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RESUME

L’estuaire maritime du Saint-Laurent est confronté a une hypoxie des eaux de fond, ma-
joritairement en raison des changements climatiques qui impactent la circulation océanique.
L apport des eaux froides et bien oxygénées du courant du Labrador est remplacé par I’arrivée
des eaux chaudes et pauvres en oxygene du Gulf Stream, ce qui accentue la perte d’oxygene
lors de la respiration microbienne de la matiere organique. Ici, nous reconstituons 1’histoire
spatio-temporelle de la température et de la ventilation au cours de I’Holocene afin d’en faire
un analogue du réchauffement actuel et futur ainsi que pour mieux comprendre la variabi-
lité naturelle de ce systeme. Nous présentons les données de température de surface dérivées
de I'indice U§7 basé sur les alcénones produits par des haptophytes et des données de 1’in-
dice TEXgq a base de lipides tétraéther d’archées, qui représentent les températures des eaux
de fond le long du chenal Laurentien. Dans 1’ensemble, les deux traceurs montrent un ré-
chauffement au début de I’Holocene, suivi d’un refroidissement apres environ 7,5 ka BP, plus
prononcé dans les eaux de surface. Cette différence entraine un changement distinct dans
I’écart relatif entre les deux traceurs, ce qui suggere des changements transitoires dans la dy-
namique de la circulation/l’approvisionnement en eau de fond. Apres correction du biais dans
les températures de surface dérivées par Ug%’ causé par les conditions saumatres résultant de
I’événement de fonte des glaces il y a 8,2 ka BP, I’écart de température relatif entre les eaux
de surface et les eaux de fond semble indiquer une contribution croissante des eaux de fond
provenant du Gulf Stream apres 7,0 ka BP ou des changements dans les propriétés des eaux
entrant dans le systeme. Apres 4,0 ka BP, I’écart entre les températures de surface et des eaux
de fond est plutot stable, ce qui indique des changements mineurs dans I’approvisionnement
en eau profonde. Nos données montrent donc que le lien actuel entre les changements de
circulation et I’hypoxie pourrait étre sans précédent au cours de 1’Holocene.

Mots clés : Systeme du Saint-Laurent, hypoxie, changement de circulation, Gulf
Stream, Holoceéne, biomarqueurs lipidiques.



ABSTRACT

The Lower St. Lawrence Estuary is facing bottom water hypoxia mostly due to climate-
driven changes in ocean circulation. A decrease in the inflow of cold, oxygen-rich bottom
waters from the Labrador Current in favor of warm and oxygen-poor bottom waters from the
Gulf Stream exacerbates oxygen loss during microbial respiration of organic matter. Here, we
spatiotemporally reconstruct the Holocene temperature and ventilation history as an analog
of current and future warming and to better understand the natural variability of this system.
We present sea surface temperature (SST) data derived from the haptophyte-based alkenone
proxy (Ug) and the archaeal tetraether lipid-based TEXg¢ proxy recording bottom water
temperatures along the Laurentian Channel. Both proxies overall show warming of water
temperatures during the early Holocene followed by cooling after around 7.5 ka BP, but the
cooling trend is much more pronounced for SSTs. This difference results in a distinct change
in the relative temperature offset between the two proxies, which suggest transient changes
in circulation dynamics/bottom water sourcing. After correcting for a temperature bias in the
Ug -derived SSTs caused by the brackish conditions resulting from the 8.2 ka BP meltwater
event, the relative temperature offset between surface and bottom waters seems to indicate
increasing bottom water contributions from the Gulf Stream after 7.0 ka BP or changes in the
properties of the waters entering the system. After 4.0 ka BP, the relative temperature offset
is rather stable, indicating minor changes in bottom water sourcing. Our data thus show that
the current link between circulation changes and hypoxia may be unprecedented over the
Holocene.

