., 2007 and references therein
43,29 -45,15|Atlantic Newfoundland Basin -24,5 22 1| core n— TE2-S (4415m) Jeandel et al., 2007 and references therein
56,5 -13,75|Atlantic North West Ireland -11,1 26 1| core n— KS 73134 (2300m) Jeandel et al., 2007 and references therein
45,4 -10,5]Atlantic North West Spain -11,6 26 1| core n— Inter-B1 (2588m) Jeandel et al., 2007 and references therein
65 6,8|Atlantic Norway -14,0 10 1| sandstones Jeandel et al., 2007 and references therein
18,09 -15,58|Atlantic Nouakchott (Mauritania) -17,1 56 1| loess n-Nou Jeandel et al., 2007 and references therein
17 -18,3|Atlantic off St Louis (Senegal) -14,6 14 1| aerosols n— SL Jeandel et al., 2007 and references therein
34,41 -1,45]Atlantic Oujda (Morocco) -11,8 30 1] loess n—Ouj Jeandel et al., 2007 and references therein
53 -1|Atlantic S British Isles -13,5 37 14| rocks & river sediments Jeandel et al., 2007 and references therein
63,4 -18,5|Atlantic S Iceland 7,6 54 1| stream sed, Jeandel et al., 2007 and references therein
8 -17,5]Atlantic Sierra Leone Basin -14,4 38 1| aerosols n—- A18 Jeandel et al., 2007 and references therein
49 -68 | Atlantic St Lawrence (Canada) -5,3 52 1| river sediment Jeandel et al., 2007 and references therein
47,5 -8,5|Atlantic West Britain -11,6 26 1] core n— Flux-8 (2120m) Jeandel et al., 2007 and references therein
22,44 -12,21|Atlantic Zouerate (Mauritania) -17,8 39 1| loess Jeandel et al., 2007 and references therein
66,5 -60|Atlantic Baffin Bay -25,8 11 1| core n—- HU74026-557PC Jeandel et al., 2007 and references therein
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69 -72,12|Atlantic Baffin Bay -23,1 11 1| core n— HU77027-002TWC Jeandel et al., 2007 and references therein
67 25| Atlantic Baltic Sea -19,4 13 1| sediments Jeandel et al., 2007 and references therein
14 -18|Atlantic Gambie -13,6 31 1| dust n—JL-46 Jeandel et al., 2007 and references therein
20,32 -13,08|Atlantic Mauritania -17,9 4 1| loess n—Atar Jeandel et al., 2007 and references therein
4,55 -21,07|Atlantic W Guinea -18,6 40 1] core n— VM22-189 (2525m) Jeandel et al., 2007 and references therein
21,2 -18,15|Atlantic W Mauritania -14,8 25 1] core n— K09 (2002m) Jeandel et al., 2007 and references therein
19,29 -17,17|Atlantic W Mauritania -14,3 22 1] core n— K02 (1407m) Jeandel et al., 2007 and references therein
25,02 -16,39|Atlantic W Morocco -15,3 32 1] core n— K20b (1445m) Jeandel et al., 2007 and references therein
23,44 -17,16|Atlantic W Morocco -14,4 27 1] core n— K15 (1000m) Jeandel et al., 2007 and references therein
32,24 -10,25|Atlantic W Morocco -13,0 33 1] core n— K25 (3165m) Jeandel et al., 2007 and references therein
34,2 -7,01|Atlantic W Morocco -11,7 35 1] core n— K23 (730m) Jeandel et al., 2007 and references therein
13,5 -18,57|Atlantic W Senegal -15,7 32 1] core n— VM22-196 (3728m) Jeandel et al., 2007 and references therein
11,03 -59,58|Atlantic West Indies -13,3 29 1] core n— RC16-44 (1639m) Jeandel et al., 2007 and references therein
12,55 -59,37|Atlantic West Indies -11,6 28 1] core n— GS7605-53 (1685m) Jeandel et al., 2007 and references therein
3,4 -48,4| Atlantic West Indies -10,7 23 1] core n— RC16-168 (836m) Jeandel et al., 2007 and references therein
13,03 -60,35|Atlantic West Indies -9,6 27 1] core n— GS7605-48 (2430m) Jeandel et al., 2007 and references therein
14,72 -59,64|Atlantic West Indies 9,1 21 1] core n— GS7605-11 (2625m) Jeandel et al., 2007 and references therein
-36 136|Australia South australia -21,1 22 7| rocks Jeandel et al., 2007 and references therein
-33,32 115,63 |Australia SW Australia 1,7 14 3| rocks Jeandel et al., 2007 and references therein
-34,42 115,4|Australia SW Australia (id) -4,6 11 2| rocks Jeandel et al., 2007 and references therein
-43 147]Australia tasmania -5,2 13 12| dolerites Jeandel et al., 2007 and references therein
-20 119|Australia W Australia -15,1 20 6| river sediment Jeandel et al., 2007 and references therein
-18,5 124|Australia great sandy desert NW bulk 0,512447 -3,7 0,732307 1]loess Grousset et al, 1992
-18,5 124|Australia great sandy desert NW bulk 0,76336 1]loess Grousset et al, 1992
-31 142|Australia SE desert bulk 0,512037 -11,7 0,721822 1]loess Grousset et al, 1992
-31 142|Australia SE desert bulk 0,512446 -3,7 0,723238 1]loess Grousset et al, 1992
-31 142|Australia SE desert 0-5 um 0,512128 -9,9 0,740074 1]loess Grousset et al, 1992
Australia West Australia bulk 0,51198 -12,8 0,71134 17,573 15,753 38,425 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51211 -10,3 0,71251 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51209 -10,7 0,71258 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51197 -13,0 0,71471 17,384 15,714 38,314 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51204 -11,7 0,715 17,575 15,737 38,185 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51194 -13,6 0,71745 17,274 15,728 37,94 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51184 -15,6 0,71753 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51187 -15,0 0,71807 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51167 -18,9 0,71811 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51167 -18,9 0,71878 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51183 -15,8 0,71916 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51181 -16,2 0,71958 17,293 15,736 37,887 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51181 -16,2 0,72039 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51189 -14,6 0,72089 1]lamproite Fraser et al, 1985
Australia West Australia bulk 0,51182 -16,0 0,72093 17,228 15,76 37,87 1]lamproite Fraser et al, 1985
-60 -45|Drake Passage South Orkney Island whole rock 0,512369 -5,2 13]0,71166 1|gneiss Walter et al, 2000
-60 -45|Drake Passage South Orkney Island whole rock 0,512365 -5,3 94]0,71753 1|pelite Walter et al, 2000
-23,37 38,85]Indian Agulhas current -15,5 33 1] core n- VM19-214 (3092m) Jeandel et al., 2007 and references therein
-29,63 32,87]Indian Agulhas current -15,3 22 1] core n- VM14-77 (1818m) Jeandel et al., 2007 and references therein
-31,5 32,6]Indian Agulhas current -13,4 24 1] core n— RC17-69 (3380m) Jeandel et al., 2007 and references therein
-35,78 18,45]Indian Agulhas current -11,2 22 1] core n— RC11-86 (2829m) Jeandel et al., 2007 and references therein
12,46 96,04|Indian Andaman Sea -11,3 29 1| core n— RC12-344 (2140m) Jeandel et al., 2007 and references therein
10,12 95,03]Indian Andaman Sea -10,0 24 1] core n- MD77-169 (2360m) Jeandel et al., 2007 and references therein
14,3 93,07]Indian Andaman Sea -9,3 24 1| core n—- MD77-176 (1375m) Jeandel et al., 2007 and references therein
11,45 94,09]Indian Andaman Sea -9,2 22 1| core n—- MD77-171 (1760m) Jeandel et al., 2007 and references therein
17,11 93,05]Indian Andaman Sea (Northern) -8,6 17 1| core n—- MD77-178 (2459m) Jeandel et al., 2007 and references therein
-8 127|Indian banda sea shelf -12,4 20 1| sediments Jeandel et al., 2007 and references therein
18,21 91,01]Indian Bay of Bengal (Northern) -12,8 24 1| core n—- MD77-179 (1986m) Jeandel et al., 2007 and references therein
18,28 89,51]Indian Bay of Bengal (Northern) -12,6 30 1| core n—- MD77-180 (1986m) Jeandel et al., 2007 and references therein
9,39 81,45]Indian Bay of Bengal (Western) -16,2 25 1| core n— VM29-21 (3724m) Jeandel et al., 2007 and references therein
11,32 81,42]Indian Bay of Bengal (Western) -16,1 26 1| core n— VM29-20 (3557m) Jeandel et al., 2007 and references therein
16,38 85,24]Indian Bay of Bengal (Western) -15,1 28 1| core n— VM29-18 (2816m) Jeandel et al., 2007 and references therein
14,42 83,35]Indian Bay of Bengal (Western) -13,9 21 1| core n—- VM29-19 (3182m) Jeandel et al., 2007 and references therein
21 90|Indian Ganges (India) -15,7 36 1| river sediment Jeandel et al., 2007 and references therein
11,6 43,15]Indian Gulf of Aden 6,3 30 1] core n— V-55 (900m) Jeandel et al., 2007 and references therein
24 67]Indian Indus (Pakistan) -12,2 34 1| river sediment Jeandel et al., 2007 and references therein
-7,21 103,07|Indian Java trench -13,8 35 1| core n— CA30-M (6454m) Jeandel et al., 2007 and references therein
0,4 73,3]Indian Maldives 6,4 8 1| core n— 115-713A-19R-2 (2266m) Jeandel et al., 2007 and references therein
-4,08 145,05)Indian Manam volcano 7,1 18 1| rocks basalt Jeandel et al., 2007 and references therein
-10 60]Indian Mascarene ridge 7,3 4 1| core n— 115-707C-27R-6 (1552m) Jeandel et al., 2007 and references therein
9 107]Indian Mekong (Cambodgia) -9,5 41 1| river sediment Jeandel et al., 2007 and references therein
26 35|Indian Red Sea -9,1 31 1| aerosols n- MR83 Jeandel et al., 2007 and references therein
-6,02 88,57]Indian Sunda -7,7 8 1| core n— V34-55 (2996m) Jeandel et al., 2007 and references therein
-8,25 107,11}Indian Sunda -3,1 17 1] core n— V33-75 (3396m) Jeandel et al., 2007 and references therein
-8,7 106,43|Indian Sunda -2,8 14 1| core n— V33-77 (3014m) Jeandel et al., 2007 and references therein
-7,9 106,4]Indian Sunda -2,6 13 1] core n—V33-79 (3000m) Jeandel et al., 2007 and references therein
-9,06 130,13|Indian Timor -9,3 17 1| core n—V28-341 (750m) Jeandel et al., 2007 and references therein
5 92|Indian W Indian -13,8 12 1| dust n—JL-13 Jeandel et al., 2007 and references therein
-59 85|Kerguelen Plateau Southern_Kerguelen -0,5 10 1] rocks (average) Jeandel et al., 2007 and references therein
-65 83|Kerguelen Plateau kerguelen -8,0 21 6| sediments Jeandel et al., 2007 and references therein
-49 69|Kerguelen Plateau kerguelen 0,0 25 25] basalts Jeandel et al., 2007 and references therein
-49,25 69,7|Kerguelen Plateau Ballons Mounts whole rock 0,51272 1,6 0,70464 1|metabasalt Gautier et al, 1990
-49,25 69,7|Kerguelen Plateau Ballons Mounts whole rock 0,51259 -0,9 0,70521 1|trachybasanite Gautier et al, 1990
-49,3 69,3|Kerguelen Plateau Central plateau whole rock 0,51275 2,2 0,70483 18,467 15,528 38,817 1,98 1|basalt Gautier et al, 1990
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-49,3 69,3|Kerguelen Plateau Central plateau whole rock 0,51273 18 0,70488 18,377 15,539 38,813 1,64 1|basalt Gautier et al, 1990
-49,3 69,3|Kerguelen Plateau Central plateau whole rock 0,70488 1|basalt Gautier et al, 1990
-49,3 69,3|Kerguelen Plateau Central plateau whole rock 0,70494 1|basalt Gautier et al, 1990
-49,233 70,153 |Kerguelen Plateau Chateau Mounts whole rock 0,51262 -0,4 0,70508 18,444 15,565 39,007 1,85 1]picritic basalt Gautier et al, 1990
-49,233 70,153|Kerguelen Plateau Chateau Mounts whole rock 0,51262 -0,4 0,70509 1|basalt Gautier et al, 1990
-49,233 70,153|Kerguelen Plateau Chateau Mounts whole rock 0,51262 -0,4 0,70513 1|mugearite Gautier et al, 1990
-49,3139 69,0414 |Kerguelen Plateau Cook Glacier whole rock 0,512447 -3,7 10]0,70548 369 1|alkaline basalt Dosso et Rama Murphy, 1980
-49,2 70,1|Kerguelen Plateau Courbet peninsula whole rock 0,512543 -1,9 8]0,70522 824 1]|nepheline bearing basalt Dosso et Rama Murphy, 1980
-49,2 70,1|Kerguelen Plateau Courbet peninsula whole rock 0,512462 -3,4 0,7055 666 1|nepheline bearing basalt Dosso et Rama Murphy, 1980
-49,2 70,1|Kerguelen Plateau Courbet peninsula whole rock 0,512412 -4,4 14]0,70553 662 1|trachyte Dosso et Rama Murphy, 1980
-49,2943 69,9837|Kerguelen Plateau Crozier Mount whole rock 0,51261 -0,5 0,70506 1|hawaiite Gautier et al, 1990
-49,65 68,77|Kerguelen Plateau Gaby Island whole rock 0,51275 2,2 0,70497 304 18,607 15,579 39,212 2,3 1|basalt Weis et al, 1993
-49,65 68,77|Kerguelen Plateau Gaby Island whole rock 0,51265 0,2 0,70532 364 18,435 15,556 39,065 8,1 1|trachyte Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,512346 -5,7 8]0,70572 474 1]alkaline basalt Dosso et Rama Murphy, 1980
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,512444 -3,8 0,70588 1535 1|trachyte Dosso et Rama Murphy, 1980
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,70511 599 18,562 15,566 39,166 4,2 1|basalt Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,5127 1,2 0,70518 419 18,543 15,566 39,116 2,7 1|basalt Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51261 -0,5 0,70526 407 18,379 15,559 39,03 2,4 1|basalt Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51254 -1,9 0,70562 1097 18,263 15,569 38,923 8,5 1|basanite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51256 -1,5 0,70599 203 18,15 15,562 38,909 20 1]|phonolite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51251 -2,5 0,70612 98 18,064 15,538 38,684 33 1]|phonolite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51265 0,2 0,70678 82 18,273 15,582 39,041 36 1]|phonolite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51265 0,2 0,7092 26 18,137 15,568 39,163 7,1 1|trachite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51261 -0,5 0,7095 29 18,427 15,556 39,094 8,4 1|trachite Weis et al, 1993
-49,66 70|Kerguelen Plateau Jeanne d'arc peninsula whole rock 0,51261 -0,5 10 18,147 15,556 38,717 54 1]|phonolite Weis et al, 1993
-48,8 69|Kerguelen Plateau Loranchet peninsula whole rock 0,512711 1,4 6]0,70463 646 1]|basanite Dosso et Rama Murphy, 1980
-48,8 69]Kerguelen Plateau Loranchet peninsula whole rock 0,51274 2,0 0,7043 18,302 15,558 38,391 4,7 1]|basalt Gautier et al, 1990
-48,8 69|Kerguelen Plateau Loranchet peninsula whole rock 0,51266 0,4 0,70471 18,504 15,55 38,957 1,6 1|basalt Gautier et al, 1990
-49,4558 69,4747 |Kerguelen Plateau Mont Blanc whole rock 0,512551 -1,7 0,70512 540 1|basalt Dosso et Rama Murphy, 1980
-49,6 68,93|Kerguelen Plateau Rallier du Baty whole rock 0,512549 -1,7 0,70553 783 1]|gabbro Dosso et Rama Murphy, 1980
-49,6 68,93|Kerguelen Plateau Rallier du Baty whole rock 0,512535 -2,0 16]0,7056 393 1|granite Dosso et Rama Murphy, 1980
-49,6 68,93|Kerguelen Plateau Rallier du Baty whole rock 0,512546 -1,8 0,7056 1,92 1|syenite Dosso et Rama Murphy, 1980
