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AVANT PROPOS 

"Tout ce que nous avons à décider, c'est ce que nous devons faire du temps qui nous 

est imparti." Gandalf, Le Seigneur des Anneaux, La Communauté de l'Anneau. 

J'ai l'impression d'avoir été à l'école depuis ma naissance, ce qui est assez près de la 

réalité, malgré les «imperfections» de parcours ... évidemment! Ça commence à la crèche si je 

ne m'abuse (la garderie je m'en souviens moins bien). À la crèche, donc, on découvre qu'il existe 

plus de 3 personnes dans ce monde; à la maternelle, on apprend comment communiquer avec le 

reste du monde; au primaire, on est censé croire que la lecture ou les mathématiques servent à 

quelque chose dans la vie; au secondaire, on essaie de s'intégrer dans le monde; à l'université on 

redécouvre le monde et on s'attarde enfin sur ce que l'on aime, et enfin, arrive la fin, arrive le 

doctorat! Pour moi le doctorat, c'est comme un mélange de tout ceci: une sorte de 

réapprentissage de tout notre parcours scolaire. Au début du doc, on ne sait pas mais on fait des 

conférences pour dire: «je ne sais pas mais ... j'vais trouver! », puis au milieu on se dit «Je ne 

'sais toujours pas et ça m'étonnerait que je trouve! », et à la fin on se dit: « J'ai peut-être trouvé, 

faudrait juste que je fasse encore 38 analyses pour être sûr. .. mais il faut que ça cesse! ». 

Souvent, au cours de mon doc, j'allais voir un homme dans son bureau au Sème étage de l'INRS 

(il se reconnaîtra j'en suis sûr) pour lui demander conseil et il me répétait souvent: «Guillaume, 

la Science est un édifice qui se monte pierre après pierre ». Rares ont été les moments de ma vie 

ouj'ai senti que j'avais le temps pour creuser les choses. Ce fut une aventure PASSIONNANTE! 

Beaucoup m'auront parlé de la frénésie d'un doctorat, de la course à la publication ou encore du 

stress. Ce qui est parfois vrai. Mais peu m'auront parlé du doctorat comme d'une période où l'on 

a le temps. Oui, le temps de se pencher sur les choses. J'aurai sincèrement appris, travaillé, 

réappris, retravaillé, puis (je l'espère) compris, et enfm conclu. Alors, voilà aujourd'hui je 

comprends tout ça: un doctorat, c'est la possibilité de se rendre compte que l'on sait peu de 

choses, que l'on sert peu, que malgré tout la science avance, et qu'elle existe uniquement à 

travers cela. Dès lors, quelle leçon doit-on tirer de cela? De l'humilité? Ce serait bien non? 
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RESUME 

Cette thèse a pour but de comprendre comment les propriétés sédimentaires sont 

influencées par le climat et l'environnement au cours du temps. Nous avons donc étudié l'aspect 

sédimentologique et géochimique à l'échelle microscopique (~-XRF, MEB-EDS, granulométrie 

laser et par analyse d'image) des sédiments lacustres d'un lac de maar situé aux moyennes à 

hautes latitudes de l'Hémisphère Sud en Patagonie argentine, dans la province de Santa Cruz. 

Nous nous sommes intéressés à plusieurs thèmes de recherche: (1) les changements abrupts du 

climat en Patagonie et ses relations avec les signaux antarctiques, région qui entretient des 

relations étroites avec notre site d'étude en raison de leur proximité; (2) les relations entre la 

nature du sédiment (composition et granulométrie) et son signal géochimique ; (3) les résultats ~­

XRF en tant qu'indicateur des changements environnementaux et climatiques. 

Les analyses microsédimentologiques lors du Tardiglaciaire, entre 10500 et 15500 ans BP 

âges calibrés, ont permis de mettre en lumière l'impact géochimique d'une multitude de 

fragments de ponces au sein des sédiments. De ce fait, les interprétations des signaux XRF ont 

été revues et une nouvelle interprétation a pu ainsi être proposée pour cette période, en accord 

avec les autres proxies développés dans le projet P ASADO. Ainsi, contrairement à ce qui avait 

été proposé précédemment, il semblerait que cette période soit caractérisée par des vents d'est 

dominant et un climat relativement froid avec des étés doux. Ensuite, nous nous sommes 

intéressés à l'Holocène, vers 8400 ans BP âges calibrés; l'étude à très haute résolution de six 

lames minces nous a permis de montrer que le plus fort taux de sédimentation enregistré dans 

notre séquence sédimentaire est due autant à la précipitation de calcite et de monohydrocalcite in 

situ qu'à l'apport hydrologique ou éolien. Par conséquent, cet épisode peut être aussi bien relié à 

des variations de température qu'à des variations de régime des vents, eux-mêmes en relation 

avec les régimes de précipitations. Enfin, nous avons montré que sur de longues séquences 

sédimentaires lacustres, l'étendue des variations des microfacies peut être très importante, que 

des microfacies similaires peuvent avoir des signaux géochimiques différents et inversement. Par 

conséquent, rares sont les proxies ~-XRF qui peuvent être utilisées pour notre séquence 

sédimentaire lacustre au complet, ce qui met en avant l'idée que l'utilisation d'une proxy J.L-XRF 

développé pour un site d'étude ne peut pas être automatiquement appliquée à un autre. 
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Mots-clés: microsédimentologie, Il-XRF, lames mmces, granulométrie, MEB, EDS, 

analyse d'image, Tardiglaciaire, Antarctic warm event, microponces, calcite, monohydrocalcite. 

ABSTRACT 

This thesis aims to understand how sedimentary properties are influenced hy climatic and 

environmental changes over time. We analyzed the sedimentological and geochemical aspect in 

microscopie scale (Il-XRF, SEM-EDS, grain size characterization using laser diffraction and 

image analysis) from lacustrine sediments of a maar lake situated in the mid- to high-Iatitudes of 

the Southem Hemisphere in the Argentinean Patagonia, in the province of Santa Cruz. We were 

interested in several research topics: (1) abrupt climate changes in Patagonia and Antarctica, area 

that are in close relation with our study site hecause of their proximity, (2) the relationship 

between the nature of sediment (composition and grain size) and the geochemical signal, (3) and 

XRF ratios as proxies of environmental and climate change. 

Microsedimentological analyses during the Late Glacial (between 10 500 and 15 500 cal. 

BP) highlighted the geochemical impact of a multitude of pumice fragments (micropumices) in 

the sediments. Therefore, interpretations of XRF signaIs were reviewed and a new interpretation 

has been proposed for this period, in agreement with other proxies developed in the P ASADO 

project. Then, contrary to what had been suggested earlier, it seems that this period is 

characterized by dominant easterly winds and a relatively cool climate with mild summers. High­

resolution studies of six thin-sections during the heginning of the Holocene climate period, 

around 8400 years BP calibrated age, showed that the highest sedimentation rate recorded in our 

entire sedimentary sequence is due to autochthonous calcite and monohydrocalcite precipitation 

as weil as detrital input (either wind or precipitation). Therefore, this episode cannot he assigned 

to precipitation variations anymore than it can be to temperature variation. Finally, comparing 

SEM-EDS analyses, grain size and Il-XRF along Last Glacial sediments, we have shown that 

1 . many Il-XRF proxies cannot he used for an entire long lacustrine sedimentary sequence. This 

wams against their use from one site to another. 

Keywords: microsedimentology, Il-XRF, thin-section, grain size, SEM, EDS, image 
analysis, Late Glacial, Antarctic warm events, micropumices, calcite, monohydrocalcite. 
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1.1 Introduction et probl6matique g6n6rale

1.1.1 Int6r6t de Ia pal6oclimatologie

Depuis maintenant une vingtaine d'ann6es, les variations du climat actuel font l'objet de

multitudes de recherches scientifiques et repr6sentent un enjeu mondial. Preuve de l'importance

de cet enjeu, les Nation Unies ont mis en place le Groupe d'experts Intergouvememental sur

I'Evolution du Climat (GIEC) qui a pour but d'informer les Etats et les citoyens des changements

climatiques et environnementaux globaux pr6sents et futurs. Les paramdtres en liens avec les

variations climatiques (1) au niveau continental tels que la temp6rature et la pression

atmosph6rique, les pr6cipitations, I'intensit6 des vents, etc., et (2) auniveau oc6anique tels que la

pression de COz, le pH, carbone et oxygdne dissous, salinit6, phytoplancton, etc. sont 6tudi6s en

continu depuis plus de 50 ans. Ces donn6es permettent l'6laboration de moddles de circulations

atmosph6riques et oc6aniques globaux et d'en simuler les variations futures. Cependant, la

compr6hension des systdmes environnementaux est encore partielle car l'enregistrement de ses

paramdtres est manifestement trop court. Par cons6quent, nous devons avoir une vision d. plus

long terme des changements du climat au cours du temps, si nous voulons comprendre comment

les systdmes environnementaux vont r6agir dans un contexte de changement climatique. Pour

cela, nous n'avons d'autres choix que de faire appel aux archives naturelles, tels que sont les

enregistrements s6dimentaires lacustres. En effet, les processus climatiques et environnementaux

ont une incidence sur la mise en place des particules qui s6dimentent au fond des lacs. En

analysant les caract6ristiques morphologiques, chimiques et physiques des s6diments qui se sont

d6pos6s au cours du temps, on peut ainsi reconstruire l'6volution g6n&ale du climat pass6 sur un

site d'6tude. En comparant ensuite ces reconstructions avec celles issues d'auffes archives, et sur

d'autres sites d'6tudes, nous pouvons alors estimer l'6volution globale du climat pass6.



1.1.2 Int6r6t de la Patagonie

Les terres australes ne repr6sentent que 2 %o de la superficie de I'H6misphdre Sud. Les

enregistrements continentaux du climat y sont donc rares. Ainsi, I'enregistrement s6dimentaire de

la Laguna Potrok Aike en Patagonie argentine est d'une importance g6ologique globale parce

qu'il peut fournir un enregistrement continu des changements climatiques et environnementaux

continentaux de moyennes d hautes latitudes dans l'H6misphdre Sud, et ce, sur plusieurs dizaines

de milliers d'ann6es.

La steppe de la Patagonie septentrionale est extrOmement sensible aux changements de

pr6cipitations et de vents (Endlicher, 1993) ce qui a des r6percussions importantes sur le

d6veloppement 6conomique et sur I'agriculture locale. En effet, concernant l'6conomie r6gionale,

il est important de comprendre comment les pr6cipitations vont 6voluer. Notre connaissance de la

situation climatique en Patagonie est fond6e sur l'observation directe et 1'6laboration de moddles

climatiques r6gionaux. Ces derniers permettent de foumir les conclusions suivantes : (1) avec

l'augmentation des temp6ratures globales, la ceinture des vents d'ouest en H6misphdre Sud serait

redirig6e vers le sud, entrainant un accroissement de la fr6quence et de I'intensit6 des vents

d'ouest d Ia Laguna Potrok Aike (Hudson and Hewiison, 2001); et (2) de telles conditions

entrainent un blocage de I'apport des pr6cipitations venant de I'est (Mayr et al., 2007). De

manidre g6n6rale, des conditions plus sdches sont vraisemblablement attendues pour le futur.

1.1.3 Probl6matique g6n6rale : relations entre la Patagonier l'Antarctique et le Groenland

Les carottes de glaces de Vostok et d'EPICA D6me C ont fourni plusieurs proxies

pal6oclimatiques tels que les variations isotopiques de l'hydrogdne (6D) et de l'oxygdne (5180),

en lien avec les variations de temp6rature et de volume des glaces (Jouzel et al., Ig87), ou encore

le nss-Ca2*, proxy des variations de quantit6 de poussidres atrnosph6riques d6pos6es

(R<ithlisberger et a1., 2002)(un exemple de leur application en Figure 1.1). n a 6t6 d6montr6 que

la majeure partie de ces poussidres sont issues de Patagonie (Basile et a1., 1997) et plus

particulidrement de la r6gion comprise entre 38" S et 54o S. Sugden et al. (2009) ont travaill6 sur

des 6chantillons glaciaires de plaines d'6pandage en Patagonie. Ils d6montrent que les niveaux de

poussidres mesur6s dans les carottes de glace d'EPICA D6me C en Antarctique (Rtithlisberger et



a1.,2002) sont originaires de la region de Patagonie comprise entre 52o 48' S et 53,36o S, une

r6gion proche du lac potrok Aike situ6 lui i 51o 59' S. Leurs travaux tendent i montrer que les

pics de poussidres observ6s en Antarctique coTncident avec les p6riodes oi les glaciers sont d leur

maximum en patagonie, p6riodes oi les rividres de fonte glaciaire deposent des s6diments dans

des plaines d'6pandage, qui sdchent et qui sont emport6s par les vents d'ouest intenses jusqu'en

Antarctique. A l'inverse, lors de la fonte des glaciers, les s6diments sont pi6g6s au fond des lacs,

et sont pr6serv6s de la deflation 6olienne (Figure 1.2).
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Figure 1.1 : Enregistrements isotopiques des carottes de glace en Antarctique montrant la synchronicit6 des

n"ii"tioos mill6naires au cours de la derniEre p6riode glaciaire, tandis que des variations rapides sont

rencontr6es au Groenland. a, 6180 au site EDML (violet, 0,5 m de r6solution, gris, moyenn6 sur 15 m) au

cours des derniers 150 ka. L,enregistrement montre des caract6ristiques similaires A celles des

enregistrements isotopiques d'EDC (bleu) et de D6me F (rose) les enregistrements isotopiques, mais avec une

structure plus fine uu 
"ou.t 

de MIS3 et MIS4. Le-s temp6ratures de surface en haut sont des estimations

d6riv6es du gradient spatial 6t8o/temp6rature. b, 6180 des carottes de glace NGRIP (gris). c, Poussiires des

carottes de glace ae I'EDML (rouge) et EDC (rose) avec une r6solution de 1000 ans ; ces enregistrements de

poussiires ont 6t6 utilis6s pour synchroniser les carottes.

Durant les p6riodes glaciaires, le plateau continental 6tait plus 6tendu d cause d'un faible

niveau marin exposant ainsi une plus grande surface pour le transport 6olien. Cependant, il a 6tE

d6montr6 (Basile et a1., lggi) que la p6riode de plus forte augmentation du niveau de la mer, il y

a environ 14 ka cal. BP (Guilderson et al., 2000), coincide avec une p6riode sans variation

d'apports de poussidres sur le site du D6me C. Cela pourrait signifier (1) que le plateau
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continental n'etait pas une source majeure de poussidres pour l'Antarctique ou que (2) le vecteur

principal de ces poussidres vers I'Antarctique, c'est-d-dire les vents d'ouest dans la partie

m6ridionale de I'Am6rique du Sud (Basile et al., 1997), etaient substantiellement r6duits au cours

du Tardiglaciaire. Par la suite, il a 6t6 prouv6 que les poussidres originaires d'Australie 6taient

6galement une source importante pour la partie orientale du continent Antarctique au cours des

p6riodes interglaciaires. Pendant les p6riodes glaciaires, l'Am6rique du Sud resterait donc la

principale source de poussidre en Antarctique oriental (Revel-Rolland et al., 2006).

Par cons6quent, les s6diments de la Laguna Potrok Aike sont susceptibles d'avoir

enregistr6 les variations environnementales et climatiques dans la zone mOme d I'origine des

poussidres observ6es en Antarctique, et dont la modulation est comparable d celle des proxiesl

pal6oclimatiques mesur6s dans les carottes de glace en Antarctique et au Groenland. Plus

sp6cifiquement, des analyses g6ochimiques des s6diments de ce lac permettraient de connaitre les

variations du niveau lacustre. En effet, les variations de titane au sein des s6diments sont en lien

avec l'apport hydrologique, puisque les min6raux qui contiennent du titane ne sont pas sensibles

i la dissolution chimique (Demory et a1.,2005). Encore, les variations du fer et du mangandse

temoignent des variations de conditions d'oxyg6nation i l'interface eau/s6diment (Cohen, 2003) ;

ce qui permet de proposer des interpr6tations sur les variations d'intensit6 de vents et sur le bilan

6vaporation/pr6cipitation. Des analyses de granulom6trie nous permettraient egalement d'obtenir

des informations sur l'origine des particules qui s6dimentent. En outre, la part des grains arrondis

se situant entre les silts grossiers et les sables fins, c'est-d-dire entre 30 pm et 200 pm,

repr6sentent la fraction d6tritique principalement emport6e et gardee en suspension par les vents

(Tucker, 1991).

Les recherches actuelles en pal6oclimatologie sont particulidrement investies dans la

compr6hension du rdle de l'H6misphdre Sud dans les variations rapides du climat. En effet, les

causes et les effets des r6chauffements et refroidissements rapides mesur6s en Antarctique, tels

que les Antarctic Warm Events et l'Antarctic Cold Reversal, ainsi que les refroidissements et

r6chauffements rapides mesur6s au Groenland, tels que le Dryas r6cent, les 6v6nements

d'Heinrich et de Dansgaard-Oeschger, sont encore mal connus. Il semble que cette

' 
Un proxy repr6sente un enregistrement du climat ou de l'environnement au travers des processus physiques,

chimiques etlou biologique (Hughes et a1.,2010).



compr6hension passe par I'am6lioration des reconstructions des pal6ocirculations atmosph6riques

dont notamment les variations d'intensit6 et de position des vents d'ouest en Am6rique du Sud

(Labeyrie et al., 2004). Pour comprendre en quoi la connaissance des pal6ocirculations

atmosph6riques est importante, il nous faut regarder les systdmes oc6aniques et continentaux dans

leur ensemble. La zone de convergence intertropicale (ZCIT) est une zone de basse pression

oscillant autour de l'6quateur en fonction des saisons (Peterson et al., 2000). Les continents

englac6s au nord (Am6rique du Nord et Europe-Asie) reagissent en phase avec le Groenland, y

compris aux plus basses latitudes (modulation de la mousson et de la ZCIT) (Peterson et a1.,

2000). En revanche, les temp6ratures de surface des oc6ans 6voluent en phase avec l'Antarctique

(Koutavas et al., 2002). Cette diff6rence de phase dans les enregistrements continentaux et

oc6aniques pourrait 6tre due i I'effet de I'alb6do. En effet, dans un environnement glaciaire, qui

permet aux neiges hivernales d'€tre nettement plus 6tendues vers les basses latitudes de

1'H6misphdre Nord, l'alb6do pourrait provoquer une forte r6troaction positive limitee aux

continents. La ZCIT montrerait ainsi une expansion Nord-Sud de beaucoup plus forte amplitude

que ce que nous connaissons actuellement (Labeyrie et al., 2004). Elle faciliterait alors (l) les

echanges latitudinaux de vapeur d'eau vers les pdles nord et sud, donc la croissance des calottes

(Groenland et Antarctique), et (2) agirait comme vecteur de chaleur majoritairement orient6 vers

le sud d cause de la raret6 des continents (Labeyrie et a1., 2004). Ce ph6nomdne expliquerait que

chaque 6v6nement froid d'Heinrich, mesur6 dans I'H6misphdre Nord, est pr6c6d6 par un

r6chauffement au Sud, mesur6 dans les carottes de glace Antarctique. Par cons6quent, lors des

6v6nements d'Heinrich, les periodes d'accroissement et d'avanc6e des glaces continentales sur

les oc6ans, engendreraient les modifications de circulation thermohaline (Labeyrie et al., 2004).

En somme, cette zone d'6tude constitue une r6gion-cl6 pour tester les liens climatiques

inter-h6misph6riques, consid6rant que: (1) l'intensit6 de l'insolation estivale varie en opposition

de phase avec les latitudes similaires dans I'H6misphdre Nord, (2), elle est situee en H6misphdre

Sud, qui est principalement oc6anique d la diff6rence de l'H6misphdre Nord, et (3), ces r6gions

de hautes latitudes de l'H6misphdre Sud sont ir la fois loin des foyers de formation d'eau profonde

nord-atlantique et des banquises. En outre, l'Am6rique du Sud est la seule masse continentale

continue dans I'H6misphdre Sud qui croise entidrement la ceinture des vents d'ouest, et qui est

dans I'interface climatique critique entre les latitudes moyennes d 6lev6es (Moreno et al., 2009).



Figure 1.2 : < the dust machine >>, litt6ralement << la machine i poussiires >>, selon Sugden et al. (2009).

1.1.4 Travaux pr6alables

Les scientifiques du projet SALSA (South Argentinean Lake Sediment Archives and

modeling, 2001-2006) ont principalement travaill6 sur deux carottes courtes de 100 et 900 cm, et

une caroffe longue de 1892 cm, prises sur les parties littorales et centrales de la Laguna Potrok

Aike. Leurs 6tudes ont permis de mettre en 6vidence les variations hydrologiques et

environnementales du bassin versant depuis 16000 ans BP, et proposer une tendance g6ndrale

depuis le stade isotopique 3 (Haberzettl et al., 2005, 2007,2008, 2009 ; Wagner et al., 2007 ;

Wille et a1., 2007 ; Mayr et al., 2007 ; Anselmetti et al., 2009 ; Fey et al., 2009). Ces 6tudes

conjugu6es ont alors r6v6l6 un haut niveau du lac i partir de 55 ka cal. BP, et ce jusqu'au

Tardiglaciaire. La transition s'installe avec une diminution d'environ 25 mdtres au-dessous du

niveau de la dernidre glaciation, vers 13200 ans cal. BP, p6riode colrespondant ir la fin de

I'Antarctic Cold Reversal (ACR). C'est une p6riode de forte diminution de temp6rature mesur6e

en Antarctique lors de la transition Pl6istocdne-Holocdne d6but6e il y a environ 14500 ans cal.

BP. Une des clefs sur I'origine du refroidissement intervenu entre 12800 et 11500 ans cal. BP

(Dryas R6cent), mesur6 dans les carottes de glace du Groenland, pourrait bien se trouver en

H6misphdre Sud puisque I'ACR est intervenu 1800 ans avant le Dryas R6cent (Blunier et a1.,

1 998).

A la Laguna Potrok Aike, le pH diminue lorsque les quantit6s d'eau disponible sont plus

importantes, comme observ6 au cours de l'6t6 sec de 2002 (pH : 9,1) et l'6t6 pluvieux de 2003

(pH : 8,7) (Haberzettl et al., 2005). L'augmentation du pH au cours des ann6es sdches, r6sultant



de la concentration en ions H-, soutient la pr6cipitation de la calcite autochthone (Kelts and Hsri,

1978; Dean and Fouch, 1983). En interpr6tant des concentrations faibles en carbone inorganique

total (TIC, en lien avec les pr6cipitations de calcite autochthones) au Tardiglaciaire (16-10 ka cal.

BP) comme indicateur de faibles concentrations ioniques et de la productivit6 primaire (en

relation avec la concentration en carbone organique total, TOC), le niveau du lac de la Laguna

Potrok Aike aurait 6t6 6lev6 entre I 6-13.2 ka cal. BP (Figure 1,3). Pourtant, les valeurs faibles en

Ti (mesures XRF) semblent contredire I'id6e selon laquelle le Tardiglaciaire aurait 6t6 humide

dans cette r6gion, puisque ses valeurs sont faibles et en relation avec I'apport hydrologique

(Demory et al., 2005). Cependant, I'augmentation du TOC pendant cette p6riode, aurait

probablement dilu6 la fraction de s6diments min6rogdniques (Haberzettl et aL.,2007). Ces auteurs

proposent aussi qu'une partie importante du mat6riel d6tritique n'aurait pas pu s6dimenter dans le

lac, car I'exutoire 6tait trop proche de la zone d'entr6e, Cette hypothdse est remise en cause par

nos d6couvertes dans I'article dans le chapitre2.

De 13.2-11.4 ka cal. BP le niveau du lac 6tait plus bas. L'apparition de la Phacotus

lenticularis (algue verte) entre 12,8 et 71,4 ka cal. BP suggdre 6galement que les temp6ratures

des eaux de surface ont 6te plus chaudes au cours de ce bas niveau (Haberzettl et al., 2007 ;

Schlegel et al., 2000b). L'apparition de Phacotus lenticularis est environ contemporaine du

Dryas r6cent mesur6 en H6misphdre Nord. Par la suite, le TIC montrerait de nouveau une

augmentation du niveau du lac jusqu'd 8,65 ka cal. BP (Figure 1.3). Les interpr6tations issues de

Phacotus lenticularis, et les interpr6tations sur les variations du niveau du lac sont 6galement

remises en question dans le chapitre 2.

Des analyses de diffraction X ont rfveI6, l'existence de monohydrocalcite au sein des

s6diments i partir de 8,65 ka cal. BP. Ce carbonate hydrat6 pr6cipitent dans la colonne d'eau

lorsque les concentrations en sels sont importantes (Rivadeneyra et al., 200,2004), et t6moigne

donc de drastiques changements hydrologiques d la Laguna Potrok Aike. Le lac descend alors d

son niveau le plus bas connu jusqu'ici, c'est-i-dire 30 m sous la surface actuelle, cr6ant ainsi une

terrasse d6tect6e par mesures sismiques et dont la discontinuit6 a et6 dat6e au radiocarbone

(Haberzettl et al., 2001). Une carotte de s6diments prelev6e sur cette terrasse a montr6 que la

s6dimentation n'a pas 6t6 perturb6e et a repris depuis 6,75 ka cal BP, t6moignant ainsi d'une

6l6vation du niveau du lac d cette p6riode. Aprds 6,75ka cal BP, les divers proxies r6vdlent que le

niveau du lac varie en r6ponse i une alternance de p6riodes humides et sdches, mais n'a jamais
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atteint un niveau aussi bas que 30 mdtres au-dessous de I'actuel. La dernidre p6riode humide,

affribu6e au Petit Age Glaciaire, semble avoir 6t6 la p6riode la plus humide depuis le d6but de

I'Holocdne (Haberzettl et al., 2007).

1 6 1 5 1 4 1 3 1 2 1 1 1 0 9  8  7  G
Age cal kyr BP

Figure 1.3 : Proxies climatiques des s6diments de la Laguna Potrok Aike : taxon de pollen de forOt and6enne
(AFT) en tant que mesure de la variabilit6 des vents d'ouest, Ie carbone inorganique total (TIC) utilis6 comme
indicateur du rapport 6vaporation/apports d'eaux, et la teneur en Titanium (Ti, donn6es en cps) repr6sentant
les apports s6dimentaires min6rog6niques principalement g6n6r6s par le ruissellement de surface. Les
datations radiocarbones sont indiqu6es en abscisses. Les donn6es sont issues Haberzettl et al. (2005, 2007,
2008), Mayr et al. (2007) et Wille et al. (2007) (PAGES news, Vol. 15 No2, 2007).

La variabilite hydrologique au cours de I'Holocdne, est au moins partiellement imputable

aux variations d'intensit6 des vents d'ouest en H6misphdre Sud (Mayr et a1.,2007; Wille et al.,

2007). Les changements d'intensit6 des vents d'ouest sont document6s par les taxons polliniques

de la for6t andine au sein des s6diments de la Laguna Potrok Aike, qui se composent

principalement de pollens de for€ts de h€tres m6ridionaux (Nothofagus). Le pollen est transport6

par les vents d'ouest depuis les forOts andines humides jusqu'i la r6gion de steppe semi-aride

autour de Laguna Potrok Aike (Wille et al., 2007). Les faibles concentrations de pollen d'arbres i

la fin des p6riodes glaciaires sont probablement dues d I'absence de vastes fordts. Par cons6quent,

I'enregistrement pollinique de I'Holocdne (depuis 11,6 ka cal. BP) refldte principalement les
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changements dans I'intensit6 des vents d'ouest, une caract6ristique conforme d I'interpr6tation des

enregistrements polliniques plus d I'ouest (Mayr et al., 2007) (Figure 1.3). Les r6sultats de

concentration en TIC 6lev6s, de faibles valeurs en Ti et une contribution accrue de I'AFT pour les

s6diments depuis 8,65 ka cal BP, implique que le r6gime climatique r6gional, avec des vents

d'ouest qui persiste jusqu'i aujourd'hui, a commenc6 au d6but de I'Holocdne.

1.1.5 Int6r6t du projet PASADO

Les enregistrements pal6oclimatiques de haute-r6solution du stade isotopique 3 (60-25 ka)

sont lacunaires en Am6rique du Sud, que ce soit dans le secteur marin ou continental (Voelker,

2002). Les donn6es pal6oclimatiques continentales durant le stade isotopique 3 sont limit6es au

nord de 43' S (Voelker, 2002). Nous disposons de donn6es palynologiques d 42 10'S, 73" 36'W

dans une tourbe de la Grande ile de Chilo6 au Chili (Heusser et al., 1999; Heusser et Heusser,

2006), et dans une tourbidre d Fundo Nueva Braunau (40" 17' S, 73" 05' W) (Heusser et al.,

2000), ainsi que des donn6es dendrochronologiques faites sur des macrorestes d'arbres trouv6s i

Seno Reloncavi (40o 00' d"42" 30' S, 7lo 30' d74" 00'O) au sud de Lake District au Chili (Roig et

al., 2001). Plus au sud, des informations climatologiques couvrant cet intervalle de temps

proviennent de carottes de glace de I'Antarctique (Petit et al., 1990, 1999). Par cons6quent,

I'enregistrement de haute r6solution des s6diments de Laguna Potrok Aike (51o 58' S, 70o 23'W)

couvrant le stade isotopique 3 permettrait de combler cette lacune (Zolistchka et al., 2009a).

C'est pourquoi le projet interdisciplinaire appel6 PASADO, qui signifie Potrok Aike

Sediment Archive Drilling prOject, a 6t6 d6velopp6 (Zolitschka et a1., 2006). Il s'agit d'une

initiative internationale d6velopp6e dans le cadre de I'ICDP (International Continental Scientific

Drilling Project). Au Canada un groupe de 10 chercheurs et de 4 collaborateurs sont pr6sentement

impliqu6s dans le projet. Le programme des Occasions sp6ciales de recherche du CRSNG ont

soutenu les efforts que d6ploie le groupe. Le projet pr6voyait initialement de r6cup1rer la

s6quence s6dimentaire compldte de plusieurs centaines de mdtres (- 400 mdtres) depuis le d6but

de I'enregistrement aprds l'6ruption phr6atomagmatique, c'est-i-dire depuis environ 770ka caI.

BP (Zolitschka et a1.,2006). Seulement, des difficult6s techniques sur le terrain n'ont permis de

r6cup6rer qu'une partie de la s6quence, et d'atteindre une profondeur maximale d'environ 100
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mdtres. Les objectifs initiaux du projet PASADO sont disponibles sur le site PASADO

CANADA, i I'adresse suivante http'llcan-pasado.ete.inrs.calfrlnode/15. Malgr6 I'impossibilit6 de

remonter jusqu'au moment de la formation du lac, le stade isotopique 3 a pu 0tre atteint, et les

principaux obj ectifs maintenus :

Reconstitution pal6oenvironnementale quantitative i haute r6solution.

Chronologie d partir des tephras.

Variabilit6 pal6os6culaire du champ magn6tique terrestre.