Keywords : St. Lawrence system, hypoxia, circulation changes, Gulf Stream, Ho-
locene, lipid biomarkers.
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INTRODUCTION GENERALE

LA DESOXYGENATION DANS LE SAINT-LAURENT

A travers le monde, les océans et les mers sont de plus en plus confrontés a des phénoménes
d’hypoxie (Breitburg et al., 2018). Le seuil d’hypoxie est défini a 62,5 pmol L' de dioxygene
(O,) dissous et correspond a la concentration d’O, ou la vie et la reproduction animale sont
impactées (Diaz et al., 1995; Rabalais et al., 2001). Une baisse globale de plus de 2 % de la te-
neur en O, a été observée depuis 1960 (Schmidtko et al., 2017), et les simulations numériques
suggerent une baisse supplémentaire de 1 a 7 % au cours du siecle prochain (Keeling et al.,
2010). Une partie de cette désoxygénation est saisonnicre dans les zones cotieres et résulte de
I’eutrophisation, augmentant la consommation d’O, par les organismes (Levin et al., 2009).
La désoxygénation peut également étre observée dans I’océan ouvert en raison de I’augmen-
tation des températures, entrainant une diminution de la solubilité de I’O,, une stratification

croissante et ainsi une ventilation réduite (Schmidtko et al., 2017; Levin, 2018).

Outre ces effets directs, des modifications de la circulation océanique a grande échelle
peuvent influencer les concentrations d’O, (Yamamoto et al., 2015; Palter and Trossman,
2018; Frolicher et al., 2020). Par exemple, Yamamoto et al. (2015) proposent une diminution
de IO, dans I’ Atlantique Nord a cause de I’affaiblissement de la circulation méridienne de
retournement de 1’ Atlantique (AMOC). En déplacant de grandes masses d’eau a travers les
océans, I’AMOC redistribue non seulement de 1’O,, mais aussi du carbone, des nutriments et
de la chaleur (Ganachaud and Wunsch, 2000; Buckley and Marshall, 2016; Lynch-Stieglitz
et al., 2024). ’AMOC influence le climat terrestre en transportant les eaux chaudes des tro-
piques vers le nord, ou elles se refroidissent, deviennent plus denses et plongent pour former
les eaux profondes de 1’ Atlantique Nord (NADW) qui circulent ensuite vers le sud (Srokosz
and Bryden, 2015). Un affaiblissement significatif de I’AMOC a été envisagé depuis le petit

age glaciaire (~1850 CE), principalement a cause de I’apport accru en eau douce (Rahm-



storf et al., 2015; Thornalley et al., 2018). Cette arrivée d’eau douce résulte de la fonte des
glaces de I’ Arctique et de la calotte glaciaire du Groenland. Elle augmente la stratification
de surface, réduit la formation d’eau profonde (Rahmstorf et al., 2015; Bakker et al., 2016;
Thornalley et al., 2018), et impacte ainsi 1’approvisionnement d’O, en profondeur (Portela
et al., 2024). Cependant, 1’affaiblissement de I’AMOC reste controversé (Latif et al., 2022;
He and Clark, 2022; Kelson et al., 2022).
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FIGURE I — Systeme du Saint-Laurent et les courants (Claret et al., 2018).

Ce potentiel affaiblissement de I’AMOC peut également avoir des impacts régionaux, comme
dans le systeme du Saint-Laurent, ou I’on observe un changement significatif dans 1’appro-

visionnement des eaux de fond (Claret et al., 2018). En effet, cette région est directement