-49,6 68,93|Kerguelen Plateau Rallier du Baty whole rock 0,512499 -2,7 0,70767 728 1]|gabbro Dosso et Rama Murphy, 1980
-49,6 68,93|Kerguelen Plateau Rallier du Baty whole rock 0,512535 -2,0 11 1|granite Dosso et Rama Murphy, 1980
-49,6 70,15|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51265 0,2 0,70519 471 18,44 15,553 39,012 2,5 1|basalte Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51266 0,4 0,7052 380 18,526 15,591 39,165 2,2 1|basalte Weis et al, 1993
-49,6 70,15|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51272 1,6 0,70527 406 18,539 15,591 39,193 2,3 1|basalte Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51262 -0,4 0,7055 1494 18,427 15,556 39,094 14 1|tephrite Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51254 -1,9 0,70562 1153 18,487 15,568 39,163 14 1|tephrite Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51256 -1,5 0,70569 235 18,084 15,548 38,718 34 1]|phonolite Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51249 -2,9 0,70576 1274 18,071 15,56 38,879 8,1 1]|basanite Weis et al, 1993
-49,6 70,15]|Kerguelen Plateau Ronarc'h peninsula whole rock 0,51251 -2,5 1125 18,05 15,556 38,63 5,9 1]|basanite Weis et al, 1993
-49,63 70| Kerguelen Plateau SE Province whole rock 0,51259 -0,9 0,70503 1|basalt Gautier et al, 1990
-49,35 69,72 |Kerguelen Plateau West Island whole rock 0,512448 -3,7 0,70562 1090 1|gabbro Dosso et Rama Murphy, 1980
-49,35 69,72 |Kerguelen Plateau West Island whole rock 0,512479 -3,1 28]0,70576 1187 1|gabbro Dosso et Rama Murphy, 1980
-49,35 69,72 |Kerguelen Plateau West Island whole rock 0,512461 -3,5 0,70583 820 1|gabbro Dosso et Rama Murphy, 1980
-49,35 69,72 |Kerguelen Plateau West Island whole rock 0,51254 -1,9 0,70538 18,334 15,552 38,807 3,6 1|basalt Gautier et al, 1990
-49,35 69,72|Kerguelen Plateau West Island whole rock 0,5125 -2,7 0,70564 18,234 15,545 38,978 8,1 1|basalt Gautier et al, 1990
-41 172,4|New Zealand New Zealand 1,2 5 8| rocks Jeandel et al., 2007 and references therein
54,37 -145,59Pacific Alaska Basin 1,6 17 1] core n— 5513-S (4111m) Jeandel et al., 2007 and references therein
47 152 Pacific C, Kurile (Simushir) 10,1 11 1| basalt andesite n— 135-81 Jeandel et al., 2007 and references therein
2,42 121,32 Pacific Celebes Basin 4,2 19 1| core n— BA16-M (5336m) Jeandel et al., 2007 and references therein
46,3 -124|Pacific Colombia (U,S,A) -6,6 30 1] river sediment Jeandel et al., 2007 and references therein
3 -83|Pacific Costa Rica rift 9,8 5 1] core n— 143R-1 (3640m) Jeandel et al., 2007 and references therein
4,1 -95,6| Pacific E Pacific -3,4 13 1| core n— DSDP 503B Jeandel et al., 2007 and references therein
13 -91|Pacific Guatemala 2,0 19 1| core n—495 Jeandel et al., 2007 and references therein
37 126|Pacific Hangang (South-Korea) -16,9 39 1] river sediment Jeandel et al., 2007 and references therein
36,39 130,58]Pacific Japan Basin -9,3 33 1] core n—- BA23-M (2111m) Jeandel et al., 2007 and references therein
53 177]Pacific Kiska Island 8,5 12 1] basalt rock n -54-452 Jeandel et al., 2007 and references therein
-20,13 -176,82|Pacific Lau basin 7,5 5 1] core n— 135-836A-3HCC (2466m) Jeandel et al., 2007 and references therein
-18,5 -177,3|Pacific Lau basin 8,8 5 1] core n— 135-835B-3R2 (2905m) Jeandel et al., 2007 and references therein
-18,57 -177,87|Pacific Lau basin 9,2 10 1] core n— 135-834B-33R-1 (2690m) Jeandel et al., 2007 and references therein
19,06 -105,3|Pacific Middle America trench 1,3 26 1| core n— CA25-M (4912m) Jeandel et al., 2007 and references therein
47,09 -119,18|Pacific Moses lake (E,U) -6,0 24 1| core n— Moses Lake Jeandel et al., 2007 and references therein
-35,1 139,17|Pacific Murray Bridge (Australia) -6,0 15 1] diss load river n— Murray Jeandel et al., 2007 and references therein
46,3 161,4|Pacific N Pacific -0,5 12 1| core n—V20-122 Jeandel et al., 2007 and references therein
50,51 155,39 Pacific N, Kurile (Alaid volcano) 7,6 18 1| basalt rock n- B-11-575 Jeandel et al., 2007 and references therein
49,56 154,08 Pacific N, Kurile (Beliankin) 7,7 17 1] basalt rock n- B-11-72/5 Jeandel et al., 2007 and references therein
48,59 153,29]Pacific N, Kurile (Chirinkotan) 7,3 20 1| andesite rock n— B-11-527 Jeandel et al., 2007 and references therein
48,23 153,45 Pacific N, Kurile (Lovushki) 9,6 5 1] basalt andesite n- B-11-113/2 Jeandel et al., 2007 and references therein
35 129]Pacific Nakdongang (South-Korea) -13,4 31 1| river sediment Jeandel et al., 2007 and references therein
25 115 Pacific Nanking -10,2 35 1] loess n— Nanking Jeandel et al., 2007 and references therein
46,3 -131,7]Pacific NE Pacific -6,1 19 1| core n— TT175-83P Jeandel et al., 2007 and references therein
-45 171]Pacific New Zealand -5,3 32 1| loess n— BP2 & BP4 Jeandel et al., 2007 and references therein
-10 160|Pacific Ontong_Java_Plateau 1,8 10 1] rocks (average) Jeandel et al., 2007 and references therein
-16,92 -73,73|Pacific Peru Chile slope -3,2 20 1| core n— CA27-S (3603m) Jeandel et al., 2007 and references therein
-7,35 -81,24|Pacific Peru Chile trench -5,0 24 1| core n— CA29-M (5856m) Jeandel et al., 2007 and references therein
-17,3 146,15|Pacific Queensland -6,3 32 1| core n- BB 9979 W Jeandel et al., 2007 and references therein
37,5 -123|Pacific San Francisco Bay (U,S,A) -3,6 21 1| river sediment Jeandel et al., 2007 and references therein
-3,6 -83,9|Pacific SE Pacific -4,3 9 1| core n—V19-29 Jeandel et al., 2007 and references therein
34,5 127,5] Pacific Sumjingang (South-Korea) -18,4 38 1| river sediment Jeandel et al., 2007 and references therein
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7 110]Pacific W Pacific -10,6 16 1| dust n—JL-25 Jeandel et al., 2007 and references therein
23 119]Pacific W Pacific -9,6 42 1| dust n—-JL-17 Jeandel et al., 2007 and references therein
18,13 -104,36|Pacific West Mexico Basin 4,2 15 1] core n— CA24-S (680m) Jeandel et al., 2007 and references therein
-31,5 152,2|Pacific Wingham (Australia) -1,3 16 1] diss load river n— Manning Jeandel et al., 2007 and references therein
31 123|Pacific Yangtze (China) -10,7 32 1] river sediment Jeandel et al., 2007 and references therein
35 126|Pacific Youngsangang (South-Korea) -13,2 36 1] river sediment Jeandel et al., 2007 and references therein
-65,95 -70,25]Pacific 0-63 um 0,705281 1|marine sediment Hemming et al., 2007
-61,18 -75,93|Pacific 0-63 um 0,706946 1|marine sediment Hemming et al., 2007
-70,42 -99,26|Pacific 0-63 um 0,707928 1|marine sediment Hemming et al., 2007
-67,18 -74,78]Pacific 0-63 um 0,708198 1|marine sediment Hemming et al., 2007
-70,1 -122,26|Pacific 0-63 um 0,709086 1|marine sediment Hemming et al., 2007
-70,14 -102,82|Pacific 0-63 um 0,70979 1|marine sediment Hemming et al., 2007
-70 -120,17|Pacific 0-63 um 0,712846 1|marine sediment Hemming et al., 2007
-71,96 178,6|Pacific 0-63 um 0,714642 1|marine sediment Hemming et al., 2007
-64,83 150,49]Pacific 0-63 um 0,725643 1|marine sediment Hemming et al., 2007
-70,17 -106,64|Pacific 0-63 um 0,73182 1|marine sediment Hemming et al., 2007
0 -50|South America Amazon -9,2 35 1] river sediment Jeandel et al., 2007 and references therein
7,5 -48|South America Amazon -10,2 42 6| river sediment Jeandel et al., 2007 and references therein
-42 -72|South America Chile 2,1 19 26| rocks Jeandel et al., 2007 and references therein
-11 -36|South America Sao Francisco (Brazil) -12,9 31 1] river sediment Jeandel et al., 2007 and references therein
-52,55 -60,28|South America South Falkland Basin -4,4 14 1] core n— TE6-S (472m) Jeandel et al., 2007 and references therein
South America Amazon bulk 0,512185 -8,8 0,71319 18,93 15,675 38,85 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,512235 -7,9 0,71327 18,9 15,669 38,84 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,511925 -13,9 0,71698 18,95 15,675 38,82 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,512094 -10,6 0,72146 18,94 15,707 39,03 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,511732 -17,7 0,72835 19,17 15,803 39,16 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,512027 -11,9 0,73352 18,67 15,659 38,84 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,5115 -22,2 0,74683 19,95 15,924 39,93 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 0,511606 -20,1 0,7564 18,96 15,678 38,92 1|suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon bulk 18,95 15,675 38,92 1]suspended particles (5m below river's surface) Allegre et al, 1996
South America Amazon 0,7109 1|river sediment Palmer et al., 1989
-49,75 -73,55|South America Andes -1,4 18 2| adakites Jeandel et al., 2007 and references therein
-52,33 -73,4]South America Andes 1,1 16 4| adakites Jeandel et al., 2007 and references therein
-38 -72|South America Andes 2,5 19 26| rocks Jeandel et al., 2007 and references therein
-23,85 -70,3|South America Andes 5,5 9 8| rocks Jeandel et al., 2007 and references therein
-46,2 -76|South America Andes 5,6 21 10| basalts Jeandel et al., 2007 and references therein
-54,95 -70,24|South America Andes 9,8 28 1| adakites n-Ck-3-198 Jeandel et al., 2007 and references therein
-36 -70]|South America Andes whole rock 0,70385 1]|basalt Stern et al, 1990
-41 -67|South America Andes whole rock 0,51274 2,0 0,704 18,56 15,62 38,57 1]basalt Stern et al, 1990
-35 -69]|South America Andes whole rock 0,51279 3,0 0,70404 18,62 15,61 38,53 1]|basalt Stern et al, 1990
-36 -70]|South America Andes whole rock 0,70412 1]|basalt Stern et al, 1990
-39 -70]|South America Andes whole rock 0,70422 1]|basalt Stern et al, 1990
-41 -70|South America Andes whole rock 0,51287 4,5 0,70423 1|basalt Stern et al, 1990
-35 -68|South America Andes whole rock 0,51278 2,8 0,70431 8,52 15,59 38,36 1|basalt Stern et al, 1990
-35 -69]|South America Andes whole rock 0,70436 1|basalt Stern et al, 1990
-45 -69]|South America Andes whole rock 0,51264 0,0 0,70489 18,26 15,53 38,3 1|basalt Stern et al, 1990
-44 -68|South America Andes whole rock 0,51265 0,2 0,70512 18,45 15,59 38,51 1|basalt Stern et al, 1990
-72,17 -50,31|South America Argentino Lake, El Calafate, Southern Patagonia bulk 0,512544 -1,8 18,714 15,638 38,698 1{rural top soil, bed sediment Khondoker ???
-69,51 -51,16|South America Bahia Grande, Southern Patagonia bulk 0,512575 -1,2 18,701 15,632 38,636 1{rural top soil, bed sediment Khondoker ???
-69,53 -51,09|South America Bahia Grande, Southern Patagonia bulk 0,512511 -2,5 18,748 15,64 38,698 1{rural top soil, bed sediment Khondoker ???
-68,39 -52,99|South America Bahia San Sebastian, Southern Patagonia bulk 0,512669 0,6 18,696 15,623 38,56 1{rural top soil, bed sediment Khondoker ???
-68,39 -53,04|South America Bahia San Sebastian, Southern Patagonia bulk 0,512477 -3,1 18,781 15,645 38,713 1{rural top soil, bed sediment Khondoker ???
-68,5 -53,14|South America Bahia San Sebastian, Southern Patagonia bulk 0,512463 -3,4 18,614 15,639 38,536 1{rural top soil, bed sediment Khondoker ???
-68,57 -53,17|South America Bahia San Sebastian, Southern Patagonia bulk 0,512486 -3,0 18,668 15,64 38,586 1{rural top soil, bed sediment Khondoker ???
-68,57 -53,2|South America Bahia San Sebastian, Southern Patagonia bulk 0,512505 -2,6 18,755 15,64 38,684 1{rural top soil, bed sediment Khondoker ???
-68,57 -53,23|South America Bahia San Sebastian, Southern Patagonia bulk 0,512488 -2,9 18,771 15,645 38,691 1{rural top soil, bed sediment Khondoker ???
-68,52 -53,32|South America Bahia San Sebastian, Southern Patagonia bulk 0,512477 -3,1 18,776 15,647 38,711 1{rural top soil, bed sediment Khondoker ???
-33,47 59,3|South America Baradero bulk 0,512459 -3,5 0,70895 203 1]loess Smith et al., 2003
-33,47 59,3|South America Baradero bulk 0,51243 -4,1 0,708987 216 1]loess Smith et al., 2003
-33,47 59,3|South America Baradero bulk 0,512432 -4,0 0,709387 191 1]loess Smith et al., 2003
-33,47 59,3|South America Baradero bulk 0,512361 -5,4 0,709612 209 1]loess Smith et al., 2003
-33,47 59,3|South America Baradero bulk 0,512339 -5,8 0,709927 1]loess Smith et al., 2003
-7 -37|South America Borborema Province whole rock 0,5121 -11,1 47 0,7185 510,8 9|Borborema Province Canade de Aujo et al., 2014
-71,03 -43,02|South America Chaiten Volcano, Southern Volcanic Zone bulk 0,512586 -1,0 18,812 15,643 38,763 1|volcanic clasts and tephras Khondoker ???
-71,03 -43,02|South America Cotopaxi Volcano, Northern Volcanic Zone bulk 0,512816 3,5 18,765 15,635 38,623 1|volcanic clasts and tephras Khondoker ???
-28,7 66,06]South America El Lambedero bulk 0,512405 -4,5 0,711274 227 1|loess Smith et al., 2003
-28,7 66,06]South America El Lambedero bulk 0,512308 -6,4 0,711894 1|loess Smith et al., 2003
-28,7 66,06]South America El Lambedero bulk 0,51232 -6,2 0,712134 264 1|loess Smith et al., 2003
-28,7 66,06]South America El Lambedero bulk 0,512316 -6,3 0,712331 289 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,51246 -3,5 0,707557 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,512552 -1,7 0,707592 232 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,512554 -1,6 0,707617 521 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,512478 -3,1 0,707624 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,512482 -3,0 0,707701 222 1|loess Smith et al., 2003
-34,54 58,01]South America Gorina bulk 0,5125 -2,7 0,708551 1|loess Smith et al., 2003
-37,57 57,38]South America Hipédromo bulk 0,512583 -1,1 0,705914 371 1|loess Smith et al., 2003
-37,57 57,38]South America Hipédromo bulk 0,512581 -1,1 0,705964 1|loess Smith et al., 2003
-37,57 57,38]South America Hipédromo bulk 0,512594 -0,9 0,705986 310 1|loess Smith et al., 2003
-37,57 57,38]South America Hipédromo bulk 0,512577 -1,2 0,706207 347 1|loess Smith et al., 2003
-31,39 64,64]|South America Lozada bulk 0,512468 -3,3 0,707904 522 1|loess Smith et al., 2003
-31,39 64,64]|South America Lozada bulk 0,512458 -3,5 0,708089 1|loess Smith et al., 2003