Comparaison des s6ries de donn6es entre celles de noffe projet et celles issues des carottes

de glace du projet EPICA en Antarctique, sur la magnitude, la transition, les p6riodicit6s

et les cycles des p6riodes glaciaires/interglaciaires.

Reconstitution de l'activit6 6olienne.

Et 6tablir des comparaisons entre nos donn6es et des simulations climatiques issues de

moddles de circulation g6n6rale et r6gionale de fagon d 6tablir des liens entre la variabilit6

climatique et les facteurs de forgage climatique.

1.1.6 Int6r6t de cette 6tude et articulation du manuscrit

De manidre g6n6rale, l'6tude micros6dimentologique et g6ochimique, en haute r6solution,

des s6diments de ce lac de maar (cf. 1.4 pour plus de d6tails) a pour but de caract6riser la nature,

l'aspect et la taille des particules qui composent le s6diment. Ceci permet de fournir des

interpr6tations environnementales et climatiques fiables, et lors d'6v6nements de changements

abrupts du climat mesur6s en Antarctique et au Groenland depuis la dernidre p6riode glaciaire.

S'appuyant sur des instruments de mesures de technologie de pointe (Itrax core scanner,

granulomdtre laser, MEB, EDS, et DRX) (cf. 1.5 pour plus de d6tails), la caructlisation de la

nature et de la structure des s6diments en haute r6solution permet de comprendre les conditions

originelles de d6p6t. Tout d'abord, elle permet de savoir quelle fraction du s6diment est utilisable

pour des reconstructions pal6oclimatiques et pal6oenvironnementales, car il est possible de

d6terminer si le mat6riel s'est d6pos6 en condition << normale > (p6lagique) ou << anormale >>

(remobilis6), c'est-d-dire 6v6nementielle. Puis, elle permet de dissocier I'apport autochtone de

I'apport allochtone, ce qui a pour but d'6claircir la part du s6diment utilisable pour urle

a

a

a

a

a
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caract6risation des variations in situ (variation des conditions d'alcalinit6, de temp6rature et de

niveau de I'eau) et ex situ (intensit6 des vents et pr6cipitations). Enfin, elle permet de connaitre

quelle part du s6diment affecte le signal chimique (fraction biologique, d6tritique, n6oform6,

etc.).

Ce manuscrit s'articule en 3 parties : la premidre comprend une synthdse du doctorat.

Nous y d6velopperons le contexte scientifique de l'6tude, ses objectifs propres, les principales

composantes environnementales et climatiques qui r6gissent le site d'6tude, la m6thodologie

employ6e, les r6sultats obtenus et les interpr6tations s6dimentaires, pal6oenvironnementales et

pal6oclimatiques. La deuxidme partie pr6sentera les 3 articles r6dig6s lors de ce doctorat (un

publi6 ou deux pr6ts i 6tre soumis). Le premier article propose une reconstruction

pal6oclimatique durant le Tardiglaciaire. Il est disponible en ligne et est sous presse dans la revue

Quaternary Science Reviews (QSR). Le deuxidme article, qui sera soumis d Journal of

Sedimentary Research, traite de la caractlisation i trds haute r6solution des s6diments i

l'initiation de I'Holocdne, et pr6cise la nature du mat6riel s6dimentaire durant la p6riode qui a

subi les plus fort taux de s6dimentation enregistr6s depuis 5l ka cal. BP. Le troisidme article, qui

sera soumis d Joumal of Paleolimnology, s'int6resse aux divers proxies d6velopp6s avec des

r6sultats p-XRF et discute les conditions d'utilisation de ceux-ci pour les reconstructions

pal6oenvironnementales et pal6oclimatiques. Enfin, la troisidme partie est compos6e de

I'ensemble des r6f6rences et annexes qui supportent cette 6tude.

L.2 Probl6matiques sp6cifiques et objectifs de l'6tude

1.2.1 Caract6risation micros6dimentologique (p-XRF, MEB, EDS, analyse d'image et
granulom6trie laser) des faciis de la derniire p6riode glaciaire.

Avant de d6velopper les probl6matiques sp6cifiques, il est important de pr6senter les

probl6matiques g6n6rales de l'6tude, qui se d6finissent en trois points principaux :

l. Est-ce que les investigations micros6dimentaires peuvent r6v6ler des informations sur les

r6gimes des vents d'ouest et sur les variations d'apports hydrologiques?

2. Si oui, est-il possible de d6veloper des proxies g6ochimiques etlou granulom6riques sur

leurs variations d'intensit6 au cours du temps?
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3. Est-ce que les intervalles analys6s par les autres scientifiques du projet PASADO sont

pertinents pour les reconstructions pal6oenvironnementales?

La sdquence s6dimentaire de 106,08 mdtres de long r6cup6r6e dans le cadre du projet

PASADO montre une multitude de facids s6dimentaires visibles i l'ceil nu (Figure 1.4). Cette

s6quence offre donc la possibilit6 de fournir un 6ventail important de description de facids et de

microfacids s6dimentaires en milieu lacustre. Le but que nous nous sommes fix6 est de connaitre

les conditions de s6dimentation pouvant entrainer un mOme signal g6ochimique. Ce volet d'6nrde

propose l'utilisation de la micros6dimentologie en tant qu'outil n6cessaire pour des

interpr6tations s6dimentologiques, pal6oenvironnementales et pal6oclimatiques fiables. Il faut

noter que ce genre d'6tude est rare car elle est longue et fastidieuse. Elle constitue cependant une

information utile -voire indispensable- pour les autres membres du projet PASADO, car

I'investigation pr6cise de la nature du s6diment i un point donn6 permet de valider ou d'invalider

I'utilisation des autres indicateurs potentiels pour les reconstructions pal6oenvironnementales et

pal6oclimatiques.
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Figure 1.4: Photographie du profil composite de site5022-2. Les s6diments des 106,08 mitres sont pr6sent6s
en sections de 3 m (6tiquet6s sur le cdt6 gauche). Les nombres en haut de chaque section repr6sentent la
profondeur composite. Les intervalles en blanc repr6sentent les lacunes li6es i la perte de s6diments i la base
des carottes en raison de problimes de forage ou due aux < core catchers >. Ohlendorfet al.,20ll

Pour ce faire, nous avons envisagd le cadre mdthodologique suivant (cf. 1.4 pour plus de

ddtails) :

G6ochimie:

a. p-XRF en haute-rdsolution (100 pm) de tous les facids observ6s d l'ceil nu.

b. Spectroscopie 6lectronique (EDS) sur l'ensemble des particules du

s6diment.

Micros6dimentologie : Description des microfacids en utilisant la granulomdtrie

par (l) analyse d'image MEB et (2) une technique au laser.

l .
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1.2.2 Caract6risation micros6dimentologique (p-XRF, MEB, EDS et analyse d'image) de
haute-r6solution au cours du Tardiglaciaire (10500-15500 ka ca. BP)

Le Tardiglaciaire est la pdriode correspondant d la d6glaciation qui a suivi le dernier

maximum glaciaire. Elle reprdsente le stade ultime du Pldistocdne et pr6cdde I'Holocdne. Elle

comprend les changements abrupts du climat suivant : le Dryas recent et I'Antarctic cold reversal.

Au d6but de ce doctorat, plusieurs aspects environnementaux restaient incompris pour cette

pdriode. Premidrement, sur un aspect biologique, comment Phacotus lenticularis, une algue verte

6tant uniquement thermoddpendante et ne pouvant se d6velopper qu'd des tempdratures >15,8 oC

(Miiller and Oti, l98l; Schlegel et al., 1998,2000a), a pu exister pendant prds de 2000 ans

(Haberzettl et a1.,2007; Jouve et a1.,2012). En effet, cette dernidre a ete trouvde pour la premidre

fois dans les s6diments entre l3 000 et I 1000 ans approximativementparHaberzettl et al. (2007),

puis vdrifid par Jouve et al. (2012), et n'a jamais dtd trouvde ailleurs dans tout le reste de la

s6quence s6dimentaire. Selon Haberzettl et al. (2007), la prdsence de Phacotus lenticularis,

supportde par une approche geochimique multiproxy, indique une pdriode chaude et sdche avec

de forts vents d'ouest. Cependant, d'autres proxies ddvelopp6s dans le cadre du projet SALSA,

tels que les concentrations en pollen (Wille et al., 2007) montre une pdriode froide et humide

avec des faibles vents d'ouest. Dds lors, existent-ils d'autres conditions environnementales qui

pourraient expliquer le ddveloppement de Phacotus lenticularis ? La micros6dimentologie

pourrait-elle nous aider d comprendre davantage ces conditions environnementales et climatiques

exceptionnelles ?

Pour cela, nous avons ddtermind le cadre mdthodologique suivant (cf. 1.4 pour plus de

ddtails) :

1. G6ochimie :

a. Etude p-XRF en haute-rdsolution (100 pm) des s6diments du

Tardiglaciaire (selon le moddle d'6ge ddveloppd par Kliem et al. en 2012),

et dtude statistique des 6ldments tels que Ca, Mn, Fe et Ti.

b. Spectroscopie dlectronique (EDS) sur I'ensemble des particules du

sddiment susceptibles d'avoir une incidence sur les proxies XRF

(particules mindrales et volcaniqu es, et Phacotus lenticularis).
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2. Microsedimentologie :

a. Description des microfacids en utilisant la granulomdtrie par analyse

d'image MEB.

b. Etude statistique de I'ivolution des tailles de particules.

1.2.3 Caract6risation micros6dimentologique (p-XRF, MEB, EDS, analyse d'image et
DRX) de tris-haute-r6solution au d6but de I'Holocine

A I'initiation de I'Holocdne, vers 8400 ans cal. BP, les rdsultats de datation loc des projets

SALSA (Haberzettl et al., 2007) et PASADO (Kliem et al., 2012), montrent des taux de

sddimentation trds 6levds (environ 8 mm.a-l;. Les taux de sddimentation pour les demiers 16000

ans cal. BP 6tant situds majoritairement entre 0 et2 mm.a-', Haberzettl et al. (2007) proposent

que ce fort taux de sedimentation soit d0 d une diminution drastique du niveau du lac, entrainant

ainsi un apport mindrogdnique allochtone plus important. Ces conclusions s'appuient notamment

sur des rdsultats de diffraction aux rayons X (DRX) qui montrent des pr6cipitations de

monohydrocalcite, mindral connu pour prdcipiter d des concentrations dlev6es en sels

(Rivadeneyra et al., 2000, 2004). Cependant, les connaissances de la nature du matdriel

particulaire restaient partielles puisqu'aucune 6tude sddimentologique pr6cise en lame mince

n'avait dtd rdalis6e jusque-ld pour cette pdriode. Dds lors, Ie cadre mdthodologique suivant (cf.

1.4 pour plus de ddtails) a dtd 6labord:

l.  G6ochimie :

a. p-XRI (100 pm) des sddiments d l'initiation de l'Holocdne.

b. DRX en haute-rdsolution (2 cm) pour une caractdrisation g6ochimique

prdcise des facids sddimentaires.

c. EDS sur I'ensemble des particules du sddiment susceptibles d'avoir une

incidence sur les proxies XRF.

2. Microsedimentologie : Description des microfacids en utilisant la granulomdtrie

par analyse d'image MEB.
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1.3 Site d'6tude

1.3.1 Localisation 96o9raphique

La Laguna Potrok Aike est un lac situd en Argentine, au sud-est de la Patagonie prds de la

frontidre avec le Chili, d 5lo 59.0'de latitude Sud, et 70o 21.0'de longitude Ouest. Il faitpartie

de la province Santa Cruz dont la capitale est Rio Gallegos. Il se trouve i environ 70 km au Nord

du ditroit de Magellan, 100 km d I'est de I'Oc6an Atlantique, et d 1500 km au Nord de

I'Antarctique (Figure 1.5).

tr'igure 1.5 : localisation g6ographique de la Laguna Potrok Aike. a : vue spatiale centr6e sur I'Antarctique. b :
image satellite du sud de la Patagonie, de la Laguna Potrok Aike et autres lacs.

1.3.2 Histoire g6ologique

Ce lac s'est crdd aprds une druption phreatomagmatique, c'est-d-dire une druption

volcanique due d la rencontre entre un magma ascendant et une nappe phreatique. Le cratere

rdsultant de cette 6ruption a accumuld des archives sddimentaires depuis environ 770 000 ans

(Zolitschka et a1.,2006). Le lac est quasi circulaire et a un diamdtre maximum de 3470 m, et une

superficie de 7,58 km 2. Le bassin versant est d'environ200 km2, cependant, les apports d'eaux

de surface ne sont qu'dpisodiques et ne se produisent qu'd travers des ravines et des canyons
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(Figure 1.6). La Laguna Potrok Aike se trouve dans la province geologique du champ volcanique

Pali Aike (Pali Aike Volcanic Field, PAVF), dans la fonnation de Santa Cruz, au sein de l'unitd

du plateau des laves basaltiques (Figure 1.7). Au cours du CdnozoiQue, I'dvolution

g6odynamique de la partie la plus au sud de l'Amdrique du sud, or) s'est mis en place le champ

volcanique Pali Aike (Pali Aike Volcanic Field, PAVF) et par extension la Laguna Potrok Aike,

rdsulte de : (l) la convergence des plaques Nazca et Antarctique sous la plaque sud-amdricaine et

(2) du mouvement de d6crochement le long de la limite entre les plaques Scotia (ou plaque

dcossaise) et sud-am6ricaine, crdant notamment le systdme de failles de Magellan.

Figure 1.6: a. vue du ciel de la Laguna Potrok Aike (modifi6 de Google Earth (02011 Europa technologies,
Olnav/Geosistemas SRL, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, O 2011 Google). b. reproduction de
cartographie 3D de la Laguna Potrok Aike montrant les riviires et canyons permettant des apports d'eau
6pisodiques et la zone inondable potentielle. lmage modifi6 de Corbella et al.,2011,3rd international
PASADO workshop.

Cette activitd tectonique a entraind la formation de plusieurs provinces volcaniques de

type plateau de lave entre 34o S et 54o S. Le champ volcanique Pali Aike, d'Age Plio-Pleistocdne

(Corbella, 2002) s'est mis en place dans la partie la plus mdridionale de la Patagonie (52' S de

latitude) et represente la terminaison sud de ces basaltes de plateaux de Patagonie. L'origine de

I'activite volcanique de PAVF serait due d la prdsence d'une fen€tre asthdnosphdrique dans la

plaque en subduction (D'Orazio et a1.,2000,2001). L'activitd volcanique de PAVF a ddbutd par

une activitd effusive avec la mise en place de couldes de lave quipeuvent atteindre jusqu'i 120 m

d'dpaisseur comme c'est le cas dans la partie nord-ouest du champ volcanique au niveau du

canyon de la rividre Rio Gallegos. Cette sdquence expose une morphologie typique de plateau de
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lave : les parois abruptes des valldes principales permettent d'observer les rares restes de c6nes de

scories, les remparts volcaniques, les dykes et les filons-couches. Suite d cette premidre phase

d'activitd, prds de 450 ddifices volcaniques se sont mis en place tel que la Laguna Potrok Aike et

I'activitd de PAVF s'est terminde par la mise en place d'autres ddifices volcaniques et couldes de

lave assocides. La Laguna Potrok Aike est un systdme volcanique monog6nique de type maar-

diatrdme qui se trouve dans la partie sud-ouest de ce champ volcanique dans la formation de

Santa Cruz.

Figure 1.7 : Unit6 g6ologique du sud de la Patagonie (Ross et al., 201l)
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1.3.3 Climat et limnologie

Le climat de cette r6gion est domin6 par des vents d'ouest pouvant atteindre des vitesses

moyennes mensuelles de 9 m.s-r au d6but de l'6t6 (Endlicher, 1993). Des pr6cipitations faibles

(moins de 200 mm.a-') resultent du blocage des pr6cipitations d I'ouest des Andes car, de par leur

altitude, elles jouent le r6le de barridre pour la circulation atmosph6rique. Plus les vents d'ouest

sont pr6sents, plus les pr6cipitations, majoritairement en provenance de l'est, sont bloqu6es et

plus le climat est sec (Schneider et al., 2003; Mayr et a1., 2007) (Figure 1.8). Actuellement,

I'action du vent m6lange les eaux quasiment entidrement et toute l'ann6e, emp6chant leur

stratification pendant la p6riode estiVale et hivernale et la formation d'une couverture de glace

durant I'hiver (Endlicher, 1993) (Figure 1.9). Actuellement, le lac n'a pas d'exutoire (Figure 1.6),

ce qui le rend trds sensible aux changements du rapport pr6cipitation/6vaporation : les

augmentations de niveau du lac correspondent aux conditions climatiques plus humides et les

baisses du niveau du lac interviennent pendant les p6riodes sdches (Haberzettl et al., 2005 ;

Ohlendorf et al., 201 I ). En 6t6 2002,Ie niveau du lac 6tait Ar I l3 m au-dessus du niveau de la mer

et la profondeur d'eau 6tait d'environ 100 m. Le lac est bord6 de plusieurs pal6o-terasses

form6es par I'action des vagues (Haberzettl et al., 2005) attestant de variations de niveaux d'eau

depuis plusieurs milliers d'ann6es (Anselmetti et al., 2009 ; Ohlendorf et al., 2011).

En ce qui conceme la composition ionique de I'eau, la Laguna Potrok Aike est dominee

par le chlorure de sodium, suivie du magnesium, potassium, calcium et sulfate, et a un pH

compris entre 8,7 et 9. Ceci est fond6 sur de fortes conductivit6s 6lectriques, entre 2970 et 3110

pS.cm-r pour les ann6es 2002 iL 2005. C'est un lac subsalin, avec des salinit6s variant d,e 2,22 it

2,53 ppm. Les concentrations de nitrates sont pour la plupart au-dessous de la limite de d6tection.

Le phosphore total est remarquablement 6lev6 avec des concentrations dans les eaux de surface

entre 1300 et 3600 mg.L-r.En depit de ces fortes valeurs, la productivit6 planctonique est faible,

conlme d6montr6e par une profondeur de Secchi de 6,9 m (liee d la turbidit6 de l'eau) (rapport

PASADO pour la commission Drilling Environmental Protection and Safety, DEPS).
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Figure 1.8 : a, fr6quence des directions de vents/par heure. b, somme des pr6cipitations (en mm) par direction
de vents. c, rapport entre les sommes de pr6cipitations et la fr6quence des directions de vents (modifi6 depuis
Mayr et aI., 2007).

fc)

I
I-
I
I

I
I
n
Ir

Date

Figure 1.9 : donn6es de temp6rature de I'eau (thermo-isoplithes), enregistr6es en haute r6solution toutes les
6h avec 7 thermisteurs attach6s i un mouillage dans la partie la plus profonde du lac (rapport PASADO pour
la commission DEPS, Zolitschka et a1.,2006).

hquerre der dreaiors de
vmtr/prheue

SorrEn€ dtr pr€cipiotims (en flun)
prdinctimdeventr

b
N

n r i

o t 3

{ , (b

0.ol

on i

0 l J

o l 5

r :0-

lLu-

s0

o -

! o ,

tE0-

lg0

U

- t u

-20

-JU

40

-50

-ou

-70

-80

-vu

-100

4
5
6
7
8
9
10
1 1
1 2

E

lEp
E

:l
(1.)

c

o
o-

sa s s &.s 05 05 & s s $ ou oL * * s ob or ou d> ou ou s s $
;s*nFQ^{9.:o".\roltd.o"tl"is4.st1.".s(.$;1s'.9"^\rol.pd.g$^+o"n9&nS".("""roo

lt\{

',ldl 
I I

t t
t t  ' l

\.\
!r\\t



1.4 Mat6riels et m6thodes

1.4.1 Campagnes de terrain (automne 2008 et hiver 201f)

1.4.1.1 Campagnes de teruain d'automne 2008

Les op6rations de forage dans le cadre du projet PASADO ont permis d'obtenir plus de

500 mdtres de s6diments, mais a 6chou6 de manidre spectaculaire sur le plan des objectifs de

forage tel que decrit dans la proposition ICDP. Des trois objectifs fx6s pr6alablement, seule la

partie centrale du lac a 6t6 for6e. Sw les 1850 m de carottes initialement pr6vus, seulement 533 m

ont 6t6 obtenus i partir de 7 trous, seulement deux d'entre eux atteignant une profondeur de plus

de 100 m. Une des raisons est que la campagne de terrain a 6t6 marqu6e par de longues p6riodes

de vents forts. Par exemple, le 12 novembre, il a 6t6 enregistr6 i la Laguna Potrok Aike des

rafales de vent iL 177 km.h-r (rapport de mission PASADO) .

Plusieurs paramdtres ont 6t6 mesur6s imm6diatement aprds la rlcuplration des carottes au

laboratoire du campement, pr6vu i cet effet. Une section a 6t6 utilisee pour les premidres analyses

physiques et chimiques de base telles que le pH, Cl', C* 
*, conductivit6 6lectrique, teneur en eau

et densit6 sdche. La deuxidme section du laboratoire de terrain a 6t6 congue pow contenir le

Geotek Multi Sensor Core Logger (MSCL) et un petit bureau pour traiter les donn6es MSCL.

Malheureusement, seules les analyses de susceptibilit6 magn6tique ont pu 6tre r6alis6es (Annexe

6-1). Elles ont permis par la suite d'effectuer des corr6lations stratigraphiques entre le site I et le

site 2.

1.4.1.2 Campagnes de tercain d'hiver 20112

Le principal objectif de ceffe mission 6tait de me permettre de voir et de me familiariser

avec mon site d'6tude, car je n'avais pas pu participer i la campagne de terrain d'octobre 2008

(cf .  1 .4.1.1) .

Cette mission de terrain a 6t6 r6alis6e avec Andr6 Poirier, agent de recherche au GEOTOP

e I'UQAM (Montr6al).

Le deuxidme objectif 6tait de r6colter des 6chantillons :

'J'ai r6alis6 I'ensemble des analyses de laboratoire pr6sent6es dans cette section. Amaud de Coninck, assistant de
recherche de Pierre Francus, m'a souvent aid6 pour les reevaluations des donn6es p-XRF et pour le bon
fonctionnement du MEB-EDS.
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l. G6ologiques:

a. S6diments et/ou tephras dans le bassin versant du lac : pal6oterrasses et

sables de rividres et canyons entourant le lac.

b. Echantillons d'eau le long de la colonne d'eau du lac pour l'analyse

g6ochimique, pour analyse ult6rieure au GEOTOP par Andre Poirier et

Laurence Nuttin.

2. Biologiques:

a. Diatom6es dans le bassin profond du lac et proche du littoral pour le

doctorat de Vicky Tremblay a INRS ETE e Qu6bec, 6galement dans le

cadre du projet PASADO.

b. Lichens 6piphytes pr6sents dans le bassin versant du lac, pour analyse

ult6rieure au GEOTOP par Andr6 Poirier.

Aprds entente avec la professeure Nora Maidana, il a 6t6 pr6vu de d6poser tous les

6chantillons i 1'Universit6 de Buenos Aires, avant d'obtenir les permis n6cessaires e

I'importation d'6chantillons, depuis l'Argentine vers le Canada. Cependant, ces 6chantillons

demeurent toujours i I'Universit6 de Buenos Aires car les papiers n'ont toujours pas pu Otre

obtenus, et ce aprds bient6t 2 ans. Les d6marches administratives pour recup6rer ces 6chantillons

ont 6t6 interrompues. Par consdquent, seuls les 6chantillons g6ologiques ont pu 6tre analys6s. Les

r6sultats sont pr6sent6s dans I'article 2 (chapitre 3), et l'ensemble des localisations g6ographiques

des 6chantillons g6ologiques pr6lev6s est disponible dans la section 3.

1.4.2 Campagne de sous-6chantillonnage i I'universit6 de Br6me, en Allemagne

La campagne de sous-6chantillonnage des carottes a 6t6 r6alis6e entre le 2l mai et le 19

juin 2009. De manidre g6n6rale, les 6chantillons de s6diment ont 6t6 pr6lev6s avec une technique

propre au projet PASADO, et qui a fait I'objet d'un article dans Sedimentary Geology (Ohlendorf

et al., 20It). La technique employ6e est disponible en Annexe 6-2. La liste des scientifiques

impliqu6s dans le projet PASADO est disponible en Annexe 6-3. Annette Hahn, doctorante ir

I'Universit6 de Br6me au sein du projet PASADO, a r6alis6 des analyses XRF en basse r6solution

(5 mm) avec un Itrax core scanner 6galement. Ses travaux ont notamment permis de d6montrer

les meilleures fagons de normaliser chaque 616ment chimique, selon qu'il a 6t6 mesur6 avec un
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tube au chrome ou au molybddne. Pierre Kliem, de cette m0me Universit6, a d6ve1opp6 le moddle

d'dge pour: le projet PASADO.

En ce qui conceme notre 6tude, nous avons proc6d6 de la manidre suivante :

1. pr6ldvement de U-channels sur la partie centrale des demi-carottes, qui ont servis

aux analyses de pal6omagn6tisme i I'Universit6 du Qu6bec i Rimouski en premier

lieu, sous la direction de Guillaume St-Onge et dans le cadre du doctorat d'Agathe

Lis6-Pronovost. Ils ont ensuite servi aux analyses p-XRF (cf. 1.4.3.1) au

laboratoire de g6ochimie, imagerie et radiographie des s6diments (GIRAS) d

I'INRS-ETE;

extraction de s6diments dans des profil6s en aluminium pour la fabrication

ult6rieure de lame minces (Annexe 6-4);

pr6ldvement d'6chantillons pour les analyses granulom6triques au laser e

Kinsston.

1.4.3 Analyses g6ochimiques

1.4.3.1 q-XRF : microfluorescenceX

Lers U-channels pr6lev6s i Brdme ont donc 6t6 analysds i I'Itrax pour la mesure de

concentral.ion relative en 6l6ments pertinents pour une interpr6tation climatique et

environne.mentale. L'Itrax Core Scanner permet I'acquisition simultan6e des micro-variations de

la densit6 et de structure (microradiographie) et de la composition chimique (microfluorescence

X) de l'6chantillon i trds haute r6solution. L'analyse est r6alis6e sans contact avec la surface de

l'6chantillon et est compldtement non destructive. Ce systdme g6ndre un rayonnement de section

transversale rectangulaire et de dimension nominale de 22 mm x 100 microns. Pour nos

6chantillorns, toutes les analyses ont 6t6 faites d une r6solution de 0,1 film, avec un temps

d'exposition de l5 s, llne tension de 30 kV et une intensit6 de 25 mA.

Une fois les 6chantillons analys6s, les dorur6es ont 6t6 r66valu6es. La r66valuation

consiste on 1) I'obtention du spectre sornme (somme de tous les spectres d'6nergie de dispersion

obtenu sur la section de carotte), puis 2) I'ajustement d'une courbe th6orique i ce spectre sorlme

pour minimiser le MSE (Mean Square Error), 3) l'6valuation du MSE de chaque spectre en

utilisant k:s r6glages th6oriques obtenus sur le spectre somme et enfin 4) au calcul des aires de

2.

a
J .
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pics pour chaque 616ment d6tect6. Plus specifiquement, concernant les points 3) et 4), en variant

la s6lection des 6l6ments chimiques, et en appliquant plusieurs ajustement relatifs aux paramdtres

du d6tectew et du tube i rayons X, on minimise la variance r6siduelle. Ainsi, la diminution du

MSE indique une bonne r66valuation. Elle est ensuite appliqu6e i chacun des spectres, et permet

de calculer les aires de pics de chaque 6l6ment s6lectionn6 au lieu des coups/s en fonction de

1'6nergie (KeV).

Les r6sultats r66valu6s peuvent ensuite 6tre utilis6s pour une caract6risation g6ochimique

des s6diments. Il est commun de faire des rapports entre les 6l6ments chimiques mesur6s avec

l'Itrax, que I'on appelle ratios p-XRF. On peut aussi normaliser les 6l6ments en utilisant le

nombre total de coups par seconde (cps), ou la diffusion coh6rente (coh) appel6e aussi diffusion

de Rayleigh. Le titane, le silicium et le potassium, d chaque intervalle de 100 pm, ont 6t6

normalis6s par les cps, tandis que le calcium, le mangandse et le fer, ont 6t6 normalis6s par la

coh. La diff6rence de normalisation 6tait n6cessaire pour une comparaison des r6sultats XRF avec

les autres laboratoires impliqu6s dans le projet PASADO (Hahn et al., soumis dans JOPL).

L'int6r6t et l'application des ratios utilis6s dans ce doctorat sont d6velopp6s avec

pr6cision dans chacun des articles. Par exemple, le ratio Calsi nous a permis de proposer une

nouvelle interpr6tation pal6oenvironnementale pour le Tardiglaciaire (section 0), et de pr6ciser

I'origine du mat6riel s6dimentaire d I'initiation de I'Holocdne (section 3).

1.4.3.2 Lames minces, MEB, EDS et DRX

Pour pr6lever du s6diment dans le but de fabriquer des lames, il faut appliquer un

protocole bien pr6cis afin d'6viter de perfurber et perdre du s6diment au cours du processus, ou

de perdre un 6tiquetage. Tout d'abord, il a fallu fabriquer des profil6s en aluminium, qui ont 6t6

introduits dans le s6diment (Annexe 6-4b). A l'aide d'un outil en fonne de couteau d fromage

(< cheese-cutter-style tool >) (Francus et Asikainen, 2001), que I'on a fait glisser sous le boitier,

' Tous les processus sont d6taill6s depuis la fabrication des lames minces jusqu'i la prise d'image sous le microscope

6lectronique i balayage (MEB). Le reste des m6thodes utilis6es au cours de ce doctorat sont la microscopie et la

spectroscopie 6lechonique, ainsi que la diffraction aux rayons X. Puisqu'aucune de ces m6thodes n'a 6te I'objet

d'une 6tude m6thodologique propre, nous ne ferons qu'exposer succinctement leur int6r6t pow cette 6tude, et nous

renvoyons le lecteur aux diff6rents articles de cette thdse pour une description plus d6taill6e des processus

d'acquisition des donn6es.
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on a pu r6cup6rer le s6diment dans le profi16. Puis, on a retir6 d6licatement le profil6 que I'on a

mis de cdt6. Les profil6s ont 6t6 plong6s dans un bain d'azote liquide, puis retir6s et plac6s dans

un lyophiJlisateur pendant environ 1 jour i divers paliers de temp6rature. Ceci permet I'extraction

de l'eau interstitielle par sublimation sans d6former les facids s6dimentaires. Une fois les profrl6s

r6cup6r6s et plac6s dans un bac d'aluminium plus grand, on a fait p6n6trer de la r6sine depuis le

bas vers l,e haut du profil6 pour 6viter que des bulles d'air ne soient pi6g6es au sein du s6diment

(Lamoureux, L994). Cependant, quelques bulles d'air demeurent malgr6 tout pi6g6es dans la

r6sine. C'est pourquoi les profil6s ont 6t6 plac6s dans un dessiccateur pendant 48h, au sein duquel

leur est soumis un faible vide d'environ 90 kPa. Finalement. on a fait s6cher les blocs dans une

6tuve (environ 80 'C), on les a sci6s, on a 6tiquet6 les blocs indur6s recueillis, et on les a envoy6s

d une entreprise sp6cialis6e dans la confection de lames minces.