influencée par deux masses d’eaux avec différentes caractéristiques (Fig. I). D’une part, des
eaux plus froides et plus oxygénées provenant de la mer du Labrador, qui longent le pla-
teau continental, puis se dirigent vers 1’ouest, en direction des Grands Bancs de Terre-Neuve.
D’autre part, les eaux centrales de 1’ Atlantique Nord, transportées par le Gulf Stream, sont
plus chaudes, plus salées et moins oxygénées (Fig. I; Claret et al., 2018). Il y a quelques
décennies, ces deux masses d’eaux se mélangeaient et formaient alors les eaux profondes du
Saint-Laurent qui entraient dans le systeme par le détroit de Cabot et remontaient le chenal
laurentien (Gatien, 1976; Bugden, 1991; Gilbert et al., 2005; Jutras et al., 2023b). Un affai-
blissement potentiel de I’AMOC au cours des dernieres décennies aurait pu entrainer une
diminution notable du débit du courant du Labrador dans le détroit de Cabot (Gilbert et al.,
2005; Thibodeau et al., 2006; Genovesi et al., 2011; Claret et al., 2018) : actuellement, pres
de la totalité des eaux de fond entrant dans le systeme du Saint-Laurent proviennent du Gulf
Stream (Jutras et al., 2020, 2023b), accentuant la perte d’O, par respiration microbienne de
la matiere organique durant le transport le long du systeme vers la téte du chenal laurentien
(Oschlies et al., 2018). L’hypoxie dans le Saint-Laurent est donc en partie causée par un chan-
gement d’approvisionnement des eaux profondes (Thornalley et al., 2018; Thibodeau et al.,
2018). Outre les changements de circulation, la perte d’O, est amplifiée par I’eutrophisation,
qui augmente la respiration aérobie dans la colonne d’eau et les sédiments, et la hausse des
températures, qui accélere le métabolisme des organismes et augmente leur consommation
en O, (Thibodeau et al., 2006; Genovesi et al., 2011; Mucci et al., 2011). Cette hypoxie se
manifeste de maniere permanente, en raison de la stratification en trois couches distinctes
dans ce systeme : la couche de surface, la couche intermédiaire froide et la couche profonde

(Fig. IT; Banks, 1966; Galbraith, 2006).

L’hypoxie dans le Saint-Laurent s’est étendue a la fois en superficie et en épaisseur : la couche
hypoxique est passée de 1300 km? en 2003 a 9400 km” en 2021 (Gilbert et al., 2005; Jutras
et al., 2023b) et son épaisseur a doublé, passant d’environ 75 m en 1995 a plus de 150 m
depuis les dix dernieres années (Jutras et al., 2023b). Les données instrumentales montrent

une forte corrélation entre la diminution de la teneur en O, et I’augmentation des températures
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FIGURE II - Stratification dans le Saint-Laurent reproduit et adapté de Koutitonsky and Bug-
den (1991) par Stephanie Kusch.

des eaux de fond, due au flux des eaux du Gulf Stream (Gilbert et al., 2005; Jutras et al.,
2023b). Les eaux de fond du systeme Saint-Laurent se sont réchauffés d’environ 3 °C en
1930, 27 °C en 2021 (Jutras et al., 2023b). Les taux d’O, sont passés d’environ 125 pmol L-!
en 1930 a des concentrations hypoxiques inférieures & 62,5 umol L' aprés 1984, puis ont
chuté davantage en 2020, pour atteindre des niveaux d’environ 35 umol L' (Jutras et al.,

2023b).

Cependant, les données instrumentales disponibles pour le systeme du Saint-Laurent ne per-
mettent pas de remonter a des périodes antérieures aux années 1870 (Galbraith et al., 2024)
et la variabilité naturelle de ce systeme n’est donc pas connue. Des études montrent que les
apports actuels d’eaux atlantiques centrales et la tendance a la désoxygénation n’ont jamais
atteint de tels niveaux au cours des 1000 a 2000 dernicres années (Thibodeau et al., 2010;

Sherwood et al., 2011; Thibodeau et al., 2018). Pour I’ensemble de 1’Holocéne, aucune étude



fait le lien entre la dynamique des températures de surface/de fond ou alors des concentra-
tions d’O,, qui permettrait de mieux comprendre 1’évolution de la circulation. Le change-
ment climatique naturel par les variations de I’ orbite terrestre, peut servir d’analogie récente
aux changements climatiques anthropiques actuels. Dans le contexte actuel de changement
de courants et d’hypoxie, il est nécessaire de mieux comprendre la variabilité naturelle du
systeéme et d’analyser la dynamique de circulation des eaux profondes du systeme du Saint-

Laurent.

LA DEGLACIATION DE L’INLANDSIS LAURENTIDIEN

Bien que cette étude se concentre sur I’Holocene, un apercu depuis le dernier maximum gla-
ciaire est présenté afin de replacer les résultats dans un contexte plus large. L’insolation, qui
correspond a la quantité d’énergie solaire recue par la Terre, est influencée par des variations
périodiques qui affectent I’ orbite terrestre, connues sous le nom de cycles de Milankovitch
(Fig. IIT; Bennett, 1990; Berger and Loutre, 1991). Les périodes glaciaires sont liées a ces
variations orbitales et le minimum d’ensoleillement estival boréal a 24 ka BP (Fig. III) a
ainsi favorisé le dernier maximum glaciaire (~26,5-19 ka; Clark et al., 2009). Conséquem-
ment, une grande partie de I’Amérique du Nord était recouverte par I’inlandsis laurentidien

(Fig. IV; Dalton et al., 2020).