© 2020 Tous droits réservés.

lilliad.univ-lille.fr




Thése de Francois Beny, Université de Lille, 2020

grain size
latitude (°N) longitude (E°) region (when given) locality (when given) fraction (when | Nd/**Nd | eng [Nd] (ppm) 875y /%6sr [Sr] (ppm) | 2°Pb/*®Pb | 2"Pb/**Pb | **®pb/**Pb | [Pb] (ppm) number of sample type of sample (when given) reference
given)
-31,39 64,64|South America Lozada bulk 0,512469 -3,3 0,708135 315 1|loess Smith et al., 2003
-31,39 64,64]|South America Lozada bulk 0,512452 -3,6 0,70827 320 1|loess Smith et al., 2003
-37,5 -57|South America Mar Del Plata bulk 0,512928 5,7 0,706297 1|dust Grousset et al, 1992
-38 -59|South America Pampa bulk 0,512939 5,9 0,70604 1|dust Grousset et al, 1992
-38 -59|South America Pampa bulk 0,512611 -0,5 0,706072 1|dust Grousset et al, 1992
-38 -59|South America Pampa bulk 0,513064 8,3 0,708049 1|dust Grousset et al, 1992
-27,2585 -51,2192|South America Parana whole rock 0,512375 -5,1 2410,1617 336,8 1|parana basalt Tapami Ramo et al., 2016
-27,3043 -54,2001|South America Parana whole rock 0,512377 -5,1 23]0,2085 327,4 1|parana basalt Tapami Ramo et al., 2016
-27,2416 -54,3532|South America Parana whole rock 0,512371 -5,2 2410,2211 329,8 1|parana basalt Tapami Ramo et al., 2016
-25,6845 -54,4396|South America Parana whole rock 0,512349 -5,6 51]0,2383 462,2 1|parana basalt Tapami Ramo et al., 2016
-27,2348 -54,0391|South America Parana whole rock 0,512355 -5,5 23]0,2412 337,2 1|parana basalt Tapami Ramo et al., 2016
-27,2514 -54,1863|South America Parana whole rock 0,512405 -4,5 27]0,248 289,8 1|parana basalt Tapami Ramo et al., 2016
-27,1551 -53,9564|South America Parana whole rock 0,512363 -5,4 30]0,3312 350,7 1|parana basalt Tapami Ramo et al., 2016
-27,0554 -54,8235|South America Parana whole rock 0,512397 -4,7 23]0,3797 328,9 1|parana basalt Tapami Ramo et al., 2016
-27,0389 -54,1335|South America Parana whole rock 0,512354 -5,5 27]0,3826 270,5 1|parana basalt Tapami Ramo et al., 2016
-26,7554 -54,921|South America Parana whole rock 0,512383 -5,0 46 1|parana basalt Tapami Ramo et al., 2016
-34,5 -59|South America Parana River -10,3 37 1] river sediment Jeandel et al., 2007 and references therein
South America Parana river 0,7139 1|river sediment Palmer et al., 1989
-35 -58|South America Parana River -9,0 40 1] river sed, Jeandel et al., 2007 and references therein
-52 -69|South America Patagonia whole rock 0,51292 5,5 0,70316 19,14 15,62 38,8 1|basalt Stern et al, 1990
-52 -69|South America Patagonia whole rock 0,51291 5,3 0,70317 18,96 15,61 38,63 1|basalt Stern et al, 1990
-47 -70|South America Patagonia whole rock 0,5129 51 0,70321 19,37 15,6 38,84 1]basalt Stern et al, 1990
-47 -70|South America Patagonia whole rock 0,51291 5,3 0,70322 19,38 15,64 39,23 1]basalt Stern et al, 1990
-52 -69]South America Patagonia whole rock 0,51292 5,5 0,70324 19,01 15,62 38,77 1]basalt Stern et al, 1990
-52 -69]South America Patagonia whole rock 0,51291 5,3 0,70328 18,95 15,68 38,75 1]basalt Stern et al, 1990
-52 -69]South America Patagonia whole rock 0,70333 1]basalt Stern et al, 1990
-50 -70|South America Patagonia whole rock 0,5129 51 0,7035 18,67 15,6 38,45 1]basalt Stern et al, 1990
-50 -70|South America Patagonia whole rock 0,70354 1]basalt Stern et al, 1990
-50 -70|South America Patagonia whole rock 0,51287 4,5 0,70356 18,65 15,58 38,6 1]basalt Stern et al, 1990
-42 -70|South America Patagonia whole rock 0,7037 1]basalt Stern et al, 1990
-48 -70|South America Patagonia whole rock 0,51276 2,4 0,70387 18,55 15,58 38,46 1]|basalt Stern et al, 1990
-47 -68|South America Patagonia whole rock 0,70405 1]basalt Stern et al, 1990
-47 -70|South America Patagonia whole rock 0,70406 1]basalt Stern et al, 1990
-43 -67|South America Patagonia Plateau bulk 0,512825 3,6 0,706599 1|dust Grousset et al, 1992
-41 -73|South America Puerto Mont - 0,512805 3,3 19]0,704478 1]loess Walter et al, 2000
-54 -69|South America Punta Arenas bulk 0,512625 -0,3 0,706642 1|dust Basile et al, 1997
-53 -71|South America Punta Arenas silt 0,512472 -3,2 23]0,70631 1|moraine Walter et al, 2000
-53 -71|South America Punta Arenas clay 0,512468 -3,3 26]0,710397 1|moraine Walter et al, 2000
-71,11 -53,29|South America Punta Arenas, Southern Patagonia bulk 0,512814 3,4 18,534 15,615 38,397 1]rural top soil, bed sediment Khondoker ???
-71,11 -53,29|South America Punta Arenas, Southern Patagonia bulk 0,512561 -1,5 18,697 15,632 38,605 1]rural top soil, bed sediment Khondoker ???
-71,64 -40,76|South America Puyehue Volcano, lakeside near La Angostura bulk 0,512831 3,8 18,57 15,617 38,506 1]volcanic clasts and tephras Khondoker ???
-71,16 -40,62|South America Puyehue Volcano, Southern Volcanic Zone bulk 0,512829 3,7 18,601 15,621 38,538 1]volcanic clasts and tephras Khondoker ???
-71,16 -41,06|South America Puyehue Volcano, Southern Volcanic Zone bulk 0,512841 4,0 18,59 15,612 38,505 1|volcanic clasts and tephras Khondoker ???
0 -78|South America Quito - 0,512863 4,4 13]0,704164 1]loess Walter et al, 2000
-34 -55|South America Rio de la Plata bulk 0,511735 -17,6 43]0,7106625 22|Nico Perez terrane Mallman et al., 2007
-51,5 -69]|South America Rio Gallegos bulk 0,512733 1,9 1|dust Basile et al, 1997
-69,53 -51,81|South America Rio Gallegos, Southern Patagonia bulk 0,512599 -0,8 18,725 15,626 38,62 1{rural top soil, bed sediment Khondoker ???
-69,6 -51,71|South America Rio Gallegos, Southern Patagonia bulk 0,512623 -0,3 18,722 15,631 38,639 1{rural top soil, bed sediment Khondoker ???
-68,07 -53,59|South America Rio Grande, Southern Patagonia bulk 0,512461 -3,5 18,707 15,639 38,622 1{rural top soil, bed sediment Khondoker ???
-68,07 -53,59|South America Rio Grande, Southern Patagonia bulk 0,512448 -3,7 18,737 15,644 38,66 1{rural top soil, bed sediment Khondoker ???
-67,8 -53,83|South America Rio Grande, Southern Patagonia bulk 0,512463 -3,4 18,772 15,636 38,686 1{rural top soil, bed sediment Khondoker ???
-69,28 -51,73|South America Rio Grande, Southern Patagonia bulk 0,51254 -1,9 18,707 15,63 38,601 1{rural top soil, bed sediment Khondoker ???
-69,28 -51,73|South America Rio Grande, Southern Patagonia bulk 0,512582 -1,1 18,327 15,618 38,212 1{rural top soil, bed sediment Khondoker ???
-69,64 -51,63|South America Rio Grande, Southern Patagonia bulk 0,512559 -1,5 18,719 15,642 38,647 1{rural top soil, bed sediment Khondoker ???
-68,9 -49,97|South America Rio Santa Cruz, El Calafate, Southern Patagonia bulk 0,512576 -1,2 18,711 15,635 38,681 1{rural top soil, bed sediment Khondoker ???
-68,9 -49,97|South America Rio Santa Cruz, El Calafate, Southern Patagonia bulk 0,512573 -1,3 18,461 15,627 38,41 1{rural top soil, bed sediment Khondoker ???
-68,56 -49,83|South America Rio Santa Cruz, El Calafate, Southern Patagonia bulk 0,51257 -1,3 18,715 15,636 38,694 1{rural top soil, bed sediment Khondoker ???
-68,94 -50,24|South America Rio Santa Cruz, Southern Patagonia bulk 0,512598 -0,8 18,757 15,637 38,663 1{rural top soil, bed sediment Khondoker ???
-33 -70|South America Santiago - 0,512872 4,6 12]0,704155 1|loess Walter et al, 2000
-12,5 -47,5|South America Tocantin Province whole rock 0,511571 -20,8 39 131|Tocantin Province Fuck et al., 2014
-58,51 -34,6]South America Urban Area, Buenos Aires 50-100pm 0,511957 -13,3 18,158 15,619 38,094 1{road dusts Khondoker ???
-68,57 -53,17|South America Urban Area, Buenos Aires 50-100pm 0,51184 -15,6 18,141 15,631 38,104 1{road dusts Khondoker ???
-58,49 -34,65|South America Urban Area, Buenos Aires 50-100pum 0,511946 -13,5 18,154 15,629 38,126 1|road dusts Khondoker ???
-58,49 -34,65|South America Urban Area, Buenos Aires 50-100pum 0,511633 -19,6 18,187 15,639 38,233 1|road dusts Khondoker ???
-58,51 -34,6]South America Urban Area, Buenos Aires 50-100pum 0,511704 -18,2 18,165 15,618 38,128 1|road dusts Khondoker ???
-68,57 -53,17|South America Urban Area, Buenos Aires 50-100pum 0,51166 -19,1 18,084 15,633 38,1 1|road dusts Khondoker ???
-58,49 -34,65|South America Urban Area, Buenos Aires <10um 0,511785 -16,6 18,19 15,64 38,2 1|urban aerosols Khondoker ???
-58,49 -34,65|South America Urban Area, Buenos Aires <10um 0,51194 -13,6 18,186 15,629 38,182 1|urban aerosols Khondoker ???
-58,49 -34,65|South America Urban Area, Sao Paulo <10um 0,511852 -15,3 18,634 15,676 38,364 1|urban aerosols Khondoker ???
-46,72 -23,56/South America Urban Area, Sao Paulo <10um 18,192 15,621 37,959 1|urban aerosols Khondoker ???
-46,72 -23,56/South America Urban Area, Sao Paulo <10um 18,096 15,615 37,879 1|urban aerosols Khondoker ???
-46,72 -23,56/South America Urban Area, Sao Paulo <10um 18,189 15,618 38,036 1|urban aerosols Khondoker ???
-46,72 -23,56/South America Urban Area, Sao Paulo <10um 0,511915 -14,1 18,518 15,655 38,092 1|urban aerosols Khondoker ???
-52 -73|South America Ushuaia bulk 0,51263 -0,2 0,7077 1|dust Basile et al, 1997
-38,43 -56,7|South America bulk 0,512555 -1,6 0,7053 1|marine sediment Basile et al, 1997
-44,1 -33,92|South America bulk 0,512466 -3,4 0,7063 1|marine sediment Basile et al, 1997
-48,15 -64,38|South America bulk 0,512434 -4,0 0,7069 1|marine sediment Basile et al, 1997
-40,43 -61,23|South America bulk 0,512542 -1,9 0,7073 1|marine sediment Basile et al, 1997
-54,17 -64,97|South America bulk 0,512506 -2,6 0,7077 1|marine sediment Basile et al, 1997
-52,68 -59,15|South America bulk 0,512255 -7,5 0,7116 1|marine sediment Basile et al, 1997
-35,67 -56,57|South America bulk 0,512153 -9,5 0,7128 1|marine sediment Basile et al, 1997
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-50,58 2,9|South Atlantic - 0-63 pm 0,708034 1| marine sediment (LGM) Hemming et al., 2007
-53,18 -0,35]South Atlantic - 0-63 um 0,70899 1|marine sediment (LGM) Hemming et al., 2007
-53,05 -16,45|South Atlantic - 0-63 um 0,709372 1|marine sediment (LGM) Hemming et al., 2007
-50,87 -9,87]South Atlantic - 0-63 um 0,709935 1|marine sediment Hemming et al., 2007
-53,05 -16,45|South Atlantic - 0-63 um 0,710432 1|marine sediment Hemming et al., 2007
-48,57 5,13|South Atlantic - 0-63 um 0,711339 1|marine sediment Hemming et al., 2007
-48,57 5,13|South Atlantic - 0-63 um 0,712455 1|marine sediment (LGM) Hemming et al., 2007
-50,58 2,9]South Atlantic - 0-63 um 0,712999 1|marine sediment Hemming et al., 2007
-64,7817 -68,455|South Atlantic Antarctic Peninsula bulk 0,51278 2,8 14]0,706829 1|marine sediment Walter et al, 2000
-43,85 27,6|South Atlantic Cape basin 0-63 um 0,709249 1|marine sediment Hemming et al., 2007
-46,75 -0,05]South Atlantic Cape basin 0-63 um 0,710119 1|marine sediment (LGM) Hemming et al., 2007
-46,75 -0,05]South Atlantic Cape basin 0-63 um 0,710681 1|marine sediment Hemming et al., 2007
-46,75 -0,05]South Atlantic Cape basin 0-63 um 0,710703 1|marine sediment Hemming et al., 2007
-42,52 11,67|South Atlantic Cape basin 0-63 um 0,710954 1|marine sediment (LGM) Hemming et al., 2007
-43,85 27,6|South Atlantic Cape basin 0-63 um 0,712521 1|marine sediment (LGM) Hemming et al., 2007
-42,52 11,67|South Atlantic Cape basin 0-63 um 0,714206 1|marine sediment Hemming et al., 2007
-68,61 10,97|South Atlantic Dronning Maud Land 0-63 um 0,715989 1|marine sediment Hemming et al., 2007
-70 -5,08]South Atlantic Dronning Maud Land 0-63 um 0,721725 1|marine sediment Hemming et al., 2007
-43,37 -36,1]South Atlantic Fakland Basin 0-63 um 0,709081 1|marine sediment (LGM) Hemming et al., 2007
-47,95 -23,7]South Atlantic Fakland Basin 0-63 um 0,709265 1|marine sediment (LGM) Hemming et al., 2007
-43,37 -36,1]South Atlantic Fakland Basin 0-63 um 0,709916 1|marine sediment Hemming et al., 2007
-54,38 -22,13|South Atlantic Fakland Basin 0-63 um 0,710805 1|marine sediment (LGM) Hemming et al., 2007
-54,38 -22,13|South Atlantic Fakland Basin 0-63 um 0,713399 1|marine sediment Hemming et al., 2007
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,51249 -2,9 19]0,706465 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,512483 -3,0 18]0,706974 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,512429 -4,1 20]0,707068 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,512456 -3,6 18]0,707231 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512462 -3,4 20]0,707249 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512496 -2,8 19]0,70733 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512468 -3,3 21]0,70745 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,512426 -4,1 17]0,707577 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,51245 -3,7 20]0,707989 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea silt 0,512465 -3,4 21]0,708441 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,51242 -4,3 22]0,70852 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512407 -4,5 19]0,708793 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512427 -4,1 22]0,708975 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512413 -4,4 16]0,70903 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512416 -4,3 20]0,70907 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512416 -4,3 17]0,709404 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512405 -4,5 22]0,709633 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea clay 0,512459 -3,5 19]0,709756 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512389 -4,9 23]0,709814 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512362 -5,4 18]0,710037 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512387 -4,9 22]0,710123 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512374 -5,1 23]0,710232 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512398 -4,7 24]0,710451 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512427 -4,1 20]0,710533 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,51235 -5,6 22]0,710907 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512342 -5,8 21]0,711433 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512303 -6,5 22]0,711895 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512343 -5,8 18]0,712344 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512313 -6,3 23]0,713268 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512299 -6,6 24]0,713808 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512354 -5,5 23]0,713959 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512349 -5,6 25]0,714296 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512251 -7,5 16]0,714346 1|marine sediment Walter et al, 2000
-59,7883 -42,683|South Atlantic Scotia Sea bulk 0,512211 -8,3 2410,71732 1|marine sediment Walter et al, 2000
-53,545 -45,2917[South Atlantic Scotia Sea clay 0,512411 -4,4 15]0,719958 1|marine sediment Walter et al, 2000
-53,545 -45,2917]South Atlantic Scotia Sea bulk 0,512436 -3,9 20 1|marine sediment Walter et al, 2000
-69,4167 -95,023|South Atlantic Scotia Sea silt 0,512613 -0,5 27]0,706137 1|marine sediment Walter et al, 2000
-62,9967 -89,493|South Atlantic Scotia Sea silt 0,51253 -2,1 22]0,707731 1|marine sediment Walter et al, 2000
-69,4167 -95,023|South Atlantic Scotia Sea bulk 0,512503 -2,6 24]0,707765 1|marine sediment Walter et al, 2000
-50,7483 -85,6883|South Atlantic Scotia Sea silt 0,51243 -4,1 22]0,708647 1|marine sediment Walter et al, 2000
-56,02 -84,905]South Atlantic Scotia Sea silt 0,512427 -4,1 22]0,708705 1|marine sediment Walter et al, 2000
-62,9967 -89,493|South Atlantic Scotia Sea bulk 0,512483 -3,0 18]0,708749 1|marine sediment Walter et al, 2000
-50,7483 -85,6883|South Atlantic Scotia Sea bulk 0,512436 -3,9 21]0,708823 1|marine sediment Walter et al, 2000
-50,7483 -85,6883|South Atlantic Scotia Sea clay 0,512396 -4,7 28]0,709051 1|marine sediment Walter et al, 2000
-41,2867 -14,5|South Atlantic Scotia Sea silt 0,512401 -4,6 15]0,709077 1|marine sediment Walter et al, 2000
-41,287 -14,5|South Atlantic Scotia Sea bulk 0,512367 -5,3 15]0,709171 1|marine sediment Walter et al, 2000
-41,2867 -14,5|South Atlantic Scotia Sea silt 0,512237 -7,8 7]0,709183 1|marine sediment Walter et al, 2000
-56,02 84,905|South Atlantic Scotia Sea bulk 0,512404 -4,6 19]0,709203 1|marine sediment Walter et al, 2000
-56,02 -84,905]South Atlantic Scotia Sea clay 0,512341 -5,8 24]0,710092 1|marine sediment Walter et al, 2000
-62,9967 -89,493|South Atlantic Scotia Sea clay 0,512449 -3,7 22|0,710197 1|marine sediment Walter et al, 2000
-69,4167 -95,023]South Atlantic Scotia Sea clay 0,512459 -3,5 23]0,710242 1|marine sediment Walter et al, 2000
-41,287 -14,5|South Atlantic Scotia Sea bulk 0,512211 -8,3 6]0,710439 1|marine sediment Walter et al, 2000
-41,2867 -14,5|South Atlantic Scotia Sea clay 0,512405 -4,5 20]0,710439 1|marine sediment Walter et al, 2000
-61,583 -45,7068|South Atlantic Scotia Sea bulk 0,512322 -6,2 24]0,711861 1|marine sediment Walter et al, 2000
-41,2867 -14,5|South Atlantic Scotia Sea clay 0,512257 -7,4 29]0,712918 1|marine sediment Walter et al, 2000
-74,6783 -35,083]South Atlantic Scotia Sea bulk 0,512244 -7,7 11 1|marine sediment Walter et al, 2000
-66,0867 -56,5317|South Atlantic Scotia Sea bulk 0,512346 -5,7 21 1|marine sediment Walter et al, 2000
-61,983 -61,983]South Atlantic Scotia Sea bulk 0,512717 15 11 1|marine sediment Walter et al, 2000
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grain size
latitude (°N) longitude (E°) region (when given) locality (when given) fraction (when | Nd/**Nd | eng [Nd] (ppm) 875y /%6sr [Sr] (ppm) | 2°Pb/*®Pb | 2"Pb/**Pb | **®pb/**Pb | [Pb] (ppm) number of sample type of sample (when given) reference
given)
-77,255 -40,833|South Atlantic Weddell Sea bulk 0,512105 -10,4 19]0,723735 1|marine sediment Walter et al, 2000

-62 -20,01|South Atlantic Weddell-Enderby basin 0-63 um 0,729523 1|marine sediment Hemming et al., 2007
-45,65 48,28|South Indian 0-63 um 0,703868 1|marine sediment Hemming et al., 2007
-36,98 59,98|South Indian 0-63 um 0,705947 1|marine sediment Hemming et al., 2007
-36,98 59,98|South Indian 0-63 um 0,706217 1|marine sediment (LGM) Hemming et al., 2007
-57,48 36,17|South Indian 0-63 um 0,707678 1|marine sediment Hemming et al., 2007
-52,2 54,47|South Indian 0-63 um 0,708249 1|marine sediment Hemming et al., 2007
-49,57 30,02|South Indian 0-63 um 0,708507 1|marine sediment (LGM) Hemming et al., 2007
-50,47 59,58|South Indian 0-63 um 0,709322 1|marine sediment Hemming et al., 2007
-50,47 59,58|South Indian 0-63 um 0,709582 1|marine sediment (LGM) Hemming et al., 2007
-44,5 31,18|South Indian 0-63 um 0,709874 1|marine sediment Hemming et al., 2007
-52,8 54,08 South Indian 0-63 um 0,709885 1|marine sediment (LGM) Hemming et al., 2007
-38 51,18|South Indian 0-63 um 0,710242 1|marine sediment (LGM) Hemming et al., 2007
-54,48 53,05]|South Indian 0-63 um 0,710579 1|marine sediment (LGM) Hemming et al., 2007
-53,52 36,63|South Indian 0-63 um 0,710589 1|marine sediment Hemming et al., 2007
-61,04 114,81|South Indian 0-63 um 0,710616 1|marine sediment Hemming et al., 2007
-40,3 74,57|South Indian 0-63 um 0,710725 1|marine sediment Hemming et al., 2007
-52,2 54,47|South Indian 0-63 um 0,710931 1|marine sediment (LGM) Hemming et al., 2007
-57,48 36,17|South Indian 0-63 um 0,711768 1|marine sediment (LGM) Hemming et al., 2007
-40,3 74,57|South Indian 0-63 um 0,713113 1|marine sediment (LGM) Hemming et al., 2007
-49,57 30,02|South Indian 0-63 um 0,713882 1|marine sediment Hemming et al., 2007
-38 51,18|South Indian 0-63 um 0,714613 1|marine sediment Hemming et al., 2007
-66,08 145,02]South Indian 0-63 um 0,7249 1|marine sediment Hemming et al., 2007
-64,67 132,98|South Indian 0-63 um 0,727889 1|marine sediment Hemming et al., 2007
-61,12 71,27|South Indian 0-63 um 0,728087 1|marine sediment Hemming et al., 2007
-65,4 36,72|South Indian 0-63 um 0,730219 1|marine sediment Hemming et al., 2007
-60 105]South Indian 0-63 um 0,730345 1|marine sediment Hemming et al., 2007
-64,43 119,98|South Indian 0-63 um 0,734381 1|marine sediment Hemming et al., 2007
-65,55 141,1|South Indian 0-63 um 0,737042 1|marine sediment Hemming et al., 2007
-66,66 77,9]South Indian 0-63 um 0,737219 1|marine sediment Hemming et al., 2007
-65,22 137,88|South Indian 0-63 um 0,738862 1|marine sediment Hemming et al., 2007
-65,65 60,68]|South Indian 0-63 um 0,741609 1|marine sediment Hemming et al., 2007

54 -166 Akutan Island 7,4 20 3| basalt rock Jeandel et al., 2007 and references therein

36,1 -3,2 Alboran Sea -10,1 30 1] core n—KS 8231 (855m) Jeandel et al., 2007 and references therein

54 170 aleutians 7,4 12 3| basalts Jeandel et al., 2007 and references therein

-10 122 banda -3,3 12 2| basalts Jeandel et al., 2007 and references therein

13,25 -50,5 Barbados -12,0 43 4| aerosols Jeandel et al., 2007 and references therein

20,25 121,9 Batan -2,8 6 13] rocks Jeandel et al., 2007 and references therein

46,3 -15,06 Bay of Biscay -11,6 25 3| core Jeandel et al., 2007 and references therein

-5 150 Bismarck New Britain 8,3 4 20| rocks Jeandel et al., 2007 and references therein

54 -169 Bogoslov Island 7,2 26 2| rocks Jeandel et al., 2007 and references therein

27 140 Bonin islands 2,3 2 4] rocks Jeandel et al., 2007 and references therein

19,83 -97,34 C American arc 1,5 21 18] rocks Jeandel et al., 2007 and references therein

13 -95 C American arc 5,9 13 29| rocks Jeandel et al., 2007 and references therein

28 -14 Canaries Island -12,8 35 2| aerosols Jeandel et al., 2007 and references therein

12,5 -24,5 Cap Verde Basin -12,0 37 2| aerosols Jeandel et al., 2007 and references therein

35 110 China (Lanzhou) -9,7 26 2| loess Jeandel et al., 2007 and references therein

-12 44 Comoros 3,4 42 19| rocks Jeandel et al., 2007 and references therein

42 9 Corsica -13,0 28 5| aerosols Jeandel et al., 2007 and references therein

10 -85 costa rica coast 7,3 9 46| rocks Jeandel et al., 2007 and references therein

12 43 djibouti 5,0 30 72| basalts Jeandel et al., 2007 and references therein

69 -28 E Greenland 4,0 8 41| rocks Jeandel et al., 2007 and references therein

70,5 -28 E_Greenland 4,0 8 41| rocks Jeandel et al., 2007 and references therein

-4 132 East Seram -8,7 24 11| core Jeandel et al., 2007 and references therein

-7 132 East Serua -8,1 22 12| core Jeandel et al., 2007 and references therein

37 129 East South-Korea -23,9 39 3| rocks Jeandel et al., 2007 and references therein

-9 128 East Timor -9,5 20 12| core Jeandel et al., 2007 and references therein

17,5 41 Eastern Ertrea -4,2 22 7] rocks Jeandel et al., 2007 and references therein

35,8 -8,7 Gibraltar -11,8 22 1] core n— KS 8228 (2798m) Jeandel et al., 2007 and references therein

66 -37 Greenland SE -26,0 45 18] rocks Jeandel et al., 2007 and references therein

11,6 42,5 Gulf of Aden 6,2 25 3| rocks Jeandel et al., 2007 and references therein

12 48 Gulf of Aden 10,0 10 20] rocks Jeandel et al., 2007 and references therein

65 -22 Iceland 8,0 17 55| rocks Jeandel et al., 2007 and references therein

62 -7 lles Faroes 7,0 34 43| rocks Jeandel et al., 2007 and references therein

-8,3 124,2 Indonesia -1,9 31 12| rocks Jeandel et al., 2007 and references therein

25 37 Indus shelf -11,2 0 1| core n— ID-18 Jeandel et al., 2007 and references therein

35 140 izu chain (japon) 7,7 12 3| basalts Jeandel et al., 2007 and references therein

71 -8 Jan-Mayen 5,0 41 8| basalts Jeandel et al., 2007 and references therein

-21 55,5 La Reunion 4,0 24 16| volcanic Jeandel et al., 2007 and references therein

70 -135 Mackenzie (Canada) -14,3 16 1| river sediment Jeandel et al., 2007 and references therein

15 145 Mariana 6,7 2 3| rocks Jeandel et al., 2007 and references therein

72,3 -27 N-E Greenland -29,8 32 5| rocks Jeandel et al., 2007 and references therein

53 -134 NE Pacific Ocean 9,6 13 6| rocks Jeandel et al., 2007 and references therein

71 -27 N-E_Greenland -29,8 32 5| rocks Jeandel et al., 2007 and references therein

10 150 new britain 7,4 18 4] basalts Jeandel et al., 2007 and references therein

-15 168 New Hebrides Arc 7,4 14 28| rocks Jeandel et al., 2007 and references therein

32 31 Nile (Egypt) -3,3 34 1| river sediment Jeandel et al., 2007 and references therein

37,62 -119 NW USA -0,5 22 4] rocks Jeandel et al., 2007 and references therein

-1,2 132,65 Papua New Guinea 4,1 4 4] rocks Jeandel et al., 2007 and references therein