Urre fois les lames minces regues, nous avons pu les scanner en lumidre naturelle et

polaris6e i I'aide d'un scanner d plat d face transparente (De Keyser, 1999, Lamoureux et

Bollmann, 2004). Ensuite, les images obtenues ont 6t6 int6gr6es au logiciel d'analyse d'image

d6veloppd:par Francus et Nobert (2007). Ce logiciel permet I'extraction d'information quantitative

i partir d'images num6riques, et l'observation pr6cise du s6diment. Des r6gions d'int6r0t (ROI)

peuvent alors Otre d6finies. Celles-ci constituent les zones pr6cises of le MEB va prendre des

images en mode 6lectrons r6trodiffus6s. Ces images en niveaux de gris sont form6es dans un

volume de 2pm cube sous la surface de la lame. Une fois I'image form6e, on peut r6aliser des

analyses r;himiques sur les zones d'int6ret, i I'aide de la spectroscopie 6lectronique (EDS).

L'analyse EDS est semi-quantitative car la quantification prend en compte I'intensit6 des pics qui

d6pend du poids atomique de l'6l6ment (pas seulement de sa concentration). Les analyses EDS

permettent de pointer une particule visible sur I'image MEB afin d'en connaitre la composition

chimique, ou encore d'obtenir une cartographie de la r6partition des 6l6ments chimiques sur une

image au,complet. Grdce i ces donn6es, nous avons pu observer et caract6riser chimiquement les

particules de chaque ROI, qui, replac6es dans la colonne stratigraphique en fonction de la

profondeur, nous a ainsi permis de comprendre 1'6volution du signal p-XRF au cours du temps.

Par exemple, l'6volution du titane au cours du Tardiglaciaire a pu €tre reli6e aux microparticules

de ponces (section 0).

Pour finir, I'analyse min6ralogique des s6diments s'est r6alis6e par diffractom6trie aux

rayons X IIDRX) avec un diffractomdtre Siemens D5000 i I'Universit6 du Qu6bec A Montr6al, au
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GEOTOP. Nous avons ainsi pu comprendre l'origine des variations des 6l6ments chimiques au

cours du temps en comparant les r6sultats p-XM, ceux des diffractions x, et les variations

granulom6triques aux mOmes profondeurs (section 3).

1.4.4 Analyses granulom6triques

1.4.4.1 Analyse d'image : logiciel INRS-ETE

L'image en niveaux de gris recueillie par le MEB est ensuite analys6e quantitativement

par le logiciel d'analyse d'image. Les filtres appliqu6s aux images (filtre m6dian, filtre hybride

m6dian, et contraste de Kernel, Figure 1.10), pour notamment diminuer le bruit et pr6server la

texture des images, sont d6crits dans Russ and Russ (1997) et Francus (1998). Ensuite, le

seuillage transforme l'image en une image binaire (noir et blanc), dans laquelle les pixels noirs

repr6sentent les points d'int6r6t (g6n6ralement les particules au-dessus de l pm) et les pixels

blancs sont I'arridre-plan (g6n6ralement la matrice). Le logiciel (1) comble les vides i I'int6rieur

des particules (Figure 1.10), (2) enldve les objets de moins de 20 pixels (< 4pm) car les mesures

faites sur les petites particules sont majoritairement biais6s (Russ, 1990 ; Rasband, 1996), et (3)

s6pare les particules qui se touchent. Enfin, nous r6cup6rons une image en noir et blanc pr6te

pour les mesures (Figure 1.10). Les mesures suivantes sont prises sur chaque particule dans le

champ de vision : centre de gravit6 (g), surface (A), grand et petit axe de I'ellipse inscrite, angle

(cr).
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Figure 1.110 : Processus de traitement et de transformation des images MEB en image binaire, pour la
quantification num6rique des particules du s6diment. Modifi6 ir partir de Francus (2004).

L4.4.2 zlnalyse au granulomitre laser

L'analyse par diffraction laser est fond6e sur le principe que les particules avec une taille

donn6e diffractent la lumidre avec un angle donn6, qui augmente quand la taille des particules

diminue. l-es details sont donn6s dans Swithenbank et al., (1977), et Agrawal et Riley (1984).

Pratiquement, 564 6chantillons ont 6t6 analys6s par un granulomdtre laser < Beckman

Coulter LS 200 > 6quip6 d'un module de fluide (fluid module), qui permet de mesurer la fraction

particulaire en suspension dans un fluide. Ils ont ensuite 6t6 introduits manuellement dans

I'analyseur aprds prdtraitement et ont subi une succession de trois s6ries de 60 secondes avec une

sonification continue permettant de disperser les particules agr6g6es (McDonald et Lamoureux,

2009).
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Dans le cadre de ce doctorat, ces analyses nous ont permis de confronter les variations de

taille de grains avec les variations g6ochimiques sur plusieurs carottes, notamment pour 2

carottes successives au cours de la dernidre p6riode glaciaire, et de les comparer avec les r6sultats

granulom6trique par analyse d'image (cf.1.6.1). Cependant, ces r6sultats n'ont pas 6t6 majeurs

face aux autres r6sultats obtenus, et ne font donc pas parti des articles.

1.5 R6sultats

1.5.1 R6sultats propres i cette thdse

1.5.1.1 Derniire periode Glaciaire

Jouve Guillaume, Francus Pierre, De Coninck Arnaud, Bouchard Fr6d6ric, Lamoureux

Scott and the PASADO Science Team : Microsedimentological investigations in lacustrine

sediments from a maar lake: implications for palaeoenvironmental reconstructions.

Cet article est prOt pour soumission dans la revue Journal of Paleolimnology. Il

correspond au premier objectif fixe (cf. 1.2.1). Ce travail s'ajoute d dix ann6es d'investigation

s6dimentaire de la Laguna Potrok Aike pour les analyses XRF (Haberzettl et al., 2007, 2009;

Hahn et al., soumis) and p-XRF (Jouve et al., 2012). Nous avons montr6 que sur de longues

s6quences s6dimentaires lacustres, 1'6tendue des variations des microfacies peut 6tre trds

importante, que des microfacies similaires peuvent avoir des signaux g6ochimiques diff6rents et

inversement. Par cons6quent, rares sont les proxies p-XRF qui peuvent 6tre utilisees pour notre

s6quence s6dimentaire lacustre au complet, ce qui met en avant I'id6e que I'utilisation d'un proxy

p-XRF d6velopp6 pour un site d'6tude ne peut pas 6tre automatiquement appliqu6e i un autre.

1.5.1.2 Tardiglaciaire

Jouve Guillaume, Francus Pierre, Lamoureux Scott, Provencher-Nolet Laurence, Hahn

Annette, Habenettl Torsten, Fortin David, Nuttin Laurence, and the PASADO Scieirce Team,

2012 : Microsedimentological characterization using image analysis and p-XRF as

indicators of sedimentary processes and climate changes during Late Glacial at Laguna

Potrok Aike, Santa Cruz, Argentina, Quaternary science reviews, sous presse.
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Cet article corespond au deuxidme objectif fixe (cf. 1.2.2). Les analyses

micros6dimentologiques lors du Tardiglaciaire, entre 10500 et 15500 ans BP Ages calibr6s, ont

permis de mettre en lumidre I'impact g6ochimique d'une multitude de fragments de ponces au

sein des s6diments. De ce fait, les interpr6tations des signaux p-XRF ont 6t6 revues et une

nouvelle interpr6tation a pu ainsi €tre propos6e pour cette p6riode, en accord avec les autres

proxies d6velopp6s dans le projet PASADO. Contrairement i ce qui 6vait 6t6 propos6

pr6c6demment, il semblerait que cette p6riode soit caract6ris6e par des vents d'est dominant et un

climat relativement froid avec des 6t6s doux.

1.5.1.3 Holocdne

Jouve Guillaume, Francus Pierre, De Coninck Arnaud, Andr6 Poirier and the PASADO

Science Team : Understanding the Holocene history of Laguna Potrok Aike, Argentina,

from ultra-high resolution multi-proxy study.

Cet article est pr€t pour soumission dans la revue Journal of Sedimentary Research. Il

correspond au troisidme objectif fix6 (cf. 1.2.3). Nous nous sommes int6ress6s d I'Holocdne, vers

8400 ans cal. BP; l'6tude d trds haute r6solution de six lames minces nous a permis de montrer

que le plus fort taux de s6dimentation ernegistr6 dans notre s6quence s6dimentaire est d0 i la

pr6cipitation de calcite et de monohydrocalcite in situ et non i I'apport hydrologique ou 6olien.

Par cons6quent, cet 6pisode peut dtre aussi bien reli6 d une augmentation des temp6ratures qu'd

une diminution des pr6cipitations.

1.5.2 R6sultats de l'6quipe scientifique PASADO

Les r6sultats de cette thdse reposent sur des travaux effectu6s dans le cadre du projet

PASADO. Un num6ro sp6cial PASADO sera publi6 dans Quaternary Science Reviews (QSR)

au cows de l'ann6e 2013. A ce jour, 17 arttcles sont d6ji disponibles en ligne, et un est en

r6vision. L'6hrde conjointe multidisciplinaire (s6dimentologie, biologie, g6ochimie,

t6phrochronologie, mod6lisation des systdmes climatiques...) apernis de metfe en lumidre les

variations environnementales et climatiques depuis 5l ka cal. BP.

Tout d'abord, le PASADO Science Team a choisi de travailler sur le site 2 car il

comprenait une s6quence moins perturb6e et plus compldte que le site I (Zolitschka et a1.,2009a;
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Ohlendorf et al.,20lL ; Kliem et a1.,2012). Une s6quence composite a 6t6 assembl6e et utilis6e

par la suite par I'ensemble des chercheurs (Ohlendorf et aI., 2011 ; Kliem et aL. (2012). Kliem et

co-auteurs (2012) ont d6crit les grandes unit6s s6dimentologiques de la s6quence composite et ont

fait un inventaire pr6liminaire des unit6s remobilis6es. Enfin, ils ont 6tabli un moddle d'dge pow

la s6quence utilis6e par tous les chercheurs (Kliem et al., 2012). Une approche multiproxies a 6t6

r6alis6e sgr un ensemble d'6chantillons issus majoritairement des r6cup6rateurs de carotte, les

<( core catcher > (Recassens et a1., 20ll). Ainsi, les propri6t6s physiques des s6diments, CNS,

magn6tisme des roches, isotopes stables, pollens et diatom6es, ont 6t6 mesur6s. L'interpr6tation

limnog6ologique pr6liminaire a r6v6l6 de fortes amplitudes de variations du niveau du lac au

cours du Pl6istocdne et de l'Holocdne (Anselmetti et al., 2009), ce qui a renforc6 l"int6r6t des

analyses de haute r6solutions.

L'histoire pal6oenvironnementale 6tablie par les autres membres du PASADO Science

Team peut se r6sumer comme suit. Au cours de la dernidre p6riode glaciaire, une augmentation

du ruissellement due d la pr6sence de permafrost (Kliem et a1., 2012, QSR), ainsi qu'une

diminution de 1'6vaporation due d I'influence des masses d'air froid et d la diminution des vents

d'ouest d nos latitudes (Toggweiler et a1.,2006; Lamy and Kaiser,2009; Lamy et a1., 1999; Stuut

and Lamy, 2004) auraient entrain6 une augmentation du niveau du lac (Hahn et al., 2012, QSR).

Le lac poss6dait alors un exutoire jusqu'au Tardiglaciaire (Haberzettl et a1.,2007 ; Anselmetti et

a1.,2009 ). Au cours de cette demidre glaciation, plusieurs 6v6nements de r6chauffements du

climat, appel6s Antarctic Warm Events (Blunier and Brook, 2001 ; EPICA community members,

2004; Fischer et a1., 2006), se sont d6roul6s vers 51,45, et 38 ka cal. BP et ont dur6 environ

2000 ans (Adkins et a1..,2005). L'article de Hahn et al. (2012, QSR) montre que, durant ces

6v6nements, la pal6oproductivit6 du lac (marqu6e par la silice biog6nique) 6tait significativement

plus importante. Les pics de silice biog6nique, en lien avec des blooms de diatom6es (Recasens et

al, 201.1), seraient induits par des eaux plus chaudes et des apports en nutriments plus

importants, dus i des pr6cipitations plus abondantes et des temp6ratures atmosph6riques plus

61ev6es (Hahn etal.,20l2, QSR).

Pour ce qui est du Tardiglaciaire, les discussions sont encore en cours- Les pics de silice

biog6nique (Hahn et al., 2012, QSR) sont en accord avec l"interpr6tation d'Habetzettl et al.

(2007) selon laquelle un r6chauffement, en lien avec une intensification des vents d'ouest, aurait
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cr66 des eaux plus chaudes entrainant une diminution du niveau du lac, et une augmentation de la

productivit6 primaire. Nous proposons une autre interpr6tation du Tardiglaciaire (cf. 1.6.1.1).

Un systdme climatique majoritairement domin6 par les vents d'ouest intenses i la Laguna

Potrok Aike s'est mis en place au d6but de l'Holocdne, vers 9 ka cal. BP (Mayr et a1.,2007 ;

Pollock and Bush, 2012, QSR). L'Holocdne est marqu6 par des niveaux de lacs bas, proches de

ce que nous connaissons actuellement, avec quelques 6pisodes de niveaux trds bas, d6duits de la

pr6sence de monohydrocalcite dans les s6diments. Ce dernier point est discut6 en d6tails en

section 1.6.1.1 (Haberzettl et al., 2007 ; Jouve et al., in prep. cf. 3).
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1.6 Discussion

1.6.1 Contribution de l'6tude pour la limnog6ologie

1.6.1.1 Relation entre la gdochimie et la granulomAtrie (article I et 2)

La m6me d6marche a 6t6 appliqu6e tout au long du doctorat. Elle a 6t6 de s'assurer de

I'origine du signal g6ochimique. Pour comprendre son origine, nous avons syst6matiquement

cherch6 quelles 6taient la nature et la granulom6trie du mat6riel s6dimentaire pour d6duire

leurs sources potentielles, et interpr6ter le'plus objectivement possible le signal g6ochimique

obtenu.

Ainsi, nous avons pu d6terminer qu'une multitude de fragments de ponces, appel6s

microponces et issus des t6phras du bassin versant, enrichissent le mat6riel d6tritique depuis la

dernidre p6riode glaciaire (cf.2 et4). Dans la section 0 de cette thdse, nous d6montrons que la

pr6sence de Phacotus lenttcularis refldterait davantage une stratification des eaux (marqu6e par

des pics de mangandse), permettant son d6veloppement dans l'6pilimnion du lac. La pr6sence de

P. lenticularrs ne nous semble pas 0tre r6v6latrice de conditions atmosph6riques particulidrement
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chaudes, car cette espdce n'est jamais apparue au cours de l'Holocdne (Haberzeffl et al., 2007 ;

Jouve et aI., 2012, QSR), p6riode manifestement plus chaude que la Tardiglaciaire, comme le

d6montre les reconstructions de I'insolation estivale e 52' S (Lascar eta1.,2004). Une diminution

des vents d'ouest permettant cette stratification est donc pr6f6rentiellement consid6r6e. Le niveau

du lac serait alors plus 61ev6 que ce que nous avions envisag6 pr6alablement. De plus, la

diminution du signal de Ti au cours du Tardiglaciaire est certainement imputable d la part trop

importante de microponces au sein du s6diment (Jouve etal,2012, QSR). L'interpr6tation initiale

6tait que le mat6riel d6tritique n'ait pu s6dimenter dans le lac d cause d'un exutoire trop proche

de la zone d'entr6e. Cette hypothdse n'est actuellement plus favoris6e. De r6centes donn6es de

diatom6es en haute r6solution (Zimmermann et al., incluant Guillaume Jouve, in prep.)

d6montrent que la pr6pond6rance des 2 grands groupes de diatom6es (centrales et pennales)

alterne tout au long du Tardiglaciaire. Cette cyclicit6 marque plusieurs variations de niveaux du

lac, dont les niveaux hauts sont en lien avec chacun des pics de calcium et mangandse (Jouve et

a1.,2012) et sont donc en accord avec nos interpr6tations.

Concernant la granulom6trie des microponces, elle semble Otre identique au reste du

s6diment, dans chaque echantillon analys6 au cours du Tardiglaciaire, et ne semble pas avoir

affect6 la tendance g6n6rale des tailles des particules. Par cons6quent, elles se comportent comme

n'importe quelle particule d6tritique qui compose le s6diment: elles sont amen6es dans le lac par

des processus s6dimentaires similaires, et incorpor6es dans le:mat6riel disponible pour la

s6dimentation dans le bassin versant. :

Au d6but de l'Holocdne, le fort taux de s6dimentation mesur6 vers 8,4 ka cal. BP 6tait

reli6 initialement (Haberzettl et al., 2007) i une diminution du niveau du lac. Aucune analyse

s6dimentologique suppl6mentaire n'a 6t6 fournie sur l'origine de cette r6gression. La nature du

mat6riel s6dimentaire lors cette augmentation substantielle du taux de s6dimentation restait donc

i r6soudre. Les hlpothdses de travail ont 6t6 les suivantes. Ces conditions exceptionnelles de

s6dimentation Gorrespondent i une p6riode particulidrement :

. humide, se manifestant part un fort ruissdlement, ou

o sdche, c'est-i-dire une intensification des vents d'ouest, entralnant un apport 6olien plus

important, ou

37



. chaude, permettant une augmentation de l'6vaporation, une diminution subs6quente du lac

et un site de carottage plus proche des zones d'apports d6tritiques.

L'hypothdse d'une p6riode humide a 6tE 6cart1e, car la pr6sence de monohydrocalcite

dans ces s6diments (Haberzettl et al., 2007 ; Jouve et al., in prep. cf. 3) requiert de fortes

concentrations en sels (Rivadeneyra et a1.,2000, 2004). Si les pr6cipitations avaient 6t6 plus

abondantes, le niveau du lac aurait alors 6t6 plus haut, et les concentrations en sels d'autant plus

r6duites.

Une p6riode plus sdche aurait entrain6 une s6dimentation majoritairement repr6sent6e par

des grains 6oliens. Or, nos analyses MEB-EDS, DRX et granulom6triques (cf. 3) ont montr6

que 50 iL 96 % des particules d6tect6es (> 4 pm) e cette plnode est compos6 de carbonates de

calcium, et qu'aucun grain de calcite n'a 6te trouv6 dans les sables du littoral du lac. De plus, les

grains issus du d6tritisme, majoritairement repr6sent6s par des quartz (Nuttin et a1.,2012; Jouve

et al., in prep. cf. 3) d6crivent des formes aussi bien rondes qu'angulaires. Par cons6quent, rien ne

permet de faire le lien avec des variations d'intensit6 de vents ou de pr6cipitations. Nous

d6montrons 6galement que l'6tude granulom6trique des s6diments peut r6v6ler des changements

de pr6cipitations de min6raux autochtones (endog6niques ou authig6niques), tels que la calcite

magn6sienne, calcite ou monohydrocalcite, et qu'elle n'est donc pas forc6ment 1i6e d des

processus allochtones.

Nos investigations lors de cette p6riode nous ont emmen6es i consid6rer une autre

interpr6tation. Nous avons remarqu6 que chaque pic de MHC au cours de l'Holocdne (donn6es

issues de Nuttin et a1.,2012) coincide d un pic de CalSi et de TOC (donn6es issues de Hahn et a1.,

2012) (Fig. 3.2). Des analyses statistiques entre le CalSi et le TOC ont r6v6ler un coefficient de

corr6lation lin6aire de 0,55. Et une question restait i 6lucider: comment la monohydrocalcite

(MHC), une fonne rare et trds instable de carbonate de calcium hydrat6, n'a pas recristallis6 sous

forrne de calcite ? Peut-il y avoir un lien avec la matidre organique ? De r6cents r6sultats

(Bundeleva et aI.,2012), suggdrent que la MHC peut 6tre pr6serv6e de la recristallisation par la

matidre organique. La pr6sence de polymdres organiques est d'ailleurs connue pour 6tendre la

< dur6e de vie > des carbonates de calcium m6tastables et amorphes dans les systdmes abiotiques

(DiMasi et al., 2006). Par cons6quent, la pr6sence de MHC dans les s6diments doit Otre utilis6e

avec pr6caution car elle pourrait bien 6tre reli6e i des conditions post-d6p6t. Autrement dit, la
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MHC pourrait avoir pr6cipit6e dans la colonne d'eau pendant plusieurs milliers d'ann6es au cours

de I'Holocdne, mais n'avoir 6t6 pr6serv6e qu'6pisodiquement grdce i de fortes teneurs en TOC

dans les s6diments. Dds lors, une p6riode chaude, entrainant une augmentation de l'6vaporation et

une diminution subs6quente du niveau du lac, aurait permis des conditions de salinit6 plus

6lev6es et une augmentation de la pal6oproductivit6. Les r6sultats de diatom6es (Massafero et al.,

20t2) montrent la pr6sence de Cyclotella agassizensis, qui est reli6e i des conditions plus salines.

Cette 6tude a donc permis d'6carter I'hlpothdse de l'apport 6olien au profit de I'apport

autochtone pour cette p6riode de fort taux de s6dimentation. Celui-ci serait davantage reli6 i une

augmentation des temp6ratures qu'd une augmentation de I'intensit6 des vents.

Si nous avons fait un r6sum6 des principales 6tapes de notre discussion des articles des

sections 3 et 0, c'est pour permettre au lecteur de percevoir I'int6r0t de l'6tude de trds haute

r6solution. Autrement dit, c'est l'6tablissement en haute r6solution de l'6volution conjointe des

paramdtres g6ochimiques et gtanulom6triques pour une p6riode donn6e qui a permis de proposer

un moddle g6n6ral de s6dimentation pour le Tardiglaciaire et I'Holocdne. Ceci s'oppose aux

travaux classiques de limnog6ologie qui consistent en 1'6laboration de moddle g6n6ral de

s6dimentation d partir de donn6es g6ochimiques support6es par 1'6tude d'6chantillons discrets

des s6diments. Nos travaux et notre d6marche scientifique peuvent s'appliquer d un plus large

domaine encore, celui de la s6dimentologie marine et de la s6dimentologie en g6n1tal. L'exemple

des 6v6nements d'Heinrich (voir section 1.1.3) permettra au lecteur de s'en convaincre. En effet,

la caract#sation des 6v6nements d'Heinrich, que l'on d6finit i partir de la pr6sence d'IRD << Ice-

Rafted Debris > dans les s6diments, n'est que partiellement v6rifi6e sous lames minces. En effet,

s'est souvent la fraction granulom6trique i partir des sables (d6termin6 g6n6ralement par

diffraction laser) qui est consid6r6e pour caract6riser les IRD. Nos r6sultats ont montr6 que les

relations apport d6tritique/grains grossiers peuvent 6tre souvent biais6es ; et nous pensons que

des 6tudes approfondies de ces facids devraient 6tre syst6matiques. En effet, qu'en est-il de la

fraction silteuse issue de la fonte des glaciers ? N'y a-t-il pas une partie de ce signal qui pourrait

nous foumir des informations sur la dynamique des glaciers ou sur leurs origines ? De plus, la

susceptibilit6 magn6tique est consider6e comme un proxy des IRD. Qu'en est-il des glaciers qui

ont emport6s des sables riches en min6raux diamagn6tiques, tels que la calcite, le quattz ou les

feldspaths ? L'analyse comparative entre la granulom6trie et la g6ochimie de ces s6diments nous
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permethait probablement d'affiner les reconstructions pal6oclimatiques, et d'apporter des

pr6cisions sur la dynamique oc6anique.

1.6.1.2 Interpritations pal6oenvironnementales ddduites des microfacids (article 3)

L'article 3 est une 6tude comparative discrdte de la granulom6trie et de la g6ochimie des

s6diments de la dernidre p6riode glaciaire. Plusieurs interpr6tations pal6oenvironnementales

peuvent 6tre d6duites des microfacids et sont discut6s dans cette section.

La caractlisation du signal 6olien n'est pas triviale i la Laguna Potrok Aike, car elle ne

peut pas 6tre d6duite directement de la morphologie des grains. En effet, les vents sont tellement

importants toute I'ann6e, que la fraction particulaire issue de I'apport 6olien lointain peut

ais6ment se charger en particules issues de l'6rosion des berges par I'action des vagues (Kastner

et a1., 2010), avant d'6tre diss6min6es sur le lac. Cependant, certaines p6riodes li6es d des

variations de r6gime des vents ont pu Otre mises en avant dans I'article 3 (cf. 4). Elles se

manifestent par des alternances de laminations trds fines d'argiles et de sables, et qui ont 6t6

d6tect6es lors de l'Antarctic warm event 2 (cf.4). Ces alternances attestent de la pr6sence de

couverture de glace durant I'hiver. En effet, les laminations trds fines de sables, principalement

compos6es et support6s de grains de sable fins arrondis, sont ti6es d des d6p6ts de grains 6oliens.

Ces grains ont probablement 6t6 pi6g6s sur la glace au cours de l'hiver, et lib6r6s lors de la

d6bdcle pour finalement s6dimenter au fond du lac (Francus et a1., 2008). Les laminations trds

fines d'argiles repr6senteraient les particules les plus fines ayant s6diment6es pendant les mois

dhiver (Lamoureux et al., 1999)- De plus, ces microfacids sont marqu6s par des enrichissements

progressifs en Fe et en Mn qui traduisent des p6riodes de disoxie ou d'anoxie i f interface

eau/s6diment (Cohen, 2003). Nous avons donc interpr6t6 ces microfacids cofirme r6v6lateur d'une

stratification de la colonne d'eau enhainant un appauwissement en oxygdne dans le bassin

profond. L'hypothdse d'une 6l6vation progressive du niveau du lac cr66 par des vents d'est

pr6pond6rants qui apportent plus de pr6cipitations de I'Oc6an Atlantique (Mayr et al., 2007) est

en accord avec nos r6sultats.

En r6alit6, de fines laminations et/ou varves ont 6t6 pr6serv6es dans les s6diments de LPA

dans les intervalles correspondant aux Antarctic wann events L,2, et possiblement 3 (Guillaume

Jouve, dorrn6es non publi6es) si I'on considdre le nouveau moddle d'6ge issu de la m6thode de
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datation avec la luminescence stimul6e optiquement (OSL) (article de Buylaert et al., en r6vision

dans QSR pour le num6ro sp6cial PASADO). Au cours de la demidre p6riode gLaciate, la

Patagonie subissait des temp6ratures 7 e 8 'C inf6rieure d l'actuel, soit environ -10 oC au cours

des hivers (Benn and Clapperton, 2000). Est-il possible de ne pas avoir de couvert de glace

pendant la majeure partie de la p6riode glaciaire avec des moyennes de temp6rature aussi basses ?

Dds lors deux hypothdses sont possibles:

1. Un couvert de glace aurait 6t6 permanent au cours de la dernidre p6riode glaciaire,

et les fines laminations durant les Antarctic warm events traduisent un passage d

une saisonnalit6 plus marqu6e, avec des 6t6s plus chauds lib6rant le lac de sa

glace.

2. Les fines laminations r6vdlent des 6pisodes de couvert de glace au cours des

Antarctic warrn events, cela veut-il dire que les intervalles qui n'en ont pas

traduisent des p6riodes libres de glace.

Consid6rons pour l'instant la premidre hypothdse. Dans ce cas, les s6diments de la

dernidre p6riode glaciaire en dehors des Antarctic warm events et du mat6riel remobilis6

devraient correspondre d des argiles. En effet, en cas de couvert de glace permanent, seuls les

particules les plus fines peuvent s6dimenter, et tout apport d6tritique allochtone se trouve pi6g6

sur la glace (Francus et a1., 2008). Hors, ce n'est pas le cas, et la plupart des s6diments en

question sont repr6sent6s par des s6diments p6lagiques qui alternent entre des silts et des couches

de silts grossiers et de sables (Kliem et a1.,2012). La forte proportion des quartz,60 Yo en'

moyenne au cours du glaciaire Quttrn et a1., 2012), en constitue notamment la preuve.

Consid6rons alors la deuxidme hypothdse. Dans ce cas, si les Antarctic warm events

repr6sentent des p6riodes plus chaudes d la Laguna Potrok Aike (Recassens et a1.,2011 ; Hahn et

a1.,2012),et que nous observons de microfacids caract6ristiques d'un couvert de glace durant ces

p6riodes, il semblerait que, m6me au cours de ta demidre p6riode glaciake,l'intensit6 du vent ait

jou6 un r61e pr6pond6rant face d la temp6rature sur le couvert de glace. La diminution des vents

d'ouest au cours des Antarctic warm events aurait entrain6 un couvert de glace au corirs des

hivers, et permis le d6veloppement d'un 6pilimnion durant l'6t1 crlant une augmentation de la

productivit6 primaire. Cette interpr6tation est en accord avec celles de Recassens et al. (2011) et
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Hahn et al. (2012). Pour I'instant, cette hypothdse est favoris6e et ces donn6es sont mises de c6t6

en I'attente d'un 6ventuel article commun avec 1'6quipe PASADO sur les Antarctic warm events.

D'autres structures s6dimentaires ont 6t6 observ6es par l'ensemble des s6dimentologues et

micros6dimentologues du projet PASADO. Kliem et al. (2012) ont d6couvert dans le bassin-

versant des structures p6riglaciaires de type < sand-wedges > compos6es notamment d'agr6gats

d'argiles. Elles sont des vestiges de la pr6sence de perg6lisol dans un climat froid et aride (Karte,

1983 ; Mackay, 1974 ; P6w6, 1959). Leurs datations OSL ont r6v6l6 leur existence pendant toute

la dur6e de la dernidre p6riode glaciaire (Kliem et aI., 2012). Ces stnrctures sont largement

r6pandues dans le sud de la Patagonie (Bockheim et al., 2009). Nous avons d6tect6 au MEB la

pr6sence d'agr6gats d'argile (clay balls, cf. 4) i differentes profondeurs dans la s6quence. Ceci

nous permet donc de faire le lien avec les variations de perg6lisol au cours du temps. Nous

interpr6tons pr6cis6ment leur pr6sence comme indicatrice de p6riodes de dislocation du perg6lisol

d la fin de la p6riode hivernale.

Nos travaux repr6sentent une avanc6e importante pour la limnog6ologie, puisque l'6tude

approfondie des microfacids a souvent montr6 des interpr6tations non conventionnelles des

d6p6ts. La caracllisation granulom6trique des s6diments d I'aide de l'analyse d'image permet d

la fois l'6chantillonnage en continu et d trds haute r6solution, et la connaissance de la nature du

s6diment qui est en lien avec cette granulom6trie. Par cons6quent, les interpr6tations issues des

variations d'un signal g6ochimique se fondent sur une connaissance pr6cise des

d6p6ts s6dimentaires; et permet alors de reconstituer I'environnement et le climat de manidre

fiable.