Avec I’augmentation de I’insolation, I’inlandsis laurentidien a commencé a diminuer (Fig.
IV). L’histoire de sa déglaciation est marquée par plusieurs événements majeurs (Stokes,
2017). Des instabilités dans I’inlandsis laurentidien ont causé une phase de décharge d’ice-
bergs massive de ~19,3-15,3 ka, appelée 1I’événement Heinrich 1 (H1; Hemming, 2004;
Heath et al., 2018). Ensuite, au cours de I’interstadial Bglling-Allergd (B/A; 14,7-12,9 ka),
une période caractérisée par une fonte accrue de I’inlandsis laurentidien due a une augmen-
tation des températures globales, le systeme du Saint-Laurent s’est déglacé (~14 cal ka BP;

Shaw et al., 2006; Dalton et al., 2020; Naughton et al., 2023). Cette fonte a également formé



le lac proglaciaire Agassiz dont la superficie et le volume ont beaucoup évolué au cours
du retrait de 1’inlandsis (Teller et al., 2002). Son extension vers 1’est a ensuite formé le lac
Agassiz-Ojibway, le plus grand lac proglaciaire associé a I’inlandsis laurentidien (Teller et al.,
2002; Teller and Leverington, 2004). Le déversement de ce lac a déclenché quatre voies de
drainage principales, dont une vers le fleuve Mississippi, une vers la baie d’Hudson, une vers
le fleuve Mackenzie et une passant a travers le systeme du Saint-Laurent (Leverington and
Teller, 2003; Teller, 2013). Le drainage de ces lacs ont causés 1’effondrement de I’AMOC,
conduisant a une période de refroidissement, appelée le Dryas récent (~12,9-11,5 ka; Broe-

cker et al., 1989).
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FIGURE III — Insolation au solstice d’été a 48°N dans le systeme du Saint-Laurent depuis 25
ka BP (Berger and Loutre, 1991).

Le début de I’Holocene (~11,7 ka) était caractérisé par un maximum d’ensoleillement estival
boréal, entrainant un réchauffement important (Fig. III'; Berger and Loutre, 1991). Environ
9500 km?> d’eau de fonte se sont déversés par le systéme du Saint-Laurent a partir de ~10,8 ka
BP (Dyke, 2004), ce qui a affecté le niveau de la mer, I’hydrologie et la dynamique sédimen-
taire dans ce systeme (Casse et al., 2017; Leydet et al., 2018). Vers 8,2 ka, une décharge sou-
daine des lacs Agassiz-Ojibway vers 1’ Atlantique s’est produite (Barber et al., 1999; Carlson
et al., 2008). Plus de 100 000 km3 d’eau de fonte se sont déversés dans la mer du Labrador,
ayant entrainé un important rafraichissement des eaux de surface dans la mer du Labrador
(Barber et al., 1999; Clarke et al., 2004). La stratification qui en résultait a réduit la formation

d’eaux profondes dans la mer du Labrador et diminué la formation d’eaux centrales dans I’ At-



lantique Nord, ce qui a affaibli I’AMOC (Hillaire-Marcel et al., 2001b; Solignac et al., 2004;
Hoogakker et al., 2015). Les conditions de surface dans la mer du Labrador (température et
salinité) se sont stabilisées vers 7,5 ka. En augmentant la densité des eaux de surface, cette

stabilisation a permis la reprise de la convection hivernale et instauré la circulation moderne

(Hillaire-Marcel et al., 2001a,b; Solignac et al., 2004; Lochte et al., 2019).