45 12 Po -10,8 27 1] river part Jeandel et al., 2007 and references therein

43 5 Rhone -9,7 26 1] river part Jeandel et al., 2007 and references therein
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grain size
latitude (°N) longitude (E°) region (when given) locality (when given) fraction (when | Nd/**Nd | eng [Nd] (ppm) 875y /%6sr [Sr] (ppm) | 2°Pb/*®Pb | 2"Pb/**Pb | **®pb/**Pb | [Pb] (ppm) number of sample type of sample (when given) reference
given)
65 -34 S-E_Greenland -38,0 15 11] rocks Jeandel et al., 2007 and references therein
37 36 Seyhan -6,2 10 1] river part Jeandel et al., 2007 and references therein
36,8 -7,8 South Andalousia -8,4 30 1] core n— KC 8221 (580m) Jeandel et al., 2007 and references therein
-6 106 sunda 0,0 21 4] basalts Jeandel et al., 2007 and references therein
37 36,2 Tarsus -6,3 11 1] river part Jeandel et al., 2007 and references therein
54 -168 Unalaska Island (Al Is) 7,6 13 2| basalt rock Jeandel et al., 2007 and references therein
27 -113,6 Vizcaino peninsula, mex 7,6 15 5| adakite Jeandel et al., 2007 and references therein
60,5 5,25 W Norway -14,0 17 2| rocks Jeandel et al., 2007 and references therein
15 43 W Yemen 4,1 37 52| rocks Jeandel et al., 2007 and references therein
-5 149,3 Witu Islands 8,3 16 8] rocks Jeandel et al., 2007 and references therein
20 40 Saudi Arabia 5,0 30 28| basalts Jeandel et al., 2007 and references therein
16 -62 West Indies 5,5 10 10| basalts Jeandel et al., 2007 and references therein
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Annex 2: map of Nd isotopic data from the litterature
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Annex 4: map of 2Pb isotopic data from the litterature
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Annex 5: map of *’Pb isotopic data from the litterature
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Annex 6: map of 2Pb isotopic data from the litterature
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Annex 7: Average values of the different proxies for the entire record, the LGM, and the

deglaciation.
average LGM Deglaciation standard deviation
(10-30 ka) (25-17 ka) (17-11.7 ka) (10-30 ka)
fine mode (um) 6.8 7.2 6.3 0.8
coarse mode (um) 30.4 31.3 30.4 2.5
clay fraction (%) 3.4 3.0 3.8 0.7
sortable silts (10-63 um; %) 47.0 47.2 46.2 2.4
cohesive silts (2-10 um; %) 39.4 38.8 40.2 2.4
sand (%) 3.0 3.5 2.6 1.0
smectite (%) 30.7 26.7 35.7 7.9
illite (%) 33.5 34.7 31.7 3.3
chlorite (%) 25.1 27.2 22.3 4.2
kaolinite (%) 10.6 11.4 10.3 1.3
1/S 1.2 1.3 0.9 0.3
K/C 0.4 0.4 0.5 0.1
Eng (<2 pm) -5.8 -5.0 -6.0 0.8
&g (fine mode) -4.6 -4.6 -4.7 0.4
€ng (coase mode) -3.3 -1.8 -3.7 1.2
75r/%°sr (<2 um) 0.71130  0.71144 0.71136 0.00036
¥sr/%sr (fine mode) 0.70795  0.70800 0.70798 0.00019
¥Sr/%sr (coase mode) 0.70889  0.70859 0.70926 0.00058
2%8pp/2%%pp (<2 pm) 38.774  38.775 38.785 0.012
277ph/2%*ph (<2 pm) 15.644  15.639 15.645 0.008
200pp /2%%pp (<2 pm) 18.752  18.749 18.758 0.030
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Annex 8: Isotopic composition from the clay size fraction (<2 um) from sediment core MD07-3076Q. G corresponds to the internal error.

depth

) age (ka) 13N 474N 26 Eng 875y /%5, 26 206p}, /204p}, 26 207pp,/20%p}, 26 208p), 204p, 26
51 10.03 0.512295 0.000006 -6.7 0.710814 0.000015 18.7555 0.0003 15.6553 0.0006 38.8083 0.0008
54 10.52 0.512286 0.000007 -6.9 0.710660 0.000010 18.7563 0.0003 15.6536 0.0006 38.7958 0.0008
57 10.91 0.512282 0.000005 -6.9 18.7438 0.0008 15.6562 0.0010 38.7993 0.0017
61 11.39 0.512282 0.000006 -6.9 0.710770 0.000011 18.7551 0.0003 15.6573 0.0006 38.8121 0.0007
62 11.52 0.512283 0.000005 -6.9 0.711048 0.000010 18.7685 0.0003 15.6482 0.0005 38.8027 0.0007
65 11.93 0.512293 0.000004 -6.7 0.710966 0.000007 18.7613 0.0003 15.6471 0.0005 38.7894 0.0006
68 12.33 0.512292 0.000006 -6.8 0.711240 0.000009 18.7640 0.0004 15.6490 0.0007 38.8070 0.0008
71 12.67 0.512302 0.000007 -6.5 0.711670 0.000012 18.7762 0.0003 15.6564 0.0006 38.8372 0.0008
74 12.98 0.512309 0.000005 -6.4 18.7648 0.0008 15.6530 0.0009 38.8073 0.0017
75 13.07 0.512340 0.000004 -5.8 0.711167 0.000011 18.7651 0.0003 15.6450 0.0005 38.7875 0.0008
80 13.56 0.512322 0.000004 -6.2 0.710987 0.000010 18.7374 0.0003 15.6419 0.0005 38.7535 0.0007
87 14.29 0.512325 0.000006 -6.1 0.710880 0.000010 18.7451 0.0005 15.6531 0.0007 38.7940 0.0013
92 14.69 0.512352 0.000006 -5.6 0.711540 0.000011 18.7593 0.0003 15.6414 0.0005 38.7803 0.0006
96 14.88 0.512352 0.000005 -5.6 0.711493 0.000010 18.7646 0.0003 15.6430 0.0005 38.7906 0.0007
101 15.51 0.512369 0.000006 -5.3 0.711706 0.000010 18.7565 0.0003 15.6363 0.0008 38.7654 0.0007
107 16.28 0.512375 0.000005 -5.1 0.711535 0.000009 18.7521 0.0003 15.6346 0.0007 38.7491 0.0007
112 16.97 0.512363 0.000005 -5.4 0.711769 0.000010 18.7548 0.0003 15.6410 0.0007 38.7640 0.0007
116 17.45 18.7601 0.0005 15.6471 0.0008 38.7896 0.0015
120 17.91 18.7530 0.0003 15.6461 0.0006 38.7800 0.0007
121 18.01 0.512381 0.000005 -5,0 18.7507 0.0003 15.6351 0.0007 38.7448 0.0006
130 18.79 0.512382 0.000005 -5,0 18.7428 0.0003 15.6406 0.0007 38.7479 0.0006
138 19.54 0.512373 0.000005 -5.2 18.7538 0.0003 15.6380 0.0007 38.7528 0.0007
149 21.10 0.512365 0.000004 -5.3 0.711683 0.000011 18.7444 0.0004 15.6378 0.0007 38.7508 0.0008
155 21.98 0.512362 0.000006 -5.4 0.711510 0.000010 18.7440 0.0006 15.6335 0.0010 38.7428 0.0021
160 22.72 0.512384 0.000005 -5,0 0.711400 0.000011 18.7397 0.0003 15.6349 0.0007 38.7399 0.0007
167 23.80 0.512394 0.000005 -4.8 0.711323 0.000012 18.7468 0.0004 15.6379 0.0008 38.7474 0.0007
173 24.72 0.512394 0.000004 -4.8 0.711286 0.000011 18.7424 0.0003 15.6355 0.0008 38.7328 0.0006
182 25.69 0.512394 0.000005 -4.8 0.711883 0.000010 18.7182 0.0003 15.6299 0.0007 38.6969 0.0006
196 27.27 0.512384 0.000004 -5,0 18.7321 0.0009 15.6445 0.0010 38.7522 0.0019
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214 29.04 0.512360 0.000004 -5.4 18.7591 0.0009 15.6465 0.0011 38.7818 0.0019
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Annex 9: Isotopic composition from the sortable silt mode fraction (20-32/40 um) from sediment
core MD07-3076Q. o corresponds to the internal standard error of the measurement.

depth (cm) age (ka)  Nd/**Nd 26 End 875y /%y 20
51 10.03 0.708365 0.000009
55 10.69 0.708616 0.000008
57 10.91 0.512387 0.000006 -4.9 0.709192 0.000005
61 11.39 0.512403 0.000023 -4.6 0.708783 0.000013
63 11.64 0.709392 0.000005
65 11.93 0.512421 0.000006 -4.2 0.709592 0.000004
67 12.22 0.512416 0.000019 -4.3 0.708802 0.000010
71 12.67 0.707945 0.000005
73 12.89 0.709932 0.000006
75 13.07 0.512421 0.000007 -4.2 0.710185 0.000005
81 13.67 0.512425 0.000005 -4.1 0.709362 0.000005
87 14.29 0.709334 0.000009
91 14.65 0.512452 0.000005 -3.6 0.709046 0.000005
97 14.97 0.709254 0.000005
101 15.51 0.512491 0.000013 -2.9 0.708801 0.000007
107 16.28 0.512518 0.000005 -2.3 0.709632 0.000005
117 17.57 0.707884 0.000007
120 17.91 0.709324 0.000006
121 18.01 0.512567 0.000009 -1.4 0.708447 0.000005
122 18.10 0.708526 0.000006
131 18.87 0.708860 0.000008
137 19.40 0.708856 0.000009
144 20.37 0.709198 0.000006
145 20.51 0.708912 0.000009
149 21.10 0.709277 0.000007
153 21.69 0.708541 0.000008
155 21.98 0.708515 0.000010
160 22.72 0.512528 0.000005 -2.1 0.708235 0.000005
167 23.80 0.707873 0.000006
173 24.72 0.707796 0.000005
182 25.69 0.512533 0.000005 -2,0 0.708965 0.000005
196 27.27 0.512510 0.000008 -2.5 0.708907 0.000005
213 28.96 0.709026 0.000008
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Annex 10: Isotopic composition from the cohesive silt mode fraction (2-20 pm) from sediment
core MD07-3076Q. o corresponds to the internal standard error of the measurement.

depth (cm) age (ka)  Nd/**Nd 26 Eng 875y /%5y 20
51 10.03 0.512419 0.000006 -4.3 0.707880 0.000009
54 10.52 0.512395 0.000006 -4.7 0.707870 0.000012
57 10.91 0.707797 0.000005
61 11.39 0.708000 0.000009
65 11.93 0.512390 0.000007 -4.8 0.708190 0.000009
74 12.98 0.512370 0.000006 -5.2 0.708150 0.000009
74 12.98 0.512407 0.000008 -4.5 0.707662 0.000030
75 13.07 0.512393 0.000005 -4.8 0.708160 0.000009
80 13.56 0.512403 0.000006 -4.6 0.708010 0.000010
87 14.29 0.512417 0.000007 -4.3 0.707900 0.000010
96 14.88 0.512424 0.000007 -4.2 0.707730 0.000010
107 16.28 0.512396 0.000006 -4.7 0.708040 0.000009
112 16.97 0.512388 0.000006 -4.9 0.708000 0.000008
120 17.91 0.512379 0.000006 -5.1 0.707918 0.000008
121 18.01 0.512385 0.000005 -4.9 0.707975 0.000005
122 18.10 0.512355 0.000006 -5.5 0.708052 0.000011
130 18.79 0.512413 0.000006 -4.4 0.708370 0.000010
138 19.54 0.512420 0.000005 -4.2 0.707710 0.000010
149 21.1 0.512437 0.000005 -3.9 0.707890 0.000008
155 21.98 0.512409 0.000006 -4.5 0.707850 0.000009
160 22.72 0.512377 0.000006 -5.1 0.707930 0.000011
167 23.80 0.512435 0.000005 -4,0 0.708240 0.000013
173 24.72 0.512430 0.000006 -4.1 0.708110 0.000009
182 25.69 0.707816 0.000005
196 27.27 0.512401 0.000006 -4.6 0.707607 0.000008
214 29.04 0.512371 0.000005 -5.2
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Annex 11: Synthesis of the mineralogical signature of the sediment transported by the
three main deep water-masses. Crosses are given when increased delivery from a specific
deep water mass increase the relative proportion of the clay mineral. As an example, it
can be read as followed: “an enhanced delivery of terrigenous sediment from CDW
increases the proportion of smectite and chlorite at site MD07-3076Q”

smectite illite kaolinite | chlorite
NADW-W X X
CDW X X
AABW X X

© 2020 Tous droits réservés.
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Annex 12: Correlation factors (R?) between deep water mass proxies and the
contribution of NADW to clay mineral deposition. All the data comes from the same
sediment core (MD07-3076Q) and only samples from the same intervals (i.e. same
depth) have been used to calculate the correlation factors. The correlation factor
between the gy, from clay particles and the gy from sea water is also high (higher
than 0.8), but we chose not to report it in the table because of the low number of
samples measured on the same interval (n = 6 instead of at least 14).

NADW contribution to NADW contribution to
clay deposition clay deposition
. . &ng (clay)
(calculated using (calculated using LGM
Holocene end member) end member)
cibicides §C 0,74 0,64 0,8
€ng (Seawater) 0,81 0,64 -
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Annex 13: proportion of clay minerals in core MPU?EX(FFgeycois Beny, Universite de Lille, 2020

depth (cm) | age (ka) | total terrigenous | smectite (%) | illite (%) | chlorite (%) | kaolinite (%) | 1/S | K/C
0 0,9 140,2 35,9 29,1 23,7 11,4 0,81 0,5
1 1,0 83,8 36,7 31,5 20,0 11,8 091 06
2 1,1 62,6 37,9 33,0 17,8 11,3 091 06
3 1,3 64,3 38,4 32,3 17,4 11,9 081 0,7
4 1,4 62,1 37,5 33,7 16,6 12,2 09| 0,7
5 1,5 70,7 38,6 32,4 16,9 12,0 0,81 0,7
6 1,6 72,7 40,2 29,5 18,2 12,1 0,7 | 0,7
7 1,8 74,0 44,8 27,0 17,0 11,2 0,6 | 0,7
8 1,9 61,7 39,5 32,6 16,2 11,7 0,8 | 0,7
9 2,1 64,0 36,1 32,7 18,8 12,4 091 0,7
10 2,2 72,1 38,7 32,3 17,9 111 0,81 0,6
11 2,4 66,2 37,2 33,2 17,3 12,3 091 0,7
12 2,5 70,6 35,4 31,4 18,9 14,4 091 0,8
13 2,7 58,9 39,0 33,7 15,5 11,8 091 0,8
14 2,8 84,5 47,5 27,6 13,9 10,9 0,6 1 0,8
15 3,0 75,0 41,7 30,2 15,6 12,5 0,71 0,8
16 3,2 81,9 41,6 30,5 16,5 11,4 0,7 0,7
17 3,4 80,0 42,8 31,3 14,9 11,1 0,71 0,7
18 3,7 68,1 45,7 31,4 12,7 10,3 0,71 0,8
19 3,9 108,8 51,9 25,2 13,4 9,5 051 0,7
20 4,1 103,3 55,3 22,5 14,2 8,0 041 06
21 4,3 97,6 51,2 24,3 14,0 10,5 051 08
22 4,5 124,9 67,3 16,9 9,2 6,6 03] 0,7
23 4,7 112,2 58,8 23,3 10,6 7,3 041 0,7
24 4,9 113,0 55,9 22,9 13,2 8,1 041 06
25 5,1 102,5 52,4 23,4 14,6 9,6 041 0,7
26 5,3 90,9 46,4 28,4 15,5 9,7 0,6 | 0,6
27 5,5 101,2 52,3 25,9 14,2 7,6 05| 05
28 5,7 87,2 49,4 28,5 15,4 6,6 06| 04
29 5,9 107,3 50,0 25,9 14,8 9,3 05| 0,6
30 6,1 93,7 43,2 28,0 17,6 11,3 0,6 | 0,6
31 6,3 54,3 37,0 33,5 19,8 9,8 09| 0,5
32 6,4 68,5 33,8 34,5 20,7 11,0 1,0 0,5
33 6,6 87,4 39,2 32,3 18,5 10,1 0,8 | 0,5
34 6,7 76,7 47,8 26,8 16,2 9,3 0,6 | 0,6
35 6,8 100,4 47,0 26,7 16,9 9,4 0,6 | 0,6
36 7,0 87,2 40,4 30,2 19,3 10,0 0,7 0,5
37 7,2 105,9 47,2 28,8 14,8 9,2 0,6 | 0,6
38 7,4 113,5 56,2 22,4 14,7 6,8 0,41 0,5
39 7,7 78,0 34,7 34,2 19,7 11,4 1,0 | 0,6
40 7,9 80,4 29,9 35,0 23,0 12,1 1,21 05
41 8,1 82,2 33,1 35,2 19,5 12,2 1,11 0,6
42 8,3 83,0 35,7 33,9 19,4 11,0 10| 0,6
43 8,6 86,3 34,9 30,4 21,9 12,8 091 06
44 8,8 121,5 43,8 26,3 19,3 10,5 0,6 | 0,5