1.6.2 Limitations de l'6tude

Les travaux r6alis6s au cours de cette thdse comportent des limites certaines quant aux

interpr6tations enviroruremenlales et climatiques possibles. Nous nous sommes abstenus d'aller

trop loin dans nos interpr6tations. D'ailleurs, les trois articles de cette thdse mettent chacun en

garde confoe l'utilisation parfois abusive des indicateurs granulom6triques et g6ochimiques. En

effet, c'est le fruit de plusieurs ann6es de recherches sur la Laguna Potrok Aike qui a permis de

comprendre, p6riode aprds p6riode, l'origine du signal g6ochimique. Par cons6quent, et ceci

repr6sente la conclusion principale du 3h" article: pour de longues s6quences s6dimentaires
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lacustres, l'6laboration de proxies p-XRF augmente substantiellement les possibilit6s d'erreurs

d' interpr6tation sans un contr6le micros6dimentologique syst6matique.

L'article du chapitre 4 de cette thdse n6cessiterait, cependant, davantage de mise en

perspective avec d'autres indicateurs pal6oenvironnementaux du projet PASADO. En effet, si

1'6tendue des variations des microfacies est telle que 1'6laboration de proxies p-XRF est difficile

et fastidieuse, cela met en valeur la n6cessit6 d'un travail pluridisciplinaire. Nous nous sommes

essentiellement int6ress6s au rapport entre la granulom6trie et la g6ochimie car la compr6hension

de |'origine du mat6riel particulaire est d'int6r0t pour I'ensemble du projet PASADO. Il faut

noter que la s6quence s6dimentaire de la Laguna Potrok Aike est particulidrement variable, et

contient tellement de mat6riels remobilis6s, que l'6tude de haute r6solution du mat6riel

s6dimentaire s'est w6rEe indispensable. Les pentes de d6p6ts et le mat6riel s6dimentaire grossier,

pr6sents sur toutes les faces internes du lac, n'ont cess6 de bruiter I'enregistrement d'un signal

environnemental et climatique ex situ. Quelques 50 d6p6ts remobilisds ont 6t6 d6tect6s sur les

derniers 51 200 ans i la Laguna Potrok Aike (Kliem et a1., 2012), ce qui repr6sente environ un

mouvement de masse tous les 1000 ans. Puisque ces remobilisations sont surtout pr6sentes

pendant [a dernidre p6riode glaciaire, ils sont certainement dues i la pr6sence de perg6lisol, qui

emp$che la percolation et facilite le ruissdlement (Kliem et a1., 2012). Par cons6quent, notre site

d'6tude permet difficilement de r6v6ler I'impact des r6chauffements ou refroidissements rapides

du climat, car ceux-ci ont dur6 en moyenne 2000 ans (Jouzel et al., 1987 ; Lowe et a1., 2008).

Nous mettons donc, en partie, l'6tude de notre 3d-" article enhe guillemets face aux

s6quences s6dimentaires lacustres moins chaotiques. L'6laboration de proxies p-XRF reste

possible pour des longues s6quences contenant majoritairement du mat6riel s6dimentaire

p6lagique. Par exemple, les 6tudes sismiques et s6dimentologiques men6es au lac El'gygytgyn,

en Russie, ont r6v6l6es que la fr6quence des mouvements de masse est d'environ 11 000 ans

(Juschus et aI.,2009). Les carottes dans la partie Est du lac El'gygytgyn contiennent alors une

s6quence de d6p6ts p6lagiques quasiment non perturb6s (Juschus et a1.,2009). Par cons6quent, le

proxy Si/Ti (proxy de la silice biog6nique) a permis de proposer une interpr6tation

pal6oclimatique et pal6oenvironnementale robuste en Arctique pour les derniers 2,8 millions

d'ann6es (Melles et al., 20t2).
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Enfin, il n'a pas 6t6 possible d'achever l'ensemble du travail de micros6dimentologie

initialement souhait6 au sein du projet PASADO. La dltermination des intervalles remobilis6s

dans un projet pluridisciplinaire est particulidrement importante, car elle permet 1'6laboration

d'un moddle d'0ge fiable et la connaissance des 6chantillons qui peuvent Otre utilis6s pour les

reconstitutions pal6oenvironnementales. L'orientation prise au d6part de mon doctorat, a 6t6

davantage de m'int6resser au mat6riel s6dimentaire p6lagique. Les deux 6tudes n'auraient pas pu

6ffe men6es de front en un seul doctorat, cat comme nous l'avons dit pr6c6demment, la s6quence

s6dimentaire contient une quantit6 importante de d6p6ts remobilis6s. Il n'en reste pas moins

qu'une analyse micros6dimentaire aurait 6t6 d'une grande aide auprds des s6dimentologues de

I'Universit6 de Br0me pour la d6termination de tous les d6p6ts remobilis6s. Une partie de ce

travail a tout de m6me 6t6 men6e, et nous a permis de tirer quelques conclusions. La

s6dimentologie d 1'6chelle microscopique peut, dans certains cas, ne pas 6tre objective sur les

conditions de d6p6t, si elle n'est pas confront6e d 1'6chelle macroscopique. Par exemple, d la

Laguna Potrok Aike, certaines couches remobilis6es peuvent atteindre plusieurs mdtres (Kliem et

al., 2012). Des lames minces ont 6t6 faites dans ces couches, et ne r6vdlent aucune structure

chaotique. Ceci n'est pas nouveau et a d6ji 6t6 d6montr6 par Bouma, en 1962, avec la description

de plusieurs structures de laminations de sables au sein d'une turbidite. Il faut donc 6tre

pr6cautionneux sur le travail de pr6ldvement des lames minces au d6part d'une 6tude. Les lames

minces doivent donc 6tre prises d la base et au sommet d'une couche susceptible d'6tre

remobilis6e, pow 6tre permetke d'6tre valid6e ou invalid6e comme telle.

1.6.3 Perspectives pour des projets futurs

Si les donn6es sismiques (Anselmetti et a1., 2009) avaient r1v6l6 un fort potentiel de la

Laguna Potrok Aike comme une archive s6dimentaire, l'6tude des carottes de s6diments a r6v6\6

un enregistrement moins propice atu( reconstructions pal6oenvironnementales que pr6suppos6.

Cela d6montre que les relations enhe la g6ophysique et la s6dimentologie restent d am6liorer.

Nous proposons donc l'6laboration de projet visant d am6liorer les moddles d'inversion

g6oacoustique i l'aide de la micros6dimentologie. Ceci devient de plus en plus possible car les

sondews de s6diments se sont grandement am6lior6s ces dernidres ann6es, et permettent
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d'atteindre 1a r6solution du centimdtre. Ceue discipline permettrait de r6duire encore les erreurs

de positionnement des forages selon que I'on veut 6tudier les 6v6nements de d6p6ts rapides ou la

s6dimentation p6lagique au cours du temps. Elle aiderait enfin d mieux identifier les lacs dont le

mat6riel s6dimentaire semble p6ritlerx d analyser pour des projets ayantpour but de r6v6ler une

histoire pal6oclimatique et pal6oenvironnementale fiable.

1.6.4 Travaux non publi6s et perspectives de travail associEes

Premidrement, nous avons compar6 les r6sultats de granulom6trie par analyse d'image et

par diffraction laser (annexe 6-5). Cette 6tude nous a permis de mettre en lumidre que seule une

analyse conjointe des deux techniques permet de r6v6ler les variations granulom6triques et de

foumir une interpr6tation objective des conditions de d6p6t. En effet, le sous-6chantillonnage est

difficilement r6alisable sous 1mm pour les analyses granulom6triques au laser. Ainsi, les

laminations de 0,5mm ne peuvent Ohe identifr6es par les analyses au laser. Les alternances

argile/silt-sable fin visibles sur les images en annexe 6-6 ne sont pas mises en valeur dans les

r6sultats au laser contrairement aux r6sultats par L'analyse d'image. De plus, au-dessus des

laminations, f importance des sables frns n'est pas mise en valeur dans les r6sultats par Ia

technique au laser. Cependant, I'analyse d'image ne permet pas de quantifier l'argile,

contrairement au laser. Seul lePo/opeut fournir une estimation des variations argileuses (Francus

et a1., 2002; Reineck and Singh, lg75). Nous devons donc utiliser et comparer les 2 techniques

pour avoir une estimation quantifi6e des apports d6tritiques et une inter-pr6tation

s6dimentologique et environnementale obj ective des d6p6ts.

Certaines am6liorations m6thodologiques ont €t6 apport6es au protocole de fabrication

de lames d6velopp6 par Lamoureux et al. (1994), et constituent des pr6cisions importantes i

reproduire pow faciliter le travail et 6viter la dlgradation ou la perte de s6diments. En effet, le

protocole de pr6ldvement des profi16s au sein d'une carotte s6dimentaire jusqu'd 1'6tape de

lyophilisation s'applique sans ambiguit6 pour des s6diments essentiellement argileux' argilo-

silteux et silto-argileux. Pour des s6diments plus sableux, qu'il s'agisse d'une tendance g6nbtale

du s6diment ou qu'il s'agisse de quelques laminations passagdres, il est recommand6 de coller un

filtre d maille trds fine sous le profil6, donc i I'ext6rieur, afin d'6viter la perte des particules les

plus grossidres aprds l'6tape de la lyophilisation. En effet, les profil6s sont trou6s i leur base pour
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pennettre lap5n6ttation progressive de la r6sine depuis le bas vers le haut du profil6s et ceci pour

6viter I'emprisonnement de bulle d'air au sein du s6diment. C'est pourquoi les trous ne peuvenl

Otre bouch6s et n6cessitent alors le collage d'un filtre par-dessus. La colle d utiliser doit avoir une

composition chimique le plus proche possible de la r6sine utilis6e pour I'impr6gnation. Puisqu'il

s'agit d'une r6sine 6poxy, nous choisirons une colle 6poxy. Par exemple, la colle 6poxy Titan

(disponible en supermarch6). De plus, cette colle r6siste au contact de l'azote liquide. Voici le

protocole i suivre dans ce cas pr6cis :

1. D6couper un morceau de filtre dont la longueur et la largeur sont celles du profil6.

Le filtre doit avoir une maille inf6rieure ou 6gale i l00pm (taille comprise dans la gamme des

sables trds fins (63pm d 125pm);

2. Appliquer uniform6ment de la colle 6poxy sur le profil6 et bien autour des trous

pour 6viter la perte de sable entre le filtre et le profil6 aprds lyophilisation;

3. Coller le filtre bien i plat sur le profil6 assez rapidement car I'adh6rence s6 fait 2 it

4 minutes aprds la pose et la colle sdche en 20 mn;

4. S'assurer 6galement que le surplus de colle n'est pas trop important car celui-ci

pourrait obstruer les trous sous le profil6. D'ot I'int6r6t de bien r6partir la colle d plat avant

I'application du fi ltre;

5 Attendre au moins 20mnpuis v6rifier que la colle soit sdche. Attendre au besoin. '

Quand la colle est sdche, on peut alors proc6der aux sous-6chantillonnages des profil6s.

Conclusions

L'6tude micros6dimentologique des s6diments de la Laguna Potrok Aike a permis de

pr6ciser I'origine des d6p6ts s6dimentaires et de comprendre les variations g6ochimiques des

s6diments au cours de la dernidre p6riode glaciaire, du Tardiglaciaire et de l'Holocdne.

Sp6cifiquement, les p6riodes de variations rapides du climat, tels que sont les Antarctic warn

events, l'Antarctic cold reversal et le Dryas R6cent, ont 6t6 am6lior6es grice i nos investigations

de haute r6solution. Durant te Tardiglaciaire, nous avons d6montr6 que les variations de Ti et de

Fe ne peuvent 6tre en relation avec des processus hydrologiques ou 6oliens, carlapr6sence trop

importante (usqu'i 43 %o des particules entre 4 et l00pm) de micro fragments de ponces pauwes

1.7
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en Ti et Fe biaise les r6sultats. En revanche, la corr6lation entre Ca et Mn (R2:0,62) met en

relation la pr6sence de Phacotus lenticularis (algue verte i test calcaire) et des pr6cipitations

d'oxydes de mangandse. Ceffe relation est r6v6latrice d'une stratification'de la colonne d'eau,

avec un 6pilimnion plus chaud favorable au d6veloppement de Phacotus lenticularis.

L'hypolimnion aurait alors subi des p6riodes de disoxie, ou d'anoxie, et permis la conservation

de pics de mangandse lors des variations de position de la frontidre oxique/anoxiQue dans les

s6diments. Ces conditions pal6oenvironnementales r6vdleraient une diminution des vents d'ouest,

permettant ainsi une stratification des eaux, et une influence accrue des vents d'est. Ceci entraine

un apport de pluies significativement plus important, entrainant une 6l6vation du niveau du lac

durant 2000 ans au cours du Tardiglaciaire.

L'6tude ir trds haute r6solution de six lames minces, au d6but de I'Holocdne vers 8400 ans

B.P., a permis de montrer que le plus fort taux de s6dimentation enregistr6 dans notre s6quence

s6dimentaire est due d la pr6cipitation de calcite et de monohydrocalcite in situ et non i I'apport

hydrologique ou 6olien. Nos r6sultats.sont en accord avec les 6tudes pr6c6dentes et t6moignent

d'une diminution du niveau du lac et l'6tablissement d'une colonne d'eau plus saline, propice dL la

pr6cipitation de monohydrocalcite. Cependant, l'absence de monohydrocalcite peut aussi Otre

attribu6e d (l) des conditions de salinit6 moindre, c'est-d-dire un plus haut niveau du lac, ou (2) d

une diminution de la production, ou conservation, de la matidre organique dans les s6diments.

Parce que la monohydrocalcite est un min6ral m6tastable, la calcite autochtone pr6cipit6e au

cours de l'Holocdne pourrait 6tre d6riv6e de la recristallisation de la monohydrocalcite. Par

cons6quent, la part de calcite issue de la monohydrocalcite au cours de I'Holocdne pourrait 6tre

davantage li6e i I'apport en matidre organique qu'dL de simples variations du niveau du lac. En

d'autres termes, la monohydrocalcite pourrait avoir pr6cipit6e pendant plusieurs milliers d'ann6es

au cours de I'Holocdne.

Le dernier article de cette thdse s'ajoute i dix ann6es d'investigation s6dimentaire de la

Laguna Pohok Aike pour les analyses XRF (Haberzettl et a1.,2007,2009; Hahn et a1., soumis)

and p-XRF (Jouve et al., 2012). Vingt-deux lames minces de s6diments de la dernidre p6riode

glaciaire ont 6t6 analys6es sous p-XRF, MEB-EDS et granulom6trie par analyse d'image. Nos

r6sultats ont r6v6l6 que des microfacids similaires peuvent avoir des signaux g6ochimiques

diffdrents et vice versa. Plus pr6cis6ment, nous avons d6montr6 que les rapports Calcoh, CalTi et

Calsi, attestent de d6p6ts sabletrx au cours de la dernidre p6riode glaciake, alors qu'ils r6vdlentrla
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pr6sence de Phacotus lenticulans au Tardiglaciaire, et la pr6sence de calcite et monohydrocalcite

autochtones durant I'Holocdne. K est en lien avec (1) les argiles ou (2) les turbidites. Plus la

quantit6 de fer est importante, plus les argiles eVou silts, etlou vivianite sont importants, ou la

part de micro fragments de ponces est faible. Les pics de FeiTi r6vdlent de fortes quantit6s

d'argile, de micro fragments de ponces, ou des 6v6nements de d6p6ts de sable rapides. Des pics

simultan6s de Fe, Mn, Mn/Ti et Fe/Ti peuvent €tre associ6s d des dislocations de roches

volcaniques, d des variations de conditions d'oxyg6nation d I'interface ear.r/s6diment, i des

concr6tions de vivianite, ou encore i des couches remobilis6es. Enfin, Si et Ti r6vdlent

respectivement les sables et les silts, mais uniquement si les sediments sont pauvres en micro

fragments de ponces. Par cons6quent, l'6tendue des possibilit6s responsables.d'un m6me signal

g6ochimique est telle que l'6laboration d'indicateurs pal6oenvironnementaux ou pal6oclimatique

(c'est-d-dire de proxies) pour I'ensemble de la s6quence s6dimentaire est trds d6licate. Ce travail

met en garde contre I'utilisation de plusieurs proxies F-XRF issues de longues s6quences

s6dimentaires lacustres pour les reconskuctions des conditions pal6oenvironnementales et

pal6oclimatiques, et pour leur utilisation d'un site d'6tude d un autre. Par cons6quent, en milieu

lacustre, l'6tude syst6matique et minutieuse est pr6ferable d l'6laboration de proxies

Cette thdse aura permis d'affiner les reconstructions pal6oenvironnementales et

pal6oclimatiques aux hautes latitudes de I'H6misphdre Sud, zone c16 pour la compr6hension de

l'6volution des systdmes climatiques et des r6ponses environnementales associ6es. Notre 6tude

awa r1v6l6la n6cessit6 d'am6liorer la qualit6 des relev6s sismiques pour estimer le potentiel

pal6oenvironnemental de longues archives s6dimentaires de lac profonds, et ceci peut sans doute

se faire en d6veloppant de nouvelles fagons de faire qui associent directement des

s6dimentologues et des g6ophysiciens. La m6thode de travail qui a 6t6 mise en valeur dans notre

6tude i la Laguna Potrok Aike, constitue une marche i suiwe pour les futures investigations

limnog6ologrques. C'est I'aspect syst6matique de l'investigation de la nature et de la

granulom6trie du mat6riel s6dimentaire qui permet d'en r6v61er les sources, et d'interpr6ter le

plus objectivement possible le signal g6ochimique pour chaque intervalle d'int6r6t.
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ETE, et sous la co-direction de Scott Lamoureux (SL). Dans le cadre d'un stage d'6t6,Laurence
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XRF. David Fortin et Torsten Haberzettl ont particip6 d f interpr6tation des donn6es pr-XRF.

Laurence Nuttin a fourni les donn6es DRX pour I'interpr6tation du signal d6tritique. GJ a 6labor6

les hypothdses, propos6 des interpr6tations et 6crit I'article. PF a congut le projet de recherche et

particip6 i la r6daction de I'article. Les co-auteurs nomm6s ci-dessus ont 6galement particip6 au

processus de correction de l'article avant soumission. Le PASADO science team est constitu6 des

chercheurs qui ont particp6s soit d la campagne de terrain d'automne 2008, soit aux op6rations de

sous-6chantillonnage de juin 2009 .

R6sum6

Les enregistrements pal6oclimatiques et pal6oenvironnementaux de haute latitude dans

I'H6misphdre Sud sont rares si l'on compare i ceux de 1'H6misphdre Nord, Cependant,

comprendre 1'6volution globale des systdmes environnementaux lors des changements abrupts du

climat est ins6parable d'une connaissance 6quivalente des deux H6misphdres. Depuis le projet

SALSA (South Argentinean Lake Sediment Archives and modelling) initi6 au sein du

programme German Climate Research (DEKLIM),la Laguna Potrok Aike (51" 58' S, 78" 23'

W), situ6e dans la province de Santa Cruz, en Argentine, a r6v6l6 une opportunit6 unique de

reconstruire les conditions pal6ohydrologiques et pal6oenvironnementales aux moyennes i hautes

latitudes de l'H6misphdre Sud sur le continent sud-am€ricain. Ce projet a 6t6 r6alis6 dans le cadre

du programme ICDP (International Continental Scientific Drilling Program). Depuis 2008, le

projet PASADO (Potrok Aike Sediment Archive Drilling prOject) continue ces efforts. L'6quipe

scientifique du projet PASADO peut maintenant proposer une reconstruction des conditions

climatiques depuis le stade isotopique 3. Nous traiterons ici d'une 6tude de haute r6solution qui a

6t6 men6e pour le Tardiglaciaire d 1'aide d'analyses de microfluorescence X (p-XRF (100pm)) et

d'images prises au microscope 6lectronique dbalayage au sein des s6diments. Les pics de Calsi

et Mn, et les occurrences dela Phacotus lenticularis, r:rrre algue verte thermod6pendante, ont 6t6

interpr6t6es cofilme des variations de conditions de ventilation dans la colonne d'eau entre 1316 d

11,1 ka cal. BP. Au cours de cet intervalle, les conditions climatiques du Dryas r6cent sont

caract6ris6es par des vents d'ouest relativement faibles favorisani la formation d'upe colonne

d'eau stratifi6e, exprimlepar la pr6servation de pics deMn et de CalSi, et de fortes teneurs en

carbone organique total. Dans cet environnement, la couche sup6rieure (6pilimnion) peut
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atteindre une temp6rature suffisamment 6lev6e pour pennette d Phacotus lenticularis de croitre.

Des conditions plus froides sont marqu6es par des pics dans Ca sans Phacotus lenticularls et se

produisent au cours de I'Antarctic Cold Reversal (ACR). Dans cet intervalle, des fragments de

microponces en grande quantit6 ont 6galement 6t6 d6tect6s. L'analyse d'images de lames minces a

permis le comptage et la mesure de la taille des particules d6tritiques et des microponces

s6par6ment. Les microponces influencent de manidre significative la tenew en fer et de titane,

emp6chant leur utilisation en tant qu'indicateurs d'apport d6tritique pour le Tardiglaciaire.

Mots-cl6s: processus s6dimentaires, XRF, analyses d'image, granulom6trie, microponces,

paleoclimat.

Abstract

Paleoclimatic and paleoenvironmental high latitude records in the Southern Hemisphere

are scarce compared to the northern counterpart. However, understanding global evolution of

environmental systems during sudden climate changes is inseparable from an equivalent

knowledge of both Hemispheres. Since the SALSA project (South Argentinean Lake Sediment

Archives and modelling) initiated within the framework of the German Climate Research

Program (DEKLIM), Laguna Potrok Aike (51" 58' S, 78" 23' W), Santa Cruz province,

Argentina, has revealed a unique opportunity to reconskuct paleohydrological and

paleoenvironmental conditions for the mid to high latitude of the southern part of South America,

and resulted in the deep drilling in the context of ICDP. Since 2008, the PASADO project

(Potrok Aike Sediment Archive Drilling prOject) continues these efforts. The PASADO science

team can propose paleoclimatic reconstructions since the isotopic stage 3. Here, a high-resolution

study was conducted for the Late Glacial period using concurrent X-Ray Fluorescence (XRF) and

Scanning electron microscope analyses. Peaks of CalSi and Mn, and occurrences of the green

alga Phacotus lenticularus have been interpreted as.variations in ventilation conditions within the

sediments from 13.6 to 11.1 ka cal. BP. During this interval, mild climate conditions during the

Younger Dryas are characteized by relatively weak westerlies favouring the formation of a
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stratified water body as indicated by preserved manganese and CalSi peaks and high Total

Organic Carbon (TOC) values. In this environment, water in the epilimnion can reach a

sufficiently high temperature to allow Phacotus lenticularis to gtow. Colder conditions are

marked by peaks in Ca without Phacotus lenticularis and occur during the Antarctic Cold

Reversal (ACR). In this interval, micropumices were also detected in large amounts. Image

analysis of thin sections allowed the counting and size measurement of detrital particles and

micropumices separately. Micropumices significantly influence the iron and titanium content,

hence preventing to use them as proxies of detrital input in this interval.

Keywords: sedimentary processes, XRF, image analysis, granulometry, micropumices,

paleoclimate.
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2.1 Introduction and scientific context

Since the SALSA project (South Argentinean Lake Sediment Archives and modelting)

initiated within the framework of the German Climate Research Program (DEKIIM), Laguna

Potrok Aike (51'58'S,78o 23'W) has revealed a unique opportunity to reconstruct

paleohydrological and paleoenvironmental conditions for the mid to high latitude of the southern

part of South America, and resulted in the completion of a deep drilling in the context of ICDP

(introduction paper of the special issue in QSR). This paper aims at providing a high-resolution

sedimentological and hydrological reconstruction of Laguna Potrok Aike during the Late Glacial

period between 15.59-10.46 ka cal. BP. This interval is of particular interest because relatively

few high-resolution and well-dated Late Glacial records exist in the Southern Hemisphere in

comparison with the Northern Hemisphere. However, several recent contributions (Gilli et al.,

2001, 2005a,2005b; Markgraf et a1., 2003; Glasser et al., 2004; Haberzettl et a1., 2005, 2007,

2009; Mayr et a1.,2005; Villa-Martinez and Moreno, 2007; Whitlock et a1.,2007; Unkel et a1.,

2008; McGlone et a1.,2010; Siani et al., 2010) contributed to the understanding of the potential

leads and lags of global climate variations (Labeyrie et al., 2004; Pedro et a1., 20II), especially

during rapid cold or warrn events such as the Antarctic Cold Reversal (ACR) and Younger Dryas

(YD) chronozones.

Ice cores from Vostok and EPICA Dome C in Antarctica provided several paleoclimatic

proxies such as the hydrogen (6D) and oxygen 16180; isotopes as indicators of changes in

temperature and ice volume (Jouzel et a1., 1987) for multiple interglacial-glacial cycles.

Moreover, these records also contain a proxy for the amount of atmospheric dust, the nss-Ca2*

(Rtithlisberger et a1.,2002) that has been demonsfiated to come mainly from Patagonia (Basile et

al., t997). Sugden et al. (2009) showed that dust levels measured in the EPICA Dome C ice cores

in Antarctica (Rtithlisberger et a1.,2002) originated from the glacial outwash in Patagonia and

more specifically between 52o 48' S and 53" 36' S, a region near Laguna Potrok Aike located at

5lo 59' S. Their work suggested that peaks observed in the Antarctic cores coincide with periods

when glaciers were advancing in Patagonia, and rivers were depositing sediments in outwash

plains. After dewatering, they were deflated by the intense westerly winds and transported to

Antarctica. Also during glacial periods, the continental shelf was larger because low sea level

exposed more surface Lrea for deflation. Conversely, when glaciers melted, sediments were
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trapped at the bottom of large lakes, hence were protected from wind erosion. Basile et al. (1997)

showed that the period of fastest sea level rise, approximately 14 ka cal. BP (Guilderson et al.,

2000) coincides with a period without changes in dust input at Dome C. It either means that shelf

was not an important source of dust for Antarctica or that the main vector of dust transport

towards Antarctica, i.e. westerlies at high latitude in southem part of South America (Basile et

al.,1997),were substantially reduced during Late Glaciat. Nevertheless, it had been shown that

Australian aeolian dust was also an important source of dust for the eastern part of the Antarctic

continent during interglacial periods (Revel-Rolland et aI., 2006). Dwing glacial periods, South

America would remain the dominant source for dust input in East Antarctica.

Climate reconstructions of the southern hemisphere remain scarce. McGlone et al. (2010)

presented a reconstruction of summer temperature for Campbell Island, in the Southem Ocean,

over the past 16.5 ka cal. BP based on fossil pollen, and proposed a general pattern of climate

evolution for the entire southern South Hemisphere since deglaciation. They concluded that

although mean annual temperatures may have been close to or even wafiner than today in the

latter part of the Lateglacial and the early Holocene, sununer temperatures certainly were cooler

(McGlone et al., 2010). However, they also suggested that terrestrial proxies beyond 50' S during

the Lateglacial to the early Holocene should not be interpreted in terms of temperature and

humidity. Instead, these studies more reflect the position of the westerly wind belt and the

associated general pattern of precipitation (Mayr et al., 2007; Schneider et aI.,2003) during the

Late Glacial in the southem South America. Hence, in Eastern Patagonia, weaker westerlies

favour more precipitation coming from Atlantic are important (Schneider et al., 7003;Mayr et al,

2007). Given that the sediments of Laguna Potrok Aike recorded environmental and climatic

variations (Haberzettl et a1.,2005,2007; Mayr et a1..,2007; Wille et al., 2007), they offer the

opportunity to veriff and refine our understanding of hydroclimatic conditions during two key

periods, i.e., the ACR, from 14.8 to 13 ka cal. BP as defined by Pedro et al. (2011), and the YD,

from 12.7 to I 1.6 ka cal. BP as defined by Lowe et al. (2008).

Here, we report high-resolution p-XRF core scanner geochemical measurernents along

with observations and analyses of Scanning Electron Microscope (SEM) images of sediment

thin-sections and compare them with new other data from the PASADO project to revisit

paleoclimate interpretations durin g Late Glacial. The interpretation of elements widely used as

indicators of past hydrological and paleoredox conditions in sediments (Haug et al., 2003;
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Demory et a1.,2005; Eusterhues et al., 2005), including atLaguna Potrok Aike (Haberzeltl et al.,

2007), are refined in the light of microscopic investigation of sedimentary fabric (Francus and

Karabanov, 2000). The latter are supported by SEM-EDS (Scanning Electron Microscope-Energy

Dispersive x-ray Spectroscopy) analyses allowing the identification of the mineral phases

containins the elements detected bv u-XRF.

2.2 Regional setting

Laguna Potrok Aike is located in Argentina, southeast Patagonia near the border with

Chile (Figure 2.1). The lake was created several hundred thousand years ago after a

phreatomagmatic eruption, i.e. an explosive volcanic eruption caused by the contact between a

rising magma and groundwater (Skewes, 1978). The crater resulting from this eruption is

currently filled by a lake that acted as a sediment trap. The climate of this region is dominated by

strong westerly winds that can reach monthly average speeds of 9 m.s-r at the beginning of

summer (Endlicher, 1993). The wind action mixes the water throughout the year, preventing

stratification during summer and the formation of ice cover in winter (Endlicher, 1993;

Zolitschka et a1.,2006). The lake is almost circular and has a maximum diameter of 3470 m. The

watershed is approximately 200 km2, but is mostly limited to episodic surface water flows that

only occur through the ravines and canyons. Currently, the lake has no outlet, which makes it

very sensitive to changes in water balance (evaporation/precipitation): high lake level correspond

to wetter climate conditions and low lake levels occur during dry periods (Haberzettl et al.,

2005). In summer 2002,lake level was at 113 m above sea level and maximum water depth was

100 m. The lake is bordered by several paleo-terraces (Haberzettl et al., 2005) that indicate past

water level variations over time.

58



E--r Ji'-- 
@

5 1 '  5 7 . 0 '  S

0
-10*"
-20

-30

-40 {

-50 .:
-60 "
-70

-80

6.9ry
l D o

1 C 3
l l f i l

, l [ ] 1 !