~21.7 cal ka A ~11.8 cal ka

FIGURE IV — Retrait de I’inlandsis laurentidien depuis environ 21,7 cal ka (Dalton et al.,
2020)

Ritz et al. (2013) ont simulé les variations de I’AMOC depuis le dernier maximum glaciaire.
Des effondrements de I’AMOC ont eu lieu lors des événements climatiques Heinrich 1 et le

Dryas récent, avec une diminution de 14 et 12 Sverdrup (Sv), respectivement (Fig. V). En re-



vanche, pendant I’Holocene, I’ AMOC n’a pas subi d’effondrement, mais des affaiblissements
(Fig. V; McManus et al., 2004; Ritz et al., 2013). Par contre, I’impact des changements d’in-
tensité passés de I’AMOC sur le systeme du Saint-Laurent n’est pas connu. Ce systeme est
donc d’une zone d’intérét pour étudier le climat durant I’Holocene, en raison de sa proximité
avec le courant du Labrador et le Gulf Stream, ainsi que des changements d’insolation, de
la diminution de I’inlandsis laurentidien et de I’impact de I’eau de fonte (Cohmap Members,

1988; Smith and Schwing, 1991; Levac, 2001).
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FIGURE V — Modélisations de I’intensité de I’AMOC depuis le dernier maximum glaciaire
(basée sur deux modeles différents : LOVECLIM & Bern3D), avec le dernier maximum
glaciaire (LGM), le stade Heinrich 1 (H1), I'interstade du Bglling-Allergd (B/A), le stade
Dryas récent (YD) et I’Holocene (Ritz et al., 2013). Les symboles gris correspondent a une
reconstruction a partir du traceur 23'Pa/>39Th sédimentaire (McManus et al., 2004). Plus de
231Pa s’accumule dans les sédiments quand I’ AMOC est affaibli, ce qui augmente donc le
rapport 231Pa/Z39Th. Tirée de Ritz et al. (2013).



Thibodeau et al. (2013) propose que le nord-est du golfe du Saint-Laurent a connu des condi-
tions hypoxiques au cours de I’Holocene moyen (~6,0-4,0 cal ka BP) en se basant sur la
présence de Brizalina subaenariensis, une espece de foraminifere que I’on trouve dans des
concentrations faibles en O,. L’augmentation simultanée de la température des eaux pro-
fondes, reconstituée a partir des valeurs §'80 des tests de foraminiferes, indique un afflux
accru d’eau provenant de I’ Atlantique pendant cette période (Thibodeau et al., 2013). Cette
étude souligne que les conditions de circulation pourraient avoir changé au cours de 1’Ho-
loceéne, mais les preuves sont spatialement limitées au chenal d’Esquiman et leur résolution
temporelle est relativement faible en raison des faibles taux de sédimentation. Aucun in-
dice de changements de circulation a pu étre observé dans le chenal laurentien (Wu et al.,
2023). De nouvelles approches peuvent donc étre utilisés pour comprendre les dynamiques
de circulation dans I’estuaire maritime et le golfe du Saint-Laurent durant I’Holocene. Bien
que certaines études reconstruisent les conditions de surface a I’aide de microfossiles durant
I’Holocene sur le plateau continental, au large de Terre-Neuve (Levac, 2001, 2003; Solignac
etal., 2011; Balestra et al., 2013) et dans le systeme du Saint-Laurent (de Vernal et al., 1993;
Lemay-Tougas, 2014; Wu et al., 2022, 2023), aucune reconstruction des températures par
biomarqueurs lipidiques n’a été réalisée auparavant dans ce systeme. Cette approche permet
de combler le manque de distinction claire, tant sur le plan spatial que temporel, entre la
dynamique des eaux de surface et des eaux profondes, qui peut étre liée a I’évolution de la

circulation dans ce systeéme.

LES BIOMARQUEURS LIPIDIQUES

Les biomarqueurs lipidiques sont des composés moléculaires spécifiques, stables dans le
temps, provenant d’origine biologique. Leurs structures fournissent des informations sur les
sources biologiques et les conditions environnementales, ce qui nous permet de reconstituer
les environnements passés en analysant des archives environnementales (Eglinton and Eglin-

ton, 2008; Summons et al., 2022). Dans ce projet de maitrise, les alcénones et les glycérols
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dialkylglycérols tétraéthers isoprénoides (isoGDGTs) sont utilisés pour reconstituer les tem-

pératures des eaux de surface et de fond, respectivement.