45 9,1 113,3 43,7 26,7 18,9 10,8 0,6 | 0,6
46 9,2 100,8 40,8 30,5 18,7 10,1 0,71 0,5
47 9,4 123,9 55,6 23,1 14,2 7,2 041 05
48 9,6 143,8 60,7 19,8 12,9 6,6 03] 05
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depth (cm) | age (ka) | total terrigenous | smectite (%) | illite (%) | chlorite (%) | kaolinite (%) | 1/S | K/C
49 9,7 114,2 42,5 28,7 18,5 10,3 0,71 0,6
50 9,9 111,8 45,6 28,7 15,9 9,8 0,6 | 0,6
51 10,0 136,4 53,4 22,4 16,0 8,2 0,4 | 0,5
52 10,2 136,1 56,8 21,2 16,2 5,8 04104
53 10,3 103,8 35,1 34,1 19,8 10,9 1,01 0,5
54 10,5 116,7 54,3 24,9 13,9 6,9 055] 0,5
55 10,7 102,8 43,7 29,3 17,6 9,4 0,71 0,5
56 10,8 125,4 43,8 29,8 16,5 9,9 0,71 0,6
57 10,9 123,6 43,5 28,1 18,4 10,0 0,6 | 0,5
58 11,0 116,4 50,0 26,6 14,5 9,0 051 0,6
59 11,1 126,2 43,5 28,4 18,1 10,0 0,71 0,6
60 11,3 128,2 46,4 27,8 16,2 9,6 0,6 | 0,6
61 11,4 147,2 57,5 22,7 12,7 7,1 041 0,6
62 11,5 135,0 40,1 31,6 17,4 10,9 08 1] 0,6
63 11,6 155,6 44,5 28,3 17,3 9,9 06 1] 0,6
64 11,8 116,6 46,5 28,7 15,3 9,5 0,6 | 0,6
65 11,9 143,8 58,5 22,6 12,3 6,6 041 0,5
66 12,1 144,2 40,2 30,5 19,3 9,9 0,81 0,5
67 12,2 128,8 43,7 28,8 16,8 10,7 0,71 0,6
68 12,3 132,3 38,4 31,5 19,9 10,1 0,81 0,5
69 12,4 144,0 48,3 25,1 16,9 9,6 051 06
70 12,6 138,2 37,0 31,7 20,4 10,9 091 05
71 12,7 124,0 36,6 32,5 20,6 10,3 09| 0,5
72 12,8 139,7 42,0 30,3 18,5 9,3 0,71 0,5
73 12,9 143,1 38,6 29,6 21,7 10,2 0,81 0,5
74 13,0 126,3 34,0 32,8 21,7 11,4 1,0 | 0,5
75 13,1 130,5 36,4 32,4 21,1 10,1 091 05
76 13,2 134,4 39,4 31,1 18,3 11,2 0,81 0,6
77 13,2 145,9 50,2 24,6 17,2 8,0 05] 0,5
78 13,3 123,1 42,8 29,3 18,5 9,3 0,7 ] 0,5
79 13,5 129,2 39,8 30,8 19,6 9,8 0,8 | 0,5
80 13,6 125,4 39,4 29,2 21,3 10,1 0,7 ] 0,5
81 13,7 122,1 36,1 31,6 22,5 9,8 09104
82 13,8 134,8 40,1 29,5 20,3 10,1 0,71 0,5
83 13,9 113,7 39,8 30,3 19,8 10,0 0,81 0,5
84 14,0 126,5 33,9 33,3 21,3 11,5 1,0 | 0,5
85 14,1 124,3 35,5 32,5 22,3 9,7 09104
86 14,2 114,3 37,1 31,4 22,0 9,5 081 04
87 14,3 105,4 35,4 35,1 20,0 9,4 1,0 | 0,5
88 14,4 96,4 30,6 32,6 25,4 11,4 1,1 04
89 14,5 131,3 39,3 26,8 22,5 11,4 0,71 0,5
90 14,6 111,2 33,6 33,6 21,8 10,9 1,0 | 0,5
91 14,7 109,3 35,9 33,5 21,7 8,8 09104
92 14,7 106,2 32,6 33,9 22,4 11,1 1,0 | 0,5
93 14,7 128,6 34,0 31,3 24,2 10,6 09104
94 14,8 121,8 35,3 32,4 22,3 10,0 091 04
95 14,8 131,9 34,7 30,1 25,1 10,1 09104
96 14,9 117,5 29,8 34,5 25,5 10,2 1,2 | 04
97 15,0 118,5 30,8 33,0 25,9 10,3 1,1 04
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depth (cm) | age (ka) | total terrigenous | smectite (%) | illite (%) | chlorite (%) | kaolinite (%) | 1/S | K/C
98 15,1 136,6 36,7 32,1 21,7 9,5 09104
99 15,1 135,0 35,1 30,5 23,6 10,8 091 05
100 15,3 124,6 29,8 35,2 24,4 10,5 1,21 04
101 15,5 110,9 27,1 36,6 24,6 11,6 1,4 | 0,5
102 15,6 117,4 31,0 33,7 25,4 9,8 1,1 0,4
103 15,8 117,1 28,7 33,8 26,6 10,9 1,2 | 04
104 15,9 119,9 29,0 34,5 25,9 10,7 1,21 04
105 16,0 126,4 28,7 34,6 25,5 11,2 1,2 | 04
106 16,1 126,8 30,1 30,6 27,2 12,0 1,0] 04
107 16,3 109,0 30,6 34,0 24,9 10,5 1,1 04
108 16,4 106,3 26,6 37,1 26,6 9,7 1,41 04
109 16,6 115,6 28,5 35,2 26,7 9,6 1,2 | 04
110 16,7 115,6 27,8 34,0 27,6 10,6 1,21 04
111 16,8 114,5 26,8 33,4 28,7 11,1 1,2 | 04
112 17,0 119,9 26,9 31,0 30,1 12,0 1,1 0,4
113 17,1 107,2 26,2 36,2 24,9 12,7 1,4 | 0,5
114 17,2 108,3 26,3 33,7 29,6 10,4 1,31 0,4
115 17,3 103,8 26,9 35,8 25,0 12,3 1,3 | 0,5
116 17,5 109,5 26,1 35,1 28,0 10,8 1,3 04
117 17,6 103,0 22,3 36,0 30,1 11,6 1,6 | 0,4
118 17,7 102,2 19,9 36,8 31,2 12,1 1,91 04
119 17,8 92,2 21,1 38,2 27,4 13,3 1,8 | 0,5
120 17,9 95,9 19,8 38,3 29,7 12,2 191104
121 18,0 86,3 18,8 37,9 29,9 13,5 20| 0,4
122 18,1 95,5 20,1 37,0 30,5 12,5 1,8 04
123 18,2 104,9 20,7 36,9 30,8 11,5 1,8 | 04
124 18,3 115,2 24,8 33,4 29,4 12,3 1,31 04
125 18,4 105,4 23,3 37,0 28,2 11,5 1,6 | 0,4
126 18,5 106,8 22,5 37,8 27,5 12,2 1,71 0,4
127 18,5 108,3 21,5 35,8 30,1 12,6 1,7 | 0,4
128 18,6 111,2 26,5 32,7 29,2 11,7 1,21 04
129 18,7 100,8 21,6 34,1 31,3 13,0 1,6 | 0,4
130 18,8 106,8 24,3 32,1 31,7 11,9 1,31 04
131 18,9 110,5 26,9 29,8 29,3 14,0 1,1 0,5
132 18,9 116,8 25,0 35,4 27,5 12,2 1,41 04
133 19,0 95,2 23,6 36,9 28,3 11,2 1,6 | 0,4
134 19,1 104,3 23,8 36,7 26,3 13,3 1,5 0,5
135 19,2 111,5 29,8 33,7 25,0 11,5 1,1 0,5
136 19,3 102,9 27,3 33,0 26,8 12,9 1,2 | 0,5
137 19,4 99,7 26,2 34,8 28,6 10,4 1,3 | 04
138 19,5 98,0 26,0 35,7 26,7 11,6 1,4 | 04
139 19,7 101,0 21,7 38,1 28,3 12,0 1,8 | 04
140 19,8 104,2 25,0 35,6 28,0 11,3 1,4 | 04
141 20,0 111,6 29,1 34,6 24,2 12,0 1,2 | 0,5
142 20,1 118,1 28,0 32,2 27,2 12,5 1,21 0,5
143 20,2 101,4 27,7 34,1 26,7 11,5 1,2 | 04
144 20,4 115,9 25,3 33,9 30,1 10,7 1,3 04
145 20,5 109,4 28,0 34,8 26,6 10,6 1,2 | 04
146 20,7 113,3 28,5 33,7 27,6 10,2 1,2 | 04
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depth (cm) | age (ka) | total terrigenous | smectite (%) | illite (%) | chlorite (%) | kaolinite (%) | 1/S | K/C
148 21,0 109,6 26,1 35,6 27,1 11,2 1,4 | 04
149 21,1 110,2 27,5 33,1 26,3 13,1 1,2 | 0,5
150 21,2 102,8 29,2 34,2 26,0 10,5 1,21 04
151 21,4 93,6 29,9 33,9 24,5 11,6 1,1 0,5
152 21,5 90,2 28,9 32,0 28,5 10,6 1,104
153 21,7 92,8 33,1 33,6 22,1 11,2 1,0 | 0,5
154 21,8 107,2 31,6 33,1 24,7 10,6 1,0] 04
155 22,0 92,6 32,9 34,1 22,4 10,6 1,0 | 0,5
156 22,1 101,7 30,7 32,3 25,6 11,4 1,1 0,4
157 22,3 106,4 31,8 32,3 26,0 9,8 10| 04
158 22,4 107,0 30,8 33,4 27,4 8,5 1,1 0,3
159 22,6 106,7 31,1 33,1 24,2 11,7 1,1 0,5
160 22,7 111,0 27,0 35,3 26,8 10,9 1,3 04
161 22,9 115,0 28,7 35,1 24,7 11,5 1,2 | 0,5
162 23,0 119,0 31,2 33,5 24,7 10,5 1,11 0,4
163 23,2 107,3 32,1 34,1 24,4 9,4 1,1 04
164 23,3 114,8 29,1 34,1 26,2 10,6 1,21 04
165 23,5 94,9 28,1 35,1 24,6 12,1 1,2 | 0,5
166 23,6 97,0 26,4 35,0 27,7 10,9 1,31 04
167 23,8 103,5 26,9 33,2 27,9 12,0 1,2 | 04
168 24,0 94,9 32,1 33,8 25,7 8,4 1,11 0,3
169 24,1 114,7 30,1 33,6 24,9 11,4 1,1 0,5
170 24,3 109,7 29,3 31,8 27,3 11,7 1,11 0,4
171 24,4 112,7 26,0 36,0 27,2 10,8 1,4 | 04
172 24,6 110,4 27,7 35,0 27,8 9,5 1,31 0,3
173 24,7 114,6 29,9 34,8 25,0 10,3 1,2 | 04
174 24,8 103,7 29,3 35,9 25,2 9,6 1,2 | 0,4
175 24,9 101,3 25,0 37,1 27,1 10,8 15| 04
176 25,0 95,0 24,8 37,0 27,2 11,0 1,51 04
177 25,2 117,6 25,7 34,9 28,0 11,4 1,4 | 04
178 25,3 115,9 25,9 35,9 27,3 10,9 1,4 04
179 25,4 112,9 27,6 34,7 26,4 11,3 1,3 | 04
180 25,5 102,4 27,8 36,0 25,4 10,8 1,3 04
181 25,6 107,6 25,8 35,1 27,7 11,4 1,4 | 04
182 25,7 116,3 27,2 33,7 28,7 10,4 1,21 04
183 25,8 102,5 26,2 37,1 27,6 9,1 1,4 | 0,3
184 25,9 115,0 27,9 34,6 25,7 11,7 1,21 0,5
185 26,0 106,5 29,7 33,2 28,1 9,0 1,1 0,3
186 26,1 104,3 29,8 35,5 24,6 10,0 1,2 | 04
187 26,2 103,1 27,2 34,8 25,9 12,1 1,3 | 0,5
188 26,3 102,9 28,0 34,9 27,3 9,8 1,2 | 04
189 26,5 106,9 27,4 35,6 27,0 10,0 1,3 | 04
190 26,6 103,0 27,9 34,8 27,2 10,1 1,3 04
191 26,7 110,2 28,5 33,5 27,9 10,1 1,2 | 04
192 26,8 101,5 31,2 33,5 25,0 10,3 1,1 04
193 26,9 99,6 27,5 35,9 26,4 10,2 1,3 | 04
194 27,0 100,1 26,5 35,5 28,8 9,3 1,31 0,3
195 27,2 96,4 26,8 35,7 27,6 9,9 1,3 | 04
196 27,3 99,4 29,4 35,0 25,1 10,5 1,2 | 04
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depth (cm) | age (ka) | total terrigenous | smectite (%) | illite (%) | chlorite (%) | kaolinite (%) | 1/S | K/C
197 27,4 105,1 26,3 35,3 29,5 8,9 1,31 0,3
198 27,5 103,6 24,2 35,9 28,4 11,5 15| 04
199 27,6 103,6 28,3 35,1 27,7 8,9 1,2 103
200 27,7 109,5 29,8 32,5 27,2 10,5 1,1 04
201 27,8 102,0 23,6 37,5 29,8 9,1 1,6 | 0,3
202 27,9 98,7 25,3 35,6 28,3 10,8 1,4 | 04
203 28,0 102,4 23,8 38,1 28,2 9,8 1,6 | 0,3
204 28,1 107,9 24,3 37,6 27,7 10,4 15| 04
205 28,3 97,8 26,0 37,5 25,9 10,6 1,41 04
206 28,4 110,6 25,6 37,9 27,4 9,1 1,51 0,3
207 28,5 115,8 26,0 31,8 33,1 9,1 1,2 | 0,3
208 28,6 104,5 23,9 35,8 27,9 12,4 15| 04
209 28,6 112,9 22,8 37,1 29,0 11,0 16 04
210 28,7 127,8 24,5 34,5 29,8 11,3 1,4 | 04
211 28,8 117,6 23,1 37,6 29,2 10,1 1,6 | 0,3
212 28,9 134,2 23,6 35,2 29,3 11,9 15| 04
213 29,0 113,0 26,9 32,1 28,6 12,4 1,21 04
214 29,0 105,4 21,9 38,1 29,0 11,0 1,7 | 04
215 29,1 108,5 21,2 37,9 30,2 10,7 1,81 0,4
216 29,2 100,4 25,4 36,0 28,3 10,3 1,4 | 04
217 29,3 112,6 23,0 36,3 30,4 10,2 1,6 | 0,3
218 29,4 107,7 23,6 37,5 28,3 10,6 1,6 | 0,4
219 29,4 100,2 22,0 39,7 27,5 10,8 1,81 0,4
220 29,5 119,8 23,1 38,2 28,8 9,9 1,7 | 0,3
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Annex 14: Crystalinity and chemistry of illite and smectite from cOFEMDOFISEIGGY: Universite de Lille, 2020

depth (cm) age (ka) smectite illite illite .
crystallinity crystallinity 5A/10A
0 0,9 1,298 0,269 0,249
1 1,0 1,149 0,365 0,146
2 1,1 1,145 0,376 0,124
3 1,3 1,145 0,361 0,211
4 1,4 1,063 0,330 0,115
5 1,5 1,079 0,336 0,163
6 1,6 1,164 0,366 0,214
7 1,7 1,138 0,331 0,215
8 1,9 1,031 0,333 0,164
9 2,0 1,118 0,235 0,229
10 2,2 1,205 0,354 0,149
11 2,3 1,084 0,312 0,158
12 2,5 1,119 0,322 0,229
13 2,7 1,115 0,344 0,163
14 2,8 1,155 0,365 0,149
15 3,0 1,158 0,344 0,187
16 3,2 1,191 0,361 0,185
17 3,4 1,171 0,347 0,159
18 3,7 1,135 0,357 0,113
19 3,9 1,289 0,342 0,154
20 4,1 1,358 0,347 0,178
21 4,3 1,348 0,361 0,251
22 4,6 1,304 0,327 0,165
23 4,8 1,319 0,343 0,152
24 51 1,281 0,350 0,154
25 5,3 1,334 0,378 0,168
26 5,5 1,251 0,347 0,219
27 5,7 1,274 0,368 0,141
28 5,8 1,193 0,347 0,128
29 6,0 1,257 0,364 0,194
30 6,2 1,233 0,352 0,177
31 6,3 1,054 0,341 0,150
32 6,4 1,088 0,359 0,230
33 6,6 1,172 0,326 0,197
34 6,7 1,168 0,363 0,198
35 6,9 1,218 0,348 0,170
36 7,0 1,174 0,369 0,177
37 7,2 1,276 0,405 0,143
38 7,4 1,310 0,364 0,154
39 7,7 1,067 0,353 0,122
40 7,9 1,087 0,417 0,150
41 8,1 1,021 0,350 0,188
42 8,3 1,099 0,396 0,183
43 8,6 1,112 0,384 0,199
44 8,8 1,340 0,347 0,232
45 9,0 1,321 0,372 0,202
46 9,2 1,148 0,317 0,206
47 9,4 1,341 0,348 0,166
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depth (cm) age (ka) smectite illite illite .
crystallinity crystallinity 5A/10A
48 9,6 1,325 0,210
49 9,8 1,245 0,361 0,184
50 9,9 1,265 0,373 0,184
51 10,1 1,347 0,406 0,189
52 10,2 1,380 0,378 0,199
53 10,4 1,167 0,340 0,188
54 10,5 1,304 0,356 0,151
55 10,7 1,220 0,362 0,132
56 10,8 1,343 0,365 0,181
57 10,9 1,278 0,366 0,184
58 11,0 1,264 0,366 0,162
59 11,1 1,260 0,353 0,217
60 11,3 1,238 0,317 0,146
61 11,4 1,347 0,361 0,146
62 11,5 1,209 0,350 0,206
63 11,7 1,337 0,364 0,174
64 11,8 1,225 0,358 0,133
65 11,9 1,326 0,381 0,153
66 12,1 1,325 0,390 0,207
67 12,2 1,258 0,351 0,170
68 12,3 1,211 0,373 0,203
69 12,4 1,394 0,363 0,201
70 12,6 1,161 0,385 0,195
71 12,7 1,232 0,352 0,172
72 12,8 1,214 0,335 0,156
73 12,9 1,248 0,192
74 13,0 1,194 0,326 0,197
75 13,1 1,270 0,330 0,210
76 13,2 1,247 0,341 0,211
77 13,3 1,349 0,348 0,173
78 13,3 1,277 0,341 0,186
79 13,5 1,233 0,327 0,171
80 13,6 1,223 0,325 0,223
81 13,7 1,179 0,351 0,215
82 13,8 1,279 0,367 0,240
83 13,9 1,165 0,313 0,193
84 14,0 1,227 0,362 0,202
85 14,1 1,187 0,368 0,187
86 14,2 1,194 0,352 0,195
87 14,3 1,101 0,367 0,140
88 14,4 1,057 0,345 0,151
89 14,5 1,300 0,377 0,207
90 14,6 1,094 0,361 0,191
91 14,6 1,148 0,350 0,170
92 14,7 1,096 0,320 0,151
93 14,7 1,179 0,340 0,202
94 14,8 1,167 0,381 0,229
95 14,8 1,227 0,348 0,224
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depth (cm) age (ka) smect.itfe iIIitc? . illite .
crystallinity crystallinity 5A/10A
96 14,9 1,098 0,334 0,192
97 15,0 1,078 0,324 0,179
98 15,1 1,196 0,377 0,185
99 15,2 1,153 0,379 0,191
100 15,3 1,106 0,351 0,185
101 15,4 1,074 0,324 0,176
102 15,6 1,137 0,352 0,149
103 15,7 1,164 0,360 0,178
104 15,9 1,106 0,342 0,187
105 16,0 1,068 0,379 0,189
106 16,1 1,185 0,358 0,270
107 16,3 1,114 0,375 0,197
108 16,4 1,046 0,186
109 16,6 1,119 0,406 0,166
110 16,7 1,119 0,391 0,203
111 16,8 1,102 0,349 0,201
112 17,0 1,145 0,387 0,238
113 17,1 1,048 0,344 0,176
114 17,2 1,053 0,375 0,207
115 17,3 1,009 0,368 0,174
116 17,5 1,063 0,378 0,166
117 17,6 1,062 0,352 0,225
118 17,7 1,021 0,335 0,193
119 17,8 1,040 0,380 0,203
120 17,9 1,039 0,353 0,196
121 18,0 0,983 0,336 0,143
122 18,1 1,042 0,339 0,196
123 18,2 1,083 0,347 0,195
124 18,3 1,158 0,362 0,231
125 18,4 1,072 0,368 0,177
126 18,5 1,086 0,370 0,211
127 18,5 1,001 0,350 0,176
128 18,6 1,118 0,337 0,216
129 18,7 1,019 0,350 0,182
130 18,8 1,146 0,367 0,237
131 18,9 1,112 0,374 0,243
132 18,9 1,087 0,351 0,221
133 19,0 1,102 0,349 0,173
134 19,1 1,083 0,331 0,201
135 19,2 1,164 0,376 0,182
136 19,3 1,107 0,375 0,188
137 19,4 1,100 0,360 0,172
138 19,5 1,077 0,393 0,176
139 19,7 1,070 0,374 0,170
140 19,8 1,064 0,402 0,171
141 20,0 1,107 0,389 0,172
142 20,1 1,166 0,371 0,222
143 20,2 1,105 0,373 0,175
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depth (cm) age (ka) smect.itfe iIIitc? . illite .
crystallinity crystallinity 5A/10A
144 20,4 1,113 0,383 0,228
145 20,5 1,071 0,353 0,189
146 20,7 1,135 0,394 0,233
147 20,8 1,120 0,363 0,204
148 21,0 1,119 0,391 0,165
149 21,1 1,029 0,343 0,195
150 21,2 1,065 0,353 0,167
151 21,4 1,049 0,394 0,189
152 21,5 1,008 0,347 0,148
153 21,7 1,046 0,360 0,161
154 21,8 1,034 0,364 0,188
155 22,0 1,087 0,384 0,155
156 22,1 1,021 0,354 0,166
157 22,3 1,113 0,368 0,177
158 22,4 1,115 0,392 0,202
159 22,6 1,112 0,358 0,219
160 22,7 1,092 0,365 0,190
161 22,9 1,061 0,329 0,173
162 23,0 1,088 0,373 0,231
163 23,2 1,057 0,366 0,174
164 23,3 1,071 0,373 0,188
165 23,5 1,060 0,315 0,152
166 23,6 1,043 0,357 0,170
167 23,8 1,052 0,333 0,218
168 24,0 1,064 0,277 0,165
169 24,1 1,111 0,203
170 24,3 1,144 0,336 0,213
171 24,4 1,118 0,389 0,207
172 24,6 1,101 0,391 0,246
173 24,7 1,043 0,193
174 24,8 1,074 0,367 0,146
175 24,9 1,029 0,368 0,207
176 25,0 1,077 0,361 0,179
177 25,2 1,159 0,350 0,208
178 25,3 1,095 0,360 0,195
179 25,4 1,106 0,346 0,183
180 25,5 1,041 0,365 0,144
181 25,6 1,063 0,350 0,190
182 25,7 1,125 0,422 0,203
183 25,8 1,036 0,360 0,141
184 25,9 1,127 0,363 0,174
185 26,0 1,108 0,332 0,174
186 26,1 0,921 0,345 0,194
187 26,2 1,114 0,366 0,172
188 26,3 1,204 0,343 0,169
189 26,5 1,052 0,388 0,178
190 26,6 1,278 0,304 0,192
191 26,7 1,046 0,385 0,185
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depth (cm) age (ka) smectite illite illite .
crystallinity crystallinity 5A/10A
192 26,8 0,969 0,349 0,191
193 26,9 1,044 0,370 0,208
194 27,0 1,087 0,328 0,168
195 27,2 1,198 0,369 0,197
196 27,3 1,122 0,366 0,162
197 27,4 0,947 0,359 0,192
198 27,5 1,197 0,349 0,159
199 27,6 1,446 0,350 0,152
200 27,7 0,888 0,411 0,222
201 27,8 1,098 0,366 0,212
202 27,9 1,084 0,316 0,160
203 28,0 1,043 0,347 0,161
204 28,1 1,151 0,358 0,209
205 28,3 1,039 0,341 0,154
206 28,4 1,075 0,351 0,197
207 28,5 1,150 0,353 0,231
208 28,6 1,117 0,212
209 28,6 1,098 0,372 0,226
210 28,7 1,173 0,344 0,240
211 28,8 1,069 0,355 0,203
212 28,9 1,214 0,360 0,245
213 29,0 1,198 0,373 0,194
214 29,1 1,039 0,333 0,202
215 29,1 1,076 0,330 0,221
216 29,2 1,110 0,350 0,203
217 29,3 1,147 0,331 0,230
218 29,4 1,056 0,333 0,180
219 29,5 1,047 0,350 0,175
220 29,5 1,105 0,342 0,194
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Annex 15: grain size distribution data from core MD07-3076Q