1Ae  $ r l  31B

K*NE)

l- s 1' se.O s
70 '  21  .0 'W

Aenal pholograph by Huga Cotuella

-9O -*l**

-100

T Dock site \'
, l-mooring
, Gravity and piston cores from previous studies
^ Meteorological station FotrolAike
r PASADO cores (HPC, extended nose)
r PASADO cores (Gravity cores)

Figure 2.1: Location of Laguna Potrok Aike in southern Patagonia (blue circle on inset map of South
America). Aerial photograph of the immediate catchment area of Laguna Potrok Aike (kindly provided by
Hugo Corbella, Buenos Aires) and bathymetric map of the lake with indicated coring sites. Red dots indicate
the positions of piston cores; orange dots mark the position of gravity cores. Lateral distance between coring
positions of one site is between 8 and 24 m. (Ohlendorf et al., 201l)

2.3 Materials and methods

2.3.1 Field studies and composite sedimentary sequence

Lake drilling at Laguna Potrok Aike was conducted from August to November 2008 using

the GLAD800 drilling system. Cores were mainly recovered using a hydraulic piston core system

attwo primary sites:5022-l (PTA 1) and 5022-2 (PTA 2) (Figure 2.1) (Ohlendorf et a1.,2011).
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Average core recovery was around 92.1 % in the hole site 5022-l and 98.8 %o h the hole site

5022-2. A total of 533 meters of cores were obtained reaching a maximum depth of 101.5 m blf

(below lake floor) at the deepest location (ZolitscI*a et a1.,2009a; Ohlendorf et a1., 2011). A

106.9 m-long composite profile, later explained in meter composite depth (m cd), from site 5022-

2 was constructed using the best sections of the tree holes (A,B and C) (Figure z.L)by correlating

stratigraphic markers and facies and magnetic susceptibility of each hole (Kliem et al., 2012).

This profile is considered as the reference sedimentary sequence by scientists involved in the Potrok Aike

Sediment Archive Drilling prOject (PASADO). Most of the sediments are made of silty claylclayey

silt or sand (Kliem et al., 2012; Zolitschka et al., 2009a). About 50 % of the entire composite

sequence is redeposited (Kliem et al., 2012) and were removed from the composite sequence.

Slightly more than two meters were subsampled in high-resolution, thin sections and u-

channels (see details below in part 3.2), from 16.303 to 14.058 m cd (from 15.59 to 10.48 ka cal.

BP) and correspond to a partially laminated interval. These sediments are located 48 cm above a

1.5 m-thick interval consisting of alternations of (1) highly altered tephra of unknown origin,

white layers of volcaniclastic laminations (cm-scale), and (2)brown laminations of fine sand with

organic macroremains (cm-scale). These remains of aquatic macrophytes were already found and

described in Haberzettl et al. (2007). The Rechis tephra (1 cm thick), deposited around 16 ka cal.

BP ago (Kliem et a1., 2012), is situated just at the top of this 1.5 m-thick interval, i.e. 20 cm

below our sampled interval.

2.3.2 Methods

All subsampling operations were coordinated with the PASADO science team (Ohlendorf

et a1.,2011). Sediments were subsampled for thin-sections using aluminum slabs directly from

the composite profile or from equivalent core sections (Francus and Asikainen, 2001). These

slabs were freeze-dried and impregnated with Spurr's low velocity epoxy resin (Lamoureux,

7994), and thin-sections were prepared commercially. They were then scanned in natural and

cross-polarized light using a flatbed t'ensparency scanner (De Keyser, 1999, Lamoureux and

Bollmann, 2004). Images refrieved in high-resolution (2400 dpi) were imported into image

analysis software developed at INRS-ETE (Francus and Nobert,2007) that allows the selection

of regions of interest (ROI) from the flatbed scan images and the automated acquisition of SEM
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images of those ROIs. Image analysis of backscattered electron (BSE) images of thin-sections

involves the transformation of the initial grey-scale image into a black and white image marking

out the sedimentary particles in their matrix (Francus, 1998). Then, the following measurements

were made on each particle: center of gravity, area, length of major axis, and minor axis of the

best fitting ellipse and angle of major axis with the horizontal. These measurements were then

recorded in a spreadsheet for further processing (Table 2.1) (Francus and Karabanov,2000) and

the calculation of grain-size parameters (Francus et al. 2002). Details of the algorithms used here

are available in annex 6-7. lnitially, the software weights each particle by considering them as

spherical quartz grains (Francus et aL,2002). Weight is calculated using the formula:

w - ((4/3) * tt * ((Do /2)3)) * 2. 65 (2.1)

,with Do representing the apparent disk diameter. Then, particle weight is summed for each

particle size class (Table 2.1) so that class percentages canbe calculated. Finally, the sediment is

classified according to the Krumbein and Sloss (1963).

The examination of BSE images revealed the presence of numerous micropumices. We

proceeded with two different counting techniques, which are (1) manual detection of

micropumices performed on BSE images and (2) measurement with image analysis (Francus,

2004) (annex 6-8). Because micropumices sometimes represent a large proportion of the

sediment, they were sorted into three size categories. The three size fractions were defined and

chosen in order to take into account the difficulty to detect them in SEM cross-sections when

they were smaller than 10 ;rm, and to be able to be subsequently compared them with grain size

results: between 10 and 20 pm (fine silt), between 20 and 63 pm (medium silt to coarse silt), and

between 63 and 200 pm (sand) (modified from Wentworth (1922) by Krumbein and Sloss

(1e63)).
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Table 2.1: Grain size results, with or without micropumices, extract from the image analysis software.
n:number of particles, P%o:total percentage of area of black pixels (representing all particles detected) per
image. Particle size (pm): each particle size range and its weight (pg) associated per image. Micropumices
(7o): percentage of micropumices among atl particles detected.

IAI (Figure 2.3A) lA2 (Figure 2.3A)
with without with without
micropumices micropumices micropumices micropumices

166l
Po/o 9.446 32.761 17.206

2.920
particle
size 2.423
Gm)

2.920 - 3.519
3.519 - 4.241 t 5595.845 t5235.228 22604.272 t3749.995
4.241 5 . 1 1 1 18442-661 r8065. r63 27573.769 16805.741
5 . 1 1 r 6 . r58 24715.816 24249.405 45456.795 25534.073
6.158 - 7.421 42634.015 42481.375 74166.548 43436.702
'7.42r 8.944 48919.027 44748.335 109660,789 56827.236
8.944 - 10.780 84744.t75 82499.008 2t2826.22 1t1644.902

10.780 - 12.990 100070.1 5 88445.909 333008.326 182091.608
12.990 - 15.650 94682.106 97396.872 54209t.705 282375.983
15.650 - 18.860 98742.5r6 t02957.765 630415.r57 381583.453
18.860 - 22;130 t34712.246 r40966.221 543035. r 55 3t2355.25
22.',t30 - 27.380 396186.424 345135.252 tr67362.394 690559.947
27.380 33.000 384242-334 184280.941 t3 l3  125.718 642931.37
33.000 - 39.770 373390.99s 369123.788 1414062558 470743.t42
39.770 - 47.930 393557.t13 388270.455 r563340.26 838658.877
47.930 - 57.770 161557.694 1415943.477 t220551.665
57.770 - 69.620 402554.583 307073.893 129991t.426 t097461.932
69.620 - 83.900 l3 15369.583 1360918.122 3478764.48 t022495.704
83.900 t0 l . l 00 1056758.108
101 .10  -  121 .800

percentage
micropumices 3.4 43.4

The examination of BSE images also revealed the presence of Phacotus lenticularis, a

green alga with a calcite lorica already described by Haberzettl et al. (2007). Only a qualitative

estimation of its presence was performed: each BSE image was classified as Phacotus

lenticularis absent (0), scarce (l) or abundant (2).

Several ROIs were selected to cover facies including P. lenticulans, sedimentary fraction

from clay to sand and micropumices and were analysed using an Energy Dispersive Spectroscopy

(EDS) to qualitatively and semi-quantitatively characterue their chemical composition at the

microscopic scale.
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We used an ITRAXTM core scanner, with a molybdenum tube, that simultaneously

acquires microdensity (radiography) and microgeochemical variations (XRF) of sediment cores

using two separate X-ray detection systems (Croudace et a1., 2006). The analysis is non-

destructive. A resolution of 0.1 mm was conducted with an exposure time of 15 s' Voltage was

30 kV and current was 25 mA. Here, we analysed the u-channels sampled from the composite

sections, which were taken for paleomagnetic analysis (Lis6-Pronovost et al., 2012). The

numbers of counts for each element in each spectrum acquired for a specifrc depth interval was

normalized by the total number of counts of that spectrum (expressed in kcps, i'e. 1000 counts

per second). "inc" is the incoherent scaffering or Compton scattering and "coh" is the coherent or

Rayleigh scattering. Rayleigh scattering is more important for samples containing elements with

hidlr Z number, Compton scattering is more important for samples containing elements with low

Z number. Therefore, Inc/coh ratio is inversely proportional to the average atomic weight, and

thus can be an indicator of the organic matter content, as demonstrated by Guyard et al' (2007) in

Lake Bramant (French Alps), porosity and water content (Jenkins, 1999).

We used version 3 of the age model established by Kliem et al. (2012) for the last 16 ka

cal. Bp (Figwe 2.2). Otx sampling resolution and the accnracy of the model allows for a decadal

resolution of our geochemical and microfacies analyses. Water Content (WC%) and the Total

Organic Carbon (TOC%) measurements were achieved by GEOPOLAR group and belong to the

pASADO Science Team (Fortin et a1., 2012). Total organic carbon (TOC) samples were fteeze-

dried and ground using a mortar and pestle prior to the measurements. Concentrations of total

carbon (TC) were determined by a CNS elemental analyzer (EuroEA). Samples for the

measurement of TOC were pre-treated with 3 o/o and 20 % HCI at a temperaturo of 80 "C to

remove carbonates and afterwards analysed by the same device. Water content was measured

using standard volumes; a known volume of sample material was weighed, dried and reweighed'

More specifically, volumetric samples were freeze dried in open vials for 45 hours under a

vacuum of 1.1x10 (-1) mbar using a Lyovac GTZ freeze-dryer (Steris GmbH, Huerth, Germany)

(Fortin et a1.,2012). The WC was ascertained by subtracting the net from the gross weight. This

was converted into percennges.

63



2.4 Results

2.4.1 General stratigraphy

The study interval is divided in three units (I, Il IID, and four subunits (IP, IIa, IIb and

IIc). These were arbitrarily established based on their geochemistry (significant variations in p-

XRF, TOC and WC), and their content in micropumices and Phacotus lenticularis occuffences

Figure 2.3:

o Unit I from 16.303 to 15.580 m cd (15.59 - 13.64 ka cal. BP)

o Subunit IP from 15.91 to 15.8 m cd (11 cm thick)

Unit II from 15.580 to 14.740 m cd (13.64 - ll.64ka cal. BP)

o Subunit IIa from 15.52to 15.38 m cd (14 cm thick)

o Subunit IIb from 15.22 and 15.10 m cd (12 cm thick)

o Subunit IIc from 14.97 and 14.80 m cd (17 cm thick)

Unit III from 1.4.74 to 14.058 m cd (11.64 - 10.48 ka cal. BP).

Along this entire interval, sediment consists of very thin bedded to medium bedded, grain-

supported, and angular to sub-rounded medium silt to fine sand. It is intemrpted by a 6 cm thick

bed of reworked sediments (4 cm reworked - 2 cm laminated - 2 cm reworked) in the middle of

unit III (light grey lines Rl and R2 in Figure 2.3) that were omitted from analyses.

2.4.2 Sedimentary facies

2.4.2.1 Micropumices

Micropumices such as the ones described in Evans and Bradbury Q004) (

Figure 2.4A, B) appear all along the core sections studied. Micropumices are abundant in Unit I:

ten to 150 particles of these micropumices from 10 pm to 150 pm are present in each image

(Figure 2.3D1). A peak is observed in subunit IP. In unit IL the amount of micropumices

decreases but three peaks occw during subunit IIa, IIb and IIc in one or the other size fraction

(Figure 2-3D1).In unit III, the number of micropumices continues to decrease steadily.
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Percentage of black pixels corresponding to micropumices in all particles detected with

the image analysis software varies from: 0.7 to 43.4 % of particles for unit I (average:11.8 yo),

with one peak during subunit IP; 0.3 to 15.2 o/o of particles for unit II (average:3 .l oh), with three

peaks during subunit IIa, IIb, and IIc; 0 to 4.5 %o of the particles for unit III (average:0'6 o/o)

(Figure 2.3D2).
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2.4.2.2 SEM and EDS

Figure 2.5A shows SEM-EDS maps for sediments in unit II. Silicium is found in

micropumices and detrital particles between 10 pm and 150 pm. Silicium is not present in

Phocotus lenticularis, which is found from i5.35 to 14.34 m cd, i.e. between 13 and ll ka cal.

BP. Titanium and Mn content is weak, while Fe content is more present in detrital particles but

low in micropumices. In view 2 (unit I) micropumices are coloured in red to show an example of

their high potential of concentration in sediments.

2.4.2.3 Image analysis

Image analysis of a SEM image of a facies poor in micropumices, 3.4 o/o only (Table 2. I ),

reveals that micropumices are mainly present in the medium to coarse silt fraction (Figure 2.6D).

Figure 2.7A shows a similar view of a micropumices-rich facies from unit I (view 2 Figure 2.3).

The SEM image (Figure 2.7A) reveals a matrix mainly composed of volcanic debris and glass

splinters mostly represented by fragments of micropumices. Processed images B and C and

corresponding particle-size plot better reveal the relative importance of micropumice: the sample

with all particles has a mode in the sand fraction, while the one without micropumice is centered

on coarse silts (Figure 2.7D).

2.4.3 Grain size

All three counted size fractions with micropumices (Figure 2.8A) display similar

variations along the three units compared to counts excluding micropumices (Figure 2.88).

Correlations between each size fractions with and without micropumices are: R2:0.94 for fine

silts, R2:0.87 for coarse silts and R2:0.88 for fine sands. More specifically, the three fractions

remain generally stable in unit I. In unit II, fine and coarse silts slightly decrease whereas fine

sands slightly increase. In unit III, fine silts remain mostly stable, coarse silts generally increase

while fine sands decrease.
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Figure 2.32 Az Sediment core photographs (source ICDP's Internal Data base), with the position of view I and

2 (SEM-EDS mapping image from tr'igures 2.5A and 2.5B respectively), and the position of IAI and IA2
(SEM-BSE-images frorn Figures. 2.64 and 2.7A).Bz p-XRF results. Inc/coh ratio is related to TOC and WC.

C: WC(%) and TOC(%). D: Occurrence of micropumices using (Dl) SEM manual counting of micropumices
performed on 404 BSE images; and (D2) image analysis (IA) grain-size measurements realized on 104 BSE

images. E: Occurrence of Phacotus lenticularis according to 3 classes: absence (0)' the scarcity (1) and the

abundance (2). Units are arbitrary and are based on geochemistry and microfacies data. Age scale on the
right was constructed from the age model (version 3) established by Kliem et al. (2012) (Figure 2.2). Light
grey lines Rl and Rll represent the 4 and 2 cm thick beds of reworked sediments. Medium grey lines a, b and

c: subunits in unit II. Dark grey line P: subunit in unit I representing the micropumices-rich interval. ACR

and YD represent the Antarctic Cold Reversal and the Younger Dryas chronozones respectively.

2.4.4 Geochemistrry

Calcium, Ti, Mn, Fe, and Si are the main elements detected here and that are further

discussed in the frame of this study along with the inc/coh ratio (Figure 2.38).

Along our 2.26 m cd-long section (Figure 2.3A), five discrete intervals have high Ca

values, characterized by relative intensity three times more important than the average Ca

intensity of the remaining interval (Figure 2.38). They are located between: 15.80 and 15.73 m

cd (7 cm thick) in unit l ,  15.52 and 15.38 m cd (14 cm thick) in subunit I Ia,15.22 and 15.10 m cd

! a
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(12 cm thick) in subunit llb, 14.97 and 14.80 m cd (17 cm thick) in subunit IIc and between

14.44 and 14.40 m cd (4 cm thick) in unit IIL

CalSi show similar variability to that of Calkcps, except for unit I and III where it does

not reveal any significant peak (Figure 2.38).

Three peaks of Mn occur within unit II (Figure 2.38). These are between:15.52 and 15.38

m cd (14 cm thick) (subunit I Ia), 15.18 and 15.10 m cd (8 cm thick) (subunit I Ib), 14.90 and

14.80 m cd (10 cm thick) (subunit llc). Variations in Fe content reveal different trends (Figure

2.38): in unit I, it is relatively low and stable, and shows a general rise from the base of unit II to

the end of unit III. However, in unit II, three drops appear between: 15.60 and 15.30 m cd (30 cm

thick) (subunit IIa), 15.20 and 15.l2m cd (8 cm thick) (subunit IIb), 14.95 and 14.80 m cd (15

cm thick) (subunit IIc). During unit III, Fe content shows a steady increase.

Titanium values show similar variability to that of Fe, although the steady rise in unit III

is gentler (Figure 2.38).

In unit I (Figure 2.38), the inc/coh ratio profile shows an increase until subunit IP, where

it reaches its highest values. Thereafter, it decreases slightly until the onset of unit II. In that unit,

signal generally drops but three peaks occur in subunits IIa, IIb and Ilc. In unit IIl, signal

continues to decrease with a slight ascent at the end (Figure 2.38).

Total Organic Carbon values vary within the entire interval studied from I to l0 % in

parallel with water content which is varying between 20 and 60 % (Figure 2.3C). At the base of

unit I, TOC and WC are relatively low and increase to high values in subunit IP. In unit ll, they

display a general decrease with three peaks during subunit IIa, IIb, and IIc. Both of them show

minimum values with a general decreasing trend in unit III (Figure 2.3C).

2.4.5 Phacotus lenticularis

Phacotus lenticularis is present from 15.35 to 14.34m cd, i.e. between l3 and 1l ka cal.

BP (Figure 2.38). In this latter interval, P. lenticularis is mostly abundant (Figure 2.3E) in

sediments, as we can observe on the Ca-mapping results in Figure 2.5A.
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Figure 2.4: Comparison of SEM images from Evans and Bradbury (2004) and a SEM-BSE-image for
micropumices characterization. A: Mosaic of backscattered scanning electron micrograph of nondeformed
nonwelded tuff from the Horton Creek site. Large feldspar phenocrysts (F), vesiculated pumice lapitli (P), and
quartz grains (Q) lie in a matrix of irregularly shaped glass shards and ash. Intragranular fractures in the
quartz may be the result of rapid cooling from the caldera. lmages acquired with l0 KV accelerating voltage
(Evans and Bradbury,2004).; B: Backscattered scanning electron image showing vesiculated micropumices
(P) and irregular glass shards (G) at Potrok Aike.
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2.5 Discussion

2.5.1 Micropumices

Micropumice is composed of highly microvesicular pyroclastic glass with very thin,

translucent bubble walls of extrusive igneous rock. lmage analysis and the assisted counting

approach used here were helpful in making the counts easier and more reliable. However, it is

likely that such micropumices identification and counting still contain a bias that is difficult to

assess for both techniques, especially in unit I because the facies matrix was saturated by glass

and micropumices. Nevertheless, without thin-section image analysis in this interval, it is likely

that the significance of the volcanic material in these sediments would have been missed.

This discovery raised the question of a potential modification of chemical composition of

the sediment by micropumices. Their composition shows low content in Ti and Fe, as

demonstrated by the analysis of glass shards from tephras in Laguna Potrok Aike (Habenettl et

a1.,2007) (0.13<Ti<0.42yo,1.21<Fe<3.71Voin Reclis tephra), andpoint to a felsic source from

the Andes. Moreover, the ratios between Ti and Fe and between Si and Ti are constant in

micropumices. In our entire interval, the more the micropumices content is decreasing, the less Si

and Ti are correlated: in unit I R2:0.73, in unit llR2:0.42,and in unit III R2:0.05 (Figure 2.98).

This points to a modulation effect by the micropumices. This is fuither supported by the increase

of Ti and Fe from unit II to the end of unit III that is likely due the decrease in micropumices

content (Figure 2.3B, D). Moreover, when micropumices content increases during subunits IIa,

IIb, and IIc, Ti and Fe are decreasing as well.

2.5.2 xRF proxies

2.5.2.1 Calcium and manganese

To explain the variations in calcium and manganese in our sediment core, it is necessary

to assess the different potential sources of these elements and processes affecting the deposition

and preservation. Sources of calcium in lacustrine sediments at Laguna Potrok Aike, hence the

primary source of Ca2* into the lake water, could result from the weathering of basaltic rocks in

the catchment area (Haberzettl et al., 2005). Lacustrine calcareous sediments can be formed as a
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combination of five processes (Kelts and Hsii, 1978; Dean and Fouch, 1983): primary inorganic

precipitation and sedimentation of carbonate minerals; inorganically precipitated carbonate

(photosynthesis induced); biogenic carbonate; clastic input of allochthonous carbonates and/or

post depositional changes or early diagenetic reactions producing carbonates.

ln aquatic environments, manganese is mainly present as Mn(II) and Mn(tV). The

transition from one form to another takes place by redox reactions which may be abiotic or of

microbial origin. In case of a depletion of oxygen and nitrate, oxyhydroxides of manganese are

reduced in freshwater sediment. Precipitates of reduced manganese can be found in the form of

rhodochrosite (Friedl et al., 1997).Indeed, the chemistry of manganese is largely dependent on

the pH value and redox potential, as Mn2* mainly precipitates as MnCO3 (rhodochrosite) (Koinig

et a1.,2003). The main chemical factors that determine the cycle of sedimentary manganese are

the oxygen content of the water column, the oxygen penetration into sediment and organic carbon

flux to the benthic zone. Manganese is very soluble with respect to most inorganic ions, but in

certain environments, such as interstitial waters (Robbins and Callender, 1975), it is possible to

exceed the solubility product of rhodochrosite, MnCO:.

Ca and Mn are well correlated during the Late Glacial interval described in this study with

a coefficient of correlation R2:0.62 (Figure 2.9A).In unit II, three peaks of Ca and Mn co-occur

in subunits a, b, and c (Figure 2.38). In this unit, Ca was interpreted as a P. lenticularis

calcifications signal instead of autochthonous calcite precipitations (Haberzettl et al., 2007).

Figure 2.5A shows how calcium is mostly present in P. lenticularis. The latter is a green alga

which the lorica incorporates remarkable concentrations of CaCOI (Pocratsky, 1982; Steinberg

and Klee, 1983; Giering et a1., 1990b), and occurs only at water temperature > 15.8 "C and

preferentially in alkaline water, with a pH between 8.3-9.6 (Mtiller and Oti, 1981; Schlegel et al.,

1998). In our records, maximum presence of P. lenticularis is between 15.34 and 14.44 m cd, i.e.

13 and 11.1 ka cal. BP (Figure 2.3E). P. lenticularus is not present during Ca and Mn peak in unit

IIa (Figure 2.3B, E). It appears only at the end of the subunit IIa. To well understand the Ca and

Mn signal during the subunit IIa, we have to consider all different CaCO: polymorphs detected

until now. At Laguna Potrok Aike, these are: aragonitic shells of Limnaea sp., which are rare

(Haberzettl et a1., 2007), pm-sized calcite crystals, highly present during Holocene (Haberzettl et

al., 2007), and ikaite (Oehlerich et a1., 2012). The carbonate mineral ikaite, a calcium-carbonate

hexahydrate (CaCO3 ' 6 H2O), was found in the whole water colurnn of the lake (Oehlerich et atr.,
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2012) during austral winter 2008. The presence of ikaite is indicative of a low-temperature,

anaerobic, organic-carbon-rich marine environment (Jansen et al., 1987). At Laguna Potrok Aike,

different mechanisms were revealed (Oehlerich et al., 2012): during austral summer, because of

high evaporation rates and polymictic conditions, the entire water body enriches in dissolved

Ca2* and COr'- (Oehlerich et al., 2012). Authigenic precipitation of more stable anhydrous

CaCO: is inhibited by an elevated Mg and phosphate concentration (Oehlerich et al,2012).Ikaite,

a metastable mineral phase, is known to precipitate only at temperatures close to the freezing

point and unstable at temperatures above 4 oC (Larsen, 1994; Rickaby, 2006). It is rapidly

decomposes at temperatures above 4 "C and under certain conditions becomes pseudomorphed in

calcite by in situ redistribution of the calcium and carbonate ions (Shearman et al., I 989).

The SEM investigation shows that Ca is partially present as detrital particles (Figure

2.5A). Since Mn2* mainly precipitates as MnCOr (rhodochrosite) and, since the most common

products of biomineralization are calcium and/or manganese compounds and the deposition of

silica in intra- or extraplasmatic organic matrices (Driessens and Verbeeck, 1990), it happens that

Ca and Mn correlations could be linked to a MnCO3 precipitation onto calcitic P. lenticularis

lorica in a similar manner as reported by Boyle (1983) with foraminiferal shells in sediments

where pore water Mn2- concentrations rise above the solubility product of the solid phase. Yet,

the study of Nuttin et al. (2012) seems to undermine this interpretation because their

mineralogical analysis using XRD did not reveal any rhodochrosite. However, we still consider

this interpretation because the lack of rhodochrosite might be only due to the low sampling

resolution of Nuttin et al.'s XRD study: only one XRD sample on twelve corresponds to depths

where Mn peaks are observed in our study interval.

Total organic carbon cannot be used as proxy oforganic carbon pulse or redox conditions

in sediment in unit I because too many micropumices are present and are probably biasing any

paleoenvironmental reconstructions. However, in unit II, micropumices are less present (Figure

2.3D) and the TOC could reflect organic carbon pulse or redox conditions. Currently, at Laguna

Potrok Aike, wind speed enforces polymictic conditions and water column is not stratified

(Zolitschka et al., 2006).



A:V|EW1 :  SEM-EDS imaoes

B: VIEW 2: SEM images : micropurnices (red)

Figure 2.5: A: SEM-EDS maps for 5 elements from view I in Figure 2.3A. Red colour outlines the presence of
each selected elements chosen on top of the BSE image. Red circles shapes "outline" Phacotus lenticularis on
the Ca-map. B: SEM images (view 2 Figure 2.3A) with micropumices coloured in red manually.

Total organic carbon values are between I and 8 o/o at depth corresponding to Mn peaks.

The potential explanation for the preservation of Mn peaks associated to early diagenesis

processes in well ventilated conditions with organic carbon pulse is not defendable here. Indeed,

in these conditions, almost all organic carbon has to be consumed to preserve Mn peak (Gobeil et
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al., 2001) to such a degree that organic carbon should be between 0-0,5 %o onIy. Another

explanation might be considered for the preservation of Mn peaks: if TOC peaks (Figure 2.3C)

correspond with micropumices' peaks (Figure 2.3D), maybe a part of the original TOC signal

was trapped within micropumices and was thus not available to be consumed by benthic activity.

However, the interval with highest content in micropumices in unit I does not reveal Ca or Mn

peak (Figure 2.38, D). Therefore, preservation of Mn peaks as diagenetic Mn-oxides associated

to enrichment of dissolved Mn2* at the oxic-anoxic boundary in anoxic conditions at the

water/sediment interface is more plausible. Thus, high TOC would reveal the non-degradation of

organic matter in anoxic conditions. Only oxygen depletion in the deep basin, together with

bacterial breakdown of detrital organic matter, can, at the sediment/water interface and deeper

down, lead to conditions in favor of diagenetic Mn-oxides.

Summarizing this discussion, we infer that the first CalSi peak in subunit IIa (Figure

238) is either (1) derived from ikaite revealing colder conditions in the water column, either (2)

represents primary inorganic precipitation indicating warmer conditions in the water column. The

Caisi peaks during P. lenticularis occuffences, in subunits IIb and IIc, represent calcite

precipitation on their lorica, in agreement with Haberzettl et al. (2007). Manganese would

represent diagenetic Mn-oxides in a context of a low oxygenation in the deep basin in subunit IIa,

IIb and IIc.

2.5.2.2 Titanium and iron

Titanium is generally used as an indicator of detrital input in lake sediment because it can

reflect riverine clastic supply and by extension to determine paleohydrological variations.

Demory et al. (2005) indeed demonstrated that Ti is released from Ti-bearing rocks by physical

erosion (Cohen, 2003) and minerals containing Ti are not sensitive to chemical dissolution.

Concenfrations in Ti and Fe oxides in rocks in the plateau-like basal lavas or volcanic

rocks in the Pali Aike volcanic field (D'Orazio et a1., 2000), and those of glass shards in Hudson,

Mont Bumey and Reclus type a and b tephras are really dissimilar. Titanium and Fe

concentrations in micropumices are 2.4 to 23.1 and 1.4 to 7 times lower respectivelY, th31 in any

rocks from the watershed. hon and Ti are correlated along Late Glacial times with an R2:0.94

(Figure 2.9A). This strong correlation between these two elements could be explained by two
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factors: First, detrital particles are rich in Ti and Fe and/or second, micropumices are poor in Ti

and Fe. SEM-EDS mapping (Figure 2.5A) clearly demonstrate how titanium and iron are

supported by different phases. It seems that this correlation is mostly due to the constant

concentrations of Ti and Fe in micropumices.

Our analysis therefore shows that Ti cannot be used as a paleohydrological indicator at

Laguna Potrok Aike in the intervals where pumice or tephra are present.

It appears that the combined interpretation of CalTi and FeAvIn ratios inHaberzettl et al.

(2007) needs to be re-evaluated in the light of the discovery of the micropumices and their

chemical content. Concerning these ratios, another point might be considered. Indeed, based on

the anti-correlation of these element ratios, Haberzettl et al. (2007) rationale was the following: if

CalTi represents autochthonous calcitic precipitation and/or P. lenticulans development, this

ratio is related to lake level change (Haberzettl et al., 2007). The more the latter is high the more

the lake level is low. Feil\4n was interpreted as an indicator of paleoredox conditions, in so far as

redox potential did not dropped below 100 mV. Haberzettl et al. (2007) concluded that a lake

level drop (CalTi increase) creates water mixing bringing oxygen in water-sediment interface

(Fe/TvIn decrease). These two ratios are still very well anti-correlated with an R2:0.61 over our

interval of study. However, the solubility of oxygen is greater in cold water than in warrn water.

According to the analyses of Zolitschka et al. (2006) between 2003 and 2005, water temperatures

range from 4 and 14 "C during a year. lf P. lenticularis occurrence reveals higher water

temperature during 2000 years, oxygen supply in sediments could had been less important, as

well as sediment oxygenation.
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Figure 2.6: A: SEM-BSE-im age (1024*768 pixels, pixel siz^e:1 pm) from IA1 (see Figure 2'3A) analysed

cons€rving micropumices @) and removing rnicropumices (c)' Black pixels representing micropumices were

removed from the black and white image utiig .ottt""re iools' D: the logarithmic scale grain size plot of

images with and without micropumices'

Therefore, the Fe/lv1n decrease interpreted as increased oxygenation of the water column

due to a lake level drop concomitant to a temperature increase (P. lenticularis occuffence) might

have been ress pronounced because of the decrease of oxygen solubility of the water colunn.

These complex geochemical interactions give rise to a caution notice about the use of FeAvIn ratio

as an indicator of paleoredox conditions. other points about ca/Ti versus Fe/lvln signals should

be considered. First, if ca is related to Mn, because of p. Ienticuraris, and if Fe is related to Ti,

because they are both important components of detrital input, then calTi and Fe/IVln are

correlated. In consequence, correlations between calri and Fe/JvIn ratios are chemically driven

and do not reveal any paleoenvironmental link'

76
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Figure 2.72 A: SEM-BSE image (1024*768 pixels, pixel size:l pm) from IA2 (see Figure 2.3A) analysed
conserving micropumices @) and removing micropumices (C). Black pixels representing micropumices were
removed from the black and white image using software tools. D: the logarithmic scale grain size plot of
images with and without micropumices.