Alcénones Les alcénones sont produits par des haptophytes, de I’ordre des Isochrysidales,
qui sont présents dans la zone euphotique supérieure (Miiller et al., 1998). Les alcénones sont
une classe de méthyle et d’éthylcétones insaturés qui peuvent avoir des chaines de carbones
variant entre 35 et 42 carbones avec une a quatre insaturations (De Leeuw et al., 1980; Volk-
man et al., 1980; Marlowe et al., 1984). Ug est I’un des indices basée sur des biomarqueurs le
plus ancien. Il est utilisé pour reconstruire les températures de surface de 1’eau, et le principe
repose sur la proportion d’alcénones di- et tri-insaturées (C37 ., et C37.3; Fig. VIa), laquelle
est influencée par la température de croissance des Isochrysidales (Brassell et al., 1986; Prahl
and Wakeham, 1987; Eglinton and Eglinton, 2008). La production d’alcénones uniquement
par les Isochrysidales et la bonne préservation de ces molécules dans les sédiments en fait
un traceur de températures trés performant, qui peut remonter jusqu’au Pléiosténe/a I’Eocene
moyen et méme jusqu’au Crétacé (Marlowe et al., 1984; Farrimond et al., 1986; Marlowe
et al., 1990; Herbert, 2006). Les haptophytes sont des producteurs primaires importants, qui
sont non seulement présents dans les océans mais aussi dans les environnements saumatres et
lacustres (Cranwell, 1985; Coolen et al., 2004; Zhao et al., 2014). Au sein des Isochrysidales,
trois grands groupes phylogénétiques délimités par la salinité ont été définis, chacun présen-
tant des signatures d’alcénones différentes, ce qui peut avoir une incidence sur la reconsti-
tution des températures (Theroux et al., 2010). Le groupe I correspond aux Isochrysidales
d’eaux douce, qui pour I’instant n’ont pas pu étre cultivés (Longo et al., 2016; D’ Andrea
et al., 2006; Kaiser et al., 2019). Le groupe II est composé par des especes des régions co-
tieres et lacustres saumatres a hypersalins, telles que Tisochrysis lutea, Isochrysis galbana
et Ruttnera lamellosa (Theroux et al., 2010; Liao et al., 2020). Le groupe III comprends les
especes de I’océan ouvert, comme Gephyrocapsa huxleyi (Brassell et al., 1986; Prahl and

Wakeham, 1987; Miiller et al., 1998).
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FIGURE VI — A) Structures moléculaires et ions moléculaires des alcénones a 37 atomes de
carbones avec deux, trois et quatre insaturations. Tirée de Freitas et al. (2017). B) Calibration
globale de U3K7 en fonction des températures de surface moyennes annuelles et de la couche
de mélange. Tirée de Conte et al. (2006).

Les alcénones sont obtenus par extraction des lipides s€édimentaires totaux a 1’aide de solvants
organiques. Les lipides sont ensuite saponifiés, puis fractionnés par colonne de silice (Kusch
et al., 2010). La méthode exacte est décrite dans le manuscrit (section 4.3). Les alcénones se
retrouvent dans la fraction des cétones, qui est analysée par chromatographie en phase ga-
zeuse couplée a un ionisateur de flamme (GC-FID). Les proportions d’alcénones C37 ., sont
produites en plus grande quantité dans des eaux plus chaudes, tandis que les proportions d’al-
cénones C37 .3 sont produites dans des eaux plus froides. L’indice U§<7 est donc calculé a partir
des proportions relatives des aires sous la courbe des alcénones Cs7 .5 et C37 .3 (équation 1)
obtenus dans le chromatogramme, puis converti en température de surface a 1’aide de cali-
brations pré-établies basées sur des sédiments de surface et des températures instrumentales

modernes (Fig. VIb; Miiller et al., 1998).