cohesive silts

non cohesive

coarse mode

fine mode

coarse mode

fine mode

depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
0 0,9 3,23 40,87 46,40 2,14 22,92 7,76 29,43 51,37 0,57 1,75
1 1,0 2,45 43,76 45,56 0,80 17,17 8,87 28,84 55,99 0,52 1,94
2 1,1 1,85 40,94 48,64 0,84 20,50 10,79 30,96 53,77 0,58 1,74
3 1,3 1,86 39,09 49,07 2,25 20,50 10,77 31,25 51,12 0,61 1,64
4 1,4 1,82 39,37 49,54 1,55 20,50 11,20 31,65 51,68 0,61 1,63
5 1,5 2,08 40,44 49,36 0,73 18,00 10,79 31,91 52,46 0,61 1,64
6 1,6 2,01 40,38 49,22 0,94 20,50 10,20 31,70 52,39 0,61 1,65
7 1,8 1,94 39,35 49,54 1,69 21,61 9,57 31,93 50,84 0,63 1,59
8 1,9 2,23 40,93 48,99 0,55 20,50 9,56 31,74 52,68 0,60 1,66
9 2,1 2,21 41,42 48,06 1,01 20,50 8,60 30,99 52,96 0,59 1,71
10 2,2 2,27 41,02 48,55 0,89 18,22 9,68 31,40 52,80 0,59 1,68
11 2,4 2,42 40,67 48,86 1,00 24,39 8,16 31,89 51,68 0,62 1,62
12 2,5 2,35 38,70 50,44 1,37 25,90 9,19 32,99 49,51 0,67 1,50
13 2,7 2,68 39,47 49,56 1,25 24,69 9,44 32,42 50,36 0,64 1,55
14 2,8 2,69 39,39 50,17 0,82 23,10 8,00 33,03 50,57 0,65 1,53
15 3,0 2,71 40,42 49,02 0,86 21,70 10,00 32,08 51,69 0,62 1,61
16 3,2 2,78 41,44 47,71 1,07 21,63 8,23 31,04 52,54 0,59 1,69
17 3,4 2,80 39,12 49,97 1,17 24,77 7,45 32,86 49,83 0,66 1,52
18 3,7 3,22 41,05 48,53 0,42 21,76 7,45 31,95 52,22 0,61 1,63
19 3,9 2,70 40,05 49,57 0,72 22,36 8,00 32,56 51,24 0,64 1,57
20 4,1 2,56 40,86 48,59 0,90 21,29 9,29 31,63 52,22 0,61 1,65
21 4,3 2,84 40,90 48,28 0,98 21,63 9,28 31,48 52,08 0,60 1,65
22 4,5 3,53 41,00 47,44 1,27 23,37 7,24 31,04 51,50 0,60 1,66
23 4,7 3,24 39,88 49,58 0,51 23,08 7,45 32,73 50,77 0,64 1,55
24 4,9 3,78 41,68 47,34 0,50 21,78 8,17 31,05 52,51 0,59 1,69
25 51 3,54 42,62 46,65 0,47 20,40 7,75 30,51 53,65 0,57 1,76
26 5,3 3,21 39,65 48,92 1,36 25,05 7,85 32,09 50,06 0,64 1,56
27 5,5 3,66 40,56 48,14 0,89 23,58 7,87 31,60 51,09 0,62 1,62
28 5,7 3,47 40,41 47,56 1,69 22,68 8,25 31,01 51,01 0,61 1,64
29 5,9 3,56 42,82 46,43 0,42 19,22 7,93 30,27 53,94 0,56 1,78
30 6,1 3,06 38,94 49,74 1,43 26,04 7,64 32,79 49,21 0,67 1,50
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cohesive silts | non cohesive coarse mode | fine mode | coarse mode | fine mode
depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
31 6,3 2,97 38,20 50,11 1,84 28,33 6,97 32,98 48,00 0,69 1,46
32 6,4 2,96 39,46 49,13 1,56 26,60 7,16 32,23 49,63 0,65 1,54
33 6,6 3,20 39,97 48,83 1,21 26,04 7,12 32,08 50,22 0,64 1,57
34 6,7 3,53 39,89 48,61 1,21 24,24 8,30 31,94 50,36 0,63 1,58
35 6,8 3,29 40,20 47,80 1,76 24,60 7,64 31,10 50,63 0,61 1,63
36 7,0 3,32 40,82 47,93 1,04 24,43 7,88 31,25 51,47 0,61 1,65
37 7,2 3,30 39,88 48,92 1,11 25,78 7,37 32,14 50,21 0,64 1,56
38 7,4 3,41 37,76 50,55 1,57 28,97 6,78 33,49 47,37 0,71 1,41
39 7,7 3,09 38,14 50,65 1,28 27,58 7,97 33,41 48,23 0,69 1,44
40 7,9 2,92 38,13 50,37 1,63 28,15 7,71 33,07 48,19 0,69 1,46
41 8,1 3,14 39,14 49,45 1,37 27,07 7,18 32,44 49,22 0,66 1,52
42 8,3 3,47 41,64 46,88 1,19 24,34 6,96 30,53 52,06 0,59 1,71
43 8,6 3,24 40,94 46,80 2,10 23,74 7,34 30,35 51,42 0,59 1,69
44 8,8 3,62 39,88 48,97 0,85 24,87 7,72 32,34 50,28 0,64 1,55
45 9,1 3,36 39,08 49,50 1,20 25,50 7,45 32,54 49,41 0,66 1,52
46 9,2 3,53 39,14 49,77 0,84 25,01 7,45 32,89 49,59 0,66 1,51
47 9,4 3,54 37,34 50,47 1,87 26,20 7,00 33,36 47,41 0,70 1,42
48 9,6 3,12 39,60 49,73 0,70 22,90 7,45 32,73 50,59 0,65 1,55
49 9,7 2,51 38,96 50,09 1,22 22,02 8,80 32,60 50,24 0,65 1,54
50 9,9 3,78 38,13 50,26 1,07 26,12 7,00 33,24 48,19 0,69 1,45
51 10,0 3,34 38,06 51,13 0,72 25,95 7,45 33,98 48,40 0,70 1,42
52 10,2 3,36 38,60 50,24 1,11 26,93 7,26 33,28 48,64 0,68 1,46
53 10,3 3,14 36,52 51,69 1,80 28,51 7,00 34,24 46,27 0,74 1,35
54 10,5 3,18 38,78 49,95 1,20 25,59 7,45 32,84 49,21 0,67 1,50
55 10,7 3,49 37,59 50,40 1,68 26,78 7,45 33,21 47,58 0,70 1,43
56 10,8 3,84 37,98 49,92 1,50 27,50 6,99 32,89 47,72 0,69 1,45
57 10,9 3,67 38,97 49,34 1,27 26,43 7,24 32,48 49,01 0,66 1,51
58 11,0 4,21 39,89 47,88 1,33 26,54 6,36 31,37 49,67 0,63 1,58
59 11,1 4,07 39,63 48,59 1,03 25,61 7,05 32,00 49,71 0,64 1,55
60 11,3 3,89 40,34 47,80 1,26 25,59 6,74 31,32 50,40 0,62 1,61
61 11,4 4,02 42,38 45,78 1,11 23,62 6,64 29,73 52,67 0,56 1,77
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cohesive silts | non cohesive coarse mode | fine mode | coarse mode | fine mode
depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
62 11,5 5,21 38,42 46,33 3,15 28,74 5,93 29,88 47,44 0,63 1,59
63 11,6 5,17 38,37 46,45 3,07 29,38 5,95 29,89 47,34 0,63 1,58
64 11,8 4,24 39,93 47,14 1,97 28,47 6,00 30,74 49,30 0,62 1,60
65 11,9 3,75 42,03 44,98 2,27 27,55 6,24 28,80 51,73 0,56 1,80
66 12,1 3,89 41,04 46,30 1,96 28,04 6,14 30,00 50,61 0,59 1,69
67 12,2 4,09 41,99 44,98 2,14 28,07 5,94 28,96 51,44 0,56 1,78
68 12,3 4,05 42,17 45,22 1,76 26,39 6,14 29,15 51,93 0,56 1,78
69 12,4 3,92 41,66 45,22 2,25 27,59 6,19 28,98 51,30 0,56 1,77
70 12,6 3,83 42,17 45,09 1,98 27,21 6,25 28,91 51,94 0,56 1,80
71 12,7 3,77 41,23 46,38 1,67 26,37 6,52 29,88 51,17 0,58 1,71
72 12,8 5,14 37,48 46,71 3,64 29,92 5,89 29,97 46,32 0,65 1,55
73 12,9 4,20 38,62 48,44 1,90 28,82 6,12 31,56 47,97 0,66 1,52
74 13,0 3,82 38,42 48,05 2,70 29,00 6,50 31,06 47,87 0,65 1,54
75 13,1 4,47 39,71 47,54 1,49 27,18 6,15 30,92 49,30 0,63 1,59
76 13,2 3,98 38,29 48,21 2,57 29,79 6,04 31,28 47,44 0,66 1,52
77 13,2 3,91 39,63 47,26 2,25 28,80 6,19 30,53 49,09 0,62 1,61
78 13,3 4,05 39,71 47,49 1,86 28,17 6,19 30,79 49,24 0,63 1,60
79 13,5 4,08 39,45 47,36 2,22 29,43 6,05 30,65 48,74 0,63 1,59
80 13,6 3,44 38,19 48,24 2,96 29,82 6,77 31,05 47,68 0,65 1,54
81 13,7 4,48 42,26 45,21 1,28 26,51 6,12 29,09 52,04 0,56 1,79
82 13,8 3,65 39,16 47,10 2,98 30,25 6,30 30,21 48,48 0,62 1,60
83 13,9 3,85 39,35 47,33 2,49 30,61 6,03 30,54 48,50 0,63 1,59
84 14,0 3,78 37,34 48,33 3,43 31,19 6,28 31,14 46,39 0,67 1,49
85 14,1 4,29 40,19 46,24 2,43 29,81 5,81 29,82 49,31 0,60 1,65
86 14,2 3,83 41,29 45,79 2,05 27,96 6,33 29,31 51,00 0,57 1,74
87 14,3 3,95 39,80 46,65 2,56 30,06 6,12 29,95 49,08 0,61 1,64
88 14,4 3,86 39,07 47,43 2,59 31,00 6,04 30,55 48,17 0,63 1,58
89 14,5 3,73 40,36 46,41 2,46 30,77 6,12 29,75 49,64 0,60 1,67
90 14,6 3,69 39,49 46,40 3,21 31,74 6,18 29,54 48,65 0,61 1,65
91 14,7 4,37 40,07 45,60 3,05 32,70 5,56 29,22 48,71 0,60 1,67
92 14,7 4,20 41,37 44,92 2,53 30,79 5,90 28,65 50,53 0,57 1,76
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cohesive silts | non cohesive coarse mode | fine mode | coarse mode | fine mode
depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
93 14,7 4,46 41,02 44,97 2,62 31,03 5,73 28,72 50,01 0,57 1,74
94 14,8 4,23 41,58 44,37 2,77 31,33 5,93 28,11 50,72 0,55 1,80
95 14,8 4,24 41,00 44,79 2,91 31,56 5,92 28,42 50,08 0,57 1,76
96 14,9 3,60 41,41 44,42 3,26 30,79 6,35 27,90 50,91 0,55 1,82
97 15,0 4,25 40,64 45,03 3,00 32,21 5,90 28,58 49,64 0,58 1,74
98 15,1 3,87 39,85 45,25 3,79 32,89 6,13 28,57 48,89 0,58 1,71
99 15,1 4,05 41,14 44,96 2,69 31,26 6,11 28,45 50,42 0,56 1,77
100 15,3 3,68 42,45 44,25 2,34 29,64 6,44 27,79 52,21 0,53 1,88
101 15,5 3,72 41,19 44,86 3,03 31,04 6,23 28,35 50,58 0,56 1,78
102 15,6 3,86 41,43 45,31 2,28 30,46 6,23 28,78 50,92 0,57 1,77
103 15,8 3,46 40,43 45,83 2,93 32,52 6,45 28,91 49,85 0,58 1,72
104 15,9 2,83 39,63 46,73 3,13 31,04 7,44 29,29 49,66 0,59 1,70
105 16,0 3,44 40,34 46,23 2,68 31,88 6,59 29,28 49,87 0,59 1,70
106 16,1 2,41 43,43 44,22 2,12 31,00 7,92 27,21 54,77 0,50 2,01
107 16,3 2,80 40,49 46,05 2,99 31,28 7,27 28,76 50,56 0,57 1,76
108 16,4 3,01 40,43 46,07 2,93 30,82 7,11 28,89 50,36 0,57 1,74
109 16,6 3,19 39,41 47,17 2,75 31,40 6,97 29,84 49,08 0,61 1,64
110 16,7 2,98 39,91 46,49 3,03 29,90 7,35 29,20 49,94 0,58 1,71
111 16,8 3,16 38,79 47,54 3,11 31,71 6,81 30,23 48,28 0,63 1,60
112 17,0 3,04 37,24 48,16 4,00 32,73 7,15 30,52 46,61 0,65 1,53
113 17,1 2,76 35,63 48,41 5,41 34,22 7,43 30,49 44,80 0,68 1,47
114 17,2 3,04 36,89 48,92 3,64 32,83 7,09 31,15 46,19 0,67 1,48
115 17,3 2,97 36,61 48,72 4,17 34,27 6,78 30,97 45,63 0,68 1,47
116 17,5 2,79 35,86 48,94 4,76 34,07 7,26 31,04 45,01 0,69 1,45
117 17,6 2,65 36,03 48,94 4,66 32,58 8,03 30,96 45,55 0,68 1,47
118 17,7 2,60 35,54 49,97 4,11 32,57 8,55 31,70 45,13 0,70 1,42
119 17,8 2,54 36,91 49,04 3,78 31,64 8,03 31,04 46,70 0,66 1,50
120 17,9 2,64 37,79 48,73 3,16 29,40 8,43 30,86 47,95 0,64 1,55
121 18,0 2,84 37,60 49,19 2,76 29,59 8,35 31,28 47,62 0,66 1,52
122 18,1 2,71 35,94 49,80 3,85 31,24 8,50 31,67 45,58 0,69 1,44
123 18,2 2,73 38,95 48,48 2,20 28,00 9,29 30,75 49,69 0,62 1,62
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cohesive silts | non cohesive coarse mode | fine mode | coarse mode | fine mode
depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
124 18,3 3,06 38,60 47,51 3,39 32,50 6,73 30,13 47,98 0,63 1,59
125 18,4 2,94 35,44 49,90 4,09 33,97 7,38 31,75 44,58 0,71 1,40
126 18,5 2,60 37,51 48,74 3,38 29,77 8,58 30,73 47,66 0,64 1,55
127 18,5 3,15 37,33 49,22 2,87 31,18 7,28 31,47 46,87 0,67 1,49
128 18,6 3,02 36,85 49,30 3,35 31,99 7,28 31,48 46,28 0,68 1,47
129 18,7 2,92 37,03 48,79 3,72 31,94 7,34 31,01 46,52 0,67 1,50
130 18,8 2,84 38,09 48,29 3,17 30,04 7,60 30,59 47,96 0,64 1,57
131 18,9 2,43 39,26 47,87 2,65 29,00 8,59 30,09 49,98 0,60 1,66
132 18,9 2,56 38,58 47,87 3,25 29,41 7,95 30,12 48,74 0,62 1,62
133 19,0 2,87 37,12 49,11 3,36 32,29 7,08 31,28 46,52 0,67 1,49
134 19,1 3,18 36,20 50,00 3,18 32,58 6,93 32,05 45,36 0,71 1,42
135 19,2 3,27 35,94 50,08 3,32 32,76 6,72 32,19 44,98 0,72 1,40
136 19,3 3,17 36,09 49,71 3,64 33,00 6,60 31,90 45,07 0,71 1,41
137 19,4 3,13 35,90 49,86 3,67 32,89 6,85 31,96 44,96 0,71 1,41
138 19,5 2,91 36,72 49,44 3,45 31,27 7,37 31,59 46,21 0,68 1,46
139 19,7 2,92 37,30 48,49 3,73 30,36 7,57 30,79 46,96 0,66 1,53
140 19,8 2,85 35,91 49,34 4,27 31,75 7,58 31,38 45,27 0,69 1,44
141 20,0 2,57 38,39 48,02 3,26 26,41 8,51 30,23 48,77 0,62 1,61
142 20,1 3,09 37,07 48,36 4,03 31,71 6,90 30,81 46,36 0,66 1,50
143 20,2 2,98 38,13 48,20 3,16 28,72 7,62 30,62 48,00 0,64 1,57
144 20,4 2,99 37,41 48,54 3,50 30,05 7,50 30,86 47,08 0,66 1,53
145 20,5 3,39 37,66 48,37 3,28 29,96 6,80 30,99 47,07 0,66 1,52
146 20,7 3,15 37,64 47,58 4,17 30,73 6,98 30,21 47,07 0,64 1,56
147 20,8 3,14 36,35 48,89 4,20 31,56 6,98 31,25 45,56 0,69 1,46
148 21,0 2,89 37,21 48,24 4,14 30,52 7,33 30,64 46,76 0,66 1,53
149 21,1 3,21 36,44 49,44 3,55 32,37 6,58 31,73 45,50 0,70 1,43
150 21,2 2,94 36,39 49,03 4,15 32,88 6,97 31,27 45,57 0,69 1,46
151 21,4 2,85 36,06 49,88 3,68 32,92 7,08 31,88 45,27 0,70 1,42
152 21,5 2,75 37,92 48,60 3,22 32,73 6,96 30,92 47,38 0,65 1,53
153 21,7 2,96 38,20 47,87 3,51 33,02 6,68 30,39 47,50 0,64 1,56
154 21,8 3,08 39,56 46,19 3,78 31,96 6,54 29,19 48,96 0,60 1,68
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cohesive silts | non cohesive coarse mode | fine mode | coarse mode | fine mode
depth (cm) | age (ka) | clays (%) (%) silts (%) sand (%) (um) (um) (%) (%) coarse/fine | fine/coarse
155 22,0 3,37 39,58 45,80 3,95 32,70 6,26 28,97 48,74 0,59 1,68
156 22,1 3,24 41,80 44,80 2,74 29,55 6,71 28,08 51,71 0,54 1,84
157 22,3 3,44 42,08 44,27 2,89 29,95 6,44 27,78 51,80 0,54 1,86
158 22,4 3,26 43,75 42,68 2,86 30,00 6,74 26,42 53,94 0,49 2,04
159 22,6 3,77 43,21 42,58 3,21 30,37 6,15 26,55 52,73 0,50 1,99
160 22,7 2,93 41,97 43,43 3,99 28,92 7,07 26,72 52,11 0,51 1,95
161 22,9 3,70 44,83 41,45 2,72 30,00 6,40 25,60 54,83 0,47 2,14
162 23,0 4,04 43,69 41,82 3,28 31,32 5,97 26,01 53,02 0,49 2,04
163 23,2 3,67 43,99 41,42 3,59 30,94 6,18 25,55 53,55 0,48 2,10
164 23,3 3,65 44,42 41,60 2,99 30,71 6,27 25,66 54,14 0,47 2,11
165 23,5 3,45 42,84 42,79 3,48 31,16 6,42 26,47 52,53 0,50 1,98
166 23,6 3,48 42,85 43,28 2,99 29,82 6,53 26,89 52,70 0,51 1,96
167 23,8 2,86 41,08 44,16 4,20 31,18 7,10 27,24 51,07 0,53 1,87
168 24,0 2,62 42,14 44,21 3,23 31,50 7,46 27,20 52,71 0,52 1,94
169 24,1 3,15 42,05 44,10 3,20 32,26 6,68 27,39 51,84 0,53 1,89
170 24,3 3,28 43,60 43,42 2,37 30,00 6,49 27,10 53,54 0,51 1,98
171 24,4 1,97 39,12 47,02 3,69 30,00 8,98 28,92 50,28 0,58 1,74
172 24,6 3,25 42,67 43,87 2,82 32,27 6,49 27,34 52,39 0,52 1,92
173 24,7 3,11 41,58 44,85 2,98 32,02 6,68 28,02 51,35 0,55 1,83
177 25,2 3,43 39,33 47,08 2,82 33,05 6,50 29,87 48,67 0,61 1,63
178 25,3 3,43 38,53 47,59 3,03 34,62 6,42 30,12 47,62 0,63 1,58
181 25,6 3,51 36,68 48,38 3,95 36,15 6,26 30,64 45,31 0,68 1,48
182 25,7 2,82 38,37 46,59 4,48 34,89 7,14 29,05 47,86 0,61 1,65