Second, we demonstrated previously that only oxygen depletion in the deep basin could

explain manganese behaviour from the ACR to the end of the YD. In anoxic conditions, redox

potential should have certainly dropped below 100 mV, as it has been suggested as possible by

Haberzettl et al. (2007). In consequence, Fe/\{n ratio cannot reveal changes in paleoredox

conditions because in anoxic conditions within the sediment. both Fe and Mn should have been

solubilized.
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2.5.3 Palaeoclimatological reconstruction

Ti and Fe are very likely biased by micropumice between 15.2 and l.1.8 ka cal. BP and

cannot be used as a paleohydrological or a paleowind intensity proxy during Late Glacial. Ti is

certainly not appropriate as a paleohydrological proxy or normalizer for Ca content. However, Si

appears to be less influenced by the presence of micropumices. Figure 2.5A shows that Ti is not

abundant in sediments as well as in micropumices-rich intervals, contrary to Si, except in P.

lenticularis-rich intervals. No correlation exists between Si and biogenic silica during the Late

Glacial (Hahn et al., 2012), and mineralogical analysis attests 48 to 78 % of quartz for Late

Glacial times (Nuttin et al., 2012) indicating Si is not influenced by biogenic silica contents. For

these reasons, Si is more suited as an indicator of the detrital input than Ti in this interval, and

thus, CalSi should be used as an indicator of water lake temperature variations. However, as

explained in chapter 5.2.1, paleoenvironmental and paleoclimatic context cannot be infered only

from its variations. Indeed, it could reveal (l) warmer temperature in the water column, because

of P. lenticularis or primary inorganic precipitation, or (2) colder temperature in the water

column, because of calcite derived from ikaite.

During the Late Glacial, TOC and WC are systematically correlated with inc/coh and

micropumices content (Figure 2.38-D). Because of their vesicularity, micropumices can contain

a large amount of organic carbon and water (Kitis et a1., 2007). Therefore, it seems that

interpretations derived from TOC, WC, and inc/coh need also to be considered cautiously in

micropumices-rich intervals especially in unit I.

The grain-size of micropumices (Figure 2.8) seems to be identical to the rest of the

sediment within each analysed sample and does not seem to affect the general particle size trend

as revealed by the strong correlation between grain size conserving or removing micropumices.

Therefore, it appears that these micropumices behave like any other detrital particles composing

the sediment, and are brought within the lake by similar sedimentary processes, being

incorporated in the material available for sedimentation within the watershed. The 1.5 meters of

remobilized tephra and/or the Reclus eruption around 16 ka cal. BP have probably created an

important deposit of micropumices around the lake, available for sedimentation by eolian or

fluvial processes for at least 4000 years, according to our age model in Figure 2.2 (Kliem et aL,

2012).
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2.5.4 Influence of micropumices on p-XRF, TOC and WC

Sedimentological characteization outlined that it is difficult to interpret p-XRF results

before 13.8 ka cal. BP, in the Late Glacial interval, because too many micropumices are present.

Generally, proxies can be interpreted as follows: Calsi, Mn and TOC peaks reveal a lake

water body mostly stratified from 13.6 to 11.1 ka cal. BP, i.e. from the ACR to the end of the

YD. Without strong westerlies, overtuming of the water column would be limited to the

epilimnion, producing an, at least periodic, anoxic hypolimnion allowing for the preservation of

Mn-oxides and organic matter within the sediment. In this environment, during the YD,

temperature in the epilimnion should be sufficiently warm for P. lenticularis to grow. In

consequence, our evidence suggest colder conditions during the ACR, and a mild YD with cool

summers without strong westerlies.

During the Holocene, the lowest lake level seemed to have occurred between 8.7 and7.3

ka cal. BP mainlybecause of strong westerlies (Haberzettl et al., 2007; Mayr et a1.,2007). This

driest period of the Holocene was not favourable for the growth of P. lenticularis, as well as any

other dry period of the Holocene as already pointed out by Haberzettl et al. (2007). Hence, these

intense evaporation periods mainly driven by wind intensity, were also responsible for intense

mixing the Laguna Potrok Aike water column, hence preventing its stratification and to reach

temperatures waffn enough to allow P.lenticularis to grow.

Therefore, the presence of P. lenticularis cannot be interpreted only in terms of maximum

temperature. Indeed, at high latitudes in the Southem South Hemisphere, summer temperatures

were substantially lower during the Late Glacial compared to the Holocene, and especially since

2 ka cal. BP, as indicated by summer insolation reconstruction at 52" S (Laskar et al., 2004;

McGlone et a1., 2010), However, P. lenticulans only appears during theLate Glacial. The strong

correlation between Ca and Mn, the presence of P. lenticularis and high TOC values testiff of

outstanding environmental conditions since the last 16ka cal. BP with lower wind speed.

More specifically, during the AC& the non- P. lenticularis Ca peak, which one could be

derived from ikaite (Oehlerich et a1., 2012), reveals colder conditions than during the Younger

Dryas. Diatoms and chironomids results in Massafero et al. (201,2) also uncover colder conditions

during ACR than during the YD. This is also in agreement with Moreno et al. (2009) that

delivered evidence for a glacier readvance and a cold episode during the ACR in southern

81



Patagonia (50' S). McGlone et al. (2010) came to a similar conclusion when suggesting that

seasonality decreased in the latter part of the Lateglacial and early Holocene, with summers

substantially cooler than present. The hlpothesis of a mild climate with an easterlies influence

bringing more precipitation to Laguna Potrok Aike is preferentially considered. This is in

agreement with atmospheric simulations developed by Pollock and Bush (20L2). Their results

attest to an influence of easterlies in the southern Patagonian steppe from the last glacial

maximum until 9 ka cal. BP.

2.6 Conclusions

Our study revealed that the paleoenvironmental and paleoclimatic interpretation of p-XRF

profiles gains much when supported by thin-section and SEM-EDS analyses to characteize the

sediments.

At Laguna Potrok Aike, the interpretation of Fe and Ti as paleohydrological or paleowind

indicators appears to be complicated during Late Glacial because of too many micropumices (up

to 43 %o of particles between 4 and 100 pm) that modi$ the geochemistry. The 1.5 meter thick

remobilized tephra and/or the Rechis tephra situated below our interval created an important

source of micropumices around the lake that were eventually incorporated within the sediment by

regular wind or fluvial processes. However, Si content was not affected by micropumices and by

biogenic silica and can be used an indicator of the deritic input.

Paleoenvironmental and paleoclimatological interpretations derived from Calsi ratio, Mn,

TOC and Phacotus lenticularis are consistent with those of other researchers involved in the

SALSA and PASADO project and with the general pattern of climate evolution for southern

South Hemisphere since the deglaciation developed by McGlone et al. (2010). We demonstrated

that a lack of ventilation of the water column could explain preservation of manganese and Calsi

peaks, P. lenticularzs occurrence and high TOC values, from the ACR until the early Holocene,

i.e. from 13.6 to ll.l ka cal. BP. In Laguna Poftok Aike, the ACR chronozone was probably

colder than the Younger Dryas chronozone.
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Pour cet article, la totalit6 des analyses p-XRF, MEB-EDS ont 6t6 faites par GJ, avec

l'appui d'Arnaud DeConinck (ADC), et sous la direction de PF, d I'INRS-ETE. Les analyses

d'images ont aussi 6t6 conduites par GJ d I'INRS-ETE. Les analyses DRX ont 6t6 6galement

r6alis6es par GJ au GEOTOP (UQAM). GJ et Andr6 Poirier (AP) ont pr6lev6 les 6chantillons de

sables autour du littoral du lac pour les analyses EDS. GJ a 61abor6 les hypothdses, propos6 des

interpr6tations et 6crit I'article. PF a congut le projet de recherche et particip6 d la r6daction de

l'article. Les co-auteurs nomm6s ci-dessus ont 6galement particip6 au processus de correction du

manuscrit. Le PASADO science team est constitu6 des chercheurs qui ont particp6s soit d la

campagne de terrain d'automne 2008, soit aux op6rations de sous-6chantillonnage de juin 2009.

R6sum6

Les sediments de laLagwaPotrok Aike, un lac de maar situ6 en Patagonie argentine dans

la province de Santa Cruz en Argentine, ont 6t6 6tudi6 au d6but de l'Holocdne, vers 8,4 ka cal.

BP. Cette p6riode correspond au plus fort taux de s6dimentation mesur6 depuis 51 ka cal. BP.

Celui-ci intervient aprds la mise en place du moddle climatique Holocdne en Patagonie vers 9 ka

cal. BP, qui se manifeste par une augmentation de I'intensit6 des vents d'ouest. Les analyses
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micros6dimentaires ont 6t6 r6alis6es sur 6 lames minces en utilisant la microfluorescence x, la

diffraction x, la caract6risation au MEB-EDS et I'analyse d'image. Tout d'abord, nous avons

d6montr6 que les pr6cipitations autochtones de calcite et monohydrocalcite (MHC) ont 6t6

responsables de I'augmentation du taux de s6dimentation. Puis, les analyses MEB-EDS ont

r6v6l6la pr6sence de calcite magn6sienne de la taille des sables fins. Ces r6sultats permettent

d'affirmer que la variabilit6 des apports d6tritiques ne peut 6tre directement tir6e d'analyses

granulom6trique sans une investigation pr6cise de [a nature des s6diments, elle-m0me support6e

par de multiples analyses g6ochimiques.

Une diminution du niveau du lac, crlant des conditions plus salines, a permis la

pr6cipitation de MHC dans la colonne d'eau. La pr6servation de cette forme hydrat6e et

m6tastable de calcite est discut6e dans cette 6tude. Un seul morphotype a 6te reconnu lors des

6pisodes de pr6cipitations de calcite et MHC; au sein des s6diments de I'Holocdne, la pr6sence de

MHC coincide syst6matiquement avec des diminutions de calcite et des fortes valeurs de

carbones organiques totaux. Ce qui souldve la possibilit6 que la MHC n'a pas pu recristalliser en

calcite d cause de la pr6sence de matidres organiques. Par cons6quent, lapart de calcite dans les

s6dirnents qui est d6riv6 de la MHC serait davantage ti6e d des apports importants de matidres

organiques, ou d des conditions permettant de la pr6server, qu'd des variations de niveau du lac.

Keywords: p-XRF, XRD, MEB-EDS, analyse d'image, calcite, monohydrocalcite.

Abstract

Sediments from a maar lake (Laguna Potrok Aike, Santa Cruz Province, Argentina) were

investigated for the period around 8.4 ka cal. BP., corresponding to the beginning of the

Holocene. This period corresponds to the highest sedimentation rate measured over the last 51 ka

cal. BP in the Laguna Potrok Aike sediment record. This occurred after the initiation of the

general Flolocene climate pattern over Argentine Patagonia (9 ka cal. BP), resulting in stronger

westerlies. Microsedimentological analyses were conducted on six thin sections using p-XRF,

XRD, SEM-EDS and image analyses. First, we provide strong evidence that both autochthonous

calcite and monohydrocalcite (MHC) are responsible for this drastic increase in the sedimentation
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rate. Then, SEM-EDS analyses allowed us to detect fine sands magnesium calcite. This attests

that detrital input variabiliry cannot be inferred from grain size analysis without a precise

observation of microfacies supported by geochemical analysis.

A lake level drop and subsequent establishment of more saline conditions resulted in

MHC precipitation within the water column. The preservation of this metastable hydrous calcite

within the sediment is discussed in this study. Only one morphotype was recognized during both

calcite and MHC occurrences; within the Holocene sediments, the presence of MHC always

coincides with low caldite and high TOC deposition periods. This raises the possibility of a non-

recrystallization of MHC into calcite because of the presence of organic matter. Therefore, the

part of the calcite found in the sediments, derived from MHC, becomes an indicator of organic

carbon pulse and/or organic carbon preserved in the sediments more than an indicator of lake

level variations.

Keywords: p-XRF, XRD, SEM-EDS, image analysis, calcite, monohydrocalcite.
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3.1 Introduction

New technological developments allow the quick retrieval of very high-resolution

geochemical data from lacustrine sediment cores (Francus, 1998; Croudace et aL,2006; Francus

and Nobert, 2007) that are often used to infer past environmental conditions (Croudace et al.,

2006) and past sedimentary processes (Guyard et a1., 2007). However, a sediment's geochemical

signature is the result of both autochthonous and allochthonous particle fluxes, which may be

modified by various diagenetic effects. Therefore, sedimentary processes inferred from chemical

analyses of sediments are often obscured. Microsedimentology, and specifically image analysis

of thin sections, is currently one of the few tools allowing the discrimination between pre- and

post-depositional processes affecting the geochemical signal (Jouve et al., 2012), hence providing

a better interpretation of chemical analyses in terms of past environmental conditions.

This paper investigates how the geochemical signal of Ca retrieved by a X-ray

microfluorescence scanner (XRF) can be better deciphered by the use of thin-sections, image

analysis and an energy dispersive X-ray spectrometer (EDS), by applying these techniques on a

sediment core retrieved at Laguna Potrok Aike (LPA), southern Argentina (Figure 3.1A), in the

framework of a larger multidisciplinary project providing a wealth of measurements allowing for

multiple cross-checking of the interpretation of the analysis from various disciplines.

Origins of calcium and calcite at LPA

Since 2002 with the DEI(LIM project SALSA (South Argentinean Lake Sediment

Archives and modeling), calcium occurrence in LPA sediments is of interest to many researchers

because origins of calcium and calcite differ hugely from the Last Glacial to the Holocene

(Habenettl et a1., 2007, 2009; Oehlerich et al., 2012; Jouve et al, 20t2) This remained true

during the current PASADO drilling project (Potrok Aike Sediment Archive Drilling prOject) of

which this study is a part of.
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Figure 3.1: Location of Laguna Potrok Aike in southern Patagonia (blue circle on inset map of South
America). Aerial photograph of the immediate catchment area of Laguna Potrok Aike (kindly provided by
Hugo Corbella, Buenos Aires) and bathymetric map of the lake with indicated coring site 5022-2. Red dots
indicate the positions of piston cores (modified from Ohlendorf et al.' 201l).

Researchers have so far identified the following inputs of Ca to the sediments of LPA: (l)

autochthonous precipitation of calcite (Haberzettl et a1.,2007), (2) derived from ikaite (CaCO:-

6H2O), which is formed in the water column during winter (Oehlerich et al., 2012), or (3)

precipitation on Phocotus lenticularrs lorica, which were only detected during Late Glacial times

(Haberzettl et al., 2007;' Jouve et a1.,2012), (4) monohydrocalcite (MHC), a metastable calcium

carbonate hydrate of unknown origin (Haberzettl et a1.,2007; Nuttin et a1.,2072), and (5) coming

from the basalt cliff at the southern shore (Kastner et al., 2010). Monohydrocalcite was first

detected, at LPA, by Haberzettl et al. (2007). X-ray diffraction analyses for the entire 106.9

meters of core of the PASADO drilling project demonstrated that MHC does not appear before
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8.4 ka cal. BP (Nuttin et a1.,2012). Haberzettl et al. (2007) proposed that the initiation of MHC in

the sediment record corresponds to the Mid Holocene climate optimum. In this paper, the authors

discuss the highest sedimentation rate since the initiation of the deglaciation, and propose that a

drastic lake level drop could have increased minerogenic input at the coring location. However,

whether this high sedimentation rate came from autochthonous or allochthonous particles was not

established. Until now, the Holocene MHC occurrences (Haberzettl et al., 2007:. Nuttin et al.,

2012), concomitant with a high sedimentation rate (Haberzettl et al., 2007; Kliem et al., 2012)

and presence of the diatom Cyclotella agassizensis (Massaferro et al.,2012), suggest a lake-level

low stand (and consequent increased in salinity) between 8.4 and 8.3 cal. ka BP. According to

Mayr et al. (2007) and Pollock et Bush (2012), intensification of Southern Hemisphere westerlies

leading to modern wind conditions started around 9 ka cal. BP. Intense westerlies, preventing

precipitation from the Atlantic Ocean, would have caused a lake-level drop (Mayr et al.,2007), as

it is suggested by a high concentration of Andean forest pollen taxa within these sediments.

Figure 3.2 presents recent studies of XRD (Al) (Nuttin et al., 2012) and XRF (Bl) (Hahn

et al., submitted) analyses for the entire sedimentary sequence. When one looks at the

mineralogical content of the sediment for the entire composite sequence and more specifically of

the Holocene sub-section, calcite (including MHC) shows the greatest mineralogical variations

between pre- and -post 9 ka cal. BP sections (Nuttin et a1.,2012). Near 10 mcd depth (8.4 ka cal.

BP), CalSi ratios show the first of the maximum values reached since the last 5l ka cal. BP

(Figure 3.281). Over the last 8.4 ka cal. BP, CalSi varies widely but never falls to zero and it

shows its highest peaks during MHC occurrence (Figure 3.282).
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Figure 3.2: Mineralogical and geochemical composition of LPA. A1: percentages of calcite and
monohydrocalcite estimated by XRD (from Nuttin etil.,2012'1; Bl: CalSi ratio measured by p-XRF (from
Hahn et al., submitted); A1 and Bl are measurements for the entire composite sequence along a depth scale
according to Kliem et al. (2012). 42: percentages of calcite and monohydrocalcite estimated by XRD for the
Holocene (from Nuttin et al.,2012'1; 82: Calcium, Si and CalSi as measured by p-XRF (from llahn et al.,
submitted); C: Total Organic Carbon were achieved by GEOPOLAR group and belong to the PASADO
Science Team @ortin et al., 2012\. A2, B2 and C are plotted for the last 9.2 ka. Age scale on the right was
constructed from the age model version 3 established by Kliem et il. (2012) (Figure 3.3). Grey rectangular
areas highlight presence of MHC during high TOC values.

Figure 3.2 also presents results of Total Organic Carbon (TOC) during the Holocene. We

notice that every MHC occurrence coincide with high TOC values. Statistical analyses were

conducted between the CalSi ratio and TOC, and revealed a linear correlation coefficient of about

0.55. Because the MHC is a rare metastable mineral in sediment and the Calsi ratio and TOC

display similar variability along the Holocene, we put forward the working hypothesis of a

relationship between the presence of MHC and organic matter content.

Hence, this paper focuses on the cause of the increase in sedimentation rate in LPA that

corresponds to the first MHC occurrence. lndeed, a detailed analysis of each facies in terms of

grain size and chemical content allowed us to identiff the part of sediment directly coming from

(1) detrital particles, essentially quartz (Nuttin et al., 2012), and (2) autochthonous calcite and

MHC precipitation. Moreover, motphological differences between calcite and MHC grains

enabled us to revisit interpretations from the MHC signal for the Holocene sediments. In this

study, we will use.the terminology of autochthonous instead of endogenic or authigenic (or
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diagenetic) because we cannot reach that level of precision about the material's origin from our

dataset.

3.2 Regional settings

Laguna Potrok Aike is situated in the Pali Aike Volcanic Field in Argentine Patagonia

(Figure 3.1). It is a maar, resulting from a phreatomagmatic eruption, dated around 0.77 +l- 0.24

Ma by Ar/Ar (Zolitschka et aI., 2006). Laguna Potrok Aike is a nearly circular lake and has a

maximum diameter of 3470 meters. Its watershed has an area close to 200 km2. Precipitations are

low, ( 300 mm.a-t (Muyr et al., 2007) and are supporting a steppic vegetation around the lake'

Because neither inflow nor outflow currently exists, lake level is mainly controlled by the

evaporation/precipitation ratio. Thus, high lake level appears during wet years and vice versa

(Haberzettl et al., 2005). Nowadays, west winds dominate around LPA and they can reach

monthly average speed about 9 m.s-r at the beginning of the summer (Endlicher, 1993). Higher

westerlies bring low precipitation because of the Andes' rain shadow effect. Easterlies bring

more precipitation from the Atlantic Ocean (Mayr et al., 2007).

3.3 Material and methods

3.3.1 General composition of sediment

From August to November 2008, two primary sites were drilled: (l) 5022-I (PTA 1) and

(2) 5022-2 (PTA 2) (Ohlendorf et a1.,2011) (Figure 3.1). Drilling campaign was conducted with

the GLAD800 drilling system using a hydraulic piston core. 98.8 o/o in the whole sequence 5022-

2 was recovered. Silty claylclayey silt and sand represent a major part of sediment (Zolitschka et

al., 2009a). 106.9 meters of composite profile was constructed from site 2 (Figure 3'1).

Correlations were done considering stratigraphic markers, facies and magnetic susceptibility

(Kliem et a1., 2012). This profile is considered to be the local reference sedimentary sequence by

scientists involved in the PASADO project (Ohlendorf et al., 2011). This paper uses the age
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model constructed by Kliem et al. (2012), and Figure 3.3 presents a simplified close-up of this

model for better readability.

Mineralogical content of sediments for the entire composite sequence is characterized by

quartz (58 %), feldspar (18 %), smectite-chlorite (7 %), kaolinite-chlorite (7 %), calcite

(including MHC) (4 %), mica (4 %), pyroxene (l %) and amphibole (l %) (Nuttin et al., 2012).

Mineralogical content of sediments during Holocene is characterized by quartz (54 %), feldspar

(16 %), smectite-chlorite (8 %), kaolinite-chlorite (2 %\ calcite (including MHC) (15 o/o), mica

(2 %) and pyroxene (2 %) (lt{uttin et al., 2012).

Figure 3.3: Age model for the last 16.3 ka cal. BP, corresponding to the first 19 meters composite depth,
developed by Kliem et al. (2012). Note the increase in sedimentation rate between 9 and 8 ka cal. BP.

3.3.2 Methods

Sediments were subsampled with aluminum slabs using a "cheese-cutter style" tool

(Francus andAsikainen,200l) from the composite sequence. Then, slabs were freeze dried and

impregnated with Spurr's low velocity epoxy resin (Lamoureux, 1,994), before being prepared as
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thin-sections by a commercial lab. Tagged Image File Format (Tif| images were retrieved in

high-resolution -2400 dots per inch (dpi)- using a flatbed transparency scanner under natural and

cross-polarized light (De Keyser, 7999, Lamoureux and Bollmann 2004). Next, they were

imported and observed by image analysis software developed at INRS-ETE (Francus and Nobert,

2007). The software allows the selection of regions of interest (ROI) within the thin-sections, and

related to a scanning electron microscope (Model: Carl Zeiss EVO@ 50 smart SEM), it allows

the automatic acquisition of backscattered electron (BSE) images of those ROIs. When images

were of particular interest, we performed EDS analyses with an INCAx-sight EDS Detectors

(Oxford lnstruments). Then, the original grey-scale BSE image is transformed into a black and

white image revealing the sedimentary pafticles in their matrix (Francus, 1998). Afterwards,

measurements of area, center of gravity, length of major axis, and minor axis of the best fitting

ellipse and angle of major axis with the horizontal can be made on each particle. These

measurements were then saved in a spreadsheet for fuither processing (Francus and Karabanov,

2000). Details of the algorithms used in this study are available in annexe 6-7 (Jouve et a1.,

2012). The software weights each particle by assuming they are spherical quartz grains (Francus

et a1.,2002) by using the following formula:

((4/3 ) * n * (@ o D)\)* 2.6s (3.1)

with Do being the apparent disk diameter.

Particle weight is then summed for each particle size class. Classe percentages can be

calculated. At the end, the sediment is classified according to Krumbein and Sloss (1963).

An ITRAXTM core scanner (Cox Analytical system, Sweden) with a molybdenum tube

was used to acquire microgeochemical variations by X-ray microfluorescence scanning (p-XRF)

of sediment cores (Croudace et al., 2006). These non-destructive and high-resolution analyses

(100 pm) were performed on u-channels from the composite sedimentary sequence. The

exposure time was 15 s, voltage 30 kV and current 25 mA resulting to 8000 - 9000 counts per

second. Even if several elements were detected, only silicon and calcium measurements are

presented in this paper. The numbers of counts for silicon in each 100 pm interval spectrum was

normalized by the total number of counts of that spectrum (expressed in cps, i.e. counts per

second), while the numbers of counts for calcium in each spectrum was normalized by number of

counts produced by coherent scattering (coh). The difference in normalization was necessary for
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laboratory intercomparison purposes (Hahn et al., submitted). p-XRF results are averaged every

lmm for a better readability, and plotted with dotted grey lines representing average values.

Peaks are defined considering the average values for the entire section.

Additional XRD analyses were made on l7 discrete samples along the interval studied.

Samples were freeze dried and homogenized in an agate mortar. Then, they were compacted on a

circular slide using the back-side technique (i.e., as a non-oriented minerals powder) (Last, 2001).

Sediment was scanned using a Siemens D5000rM diffractometer of CoKcrl, 2 X-radiations

()':1.76896) and a Si detector between 2 and 45" 2g angles. Dffiacplus EVArM software

enabled the determination of proportions of elements (relative and semi-quantitative analysis) by

identification of peaks and relative intensity measurements of their X-ray patterns. Bragg's law

(Last, 2001; Moore and Reynolds,1997; Thorez, 2003) determines each peak position and, based

on mineral peak maximum intensities (i.e., peak heights in counts per second) estimation of the

relative abundance of elements is obtained and normalizedto 100 %.

Sand samples were collected during a mission in February 201I by directly sampling the

top of the paleoshorelines around the lake. We sieved these samples and SEM-EDS analyses

were conducted for the fraction smaller than 54um.

3.4 Results

3.4.1 General stratigraphy

According to the nomenclature of Schnurrenberger et al. (2003), sediments are mostly

medium bedded fine silt to fine sand within the interval of interest to this paper. Thin-section

observations reveal grain-supported facies with rounded to sub-angular grains.
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Figure 3.4: High resolution analyses for interval of interest (9.86-9.52 m depth). A: p-XRF analyses.
(Calcoh)(Si/kcps) was simplified to CalSi. B: Images of thin-sections in cross-polarized light cropped and
adjusted to core depth. C: grain-size measurements realized on 92 BSE images. D: semi-quantitative
abundance of calcite (CaCO3), MHC (CaCO3.H2O)' quartz (SiO2) and anorthite ((Ca,NaXSi,AD4O8)
estimated by XRD analyses. Stars to the left of XRD plots indicate the position of the l7 XRD samples. Lower
case letters (from a to q) indicate the location of each ROI (from a to q) used for image analysis. Units are
represented by horizontal dark and light grey stripes. Age scale on the right was inferred from the age model
established by Kliem et al. (2012) (Figure 3.3. Dotted grey vertical lines placed on all graphics represent
average values for the entire interval studied.

According to Oehlerich et al. (2009), all crystal forms detected in this study neither show

a shape typical for ikaite pseudomorphs nor calcite crystals typical for ikaite transformed to

calcite. Therefore, we do not consider the possibility of an ikaite origin for both calcite and MHC

for the entire interval under study here.

In this study, four units were arbitrary determined based on their geochemical,

mineralogical and grain-size properties as follows: Unit I from 9.86 to9.79 m cd (8 395 - 8 385

ka cal. BP), unit II from 9.79 to 9.69 m cd (8 385 -8 370 ka cal. BP), unit III from 9.69 to 9.57 m
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cd (8 370 - 8 351 ka cal. BP), and

(Figure 3.4). Along these units, 17

Figure 3.4.

unit IV from 9.57 to 9.52 m cd (8 351 - 8 345 ka cal. BP)

ROIs were characterized and their depths are available on

3.4.2 XRD

Generally, four groups of minerals, detailed

interval under study here in parenthesis, were detected

3.4D):

. Carbonates (12.9 o/o):

o Calcite (3.7 %)

o Monohydrocalcite (9.2%)

o Silicates (81.9 %):

o Quartz (52.4 %)

o Anorthite, calco-sodic feldspar (15.1%)

o Muscovite (14.4 %)

. Clays (5.2%):

o Clinochlore, from chlorite group (5.2%)

Calcite is mainly present as magnesium calcite (Mgo.orCao.nz) in unit I (Figure 3.4D),

reaching its maximum at 18-7 o/o.ln unit II, it is quite stable with values around the average. [n

units trI and [V, values dropped between 0 and I % (Figure 3.4D).

Monohydrocalcite is notpresentbefore the middle of the unit I (Figure 3.4D). From the

middle to the end of this unit, it displays maximum values of 3.3 %. h unit IL MHC generally

increases and reaches 18.4 %.In unit I[, MHC shows its highest values of the entire interval,

especially from the middle to the end of the unit, where it displays values of up to 22.3 %.In unit

IV, MHC decreases continuously until its value goes down below average at the end of the unit

(Figure 3.4D).

below with their average values of our

for the entire interval studied here (Figure
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Quartz is present all along the studied interval (Figure 3.4D). In unit I, values vary around

the average, with a drop of 41.3 %ointhe middle of the unit. In unit II, abundance remain quite

stable and near the average of 52.4 o/o, with a drop to 36.3 %o at the end of the unit representing

the lowest value of the entire interval. Quartz generally increases again along units III and IV

(Figure 3.4D).

Throughout units I and II, anorthite generally displays stable values under the average

(Figure 3.4D). At the end of unit II, it starts to increase and reaches its highest peak (25 %)

around the middle of unit III. It then decreases at the end of unit III with values around the

average of 15.1 Vo andremains stable until the end of unit tV (Figure 3.4D).

Muscovite and clinochlore do not vary significantly, and do not contain enough silicium

to modiff the interpretations of this study. Consequently, we decided to not plot them in Figure

3.4.

3.4.3 p-XRF

XRD analyses attest to three minerals containing Cathat can be related to Calcoh peaks:

calcite, MHC and anorthite (Figure 3.4A, D). The calco-sodic feldspar anorthite

((Ca,Na)(Si,At)+Os) probably comes from the Hudson tephra (Haberzettl et a1., 2007) deposited

around 8.4 ka cal. BP (Kliem et al., 20l2),just before the interval considered in this study (30 cm

below). As anorthite contains both Ca and Si, we used the (Calcoh)/(Si/kcps) ratio as a proxy of

autochthonous calcite and MHC. Thereafter, this ratio witl be shortened to CalSi to lighten the

text.

In this section, ROIs corresponding to peaks are bracketed. Over the entire interval,

fourteen Calcohand CalSi peaks occur (Figure 3.4A): 2 in unit I (q,p), 5 in unit II (n,m,l,kj),7 in

unit III (h,g,f,e,d,c,b), 0 in unit [V.