' Cs722
Uk = =28 (Prahl and Wakeham, 1987) (D)
77 (C37.0+C373)
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GDGTs Les glycérol dialkylglycérol tétraéthers isoprénoides (isoGDGTs) sont des lipides
membranaires des Thaumarchaeota, qui font partie du domaine des archées (De Rosa and
Gambacorta, 1988; Brochier-Armanet et al., 2008). Les 1soGDGTs sont composés de deux
chaines d’alkyle reliés a un squelette de glycérol par une liaison éther, formant une struc-
ture tétraéther (Fig. VIla; Schouten et al., 2002, 2013). Le nombre d’unités cyclopentanes
varie avec la température de croissance des Thaumarchaeota. Le traceur TEXgg, basée sur le
nombre d’unités de cyclopentanes, a donc été mis en place pour reconstruire les températures
passées (Schouten et al., 2002). L’ omniprésence et la bonne préservation des isoGDGTs dans
les sédiments les rends particulierement utile et permet des reconstructions jusqu’au Juras-
sique (Jenkyns et al., 2012). Cependant, des incertitudes de reconstructions de températures
plus importantes sont trouvés dans les régions polaires (Fig. VIIb; Ho et al., 2014; Tierney
and Tingley, 2015). Comme les Thaumarchaeota sont présents dans 1’ensemble de la co-
lonne d’eau (Karner et al., 2001), la profondeur correspondante a la température reconstruite
a beaucoup été discuté (Zhang and Liu, 2018). Certaines études montrent que les tempéra-
tures reconstruites par TEXgg refletent le mieux les températures de surface (Schouten et al.,
2002; Kim et al., 2008), alors que d’autres montrent qu’elles représentent plutdt des tempé-
ratures sous la surface jusqu’a des profondeurs de 200 m (Fig. VIIb; Tierney and Tingley,
2015; Ho and Laepple, 2016; Hurley et al., 2018). Kim et al. (2015) montrent méme 1’impor-
tance des GDGT's qui proviennent des eaux profondes. Cependant, les Thaumarchaeota sont
des oxydants de I’ammoniac en nitrite et se retrouvent préférentiellement dans le maximum
d’ammonium, sous la zone euphotique (Francis et al., 2005; Konneke et al., 2005; Beman
et al., 2008). Dans le cadre de ce projet de maitrise, les températures résultant de cet indice
seront donc considérées comme correspondant a des températures situées a environ 200-300
metres de profondeur, soit dans la couche d’eau profonde du systeme du Saint-Laurent (Fig.
IT) et 1a profondeur a laquelle les concentrations de nitrates deviennent plus importantes dans

le Saint-Laurent (Bluteau et al., 2021).

Pour analyser les GDGTs, les lipides sont extraits, saponifiés puis fractionnés par colonne

de silice, de la méme manicre que pour les alcénones. Cependant, pour les GDGTs, c’est
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FIGURE VII — A) Structures moléculaires des isoGDGTs utilisés dans le proxy TEXges. B)
Calibration de TEXgg en fonction des températures sous la surface (0-200 m). Tirées de Tier-
ney and Tingley (2015).
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la fraction des alcools qui est analysée par chromatographie en phase liquide couplée a un
spectrometre de masse (LC-Orbitrap) afin de séparer et d’obtenir les concentrations des diffé-
rentes molécules d’isoGDGTs. La méthode exacte est décrite dans le manuscrit (section 4.3).
Dans les eaux plus chaudes, les Thaumarchaeota produisent des isoGDGTs contenant plus
d’unités cyclopentanes, qui diminuent dans les eaux plus froides. L’indice TEXg¢ peut ainsi
étre calculé a partir de ces proportions (équation 2), puis converti en température a 1’aide de
différentes calibrations basées sur les sédiments de surface et les températures instrumentales

modernes (Fig. VIIb; Tierney and Tingley, 2015).

[GDGT-2]

GDGT index-1 =1
tndex Og(([GDGT-l]+[GDGT—2]+[GDGT-3])

) (Kimetal.,2010)  (2)
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OBJECTIFS ET HYPOTHESES

L’objectif de ce projet est de reconstruire les changements de circulation dans le systeme
du Saint-Laurent durant I’Holocene en analysant les températures de surface et des eaux de
fond. Une approche par biomarqueurs lipidiques est utilisée pour reconstituer 1’évolution
spatio-temporelle de la température et de la dynamique de la circulation dans le systeme du

Saint-Laurent, afin de la relier a I’histoire de sa désoxygénation.