Annex 16: Sr and Nd isotopic data from the clay size fraction fromneeseMRAL3 826 Quniversité de Lille, 2020
26 correspond to the internal error.

depth (cm) | age(ka) | **Nd/**Nd| 20(x10°) | epng ¥sr/®sr | 20(x10°)

4 1,4 0,512280 4 -7,0 0,711143 10
7 1,8 0,512264 9 -7,3 0,710930 8
9 2,1 0,512274 6 -7,1 0,711250 10
12 2,5 0,512278 5 -7,0 0,711180 10
16 3,2 0,512266 11 -7,3 0,710910 9
18 3,7 0,512279 5 -7,0 0,710840 9
20 4,1 0,512266 6 -7,3

22 4,5 0,512277 -7,0 0,710916 11
23 4,7 0,711400 11
26 5,3 0,512274 10 -7,1 0,711090 8
32 6,4 0,512297 9 -6,6 0,711300 9
37 7,2 0,512278 5 -7,0 0,711287 10
39 7,7 0,512296 5 -6,7 0,711600 10
40 7,9 0,512276 5 7,1 0,711863 10
42 8,3 0,512290 6 -6,8 0,711420 9
45 9,1 0,512324 6 -6,1 0,711310 9
48 9,6 0,512283 4 -6,9 0,710651 10
51 10,0 0,512295 6 -6,7 0,710814 15
54 10,5 0,512286 7 -6,9 0,710660 10
57 10,9 0,512282 5 -6,9

61 11,4 0,512282 6 -6,9 0,710770 11
62 11,5 0,512283 5 -6,9 0,711048 10
65 11,9 0,512293 4 -6,7 0,710966 7
68 12,3 0,512292 6 -6,8 0,711240 9
71 12,7 0,512302 7 -6,5 0,711670 12
74 13,0 0,512309 5 -6,4

75 13,1 0,512340 4 -5,8 0,711167 11
80 13,6 0,512322 4 -6,2 0,710987 10
87 14,3 0,512325 6 -6,1 0,710880 10
92 14,7 0,512352 6 -5,6 0,711540 11
96 14,9 0,512352 5 -5,6 0,711493 10
101 15,5 0,512369 6 -5,3 0,711706 10
107 16,3 0,512375 5 -5,1 0,711535 9
112 17,0 0,512363 5 -5,4 0,711769 10
121 18,0 0,512381 5 -5,0

130 18,8 0,512382 5 -5,0

138 19,5 0,512373 5 -5,2

149 21,1 0,512365 4 -5,3 0,711683 11
155 22,0 0,512362 6 -5,4 0,711510 10
160 22,7 0,512384 5 -5,0 0,711400 11
167 23,8 0,512394 5 -4,8 0,711323 12
173 24,7 0,512394 4 -4,8 0,711286 11
182 25,7 0,512394 5 -4,8 0,711883 10
196 27,3 0,512384 4 -5,0

214 29,0 0,512360 4 -5,4
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Annex 17: Sr and Nd isotopic data from the 2-20pm grain size fraggiQn Jr@mhcois Beny, Université de Lille, 2020

core MD07-3076Q. 2o correspond to the internal error.

depth age "Nd/"Nd | 20(x10) €N ¥sr/%sr | 26(x107)

4 1,4 0,512404 7 -4,6 0,707996 9
7 1,8 0,512390 9 -4,8 0,708023 11
9 2,1 0,512401 7 -4,6 0,708027 8
12 2,5 0,512405 4 -4,5 0,708174 8
16 3,2 0,512376 13 -5,1 0,708174 9
37 7,2 0,512365 4 -5,3 0,708431 5
42 8,3 0,512407 9 -4,5 0,708430 11
48 9,6 0,512424 5 -4,2 0,707920 9
51 10,0 0,512419 6 -4,3 0,707880 9
54 10,5 0,512395 6 -4,7 0,707870 12
57 10,9 0 0,707797 5
61 11,4 0 0,708000 9
65 11,9 0,512390 7 -4,8 0,708190 9
74 13,0 0,512370 6 -5,2 0,708150 9
74 13,0 0,512407 8 -4,5 0,707662 30
75 13,1 0,512393 5 -4,8 0,708160 9
80 13,6 0,512403 6 -4,6 0,708010 10
87 14,3 0,512417 7 -4,3 0,707900 10
96 14,9 0,512424 7 -4,2 0,707730 10
107 16,3 0,512396 6 -4,7 0,708040 9
112 17,0 0,512388 6 -4,9 0,708000 8
120 17,9 0,512379 6 -5,1 0,707918 8
121 18,0 0,512385 5 -4,9 0,707975 5
122 18,1 0,512355 6 -5,5 0,708052 11
130 18,8 0,512413 6 -4,4 0,708370 10
138 19,5 0,512420 5 -4,2 0,707710 10
149 21,1 0,512437 5 -3,9 0,707890 8
155 22,0 0,512409 6 -4,5 0,707850 9
160 22,7 0,512377 6 -5,1 0,707930 11
167 23,8 0,512435 5 -4,0 0,708240 13
173 24,7 0,512430 6 -4,1 0,708110 9
182 25,7 0 0,707816 5
196 27,3 0,512401 6 -4,6 0,707607 8
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Annex 18: Sr and Nd isotopic data from the 20-32/40m grain siz¢
core MDO07-3076Q. 2c correspond to the internal error.

frac

draction frome. o Universit de Lille, 2020

depth(cm) | age(ka) | "Nd/"™Nd | 20(x10°) € N ¥sr/%sr | 20(x10°)
1 1,0 0,707928 8
5 1,5 0,512378 12 -5,07]  0,709799 5
7 1,8 0,512490 4 -2,89
9 2,1 0,512452 7 -3,63]  0,709409 10
13 2,7 0,512368 14 -5,27]  0,709893 4
15 3,0 0,709394 14
17 3,4 0,512377 16 -5,09
21 4,3 0,512388 9 -4,88]  0,709838 5
22 4,5 0,512348 7 -5,66]  0,710234 5
23 4,7 0,512454 6 -3,59]  0,708831 12
27 5,5 0,512368 6 -5,27
32 6,4 0,512464 6 -3,39]  0,708972 14
37 7,2 0,512384 5 -4,95|  0,709614 5
39 7,7 0,708981 15
42 8,3 0,512371 7 5,21  0,710158 4
45 9,1 0,708257 9
47 9,4 0,512429 5 -4,07 0,70892 5
51 10,0 0,512453 13 -3,61]  0,708365 9
55 10,7 0,512442 12 -3,82|  0,708616 8
57 10,9 0,512387 6 -4,90]  0,709192 5
61 11,4 0,512403 23 -4,58]  0,708783 13
61 11,4 0,512440 7 -3,86
63 11,6 0,709392 5
65 11,9 0,512421 6 -4,23]  0,709592 4
67 12,2 0,512416 19 -4,33]  0,708802 10
67 12,2 0,512508 30 -2,54
71 12,7 0,512538 6 -1,95]  0,707945 5
73 12,9 0,709932 6
75 13,1 0,512421 7 -4,23]  0,710185 5
81 13,7 0,512425 5 -4,15]  0,709362 5
87 14,3 0,709334 9
91 14,7 0,512452 5 3,62  0,709046 5
97 15,0 0,709254 5
101 15,5 0,512491 13 -2,86]  0,708801 7
101 15,5 0,512514 40 22,42
107 16,3 0,512518 5 -2,34]  0,709632 5
117 17,6 0,512489 5 2,91 0,707884 7
120 17,9 0,512479 5 -3,10[  0,709324 6
121 18,0 0,512567 9 -1,38]  0,708447 5
122 18,1 0,512454 5 -3,59]  0,708526 6
122 18,1 0,512446 7 -3,75
131 18,9 0,512465 5 -3,37 0,70886 8
137 19,4 0,512488 6 -2,93]  0,708856 9
144 20,4 0,512472 4 -3,24]  0,709198 6
145 20,5 0,512510 4 -2,50]  0,708912 9
149 21,1 0,512488 4 2,93 0,709277 7
153 21,7 0,512456 5 -3,55]  0,708541 8
153 21,7 0,512452 5 -3,63 0
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depth (cm) | age(ka) | '*Nd/**Nd | 20 (x10°) End Fsr/*®sr | 20(x10°)
155 22,0 0,512510 6 -2,50]  0,708515 10
160 22,7 0,512528 5 -2,15]  0,708235 5
167 23,8 0,512433 5 -4,00  0,707873 6
173 24,7 0,707796 5
182 25,7 0,512533 5 -2,05]  0,708965 5
196 27,3 0,512510 8 -2,49|  0,708907 5
213 29,0 0,512433 5 -4,00  0,709026 8
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Annex 19: Pb isotopic data from the clay size fraction from core MBS 076698500 UG8 td-thediffernal error.

depth | age | ®Pb/**'Pb | 26 (x107) | 2Pb/*®Pb | 26(x10™ | *®Pb/*®Pb | 26(x10) | *YPb/*®Pb | 26 (x107) | *®Pb/*®Pb | 25(x10°)

4 1,4 18,725 3 15,656 5 38,754 6 0,836 2 2,070 9
7 1,8 18,740 3 15,662 7 38,782 8 0,836 3 2,069 9
9 2,1 18,729 3 15,659 6 38,767 7 0,836 3 2,070 9
12 2,5 18,710 3 15,654 5 38,729 6 0,837 2 2,070 9
16 3,2 18,710 3 15,656 6 38,748 8 0,837 2 2,071 9
18 3,7 18,731 4 15,657 7 38,760 10 0,836 3 2,069 9
22 4,5 18,745 3 15,648 5 38,771 6 0,835 2 2,068 13
23 4,7 18,755 3 15,658 5 38,812 6 0,835 2 2,069 13
26 5,3 18,734 3 15,654 8 38,789 7 0,836 4 2,070 14
32 6,4 18,726 4 15,651 8 38,778 8 0,836 4 2,071 15
37 7,2 18,759 3 15,649 5 38,794 6 0,834 3 2,068 12
39 7,7 18,770 3 15,654 6 38,829 8 0,834 2 2,069 17
40 7,9 18,742 3 15,643 5 38,767 7 0,835 2 2,068 12
42 8,3 18,763 4 15,653 6 38,815 8 0,834 3 2,069 16
45 9,1 18,767 3 15,655 7 38,822 9 0,834 3 2,069 19
48 9,6 18,760 3 15,650 5 38,790 6 0,834 2 2,068 11
51 10,0 | 18,756 3 15,655 6 38,808 8 0,835 3 2,069 17
sa |105]| 18,756 3 15,654 6 38,796 8 0,835 2 2,068 15
57 10,9 | 18,744 8 15,656 10 38,799 17 0,835 3 2,070 18
61 11,4 | 18,755 3 15,657 6 38,812 7 0,835 2 2,069 15
62 11,5 | 18,768 3 15,648 5 38,803 7 0,834 2 2,067 13
65 11,9 | 18,761 3 15,647 5 38,789 6 0,834 2 2,067 13
68 | 123 | 18,764 4 15,649 7 38,807 8 0,834 3 2,068 18
71 12,7 | 18,776 3 15,656 6 38,837 8 0,834 3 2,068 18
74 | 130 18,765 8 15,653 9 38,807 17 0,834 3 2,068 24
75 13,1 | 18,765 3 15,645 5 38,788 8 0,834 2 2,067 19
80 | 13,6 | 18,737 3 15,642 5 38,753 7 0,835 2 2,068 12
87 14,3 | 18,745 5 15,653 7 38,794 13 0,835 3 2,070 28
92 14,7 | 18,759 3 15,641 5 38,780 6 0,834 2 2,067 11
9% | 149]| 18,765 3 15,643 5 38,791 7 0,834 2 2,067 12
101 | 15,5 | 18,757 3 15,636 8 38,765 7 0,834 4 2,067 10
107 | 16,3 | 18,752 3 15,635 7 38,749 7 0,834 3 2,066 12
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depth | age | 2°°Pb/*®Pb | 25 (x107) | 2’Pb/*™Pb | 20 (x10™) | 2®°Pb/**'Pb | 25 (x10?) | 2”Pb/*®Pb | 25 (x107) | 2°°Pb/**°Pb | 25 (x10°)
112 [ 17,0 18,755 3 15,641 7 38,764 7 0,834 4 2,067 11
116 | 17,5 | 18,760 5 15,647 8 38,790 15 0,834 3 2,068 37
120 | 17,9 | 18,753 3 15,646 6 38,780 7 0,834 3 2,068 14
121 | 18,0 | 18,751 3 15,635 7 38,745 6 0,834 4 2,066 13
130 | 18,8 | 18,743 3 15,641 7 38,748 6 0,834 3 2,067 11
138 | 19,5 | 18,754 3 15,638 7 38,753 7 0,834 3 2,066 14
149 21,1 18,744 4 15,638 7 38,751 8 0,834 3 2,067 11
155 | 22,0 | 18,744 6 15,633 10 38,743 21 0,834 4 2,067 54
160 | 22,7 | 18,740 3 15,635 7 38,740 7 0,834 3 2,067 11
167 | 23,8 | 18,747 4 15,638 8 38,747 7 0,834 4 2,067 13
173 | 24,7 | 18,742 3 15,636 8 38,733 6 0,834 4 2,067 13
182 | 257 | 18,718 3 15,630 7 38,697 6 0,835 3 2,067 12
196 | 273 18,732 9 15,644 10 38,752 19 0,835 3 2,069 25
214 | 29,0 | 18,759 9 15,647 11 38,782 19 0,834 4 2,067 24




Annex 20: Pb isotopic data of the cohesive silt mode fraction from core MD07-3076Q. 26 correspond to the internal error.

Thése de Francois Beny, Université de Lille, 2020

depth age 2%pp/2%pp | 26(x10™) | 27Pb/**Pb | 26(x10™) | 2°%Pb/**Pb | 26(x107) | 27Pb/*°Pb | 25(x107) | *®°Pb/**°Pb | 25 (x10°)

4 1,4 17,978 4 15,602 7 37,907 10 0,868 3 2,108 16

7 1,8 17,992 4 15,599 6 37,913 9 0,867 2 2,107 17

9 2,1 18,294 5 15,619 7 38,249 12 0,854 3 2,091 18
12 2,5 18,275 5 15,622 8 38,235 12 0,855 3 2,092 20
16 3,2 18,293 9 15,619 10 38,253 19 0,854 3 2,091 20
37 7,2 18,164 7 15,608 9 38,100 18 0,859 4 2,098 37
40 7,9 17,977 5 15,597 7 37,895 12 0,868 3 2,108 20
42 8,3 18,193 4 15,612 7 38,138 9 0,858 3 2,096 18
48 9,6 18,011 3 15,600 5 37,935 7 0,866 2 2,106 14
51 10,0 17,970 3 15,596 6 37,883 8 0,868 3 2,108 19
54 10,5 18,248 7 15,609 8 38,194 15 0,855 3 2,093 24
57 10,9 17,982 6 15,597 9 37,898 16 0,867 3 2,108 33
65 11,9 18,111 5 15,605 8 38,043 15 0,862 3 2,100 39
74 13,0 18,127 3 15,609 5 38,065 7 0,861 2 2,100 15
74 13,0 18,231 5 15,607 9 38,162 13 0,856 4 2,093 24
75 13,1 18,374 3 15,620 7 38,330 8 0,850 3 2,086 15
80 13,6 18,322 3 15,619 6 38,278 8 0,852 3 2,089 15
87 14,3 17,994 3 15,598 6 37,913 7 0,867 3 2,107 14
96 14,9 18,387 3 15,621 7 38,346 7 0,850 3 2,085 14
107 16,3 18,053 3 15,605 6 37,986 8 0,864 3 2,104 18
112 17,0 18,195 3 15,601 7 38,111 8 0,857 3 2,095 18
120 17,9 18,483 10 15,618 12 38,432 21 0,845 4 2,079 20
121 18,0 18,462 6 15,627 8 38,428 12 0,846 3 2,081 17
122 18,1 18,412 5 15,621 8 38,369 12 0,848 3 2,084 20
130 18,8 18,367 3 15,618 6 38,310 8 0,850 3 2,086 18
138 19,5 18,346 3 15,619 6 38,305 7 0,851 3 2,088 14
149 21,1 18,424 4 15,620 6 38,382 9 0,848 3 2,083 18
155 22,0 18,438 3 15,622 6 38,401 7 0,847 3 2,083 15
160 22,7 18,135 3 15,607 5 38,071 7 0,861 3 2,099 17
167 23,8 18,301 3 15,618 5 38,258 7 0,853 3 2,090 15
173 24,7 18,400 3 15,619 6 38,351 8 0,849 3 2,084 20
182 25,7 18,368 5 15,621 8 38,319 11 0,850 3 2,086 18
196 27,3 18,103 6 15,603 10 38,029 13 0,862 4 2,101 22
214 29,0 18,434 6 15,619 10 38,385 15 0,847 4 2,082 26




Thése de Francois Beny, Université de Lille, 2020
Annex 21: Pbisotopic data of the sortable silt mode fraction from core MD07-3076Q. 2c correspond to the internal error.

depth | age | 2°°Pb/**Pb | 25(x10) | 2’Pb/**Pb | 25 (x107%) | 2®Pb/?**Pb | 25(x10) | 27Pb/**°Pb | 25 (x107°) | 2°2Pb/*°°Pb | 25 (x10°)
1 [10] 18,082 4 15,608 6 38,002 8 0,863 3 2,102 15
5 [15] 17971 5 15,593 8 37,876 12 0,868 3 2,108 26
7 18| 18026 5 15,609 9 37,970 12 0,866 4 2,106 25
9 [21| 18108 7 15,602 9 38,031 14 0,862 4 2,100 22
13 [ 2,7| 18,042 3 15,606 6 37,976 7 0,865 4 2,105 29
15 [3,0]| 18371 7 15,623 10 38,345 15 0,850 4 2,087 24
17 | 3,4| 18367 6 15,623 8 38,318 14 0,851 3 2,086 26
21 | 43| 17,993 5 15,595 8 37,903 13 0,867 3 2,107 27
22 | 45| 17,970 3 15,600 5 37,893 6 0,868 2 2,109 11
23 [ 47| 17,989 5 15,599 9 37,911 13 0,867 4 2,107 26
27 |55 17,979 5 15,597 8 37,901 12 0,867 4 2,108 25
32 | 64| 17,983 5 15,598 8 37,906 12 0,867 3 2,108 26
37 | 72| 18,001 5 15,594 9 37,905 17 0,866 3 2,106 39
39 |7,7] 18119 14 15,598 13 38,035 31 0,861 3 2,099 47
42 |83]| 17,992 3 15,593 6 37,895 9 0,867 2 2,106 23
45 | 91| 18,101 3 15,607 7 38,029 8 0,862 3 2,101 16
47 | 94| 17,99 4 15,598 8 37,916 11 0,867 3 2,107 24
51 |10,0{ 17,975 4 15,592 7 37,881 8 0,867 4 2,107 19
55 |10,7| 18,056 3 15,602 6 37,977 7 0,864 3 2,103 16
57 |10,9| 17,976 5 15,605 8 37,913 14 0,868 3 2,109 30
61 |11,4] 18,054 3 15,601 6 37,970 8 0,864 3 2,103 18
63 |11,6] 17,975 3 15,602 7 37,903 7 0,868 3 2,109 20
65 |11,9] 17,983 4 15,603 7 37,913 12 0,868 3 2,108 23
67 |12,2| 18,238 3 15,616 6 38,156 8 0,856 3 2,092 16
71 |12,7] 18,121 3 15,604 6 38,021 8 0,861 3 2,098 17
73 |12,9| 17,986 4 15,594 8 37,890 12 0,867 3 2,107 23
75 |13,1] 18,091 5 15,612 8 38,045 13 0,863 3 2,103 29
81 |13,7] 17,990 5 15,603 8 37,917 12 0,867 3 2,108 26
87 |14,3] 18,010 3 15,600 6 37,923 8 0,866 2 2,106 15
91 |14,7| 18,065 6 15,596 8 37,972 14 0,863 3 2,102 27
97 15,0 17,988 4 15,594 7 37,897 12 0,867 3 2,107 27
101 |15,5| 18,110 3 15,607 5 38,038 7 0,862 2 2,100 13
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depth | age | 2°°Pb/**Pb | 25 (x10) | 2’Pb/**Pb | 25 (x10™%) | 22Pb/?*Pb | 26 (x10) | 2Pb/*°°Pb | 25 (x107°) [ 2°2Pb/*°°Pb | 25 (x10)
107 [16,3] 18,090 3 15,607 7 38,002 8 0,863 3 2,101 18
117 [17,6| 18,194 4 15,611 7 38,103 9 0,858 3 2,094 20
120 17,9 18,178 4 15,612 7 38,126 9 0,859 3 2,097 20
121 [18,0] 18,042 3 15,596 6 37,945 9 0,864 3 2,103 15
122 18,1 18,160 4 15,608 6 38,081 8 0,859 2 2,097 13
131 |18,9] 18,060 3 15,604 8 37,981 7 0,864 4 2,103 13
137 |19,4| 18,034 3 15,602 7 37,956 7 0,865 3 2,105 14
144 |20,4| 18,118 3 15,605 6 38,042 9 0,861 3 2,100 25
145 |20,5| 18,130 3 15,608 7 38,054 8 0,861 3 2,099 17
149 |21,1 18,037 3 15,601 7 37,952 7 0,865 4 2,104 16
153 |21,7| 18,296 3 15,617 6 38,268 7 0,854 3 2,092 15
155 |22,0] 18,069 4 15,604 7 37,995 10 0,864 3 2,103 21
160 |22,7] 18,050 3 15,603 5 37,968 6 0,864 3 2,104 10
167 |23,8] 18,126 3 15,604 5 38,040 6 0,861 2 2,099 9
173 |24,7| 18,138 3 15,602 5 38,037 7 0,860 2 2,097 16
182 |25,7] 18,007 3 15,601 6 37,928 7 0,866 2 2,106 12
196 |27,3] 17,980 3 15,599 6 37,898 8 0,868 4 2,108 27
213 (29,0 18,447 4 15,623 6 38,430 10 0,847 3 2,083 22