As for Si/kcps (Figure 3.4A), it remains near the average values in unit I and II. In unit III,

a peak is observed at the beginning of the unit (i), but in general, values are less than average. In

unit [V, it displays variations near the average values at the beginning, and a peak at the end of

the unit (a).
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D: E:
Binary image Binary image

with Si-rich minerals without 5i-rich minerals
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Figure 3.5: A: region of interest @OI) identified; B: BSE image of the ROI; C: Energy dispersive
Spectroscopy map of the ROIs. In green are the Si-rich pixels, and red the Ca-rich pixels; D: corresponding
binary images with all grains larger than 4 pm within the sedimentary matrix; E: same as D but removing Si-
rich-mineralsl F: grain-size histograms established using D and E images. The depth of each ROI is indicated
in Figure 3.4 Vertical dotted grey lines delimit each particle range: fine sil! coarse silt and fine sand
(according to the Krumbein and Sloss (1963) classification). Two different analyses were realized on the BSE
image for ROI a,b,l and p, because they are representative of each unit. One conserving (solid line) and one
removing (dotted line) Si-rich minerals detected by EDS analysis. Direct link between grain size and
mineralogical content is represented by grey oblique lines on grain size plots: light lines : Ca, dark lines = Si.
Only. one grain-size plot is presented for ROI c because of the low Ca-rich minerals content. Ca percentages
for each ROIs are also presented for ROIs a,b,l and p.

3.4.5 Grain size

In order to verify the hypothesis that grain size variations are significantly driven by

autochthonous calcium carbonate precipitation, we conducted two different image analyses on a

same BSE image: one binary image conserving Si-rich minerals and one removing them. Grain

size results are available in Table 3.2. We carried on these analyses for ROI representative of

each unit.

SEM images were retrieved at depths coffesponding to Calcoh andlor Silkcps andlor

Calsi peaks. Each BSE images coresponding to each ROI are displayed in Figure 3.5 with their

EDS results, the resulting processed iinage, and corresponding grain size measurements.

Over the whole interval studied, fine silts, coarse silts and fine sand represent respectively

8.3,62.6 and29.l o/o of particles detected. These values coffespond to the average values plotted

in grey lines on the Figure 3.4C.

In unit I, fine silts are low at the beginning, and above average at the end. While coarse

silts and fine sands show variations around the average values, however, there are two peaks of

fine sands corresponding to two drops of fine and coarse silts (q,p) (Figure 3.4C). These peaks

also correspond to Calsi peaks (q,p) (Figure 3.4A), that are concomitant with magnesium calcite

precipitation rather than MHC (Figure 3.4D). Figure 3.5C to F (p) and the corresponding detailed

grain size measurements from Table 3.2 show that fine sand grains are mainly represented by

angular-shaped Ca-rich minerals. Finally, EDS chemical analyses of these sand grains (Figure

3.7A and Table 3.1A1-A2) attest of the presence of magnesium carbonates.
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Table 3.1: EDS results performed on each morphotype detected. Morphotypes (A and B) and localization (1'

2,3,and 4) of EDS analyses are available in Figure 3.7

Elemenl

C K
O K
MgK
C a K

Totals

C K
O K
C e K

Totals

Weight%

13.90
5t.75
0.46
33 89

100.00

22.02
6t 54
0.36
16.08

Elealent

C K
O K
M g K
C a K

Totals

C K
O K
CaK

Totals

I3.53
51.63
0.91
tl.93

100.00

28.78
47.97
23.2s

I00.00

Atomic%

21.51
61.6t
0.72
16.16

Atomic%

,10.10
50.t9
9.71

Weighto/o AtomiC/o

12.52 19.92
53.s | 63.89
J3.9't t6.t9

100.00

In unit II, fine silts reach their highest values of the entire interval, with four well

expressed peaks (m,l,kj) (Figure 3.4C and Figure 3.5F). Coarse silt values are generally above

the average within this unit. Fine sands show the lowest values of the entire interval, and they are

generally below average. For ROI I, an ROI representative of unit II, image analysis attest that 63

To of aII particles, representingZg % the area of the field of view, are related to Ca-rich grains

(Figure 3.5F, Table 3.2). The increase of fine silts (mainly) and coarse silts (slightly) and the

consequent drop of fine sands are mostly related to MHC and calcite particles (Figure 3.5B to F).

Indeed, in Figure 3.5 0), we can see thatpercentage of Caparticles (:o/on) and Ca areas (: o/oP)

are about 63 Yo and 29 %o and these particles are mainly present in fine silt fraction and slightest

present in coarse silt fraction (white striped areas on the grain size plot). These are characteized

by rounded- to sub-angular- shaped Ca-rich minerals (l) (Figure 3.5C and E). Indeed, EDS results

demonstrate that these Ca-rich minerals could only be calcite or MHC (Table 3.183 and B4).

However, calcite cannot be differentiated from MHC with EDS analysis. In fact, using this semi-

quantitative analysis, the CalO ratio is not accurate enough to distinct carbonates from hydrated

carbonates.

Morphotype A: 1

Morphotype B :3 Morphotype B :4
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In unit III, fine silts are lower, usually below average (Figure 3.4C). Coarse silts vary

around mean values but several peaks occur (h,g,f,e,d,c,b). Fine sand values are generally above

average with several decreases corresponding to peaks of coarse silts (Figure 3.4C). Ca-rich

minerals are present in fine and coarse silts, as outlined in Figure 3.5F (b) and Table 3.2, and are

majorly represented by MHC (Figure 3.4D). Fine sands are represented by Si-rich minerals (b)

(Figure 3.5F), most certainly quartz according to XRD analyses (Fig.  D).

In unit fV, fine silts are low and always below average. Coarse silts are also low and

usually below average. Fine sands are always above average with a peak (a) started at the middle

of the unit (Figure 3.4C). It corresponds to the initiation of a critical decrease of both fine and

coarse silts. Find sand are represented by Si-rich minerals (Figure 3.5C and Table 3.2),

essentially qtartz (Figure 3.4D).
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Table 3.2: Spreadsheet retrieved after binary images treatment conserving or removing Si-rich mineral,
detected by EDS analysis for ROIs p, l, b, a. Binary images are available in Figure 3.5B. nl and n2 represent
number of particles detected with and without Si-rich mineral respectively. Pl and P2 represent area of
particles detected with and without Si-rich mineral respectively.

€ o e r $i$

UHF
8l F-

e
H
s
4

I
e

R F l

ee

=
<

a
ts-

F

gH3-FFFE-$Fg.F$TF$H.
F ===n^*-*g-sEE$3HF=EoH-$$Es**ftsa*ft '$'E

t= N- 6- +-

e
e

E
€.F
ut
E
5-
e

o

sHsFF$EeFeFFF$$gaa-.- $ -H$

HH
€ €
c ' E

= *

JI
t9

d . 5
! i E
E €

'a

e
.=
E

E

E€
E €

t
J

=
E

€ q-aE{B+sgSSgSRBF$Fg:Bg =EE= E H H*. gla+t eas-*-{ae-Raeair E € €
t E  F r 6 - t ' 6 - l d F ^ ; l 9 S f  : l l - : s F f  t r i 8 t r R c D f e H  

* *

F,F
€ €
a Sr

fi

rla

E gFEtr+
E*EE-s 's9$

g R*+*s

E
E

4
.F
|l-

E
E
fi

*=E"R$+H$$Fg$A$$FFFFF$*g =EE

E

Ct

o

- s -- n s * F =.s g S B g S S g- F $ F H.S g g= E o HH $HeF *B**$ $a€i_e a E s_H q
w  a  d  . .  €  d  t r i s f , g - + - F - a - # g

e

tr

g H
5 =*s

ss
E

*
slF $ $ - F F,F $ $

a  F  9 # = s& - = +. = * S* g * B g'S g =- F S F E- B 3 $E * f E ; = := E * * * $ * s=-* E $ _8_ $ s s g* s s H. * g
S P S s - F E F = E S lgg$E$sE$3.E-- * a  B H H gEH=-Rss-H

- $ * f, s*3=.*BSFEFF FFFF E gE
=E E **  *  =*E**  t$S f t  t  ee S RS i*

€  { - -  < - 6 -  6 - t s - - ( j i  = '  s l - t e  e {  F i  d  s e  c  +  d  e i . #

F$s:$H$$$R$$$$$$$$$$

nFs-$$$$

ssla
tes .H*B-HH.F$F$F$fi-F$-H

t
3.E

t
.F

g
E'=
E

E

103



3.4.6 Shorelinesamples

SEM-EDS analyses on paleoshorelines samples show the low occurrence of Ca-rich

minerals in detrital particles less than 54 pm and the large amount of Si-rich minerals (Figure

3.6,{, B). The rare Ca-rich minerals detected contain sulphur (Figure 3.6,14b), but no carbonate

were found.

3.5 Discussion

3.5.1 Allochthonous and autochthonous signal

Haberzettl et al. (2005), proposed that calcite in sediments at LPA could only result from

inorganic or organic induced precipitation, or post-depositional changes and diagenetic reactions.

From our set of discrete samples taken around the lake, EDS analyses provide evidence for an

autochthonous origin of all calcite signals in sediments at LPA. We cannot preclude the

possibility of having an unknown source of calcium carbonate present within the catchment area

of the lake that could be available for sedimentation. But because of the current hydrological

regime of LPA, this potential material would have to be brought to the lake by eolian transport.

Therefore, this calcium carbonate would have been disseminated equally by winds around the

lake and we would have had measured it in our samples. In consequence, our dataset confirms the

conclusion of Haberzettl et al. (2005).
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A:Ca-S i

Figure 3.6: EDS analysis of detrital particles smaller than 54 pm sampled from paleoshorelines. Map on the
right show location of each sample. A: Only Ca-rich (red) and Si-rich (green) minerals are detected. Rare Ca-
rich minerals detected are Ca-S-rich minerals. B: Only Si-rich (red) and O-rich (green) minerals are detected.

r05



Calcoh ratio displays similar variability to that of CalSi ratio. This highlights the fact that

Ca results retrieved by p-XRF analyses reflect autochthonous calcium carbonates more than

allochthonous Ca-rich minerals. During CalSi peaks, grain size analyses for each ROI

demonstrated different sedimentary deposit patterns. Before discussing them, we want to

highlight the fact that the clay fraction detected by X-ray diffraction is low, with mean values of

about 5.2 %. Therefore, grain size analyses conducted with our method, which can only reveal

silt and sand fractions, reflect the depositional context with a negligible bias.

Our dataset demonstrates that:

o In unit I, the sand fraction is significantly related to autochthonous calcium

carbonates.

. In unit II, the sand fraction is related to Si-rich detrital input. Morphological

aspects of Si-rich minerals visible in Figure 3.5C, that are either angular or round,

demonstrate that these particles are probably controlled either by wind or runoff. Fine and

coarse silts are both related to autochthonous calcium carbonates (MHC and calcite).

o In unit III, the sand fraction is related to detrital input. Fine and coarse silts are

related to MHC.

o In unit IV, the grain-supported, rounded- to sub-angular- particles (Figure 3.5B-F)

together with the increase in quartz signal and fine sands, attest to a sand storm deposit

(Francus etaL,2002).

The combination of microscopic scale facies textural analyses with chemical and

mineralogical analyses allows for more accurate paleoenvironmental interpretations. Indeed, in

unit I, SEM-EDS and image analysis reveal that the increase in grain size is entirely due to

autochthonous Mg-Ca carbonate precipitation rather than an increase in detrital input. Moreover,

these Mg-Ca carbonate grains are in the fine sand fraction (around 100 pm (p), Figure 3.7A) that

is not commonly analyzed in routine XRD analyses, such as the one performed by Nuttin et al.

(2012) who sieved samples at 63 pm. Even if this observation does not challenge the work of

Nuttin et al. (2012), it outlines the need for XRD analyses to be supported by prior SEM-EDS

investigations in order to evaluate and design the XRD analytical protocol.
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A
MorphotypeA:Uni t l

angular-shaped f ine sand calcite grains

Morphotype B : Unit ll, ll l, and lV
round- to subangular-shaped fine to coarse silts calcite and monohydrocalcite grains

63 pm

I

10  ym

I

,
I

Figure 3.7: A: SEM images of major calcite grains found in unit I. I and 2 represent localization of EDS
analyses performed on these grains (see results in Table 3.1). B: SEM images of major calcite and MHC
grains detectable in unit II, III, and IV. 3 and 4 represent localization of EDS analyses performed on these
grains (see results in Table 3.1).

3.5.2 Carbonates and environmental interpretations

In unit II, III and IV, only one carbonate morphotype was detected at depths where calcite

and MHC are present (Figure 3.7B). This apparently similar morphological aspect raises the

possibility of a common origin of both calcite and MHC. However, we are aware that

morphological characterization of calcium carbonates using SEM images on thin sections

remains subjective.
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Two questions remains unanswered: (1) what is the origin of both calcite and MHC and

(2) why MHC, a rare metastable form of calcium carbonate hydrated, did not recrystallize into

more stable calcite?

ln lacustrine environments, occurrence of MHC is mainly assigned to inhibition of calcite

and aragonite nucleation by high levels of Mg2* or POa3- ions (Stoffers and Fischbeck I974;HulI

and Turnbull 1973), and consequently higher MglCa ratio, or to biological activity (Lowenstam

and Weiner 1982). At LPA, the precipitation of anhydrous carbonates, such as calcite, is inhibited

by high Mg and phosphate concentrations (Oehlerich et al., 20L2). Bacterial activity can

precipitate MHC at high salt concentrations (Rivadeneyra et a1.,2000, 2004). At LPA, within the

Holocene sediments, presence of MHC always coincides with low calcite (Nuttin et al., 2012).

Our study allows to go a step further in the understanding of MHC generation. This phase occurs

at the depth where Mg-Ca carbonates are at their highest values (Figure 3.4D) and where calcite

content decreases in unit II and III, while MHC significantly increases. This suggests that an

increase in Mg/Ca ratio in the water column that can be driven by a lake level drop, and

subsequent establishment of more saline conditions, could be the explanation for the integration

of Mg in calcium carbonates in unit I. Then, the critical amount of Mg to inhibit calcite

precipitation is reached and leads to MHC precipitation in unit II and III.

However, such hypothesis does not explain why metastable MHC does not recrystallized

into calcite and./or aragonite. Results of several experiments done by Bundeleva et al. (2012),

suggest that metastable crystals of MHC could be preserved from recrystallization into more

stable calcite by organic matter. Indeed, the presence of organic polymers is known to extend the

lifetime of metastable amorphous calcium carbonate in abiotic systems @iMasi et al., 2006).

Figure 3.281 and 82 show that the highest Calsi peaks, corresponding to MHC occulrences

(Figure 3.2A1 and A2), are present at levels with high TOC values (Figure 3.2C), which

corroborates the findings of Bundeleva et al. (2012). Nevertheless, part of MHC in our sediments

seems to have been recrystallized, into calcite, since we do measure calcite in them.

Consequently, the presence of MHC in sediments needs to be interpreted with caution

because it could be related to post-depositional conditions. Indeed, MHC could have been

preserved in our Holocene sediments because of high TOC values. When TOC was not enough

high to preserve MHC, it could recrystallize into calcite. Accordingly, the calcite signal detected
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by Nuttin et al. (2012) within Holocene sediments could either be precipitated because of low

M{Caratio, or be derived from MHC because of weak amounts of TOC preserved in sediments.

3.5.3 Implications for paleoenvironmental reconstruction using lacustrine sediments

Grain size analyses are often used as indicators of sedimentary processes but they are

rarely considered as indicators of autochthonous minerals or post-depositional context. Here,

using different methods of observation and characterization of sediment, we demonstrated first

that, from unit I to unit III where calcium carbonates are present (Figure 3.4 and Figure 3.5),

befween 50 to 96 %o of al| particles up to 4pm are of calcium carbonate composition. Second, we

confirmed that no calcium carbonates are found in the surroundings of the lake. And third, SEM-

EDS images indicate that Si-rich minerals display all shapes from round to angular (Figure 3.5),

which prevent their use as proxy of wind or precipitation. Combining these results, we

demonstrate that grain size variations are related to autochthonous MHC and calcite precipitation

and not to detrital input.

Therefore, our methodology allows us to rule out changes in the wind or runoff (linked to

climate changes in wetness) to account for the observed high sedimentation rates. Our dataset

suggests autochthonous processes to generate these higher rates, as calcium carbonate

precipitation is driven by Mg/Ca ratio variations and the preservation of MHC in sediments is

linked to high TOC values. ln fact, the proposed lake level drop could have either been controlled

by higher temperatures or by lesser precipitation levels.

3.6 Conclusion

ln order to improve the quality of the interpretations in terms of depositional context, this

study provides a strong argument for interpreting grain size results in the light of an in-depth

knowledge of sedimentary facies, and the chemical phases to whom belong the different size

fractions. This can be achieved by combining SEM-EDS analyses and XRD analyses. Image
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analysis of BSE images of thin-sections offers the advantage of revealing the sedimentary texture

and to providing detailed grain size variations for each phase. At LPA, we demonstrated that the

highest sedimentation rate of the entire sedimentary sequence of the PASADO project is mostly

due to autochthonous calcite and MHC precipitation/preservation within the sediment.

Our microscopic evidence supports a previous interpretation of a lake level drop with

establishment of subsequent higher salinity conditions in the water column, leading to MHC

precipitation between 8.385 and 8.351 ka cal. BP, within the error of the age model. However,

periods of MHC absence dwing the Holocene could be attributed (1) to less saline conditions,

and consequently higher lake level, or (2) to less organic matter produced or preserved within the

sediments. Because MHC is metastable, autochthonous calcite during the Holocene could be

derived from recrystallization of MHC. Therefore, the part of the calcite signal along the

Holocene sediments which derived from MHC, might rather be an indicator of organic carbon

pulse and/or organic carbon preserved in the sediments, rather than an indicator of simple lake

level variations. In other terms, MHC could have been precipitating during several thousand

years during the Holocene, but not preserved in the sediment record.
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R6sum6

Des analyses de haute r6solution ont 6t6 r6alis6es au sein des s6diments de la Laguna

Potrok Aike (province de Santa, en Patagonie argentine). L'investigation i I'aide de la

microfluorescence X, des techniques MEB-EDS et de la granulom6trie par analyse d'images, a

6t6 effectu6e sw 22lames minces de s6diments appartenant i la dernidre p6riode glaciaire. Le but

de cette 6tude 6tait d'am6liorer la compr6hension et I'identification des facies s6dimentaires ainsi

que leur signature g6ochimique, poru renforcer les reconstructions pal6oenvironnementales
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d6duites de ces enregistrements. Il 6tait 6galement question de v6rifier les diagnostics faits au

sujet des intervalles remobilis6s.

Nos r6sultats montrent que les signaux de Ca, CalTi et CalSi r6vdlent des apports

d6tritiques de s6diments grossiers au cours de la dernidre p6riode glaciaire. Des 6tudes pr6alables

indiquaient que ces rapports sont aussi en lien avec (1) les tests calcaires de l'algue verte

Phacotus lenticularis au cours du Tardiglaciaire, et (2) les pr6cipitations de calcite au cours de

I'Holocdne. Le Potassium r6vdle les argiles ou les turbidites. Les fortes teneurs en fer sont en lien

avec les (1) argiles, (2) les silts ou (3) la vivianite. Des diminutions importantes en fer peuvent

aussi 6tre en lien avec de fortes quantit6s de micro fragments de ponces au sein des s6diments.

Des valeurs simultan6ment 6lev6es de Fe, Mn, Mn/Ti et Fe/Ti r6vdlent (1) des dissolutions de

roches volcaniques, (2) des concr6tions de vivianite, (3) des variations de conditions redox dans

les s6diments, ou encore (4) des couches remobilis6es. Finalement, Si et Ti attestent de niveau

majoritairement sableux et silteux respectivement, mais uniquement si les s6diments sont pauvres

en micro ponces. Par cons6quent, de trop nombreux microfacids distincts sont caract6ris6s par des

signaux g6ochimiques similaires, de telle sorte que I'utilisation d'indicateurs g6ochimiques pour

1'entidret6 de la s6quence s6dimentaire est proprement impossible sans un contr6le

micros6dimentologique syst6matique. Ce travail met en garde contre I'utilisation de plusieurs

proxies p-XRF pour une longue s6quence s6dimentaire lacustre, et contre leur utilisation d'un site

i I'autre.

Keywords: p-XRF, SEM-EDS, analyse d'image, granulom6trie, sedimentation lacustre

Abstract

This paper analysed in high resolution 22 thin sections from sediments of Laguna Potrok

Aike (Santa Crvz province, Patagonia, Argentina) using p-XRF, SEM-EDS and grain size

determination based on image analysis, focusing on an interval spanning the last Glacial interval.

The aim of this work was to identify all sedimentary facies occurring atLagana Potrok Aike and

their corresponding geochemical signature in order to strengthen the paleoenvironmental

reconstruction made from this record.
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Our results show that Ca, CalTi and CalSi signals reveal coarse-grained sediments dwing

the Last Glacial. Previous studies revealed that these ratios were also related to (1) the occurrence

of a calcitic lorica of the green algae Phacotus lenticularis during the Late Glacial or to (2)

autochthonous calcite precipitation during the Holocene. Potassium could reveal clays or

turbidites. High Fe content is related to (1) clay, or (2) silt, or (3) vivianite. Low Fe content

reveals high sand content and/or micropumices. Peaks of Fe/Ti are related to (l) high clay

content (2) high micropumices content or (3) sand events. Concomitant Fe, Mn, Mn/Ti and Fe/Ti

peaks can reveal (1) dissolution of volcanic rocks, (2) vivianite concretions, (3) redox

mobilization in sediments, or (4) redeposited layers. Finally, Si and Ti reveal sand and silt

respectively, but only if sediments are not rich in micropumices. Consequently, the number of

different microfacies that resulted in'an identical geochemical signature is so large that the use of

geochemical proxies for the interpretation of the whole sedimentary sequence is virtually

impossible without a systematic microsedimentological control. This work cautions against the

use of many p-XRF proxies for an entire long lacustrine sedimentary sequence, and obviously

warns about their use from one site to another.

Keywords : p-XRF, SEM-EDS, image analysis, grain size, lacustrine sediments
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4.1 Introduction

Since the work of Basile et al. (1997) on the origin of dust deposited in East Antarctica

(Vostok and Dome C) during glacial stages 2, 4 and 6, several continental and oceanic high

resolution studies in the southern part of South America have been conducted (McCulloch and

Davies, 2001; Gilli et a1.,2001,2005a, b; Moreno et al., 2001,2009,2012; Moreno, 2004; Hadjas

et al., 2003; Sugden et a1., 2005,2009; Rabassa, 2008; Hodgson and Sime, 2010; Lamy et al.,

2010; Putnam et 31., 2010; Caniupdn et al., 2011). Climatological and environmental

reconstructions from lacustrine sediments using XRF analyses are now commonly used in every

environment and latitude (Guyard et al., 2007: Haberzettl et al., 2007,2009; Cuven et al., 2010;

Bouchard et al.,20Ll; Giguet-Covex et al., 2012; Jouve et al., 2012). However, XRF data from

long lacustrine sedimentary sequences (e.g. more than 10 meters) are scarce. The 106.9 meter-

long sedimentary composite sequence from the Potrok Aike Maar Lake Sediment Archive

Drilling prOject (PASADO) represents a unique opporhrnity to reconstruct past environmental

and climatic changes at high latitudes in South America to be compared with the Antarctic Dust

Record.

Previous studies during the Last Glacial interval demonstrated that the dynamics of the

Laguna Potrok Aike (LPA) system may be subject to great changes. For example, ice wedges

discovered around the lake indicate periods of permafrost formation (Kliem et a1., 2012). These

conditions could have inhibited infiltration, and lead to substantial rapid lake level fluctuations.

Along the Last Glacial, the southern Patagonian steppe were influenced by weaker westerlies

(Pollock and Bush, 2012), and consequently more frequant easterly winds that brings more

precipitation to the Patagonian region (Mayr et al., 2007). Periods of high productivity were

detected (Hahn et al., 2012) during Antarctic warrn events I and2 (EPICA community members,

2006) that could be related to higher temperatures in the epilimnion. These higher temperatures

could have been reached in a context of higher air temperature or less mixing in the water

column. However, these authors admit that there is no evidence of shifts in the westerlies

affecting paleoproductivity in the Laguna Potrok Aike area during the Last Glacial. In

consequence, Laguna Pohok Aike probably underwent several rapid lake level changes along the

Last Glacial, and these fluctuations could be related to alterations of catchment hydrology

(permafrost formations) and/or variations in atmospheric circulation systems.
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Here, sediments from Laguna Potrok Aike were investigated with microsedimentological

techniques (p-XRF, SEM-EDS and image analysis) for the Last Glacial interval between 40 and

5l ka cal. BP. The aim of this work was to identify all sedimentary facies occurring at Laguna

Potrok Aike and their corresponding geochemical signature in order to strengthen the

paleoenvironmental reconstruction made from this record. This work focusses on elements or

elemental ratios that are frequently used for environmental and climatic reconstructions including

Ca, Si, Ti, Fe, Mn, K, CalSi, CalTi, Mn/Ti, Fe/Tiand K/Ti.

Study site

Laguna Potrok Aike is a maar lake located in Argentina, southern Patagonia, in the Santa

Cruz province near the border with Chile, (51' 59.0' S; 70'21.0' W) (Figure 4.1). I t  is located

about 70 km north of the Magellan Strait, 100 km east of the Atlantic Ocean and 1500 km north

of Antarctica. This lake was formed after a phreatomagmatic eruption, i.e. a volcanic eruption

that put into contact a rising magma and groundwater. The crater resulting from this eruption has

accumulated sediment records since 770,000 years (Zolitschka et al., 2006). The lake is almost

circular, with a diameter of up to 3470 m and an area of 7.58 km'z. The watershed is about 200

km2. However, surface water inputs are currently episodic and occur only through gullies and

canyons. Laguna Potrok Aike is located in the geological province of Pali Aike volcanic field, in

the basaltic lavas plateau of the Santa Cruz formation. Regional climate of this region is

dominated by westerly winds that can reach monthly average speeds of 9 m.s-r at the beginning

of summer (Endlicher, 1993). Low rainfall (less than 200 mm.year-'; results from the Fhoen

effect due to the Andes located at the West. The more westerly winds are stronger, the less

easterly winds can bring precipitation from the Atlantic Ocean (Schneider et al., 2003, Mayr et

a1.,2007). Currently, the wind mixes the lake water column almost entirely throughout the year,

preventing stratification during summer and winter, as well as preventing formation of ice cover

during the winter (Endlicher, 1993). The lake has no outlet, which makes it very sensitive to

changes in the precipitation/evaporation ratio: increases in lake levels correspond to wetter

conditions and declines in lake levels is related to drier conditions (Haberzettl et al., 2005;

Ohlendorf et al., 201I ). In summ er 2002, the lake level was I l3 m above sea level and the water

depth was about 100 m. The lake is surrounded by several paleoshorelines formed by wave action
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(Haberzettl et al., 2005) showing water levels

(Anselmett i  et al. ,  2009; Ohlendorf et aI.,2011).

variations that occurred since the Last Glacial

E r-$n--Ei ffi

I
51" 57.0'  S -+
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Figure 4.1: Location of Laguna Potrok Aike in southern Patagonia (blue circle on inset map of South
America). Aerial photograph of the immediate catchment area of Laguna Potrok Aike (kindly provided by
Hugo Corbella, Buenos Aires) and bathymetric map of the lake with the location of coring site 5022-2. Red
dots indicate the positions of piston cores (modified from Ohlendorf et al.,20ll).
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4.2 Materials and methods

4.2.1 Thin section and image analysis

The 106.9 meter-long sedimentary composite sequence was constructed from the combination

of cores retrieved from three holes (2A,28 and2C) in site 5022-2 (Figure 4.1) (Ohlendorf et al.,

2011). Thin sections were retrieved during the coordinated PASADO science team subsampling

period, in June 2009 (Ohlendorf et a1.,2011). Originally, the thin section subsampling strategy

consisted in the recovery of the entire spectrum of all distinguishable laminated facies. Some

other facies, which appeared to be outliers of the regular sedimentary pattem, were also

subsampled in order to validate if they were pelagic or reworked sediments.

We used aluminum slabs to extract sediments for future thin section analyses directly from

the composite profile, or from equivalent core sections (Francus and Asikainen, 2001). Slabs

were freeze-dried and impregnated with Spurr's low velocity epoxy resin (Lamoureux, 1994).

Then, indurated blocks were sent to be prepared as thin sections in a commercial shop. Thin

sections were scanned, using a flatbed transparency scanner (De Keyser, 1999, Lamoureux and

Bollmann, 2004) in natural and cross-polarized light. On a cross-polaized light image, coarser

particles usually appear brighter. Images obtained in high-resolution (2400 dpi) were imported

into an image analysis software developed at INRS-ETE (Francus and Nobert,2007). First, this

software allowed the selection of regions of interest (ROD from the cross-polarizedlight images,

and the automated acquisition of SEM images of those ROIs in backscattered mode. ROIs

locations are placed on the right side of p-XRF plots in Figure 4.3, at their appropriate depth.

Colours were sometimes useful for the selection of ROIs. For example, brow layers usually

reflect organic-rich sediment loaded by macrophytes, or very coarse grains. Second, grey-scale

backscattered electron (BSE) images were transformed into binary @lack and white) images by

the software. Black pixels represent particles up to 3pm (clastic grains) and white pixels indicate

the clay-rich sedimentary matrix (Francus, 1998). Hence, several measurements can be obtained

(e.g., center of gravity, area,length of major axis) (Francus and Karabanov, 2000). Grain-size can

then be calculated (Francus et al. 2002). Details of software processes and algorithms used here

are described in Francus et al. (2002) and Jouve et al. (2012). Finally, the sediment was classified

according to Krumbein and Sloss (1963). Since clay and sand layers were clearly revealed by the
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qualitative examination of BSE images, their images were consequently not processed. However,

all ROIs from silty clay to silty sand were quantitatively charactenzed by image analysis.

Generally, sand layers are mainly composed of quartz (Nuttin et al., 2012) that has high

birefringence, and clay layers have low birefringence in cross-polarized light images of thin

sections. Therefore, macroscopic description could be done using these latter images. Fig:xe 4.2

illustrates our methods, showing grain size results of thin section C10 (Figure 4.2), which

disptays a succession of silty sands, sandy silts and silty clays. This thin section is also displayed

in Figure 4.3 with the position of ROIs ap (sllty sands), aq (sandy silts) and ar (silty clays). As

Figure 4.2 shows, the lighter section of the sediment is composed of coarse grains. However,

high clay content in ROI ar (Figure 4.2a,b, c) is not revealed by grain size results using image

analysis techniques (Figure 4.2d) because this method cannot reveal clay fraction. Phase

percentage (P%) represents black pixels (particles above 3pm) divided by white pixels (particles

below 3pm). When sand and silt particles are scarce, as it is the case for ROI ar (PYo:2.16,

Figure 4.2d), grain size results are biased. However, laser diffraction analysis of a similarly

looking microfacies (ROI av, Figure 4.4) clearly demonstrates that clay is the dominant fraction

in this facies. Therefore, low P% corresponds to high clay content, in agteement with Francus et

a1.,2002. Thus, the qualitative examination of thin sections in cross-polaized light allows for the

macroscopic identification of clay (fine) and sand (coarse) intervals.
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Energy Dispersive Spectroscopy (EDS) was also conducted on BSE images to reveal the

distribution of the elements within the sediment at the microscopic scale.

The verification sample from ROI av was also analysed under a Beckman Coulter LS 200

particle size analyzer equipped with a fluid module according to McDonald and Lamoureux

(2009). In brief, the sample was manually introduced into the analyzer after pretreatments and

underwent three successive 60-second runs using continuous sonication to disperse aggregated

particles (McDonald and Lamoureux, 2009).

4.2.2 p-XttF

The ITRAX Core Scanner (Cox Analyical Systems, Sweden) allows the simultaneous

acquisition of the micro-variations in density and structure (microradiography), as well as

chemical composition (p-XRF) of the sample at high resolution (Croudace et al., 2006). The

analysis is carried out without contact with the sample surface and is completely non-destructive.

An X-ray source is delivered by an X-ray tube with a molybdenum anode. These X-rays are

channeled and thinned through an optical device. For our samples, all analyses were performed

with a resolution of 0.1 mm, with an exposure time of 15 s. a voltage of 30 kV and a current

intensity of 25 mA. Analyses were done on indurated block used to construct thin sections. p-

XRF results are plotted against meters composite depth (m cd) according to the age model

version 3 developed in Kliem et al. (2012).

The numbers of counts for titanium, silicon and potassium in each 100 pm interval

spectrum was normalized by the total number of counts of that spectrum (expressed in cps, i.e.

counts per second), while the numbers of counts for calcium, manganese and iron, in each

spectrum was normalized by number of counts produced by coherent scattering (coh). The

difference in normalization was necessary for laboratory intercomparison purpose (Hahn et al.,

submitted). p-XRF results were averaged every I mm for a better readability.
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4.3 Results

4.3.1 PASADO sedimentary sequence

The PASADO composite profile is generally composed of three different sediment types:

. Pelagic sediments, consisting in laminated silts and sands sediments especially during the

Late Glacial and Holocene (Haberzettl et a1.,2007; Kliem et al., 2012; Jouve et a1.,2012).

o Mass movement deposits (reworked sediment), classified as ball and pillow structures

normally graded beds, structureless sand and fine gravel layers, matrix supported layers and

one folded sediment structure (Kliem et a1.,2012).

o Tephra layers (Kliem et al., 20012; Wastegard et al., 2012).

Over 50 %o of the record consists of mass movement deposits (Kliem et a1.,2012). This

percentage increases downward, in so far as pelagic sediments are quite rare. Thin sections

described below belong to laminated and reworked sediments, according to Kliem et al. (2012),

and span from 54 to 93 m cd, i.e. from about 40 to 51 ka cal. BP.

4.3.2 p-XRF and grain size

Detailed grain size results are available in Table 4.1. Details about each binary image of

ROI, and associated grain size plots, are available in Annex 6-9. Some ROIs were defined only

for a direct qualitative observation of the sediment, and consequentfy associated BSE images

were not processed.

Figure 4.3 shows images of thin sections (labeled C) in cross-polarized light cropped and

adjusted to core depth. These cross-polarized light images reflect the overall variations of grain

size. In the following description, microfacies in thin-sections from Figure 4.3 are described from

the bottom to the top, defining coarse, medium and fine grains as sand, silt and clay dominated

facies, respectively. Microscopic description below uses p-XRF results (Figure 4.3), BSE images

of ROIs (Figure 4.4) and grain size analysis of those ROIs (Table 4.1 and Annex 6-9). Letters in

italic represent ROIs.
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C27-C25 (92.71 - 92. 54 m cd)

Along these thin sections, cross-polarized light images show fine grains (C27, at the

bottom), then very thin laminations (C26, in the middle), and finally coarse grains (C25, on the

top). ROI4 coffesponds to silts, followed by a drastic transition (b) to a silty clay layer (c). ROI d

and e show very thin laminations, consisting of an alternation of grain-supported rounded silt and

sand particles and clay layers. From ROI a to e, we can observe a general decrease in Ti, Si and

Ca signals. Mn and K remain quite stable while Fe increases. Concerning element ratios, CalTi

and CalSi slightly decrease while K/Ti drastically increases at ROI b, and then remains stable.

Mr/Ti and Fe/Ti gradually increase. Then, from ROI f to j, the following microfacies altemate:

sandy silt, sands, clays, and finally silty sands. Ti, K, Mn and Fe generally decrease from ROI/to

I and finally increase in ROI7. Si and Ca values are high in sands and silty sands (g, i, andT) and

low in clays (ft). Regarding element ratios, CalTi and CalSi follow the Ca trend except in RO[7,

where they gradually decrease. I(/Ti, Mn/Ti and Fe/Ti are generally low and stable in sands and

silty sands (g, i, andj) and high in clays (ft).

C24-C22 (80.26 - 80.08 m cd)

Overall, C24-22 display high color variability, from light coarse materials to brown

layers. These thin sections show non-laminated sediments composed of sandy silts (ft) with some

multi-millimeter gravel (ROI / shows the phaneric matrix of the gravel) and some aligned brown

spots (n). C23 displays non-laminated sandy silts (p) with one organic-rich layer (n, o). C22

shows very coarse grains with some multi-millimeter gravels (r) and one layer composed of Fe-

and Mn-rich minerals and macrophytes (q). Along these three thin sections, Si and K are

generally stable with drops in ROIs q, I and k Ti remains also generally stable and low with a

drop in ROI 4 and some peaks in ROI r. Cahave the same behavior except in ROI q. Fe- and

Mn-rich minerals in ROI q lead, to a huge variation in Fe and Mn signal. Except in these facies,

Fe and Mn remain stable and low. K/Ti follows the K signal but drops in ROI o, and do not drop

in ROI q. CalTi and CalSi display similar variation to Ca, except for the largest CalTi peak that

appears in ROI q.FelTi and Mn/Ti show the same variability than Fe and Mn, respectively.
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dd, sediment is mainly composed of micro fragments of pumices (micropumices) that were

previously detected and described by Haberzettl et al. (2007) and Jouve et al. (2012).

Nonetheless, these microfacies show a range of hydrodynamic conditions (Figure 4.4).

Micropumices stop drastically after ROI aa. Then, sediments start to alternate from silty sands to

sandy silts (ab, ac). Along the intervals where micropumices are present, (l) Ti and Fe remain

quite low, (2) Si and Ca show some variability but peaks are not present, (3) K is quite high in

clay sediments (x, z), (4) Mn stays low and stable and (5) CalSi, CalTi and Fe/Ti are higher. None

of these ratios follow the variability of Ca or Fe, respectively. In fact, they rather reflect the

inverse variability of Si and Ti. K/Ti and Mn/Ti follow the signal of K and Mn, respectively. Mn

shows a remarkable peak at the end of the redeposited tephra.

C17-C15 (65.27 - 65.10 m cd)

C17-15 generally display non-laminated medium to coarse sediments. These thin sections

consist of an alternation of sands or silty sands (ae, ag, ah, oj, a[) and sandy silt(ad, af, ai, ak,

am).Except for ROI al, each sand or sandy silt layer corresponds to Si and Ca peaks. Ti is low,

or decreasing, in these sediments. Conversely, Ti peaks occur within silty sand layers. The largest

Mn peak occurs at ROI af. CalTi, CalSi and Mn/Ti generally follow the trend of Ca and Mn. K/Ti

and Fe/Ti usually display similar variability than Ti, especially in coarser layers.

C10-C9 (58.75 - 58.64 m cd)

C10 displays alternations of coarse, medium and fine grains that were previously

described in section 4.2.l.Concerning p-XRF analysis, Si and Ca are high in sands (ap) and low

in silty clays(ar). Ti is low in sands (ap),high in silts (aq).K and Fe are low in sands (ap)and

high in clays (ar). Mn remains quite stable from sands (ap) to silty clays (ar). C9 displays

homogenous non-laminated coarse grains. ROI as shows very thin lamination of brown spots

(like those in ROI rz) corresponding to Ti, Si, K and Mn peaks. Nevertheless, all along thin

section Cg,Ti, Si and K show high amplitude of variation. Only Mn displays a distinct peak.
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Table 4.1: Grain size results of ROIs retrieved by image analysis, with numbers of particles detected (n), 1-
percentages of black pixels on image pixels (l-Po ), and total percentages of silts (%silt) and sand (Tosand).
Depths of each ROI are available in Figure 4.3. ROIs are observable in Figure 4.4.

ROI n t-%P %silt
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C8-C6 (57.69 '57.52 m cd)

C8-C7 show an homogenous coarse grains with some millimeter dark and rounded

inclusions (at, au). These inclusions are clay aggregates. Section C6 shows drastic changes in

microfacies textures: clays (av) at the bottom, then silty clays (aw) and finally sands (ay). Clay

aggregates lead to noisy signals for alt elements and ratios in thin sections C8 and C7. Then, in

ROI av, Ti, Si, Ca and Mn drop. K is quite high but the noisy signal precludes distinguishing any

trend. Fe increases steadily from ROI av to aw. Ti and Mn slightly increase in ROI aw while Ca

and Si remain low. ROI ax marks a drastic change in elemental composition: Ti, Si and Ca

increase rapidly in ROI ay whlle Fe drops drastically. CalTi and CalSi follow the Ca signal. K/Ti

rather reflects more the inverse variability of Ti, and generally displays similar variations to Fe

and Fe/Ti.

C5-C4 (57.04 - 56.93 m cd)

C5-C4 contains the Mt Burney tephra (45.3 ka cal. BP, Wastegard et al., 2012) at the

bottom that is followed by homogenous coarse grains with some brown spots. The tephra layer is

overlain by micropumice-rich sediments (az). This is followed by silty sands (aaa) untrl the end

of thin section C4 (aad). These sediments are also composed of two very thin laminations of

brown spots, similar to those in thin section C24. Ti starts with low values in ROI az, then

steadily increases in ROI aaa.It remains generally stable with a drop in PIOI aab and aad. Si

follows a similar evolution. Ca starts quite high in ROI az, then decreases slightly above,

increases again in PIOI aab to finally keep quite stable values until the end of thin section C4. K

stays stable all along the ROIs except in ROI aab, where it slightly decreases. Fe and Mn are low

and stable with trvo well-delimited peaks in ROIs aab and aad. CalTi generally follows Ca while

Calsi shows two peaks: the first at the end of PIOI az, and the second in ROI aab. WTi, Mn/Ti

and Fe/Ti follow the signal of K, Mn and Fe, respectively.

C2 (s6.r8 - s6.10 m cd)

Generally, C2 displays alternations of coarse grains and very thin and dark laminations.

Along this thin section, sediments drastically change from clays (aal, aan, aap, aar) to silty sand
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(aak, aam, aao, aaq, acs). Within clay layers, Ti, Si and Ca decrease. K generally increases,

except for ROI aas. Mn remains stable, except for ROI aas. Fe is usually stable until ROI aaq,

where it increases rapidly. We note one Fe peak in ROI cas that corresponds to brown spots.

CalTi and CalSi show similar variability than Ca.KfTi, Mr/Ti and Fe/Ti show an opposite trend

from the Ti signal.

C3 (54.53 - 54.46 m cd)

Overall, C3 displays a very thin tephra of unknown origin in the middle of the thin section

around 54.5 m cd. Note the high birefringence of the aforementioned tephra. Before its deposition

we can see the absence of micropumices in sediments (aae). Then, the tephra displays coarse

minerals and micropumices (aaf, aag). After, sediment is composed of abundant (aah, aai) to

scarce (aaj) fine micropumices. Ti and Fe start with high values in ROI aae, and then drastically

drop in ROIs aal aag, and aah. Then, they increase slightly (aai) to finally reach its original

values (aaj). Si and K show similar variations to Ti and Fe, except that they start to increase

directly after the tephra in ROI aai. Ca evolves in the exact opposite way of Ti. Mn remains quite

low all along the thin section with a peak at the end of ROI aae. CalTi and CalSi evolve like Ca.

IUTi starts low (aae), increases in ROI aaf, and decreases steadily at the end of the tephra

deposition (aai).MnlTi and Fe/Ti increase only in the tephra layer.

4.4 Discussion: link between grain-size and p-XRF

4.4.1 Silica

As demonstrated with microscopic descriptions, Si is abundant in sand-rich facies such as

the ones similar to ROI ap, ftom thin-section C10 (Figure 4.2 and Figure 4.3). This is consistent

with many lake studies (Harrison, 1995; Cohen, 2003; Cuven et al., 2010, Hahn et a1., submitted)

revealing that lakes with quartz-rich watersheds display Si variations mainly related to grain size.

lndeed, the absence of correlation between BSi and Si profiles along the PASADO sedimentary

sequence (106.9 meters long) precludes any interpretation of Si in terms of biogenic silica content

(Hahn et al., submitted). At the eastem shore of the lake, Pleistocene basal till rich in coarse
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grains (Zolitscka et al. 2006) could be a major source of quartz. However, Si is low in coarse-

grained micropumices as it is particularly obvious in thin section C3 (aaf, aag and aah) and in

agreement with Jouve et aI. (2012).

4.4.2 Titanium

Figure 4.2 and Figure 4.3, shows that Ti is higher in silts, and lower in sands and clays

(thin section C10, ROI aq), an observation consistent with Cuven et al. (2010). As demonstrated

by Zolitschka et al. (2006), silt grains are also present in the Pleistocene basal till and

fluvioglacial deposits around LPA, and probably represent one of the main sources of Ti within

the sediments. These particles are also rich in Fe, as evidenced in thin sections Cl7-15 (ROIs al

ai, am). Nevertheless, an increase in Ti content does not always reveal an increase in silt

concentration, because this could be due to a decrease in micropumice content (Figure 4.3, thin

section C19, ROI ab). This observation was already made by Jouve et al. (2012). Indeed, Ti

remains low from ROIs t to ab, which corresponds to the interval where micropumices are

abundant. Low Ti and Fe in micropumice-rich intervals, points to a felsic source from the Andes,

according to 275 analyses of glass shards from tephras at Laguna Potrok Aike (Wastegard et al.,

2012\ .

4.4.3 Calcium

Our results show that the increases in calcium are mostly. driven by,coarse material inputs,

in agreement with Kastner et al. (2010). These authors conclude that Ca enrichment cqmes from

the erosion of the basalt outcrop located at the southern shore of the lake. This is of particular

interest because the calcium signal can be interpreted in several ways for Laguna Potrok Aike

sediments. Indeed, Ca measured by p-XRF reveals calcite precipitation of lorica of Phacotus

lenticularis (green alga) during the Late Glacial (Haberzettl et aI,2007; Jouve et a1.,2012), and

autochthonous calcite precipitation during the Holocene (Haberzettl et al, 2007). In order to

eliminate any detrital input of Ca-rich minerals, these authors used CalTi and CalSi ratios as

proxies for autochthonous calcite precipitation. Almost no calcite was found with XRD analysis

during Glacial times (Nuttin et al., 2012).Indeed, most of the time, Ca./Ti and CalSi follow Ca

signal and revealed sand layers (Figure 4.3 and Figure 4.4). Therefore, the CalTi and CalSi ratios
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reveal allochthonous input of sand during Glacial times, can be used as proxies for Phacotus

lenticularis during the Late Glacial, and autochthonous calcite precipitation during the Holocene.

4.4.4 Potassium

Potassium content varies substantially from a thin section to another. lndeed, in thin

sections C27-C25, K is high in clay-rich ROI c, low in clay-rich ROI /,, and high on top of sand-

rich ROI7. In thin section C10, K increases in clay-rich ROI ar, while it increases only in one of

the three clay laminations in thin section C2.ln thin section Cl7,K reaches its higher values on

the top of a little sand event (ce). Finally, thin sections C8-C7, which are composed of clay

aggregates and sands, reveal a very noisy K signal, further illustrating its contrasting XRF

response. Therefore, K could reveal either clays or sand-rich events, preventing its use as a grain-

size indicator along the entire sedimentary sequence.

4.4.5 Iron and titanium

Considering the entire sedimentary sequence, Fe is generally in phase with Ti (Hahn et

al., submitted). As shown in thin sections Cl7-I5 (ROIs af, ai, am), these elements are both

abundant in fine silts, but barely present in sand layers, mainly rich in Si and Ca (see section 4.1

and 4.3). The bottom of thin section C10, where Fe and Ti are low (Figure 4.3) is a prime

example of this relationship. Moreover, Fe and Ti are also poorly concentrated in micropumices

(Jouve et aL,2012), as attested by thin sections Czl-Clg (ROIs t to aa).

However, some microfacies reveal opposite Fe and Ti trends. More specifically,

enhancement of Fe corresponds to a drop in Ti in the following microfacies:

o Transition from clays (ROI b) to very thin laminations made of clays and sands

(RoI e).

o Transition from silt to clay layers (aq to ar; aaq to aar).

o In vivianite concretions (brown spots) (see section 4.4.6).

. Minerals from basalt rocks (see section 4.4.6)

Concerning ratios, Fe/Ti peaks follow the trend of Fe/coh in ROIs c, d, e, ar, av, aw, ael,

aan and aar, and are associated with clays and sil,ty clays. This highlights the higb Fe content in

clays (Koinig et al., 2003; Cuven et al., 2010). However, Fe/Ti peaks are also present within sand
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events (ae and ap,Figtxe 4.3), which are characterized by a drop in both Fe and Ti. These peaks

are essentially due to low Ti content, close to the detection limit in these microfacies (Figure 4.3).

The Fe/Ti ratio also shows its highest values during micropumice intervals due to low Ti and Fe

content (Jouve et al., 2012). Therefore, Fe/Ti peaks can be related to high clay content, high

micropumice content, or sand events.

4.4.6 Iron and manganese

Fe- and Mn-rich minerals were detected at several depths and seem to be related to four

different origins. We detected them in thin sections C22 (ROI 4, Figure 4.3), C9 (ROI os) and C4

(ROI aab, aad).

The first origin concerns ROI q, which appears just below a very coarse material deposit

composed of rock fragments and organic macroremains. These organic macroremains probably

come from paleoshorelines (Haberzettl et al., 2005). A volcanic rock (ROI r,Figure 4.3), just

above ROI q, could be at the origin of Fe and Mn enrichments. We noted the same pattern in thin

section C18 presented in Figure 4.5. This Figure shows Fe and Mn peaks coincident with the

oblique brown line through the sediment. This Fe- and Mn-rich oblique line has the same width

as a millimeter-size rock and follows its contour line, which suggests a close relation between

them. EDS measurements of these crypto minerals and those of thin section C22 (Table 4.2;

Figure 4.6, ROI aat), show a relative chemical composition close to basalt rocks present in the

Pali Aike Volcanic Field (Skewes and Stern, 1979).
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Figure 4.5: a: From left to right: meters composite depth of thin section Cl8. Cross-polarized l ight image of
thin section Cl8. p-XRF elements and ratios. Horizontal dotted lines delimit Fe- and Mn-rich sediments from
regular facies. Vertical red l ine defines the exact way taken by the x-rays. Small black square indicate location
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Figure 4.6: EDS analyses on ROI m, g, as and aal plotted with EDS results on vivianite described in Nuttin et
al. (2012). Note that ROI rzl and a.r (in red) show values close to vivianite, contrary to ROI q and aal and
especially for Al, Si, P and Fe.

The second origin is illustrated by thin sections C9 (as) and C4 (aab, aafl (Figure 4.3),

where brown spots in cross-polarized light are aligned through very thin layers. Results from

EDS analyses of these minerals (Table 4.2,Figure 4.6) are close to those of vivianite described by

Nuttin et al. (2012). Indeed, thin section C4 conesponds to the depth where vivianite concretions

were found (Nuttin et al., 2012). The Mn peak would correspond to a mixure of reddingite

1Mnr2*1POo)2.3H2O) and vivianite, because in naturally reducing environments, the most stable

phosphate mineral is a solid solution of these minerals rather than apure phase (Nriagu and Dell,

t974\.

Mg
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Table 4,2: EDS results for ROI mt et a$ aat znd. those of vivianite sample in Nuttin et al., 2012 in weight and
atomic percentages. Results of O, Al, Si, P, and Fe for ROI ar, as, and vivianite are written in bold italic to
enlighten the similarity between these values.

Vivianite
Ndtin et aL,20l2

Ehments We{fflo Atomb%

O K
N a K
M g K
AIK
srK
P K
K K
CaK
TiK

MnK
F e K

Tobb

49,17 70,17
0,5 0,5
0,69 0,65
2,32 I,96
7,93 6,45

12,14 8,95
0,33 0,r9
0,6 0,34
o,27 0,13
3,24 1,35
2218 9,32

w,99 100,01

50,83 69,39
l,1l  1,00
0,99 0,E4
5,05 4,05
t9,62 15,25
0,51 0,34
0,93 0,51
226 t,23
0,61 0,29
3,68 1,,18
14,47 5,68.

100,01 100,01

s1,84 72,5
o,72 0,7
0,M 0,41
1r9 1,57
7,11 5,66

11,69 8,44
0,31 0,18
0,48 4,27
028 0,13
2,96 l,2l
22,27 8,92

100 99,99

50,58 72,79

I12

5,44
r2,34

48,56
2,75
4,66
6,42
t9,96
0,45
1,9

6,89
t,76
0,35
6,7

r00

64,88
2,56
4,W
4,77
15,19
0,31
1,04
3,67
0,79
0,14
2,56

r00

The third origin concerns ROI d arld e, which display a gradual increase of Fe and Mn.

This trend, in relation with very thin laminations of sand and clay, could be related to several

periods of ice cover during winter (see details in section 4.6). This could only be possible with a

substantial decrease in westerlies. In consequence, less westerlies, resulting in less water column

mixing, lead to the progressive enrichment of dissolved Fe and Mn at the oxic-anoxic boundary

in a context of oxygen depletion in the deep basin (Cohen, 2003; Gobeil et al., 1997, 200I) (see

details in section 4.6).

Finally, several other intervals experienced noticeable.fluctuations of both Mn and Fe. On

top of thin section C25, Mn and Fe increases in the sandy silt ROI j. A similar observation can be

done for ROI a/(C17,Figure 4.3), which overlies a turbidite (ROI ae, ClT,Figure 4.3). Moreover,

in thin section C19, on the top of the micropumice turbidite, a well-delimited Mn peak is present,

and a significant increase in Fe (ROI ab). Explanations for these latter variations remdin

hypothetical. However, the following assumption can be made: when the sedimentary

depositional context is stable, the oxic-anoxic boundary is close to the water/sediment interface

(Cohen et al., 2003). During an abrupt mass deposit event, trace metals accumulated at the oxic-

anoxic boundary, like Mn and Fe, may remain trapped in the sediment (Hahn et a1., submitted).
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As a result, Mn and Fe should have been preserved at the bottom part of this mass event.

However, when the texture of this mass event is grain-supported (i, ae), or composed of

micropumices (aa), sediments are highly porous; and a rapid diffusion of Mn and Fe oxides

throughout the turbidite, that later enriched the new oxic-anoxic boundary at the upper part of a

turbidite, is consequently possible.

In summary, several post-depositional changes could be related to Fe and Mn peaks: (1)

the dislocation of volcanic rocks, leading to precipitation of Fe- and Mn-rich minerals; (2)

vivianite and reddingite concretions; (3) redox mobilization in sediments related to changes in

water column mixing and oxygenation in the deep basin (Cohen, 2003) and (4) abrupt mass

deposit event (Granina et a1.,2004).

4.5 ldentification of redeposited sediments

According to Kliem et al. (2012), thin sections C27-C25, C24-C22 and C2l-C19 belong

to redeposited intervals based on careful macroscopic and stratigraphic observations. This

diagnosis is confirmed by our microscopic analyses in thin sections C24-C22 that are composed

of coarse materials incorporating paleoshoreline macroremains, while the interval including thin

sections Czl-Clg is a turbidite mainly composed of micropumices (Figure 43 andFigwe 4.4).

However, thin sections C27-C25, despite two unconsolidated sand layers (ROIs g, j,Figwe 4.3

and Figure 4.4), disptay silts, cl4ys and fine laminations affesting of pelagic deposition and do not

reveal any erosive contact. Second, drastic transition from silt to clay (ROI b) reveals more distal

deposition, probably related to rapid lake level rise. Third, alternation of very thin laminations of

clay and sand (ROIs d-e) attestthe occurrence of several ice cover periods during the winter (see

details in section 4.6).

These non-redeposited sediments in thin sections C27-25 belong to the interval between

45 and 51 ka cal. BP (Kliem etal.,2012), which encompasses the Antarctic Warm Event2

(Fischer et al., 2006). Because lacustrine sediments display intricate sedimentary depositional

contexts, these microsedimentological investigations demonstrate the need for a systematic

screening of ambiguous redeposited sediments to improve the establishment of composite

sedimentary sequences and consequently their age models

t4l



4.6 Discussion: glacial sedimentary microfacies

Several paleoenvironmental interpretations can be derived from microfacies descriptions.

Some periods related to changes in wind patterns or permafrost formation were detected.

Characteization of the wind signal is not obvious at Lagna Potrok Aike, because it cannot be

directly deduced from grain morphologies. Indeed, westerlies are strong enough to load eolian

fraction of particles eroded by wave action from bank erosion (Kastner et a1.,2010), before being

spread on the lake. Nevertheless, very thin sand laminations are mainly composed of grain-

supported rounded coarse silts and fine sands particles (Figure 4.4 and Annex 6-9) that represent

the first fraction moved by wind and kept in suspension (Tucker, 1991). Thus, they could be

related to eolian grain deposits. These grains were probably trapped on the lake ice and later

dropped in the distal'basin after the ice break-up (Francus et al., 2008). As a result, very thin

laminations of clays would represent the finest particles settling during ice-covered winter

months (Lamoureux et al., 1999). Thus, successive microfacies from silt to very thin laminations

(ROIs a-e) are interpreted as progressive elevation of the lake level created by less westerly

winds and more easterly winds, bringing more precipitations from the Atlantic Ocean (Mayr et

al., 2007). Consequently, less mixing in the water column could have resulted in oxygen

depletion in the deep basin, leading to enrichment of Fe and Mn at the oxic-anoxic boundary in

the sediments (Cohen, 2003) (ROIs d, e).

Relic sand-wedges were discovered in the vicinity of the lake (Kliem et al. 2012), and

attest of permafrost formation in cold and arid conditions (P6w6, 1959; Mackay, 1974;' Karte,

1983; Bockheim et a1.,2009). They are composed, among others, of aggregates of clay (Kliem et

al., 2012). Their presence was detected (at, au), and is certainly linked with the presence of

permafrost. More precisely, their presence certainly reveals periods of permafrost dislocations at

the end of the winter period.

4.7 Conclusions

This work complements ten years of sedimentary investigations using XRF (Haberzettl et

a1.,2007,2009; Hahn et al., submitted) and p-XRF (Jouve et aI.,2012) analysis at Laguna Potrok

Aike. Twenty-fwo thin sections were investigated using p-XRF, SEM-EDS and grain size

analyses along the Last Glacial interval. The results revealed that similar microfacies might have
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different geochemical signals and vice versa. Specifically, our results show that Ca, Ca/Ti and

Calsi signals attest of sand deposits while they reveal Phacotus lenticularis occulrences during

the Late Glacial and autochthonous calcite precipitation during the Holocene. Potassium could

reveal (1) clays or (2) turbidites. High Fe content is related to (1) clay, or (2) silt, or (3) vivianite.

Low Fe content reveals high sands and/or micropumices. Fe/Ti peaks are related to (1) high clay

content (2) high micropumice.content or (3) sand events. Simultaneous Fe, Mn, MrVTi and Fe/Ti

peaks can reveal (1) dislocation of volcanic rocks, (2) redox mobilization of Fe and Mn in

sediments, (3) vivianite concretions and (4) abrupt mass deposit events. Finally, Si and Ti reveal

sand and silt respectively, but only when sediments are devoid of micropumices. Both very thin

laminations and clay aggregates are episodic microfacies that occurred within our 22 thin sections

investigated. They were put fonryard to highlight the fact that paleoenvironmental reconstructions

can also be derived from grain size and geochemistry comparisons.

The range of possibilities that resulted in the same geochemical signature is so wide that it

precludes the use of geochemical proxies for the whole sedimentary sequence. This observation

cautions against the use of geochemical proxies along other long lacustrine sedimentary

sequences without a careful check of its sedimentology at the microscopic scale. It obviously

warns against the application of the interpretation of the geochemical signal made in one site to

another.
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ANNEXES

Annexe6 -1  :a :pho toa6 r i enneducampemen t .b :p la te - fo rmede fo rage ICDP.c :m iseenp r6 i l de lap la te -
forme caus6e par de forts vents d'ouest. d : Pierre Francus effectuant les mesures au MSCL.



Annexe 6-2 : Plan d'6chantillonnage pour les sections composites du site 5022-2 tenant compte des besoins des
diff6rents groupes de recherche impliqu6s dans le projet PASADO. Les 6chantillons A ir F ont 6t6 pris dans
des tubes en PVC. Le s6diment restant est conserv6 dans un flacon s6par6 (6chantillon G) pour d'6ventuelles
demandes d'6chantillons futurs. A noter, l'emplacement des 6chantillons de granulom6trie (I), des profil6s
pour lame mince (J) et des U-channels (K) dans les carottes archives.
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Annexe 6-3 : Liste des chercheurs impliqu6s dans le projet PASADO.
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Sarah Emily Collier
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Prof. Dr. Pierre Francus 'Universite du Ou6bec. Institut '  ICDP/EC
National de la Recherche

image analysis

micro sedimentology

Prof. Dr. Roger Frangois

,Dr. Andrea
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Annexe 6-4 : Photographie des 6tapes principales de confection et d'utilisation des lames minces. a.
pr6livement des U-channels avant les profil6s. b. profil6s introduit dans le s6diment. c. profil6 r6cup6r6. d.
lames minces fabriqu6es commercialement. e. scanner transparent i plat i face transparente. f. lames minces
en lumiire naturelle et polaris6e. g. int6gration au logiciel d'analyse d'image. h. Microscope Electronique i
Balayage (MEB). i. Image en variation de niveaux de gris obtenue au MEB.

Prdldvement des profi les

scannage des lames minces et intdgration au logiciel

I

! ;

MEB et image en noir et blanc

1',7 4



Annexe 6-5 : Comparaison de r6sultats granulom6triques par diffraction laser et par analyse d'image pour
une mOme lame mince. P%o repr6sente le pourcentage de pixel noir par rapport aux pixels blanc dens une
image SEM transform6e en image binaire.
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Annexe 6-6 : image MEB des s6diments de la lame mince A21 visible en annexe 6-5. Les num6ros au-dessus

des images correspondent aux num6ros en annexe 6-5, et indiquent les profondeurs auxquelles elles ont 6t6

prises.



Annexe 6-7 : Operations effectu6es sur le logiciel d'analyse d'image pour le traitement des images r6cup6r6es

au microscope 6lectronique i balayage (MEB).
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Annexe 6-8 : tableau des r6sultats de granulom6trie par analyse d'image par profondeur apris
conservation ou affranchissement des microponces.
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Annex 6-9: binary images of BSE images processed under image analysis. Corresponding ROI and grain size

of each binary image is placed above and below it, respectively.
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