Annex 22: Clay mineralogical composition of detrital sediment flasesied FIDII2B3894Diversite de Lille, 2020

depth (cm) smectite (%) illite (%)  chlorite and kaolinite (%)  5A/10A illite  amphibole/quartz

200 53 25 22 0,141 0,47
202 61 18 22 0,337 -

204 65 20 15 - 0,47
206 61 21 18 0,073 0,25
208 76 13 12 0,240 -

210 70 15 15 - 0,26
212 79 10 11 0,083 0,07
214 64 22 14 0,569 -

216 72 13 15 0,187 -

218 73 14 14 0,371 0,50
220 74 11 15 - 0,39
222 69 18 14 - 0,00
224 72 16 12 - 0,00
226 75 10 15 0,531 0,67
228 65 18 17 - 0,49
230 77 10 14 0,214 -

232 82 8 9 0,422 0,08
234 71 16 13 0,123 0,72
236 79 11 11 0,039 0,22
238 78 10 12 - -

240 71 14 16 0,242 0,05
242 73 12 15 0,310 0,43
244 84 9 8 0,306 0,35
246 75 11 14 - 0,72
248 67 15 17 0,289 0,36
250 85 5 9 - 0,38
252 78 10 12 0,056 -

254 82 7 11 0,064 0,10
256 75 13 12 0,002 1,25
258 75 11 14 - 0,87
260 76 11 13 0,196 0,59
262 83 7 9 - 0,69
264 74 11 14 0,293 0,38
266 72 17 11 0,150 0,50
268 71 13 16 0,286 0,61
270 74 12 15 0,263 -

272 66 15 18 0,231 0,30
274 75 10 15 0,162 0,36
276 74 10 16 - 0,37
278 73 12 16 - 0,42
280 73 14 13 - 1,27
282 71 13 16 0,126 0,62
284 71 14 16 - -

286 71 12 17 - 0,23
288 64 18 18 0,306 -

290 74 11 16 0,112 0,45
292 68 17 15 0,238 -

294 73 14 13 0,059 0,54
296 65 18 17 - 0,31
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83
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11
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11
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11
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0,129
0,205
0,138
0,104
0,183
0,227
0,201
0,040
0,050
0,108
0,193
0,116
0,121
0,038
0,100
0,044
0,049
0,084
0,109
0,054
0,168
0,172
0,242
0,096
0,168
0,151
0,151
0,302
0,166
0,083
0,129
0,129
0,146
0,229
0,055
0,121
0,217
0,260
0,115
0,080
0,376
0,036
0,016
0,174
0,204
0,097
0,195

0,36
0,87
0,43
1,56
0,81
1,52
1,40
0,98
1,91
1,28

0,95
1,39

0,84

3,08
0,94
1,36
0,89
0,73
0,68
0,59
1,14
0,39
0,80
0,48
0,66
0,81

0,83
0,51
0,25

0,62

0,82
0,65

0,48

0,85
1,21
0,67
1,93
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69
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19
16
16
15
17
11
19
14
17
16
17
15
14
12
16
12
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0,119
0,179

0,109
0,184
0,023
0,129
0,146
0,148
0,063
0,082
0,078
0,131
0,126
0,072
0,177
0,096
0,056
0,096
0,021
0,076
0,185
0,066
0,080
0,073
0,119
0,054

0,006

0,106
0,127
0,117
0,203

0,074
0,139
0,230
0,005
0,137
0,236
0,014
0,217
0,222
0,020
0,100
0,128

1,01
0,68
0,66
0,94
0,77
0,75
1,29
1,13
0,57
0,87
0,70
2,14
1,16
1,35
1,11
1,56
1,03
2,45
0,58
0,94
0,91
1,30
1,56
1,96
1,05
1,21
0,85
0,98
0,47
0,78

0,63

0,20
0,08

0,81
0,21

0,78
0,28
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546 77 10 13 0,512 5,05
550 76 11 13 0,145 -
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Annex 23: Isotopic composition of detrital sediment from site MD12-3396Q.

depth (cm) 143Nd/144Nd 20 End 87Sr/86Sr 20
214 0,512338 0,000007 -5,85 - -
230 0,512360 0,000005 -5,42 0,710425 0,000013
240 0,512383 0,000005 -4,97 0,710416 0,000014
248 0,512374 0,000005 -5,15 0,710089 0,000009
260 0,512361 0,000005 -5,40 0,710775 0,000006
270 0,512344 0,000011 -5,73 0,710392 0,000010
290 0,512333 0,000006 -5,95 0,711252 0,000009
302 0,512339 0,000008 -5,84 0,711383 0,000009
314 0,512204 0,000008 -8,46 0,712735 0,000011
320 0,512253 0,000006 -7,51 0,712787 0,000009
338 0,512249 0,000008 -7,58 0,711559 0,000009
350 0,512359 0,000006 -5,44 - -
370 0,512406 0,000009 -4,52 0,709215 0,000008
386 0,512312 0,000012 -6,37 0,710098 0,000010
416 0,512217 0,000007 -8,21 0,713699 0,000010
426 0,512168 0,000009 -9,17 0,713855 0,000009
450 0,512202 0,000008 -8,50 0,713698 0,000009
470 0,512122 0,000013 -10,07 0,715062 0,000009
490 0,512381 0,000008 -5,02 0,715052 0,000009
498 0,512388 0,000008 -4,88 0,709510 0,000009
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Annex 24: Trace and rare earth elements of detrital sediment from site MID12-3396Q.

depth (cm) 214 230 240 248 260 270 290 302 314 320 338
Li 16,7 156 17,2 19,5 19,8 18,4 187 22,9 244 23,1 2356
Be 1,1 10 10 11 1,4 12 1,1 12 13 13 1,4
Sc 182 143 159 17,9 176 164 164 191 193 19,6 19,9
Ti 5357,6 4514,7 5851,8 7207,0 6865,7 6051,4 3959,0 7282,6 8314,5 7831,4 8880,5
Vv 732 623 77,6 102,8 953 87,4 82,1 1069 126,5 1222 132,3
cr 76,3 51,6 651 786 71,7 751 64,6 709 803 765 86,9
Co 10,0 102 9,9 12,0 130 12,6 12,7 13,9 149 151 152
Ni 44,7 292 31,6 360 367 462 406 43,0 47,8 41,1 491
Cu 245 24,1 251 31,8 288 27,1 21,6 24,7 41,7 40,6 404
Zn 1085 74,5 81,7 967 932 931 764 90,8 1004 91,0 99,0
Ga 12,6 106 12,5 140 140 12,6 12,3 148 155 153 158
Sr 830 72,1 874 1109 956 92,5 842 1042 119,3 1074 1259
Rb 38,1 33,3 40,6 48,7 485 42,9 435 566 671 644 658
Y 66 56 70 83 81 72 69 87 97 90 95
Zr 195,2 152,5 203,7 238,2 220,3 1932 174,5 226,1 2589 233,5 243,38
Nb 22,7 19,1 26,2 31,0 287 248 150 286 316 293 30,1
Mo 46 09 34 48 27 42 25 35 44 26 58
In 03 03 03 04 04 03 03 05 05 05 04
Sn 1,7 15 20 27 25 21 1,3 28 30 26 29
Sb 09 o8 10 1,1 o8 07 05 10 1,6 08 12
Cs 21 19 22 27 28 23 24 33 39 38 41
Ba 278,5 2657 2654 3469 317,4 289,55 263,7 4585 407,7 350,8 342,7
La 83 71 87 100 98 91 86 105 11,4 105 10,7
Ce 15,4 13,6 16,4 19,1 188 17,3 16,2 202 21,7 20,0 20,4
Pr 1,8 16 19 22 21 20 1,9 23 25 23 23
Nd 64 56 69 80 79 73 68 85 91 84 85
Sm 1,3 1,1 1,4 1,7 16 1,4 1,4 1,7 19 1,7 18
Eu o4 03 04 05 O05 05 04 06 06 06 07
Tb 02 02 02 03 03 02 02 03 03 03 03
Gd 1,2 1,1 13 16 15 1,4 12 16 1,8 1,7 1,7
Dy 1,2 11 13 16 15 1,4 1,3 1,7 1,8 1,7 18
Ho 02 02 03 03 03 03 03 03 04 03 04
Er o7 o6 08 09 09 08 08 10 1,1 10 10
Tm 0. o1 o01 ©01 o011 01 01 02 02 02 02
Yb o7 o6 08 10 09 08 08 1,0 1,1 10 11
Lu 0. o1 o01 ©01 o011 01 01 01 02 01 02
Hf 43 37 49 58 54 47 43 56 60 57 61
Ta 15 1,3 18 21 19 16 03 19 21 20 20
W 23 1,8 20 21 25 15 02 20 1,6 22 15
Re 00 00 00 O00 ©00 00 00 00 00 00 00
Pb 38 36 44 50 49 41 37 53 59 56 58
Tl 02 02 02 03 ©03 03 03 03 04 03 04
Bi 0. o3 o01 ©02 oO01 01 01 01 01 01 01
Th 86 79 94 11,4 109 88 88 11,7 133 12,3 122
U o8 06 08 09 09 08 08 1,0 12 1,1 13
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depth (cm) 350 370 386 416 426 450 470 490 498
Li 15,7 22,0 24,1 246 242 253 23,7 17,4 189
Be 09 15 1,5 1,6 14 16 14 12 14
Sc 145 196 20,0 184 18,4 182 17,2 154 154
Ti 6255,5 9303,4 9677,2 7879,9 7710,7 77352 6911,7 6448,1 6801,6
Vv 90,7 1355 136,6 120,9 122,0 121,9 1057 92,4 98,0
cr 70,5 80,7 874 8,0 89 874 854 753 865
Co 10,6 16,0 16,6 14,3 14,7 148 140 11,6 12,3
Ni 44,1 48,4 50,0 40,4 46,6 47,6 462 381 45,1
Cu 30,1 42,4 42,4 442 384 40,3 33,6 312 32,6
Zn 69,4 98,6 107,8 975 981 962 949 845 853
Ga 109 159 168 165 161 169 156 132 13,9
Sr 83,2 132,4 1415 114,3 117,8 1285 1192 100,6 102,1
Rb 41,4 583 66,7 743 741 77,6 73,4 472 49,4
Y 64 98 105 102 102 10,7 97 80 84
Zr 178,2 262,6 273,1 241,0 2286 232,5 208,6 212,7 222,22
Nb 21,1 31,4 339 287 300 301 274 258 27,1
Mo 54 44 45 30 49 48 64 51 60
In 03 04 05 05 05 05 04 03 04
Sn 09 1,8 33 31 31 30 28 22 24
Sb o3 o4 11 08 09 11 13 09 08
Cs 28 38 41 44 42 44 41 29 3,1
Ba 255,7 394,0 424,7 339,4 389,3 363,6 320,7 211,5 234,22
La 68 103 11,4 11,6 11,7 12,8 11,5 85 9,0
Ce 13,1 19,9 22,5 22,4 22,7 246 220 164 17,4
Pr 15 23 26 26 26 28 26 19 20
Nd 55 85 96 95 94 103 92 69 73
Sm 12 1,8 20 1,9 19 21 1,9 14 16
Eu o4 07 07 07 06 07 06 05 06
Tb 02 03 03 03 03 03 03 02 03
Gd 1,2 1,8 19 19 1,9 20 1,8 1,4 15
Dy 12 1,8 20 1,9 1,8 20 1,8 15 16
Ho 02 04 04 04 04 04 04 03 03
Er 07 1,1 11 1,1 1,1 1,2 10 09 09
Tm 01 02 02 02 02 02 02 01 01
Yb 07 1,1 12 1,2 1,1 12 11 09 1,0
Lu 01 02 02 02 02 02 02 01 01
Hf 44 65 67 60 55 58 52 52 55
Ta 1,3 21 22 19 20 20 1,8 1,7 18
W 09 1,4 1,4 1,4 1,3 12 12 12 1,4
Re 00 00 00 O00 ©00 00 00 00 00
Pb 34 51 60 59 58 63 59 40 39
Tl 02 03 03 04 04 04 04 03 03
Bi 0. o1 o01 o011 01 01 01 01 01
Th 75 103 11,7 13,4 12,7 13,3 132 80 86
U 09 1,3 1,4 14 13 1,3 1,3 12 13
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143Nd/144Nd 87Sr/86Sr Annex 25: Correlation factor R2 between the
143Nd/144Nd - 0,9076 isotopic composition and element ratios of
875r/865r 0,9076 - sediment from site MD12-3396Q. The
Rb/Sr 0,7758 0,8901 correlation is good to excellent between trace
Sm/Nd 0,0224 0,0523 element ratios shown and the isotopic
Ti/V 0,5952 0,5419 composition, while there is no correlation
La/Nb 0,6397 0,7398 between rare earth element ratios and the
La/Hf 0,5268  0,6589 isotopes. Interestingly, the sum of normalized
Th/sc 0,6914  0,8008 rare earth elements present a relatively good
Nb/Yb 0,5043  0,5475 correlation with the isotopes
Rb/Y 0,8804 0,8842
Rb/Nb 0,8163 0,8131
Rb/Ta 0,8019 0,7902
Rb/zZr 0,8444 0,868
Rb/Hf 0,9084 0,8948
Ba/Nb 0,0223 0,0137
Ba/Ta 0,0827 0,0614
Ba/Zr 0,0932 0,0641
Ba/Hf 0,0826 0,0576
Cs/Nb 0,5861 0,6019
Cs/Ta 0,5784 0,5956
Cs/zr 0,6863 0,7047
Cs/Hf 0,7581 0,7365
Nd (ppm) 0,4688  0,3644
Sr (ppm) 0,2186 0,0641
YREE (WRAS) 0,4079 0,2784
La/Yb (WRAS) 0,0011  0,0049
La/Nd (WRAS) 0,0008 0,0047
Dy/Yb (WRAS) 0,1697  0,3027
Nd/Yb (WRAS) 0,0036 0,0048

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Francois Beny, Université de Lille, 2020

Resume

Cette these apporte de nouvelles perspectives sur la circulation profonde de I’Océan Austral et sur le cycle
du CO2. Elle se base sur la signature géochimique et minéralogique de la fraction terrigéne des sédiments récupérés
dans le secteur Atlantique Sud (carotte MD07-3076Q) et Indien Sud (MD12-3396Q) de ’Océan Austral.

Grace a une étude préliminaire rigoureuse des processus de transfert Continent-Océan permettant I’étude
de la provenance des sédiments dans 1’Océan Autral, il a été possible de démontrer 1a nécessité de travailler sur
plusieurs fractions granulométriques dans 1’Atlantique Sud pour pouvoir retracer efficacement les différentes
masses d’eau. Une telle approche a permis : (1) I’identification de la provenance de différentes fractions
granulométriques ; (2) I’assignation de chaque fraction granulométrique & une masse d’eau spécifique ; (3) la
reconstruction de 1’évolution passée des principales masses d’eau profondes ; (4) de reconstruire les changements
paléoenvironnementaux en Amérique du Sud pendant I’Holocéne.

Cette these a permis de faire la distinction entre les AABW et I’ ACC (Courant Circumpolaire Antarctique,
qui comprend la CDW) dans les deux secteurs étudiés de 1’Océan Austral. Cela a rendu possible la quantification
de la contribution relative a la sédimentation des principales masses d’eau dans chaque secteur (i.e. AABW, CDW,
et NADW dans le secteur Atlantique Sud ; ACC et AABW dans le secteur Indien Sud). Grace a cette distinction,
il a été possible de fournir des évidences d’activités encore inconnues de I’AABW au court du temps, et d’étudier
les interactions dynamiques entre les AABW et la CDW dans le secteur Atlantique Sud de 1’Océan Austral. De
plus, cette thése démontre que les événements d’Heinrich (HE) 1, 2, et 3 sont précédés par une modification de la
circulation profonde de I’Océan Austral. Les données indiquent également que, méme si aucun changement dans
le CO; atmosphérique n’est observé pendant I’HE 2, la turbulence était plus forte pendant I’HE 2 que pendant
I’HE 1. Cela suggere que les échanges entre 1’océan profond et I’atmosphére pourraient avoir été coupés en raison
de la présence d’une barriére dynamique/physique pendant la derniére période glaciaire. A la toute fin de cette
derniére période glaciaire, nos données indiquent un « pulse » de la vitesse et de I’extension vers le Nord de la
AABW dans le secteur Atlantique de I’Océan Austral. Ce « pulse » est concomitant de la premiére augmentation
de la ventilation enregistrée dans la méme carotte de sédiment et se termine avec le début du stadial d’Heinrich
(HS) 1, une période d’augmentation du CO; atmosphérique. Ces observations suggérent que cette rapide incursion
de la AABW dans 1’Océan Atlantique Sud serait responsable de la rupture de la barriére physique/dynamique
séparant 1’océan profond, riche en COp, et la surface, permettant ainsi I’échange entre ces eaux riches en CO; et
I’atmospheére pendant I’HS 1, et donc I’augmentation du CO- atmosphérique pendant la derniere déglaciation.

Abstract

This PhD thesis provides new insights into both the deep Southern Ocean circulation and CO- cycle based
on geochemical, radiogenic isotopes and clay mineralogical signatures of the terrigenous fractions transported by
the main deep-water masses using sediment cores recovered in the South Atlantic sector (core MDO07-3076Q,
central South Atlantic) and in the South Indian sector (core MD12-3396Q) of the Southern Ocean.
Thanks to a careful study of continent-ocean transfer processes enabling the study of the provenance of particles
in the Southern Ocean, it was possible to demonstrate that working on distinct grain-size fractions in the South
Atlantic Ocean is necessary to efficiently track different water masses. Such an approach successfully permits: (1)
provenance identification of the various grain-size fractions (clay, cohesive silt and sortable silt); (2) an assignment
of each grain-size fraction to a specific water-mass; (3) the reconstruction of the main deep water-mass pathways
past changes, (4) to reconstruct palecenvironmental changes over South America during the Holocene.
In addition, this study successfully permits the distinction between the AABW and the ACC (that includes CDW)
in both sectors of the Southern Ocean. This enabled the quantification of the relative contribution to sedimentation
of all the main deep-water masses in each sector (i.e. AABW, CDW and NADW in the South Atlantic sector; ACC
and AABW in the South Indian sector). Thanks to this distinction, it was possible to provide evidences of
previously unknown AABW activities through time, and to study the dynamical interactions between the AABW
and the LCDW in the South Atlantic sector of the Southern Ocean. Moreover, we show that Heinrich Events (HE)
1, 2 and 3 are preceded by a modification of the Southern Ocean overturning circulation. Our data also indicate
that the turbulent mixing was stronger during HE 2 than during HE 1, even though HE 2 is muted in atmospheric
CO, records. This suggests that the exchanges between the deep ocean and the atmosphere might have been
disabled due to dynamical/physical barrier resulting from background conditions involved by low obliquity during
the last glacial period. At the very end of this glacial period, our data indicate a substantial “pulse” of AABW
speed and northern extent in the South Atlantic sector of the Southern Ocean. This “pulse” is concomitant with the
first increase of the ventilation recorded in the same sediment core and ends with the beginning of the HS 1, a
period of rising atmospheric CO,. These observations suggest that this rapid incursion of AABW into the South
Atlantic Ocean may be responsible of the breakdown of the physical/dynamical barrier between the deep COz-rich
ocean and the surface, enabling the exchange between these CO»-rich waters and the atmosphere during the HS 1,
and thus, the rise of atmospheric CO- during the last deglaciation.
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