Hypothese 1 L’hypothese principale est que des changements de circulation peuvent étre
observé en comparant les variations des température de surface et des eaux de fond qui se
superposent aux effets d’insolation. En utilisant les indices Ug et TEXgg pour reconstruire
les températures de surface et celles des eaux profondes respectivement, il est possible d’ana-
lyser les écarts entre les différentes masses d’eaux (AT). Pour des changements induits par
I’insolation, un enregistrement simultané par les deux traceurs devrait donner des valeurs
avec un écart constant. En revanche, les changements de circulation devraient provoquer un
écart variable entre les températures de surface et celles des eaux de fonds. Des périodes
d’augmentation de I’apport des eaux du Gulf Stream, telles qu’observées au cours du dernier
millénaire (Thibodeau et al., 2010; Sherwood et al., 2011; Thibodeau et al., 2018), devraient
donc entrainer un écart réduit des températures entre U§7 et TEXgg. De méme, une diminution

des apports du Gulf Stream devrait amplifier cet écart.

Hypothése 2 Les changements de circulation devraient pouvoir étre li€s a des épisodes
passés d’hypoxie, qui sont reconstitués indépendamment a 1’aide de proxies élémentaires,
isotopiques et lipidiques. Si des périodes d’hypoxie se sont produites par le passé, elles pour-
raient €tre associées a une eutrophisation accrue ou a un apport plus important d’eaux du Gulf
Stream. Ces conditions correspondraient alors a des températures plus élevées en profondeur
et a une réduction de I’écart thermique entre les eaux de surface et les eaux de fond (AT).

En revanche, un apport plus important des eaux du courant du Labrador, qui se traduirait par
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un AT plus important, ne devrait pas conduire a une période hypoxique. Cette approche est
menée en collaboration avec Daphnée Laliberté, qui travaille sur les mémes échantillons et

carottes sédimentaires.

Ce mémoire est écrit sous forme d’article scientifique intitulé « Biomarker-based recons-
truction of Holocene water temperatures in the St. Lawrence system indicates changes in
circulation dynamics ». Il sera soumis au journal JGR : Biogeosciences a 1’automne 2025. En
tant que premiere autrice, j’ai réalisé les travaux en laboratoire, les analyses par GC-FID et
LC-Orbitrap, le traitement et I’interprétation des données, ainsi que la rédaction du manuscrit.
Daphnée Laliberté a contribué de maniere égale aux travaux en laboratoire. Mathieu Babin a
apporté un soutien technique pour la LC-Orbitrap, le développement méthodologique et I’ex-
traction des données. Stephanie Kusch a proposé I’'idée du projet, participé au développement

méthodologique, ainsi qu’a I’interprétation des données et a la rédaction du manuscrit.



ARTICLE 1

BIOMARKER-BASED RECONSTRUCTION OF HOLOCENE WATER
TEMPERATURES IN THE ST. LAWRENCE INDICATES CHANGES IN
CIRCULATION DYNAMICS

Marie Engel, Daphnée Laliberté, Mathieu Babin, Stephanie Kusch

Institut des Sciences de la Mer, Université du Québec a Rimouski, Rimouski, Canada

1 ABSTRACT

The Lower St. Lawrence Estuary is facing bottom water hypoxia mostly due to climate-
driven changes in ocean circulation. A decrease in the inflow of cold, oxygen-rich bottom
waters from the Labrador Current in favor of warm and oxygen-poor bottom waters from the
Gulf Stream exacerbates oxygen loss during microbial respiration of organic matter. Here, we
spatiotemporally reconstruct the Holocene temperature and ventilation history as an analog
of current and future warming and to better understand the natural variability of this system.
We present sea surface temperature (SST) data derived from the haptophyte-based alkenone
proxy (Ug) and the archaeal tetraether lipid-based TEXgg proxy recording bottom water
temperatures along the Laurentian Channel. Both proxies overall show warming of water
temperatures during the early Holocene followed by cooling after around 7.5 ka BP, but the
cooling trend is much more pronounced for SSTs. This difference results in a distinct change
in the relative temperature offset between the two proxies, which suggest transient changes
in circulation dynamics/bottom water sourcing. After correcting for a temperature bias in the
Ug%’ -derived SSTs caused by the brackish conditions resulting from the 8.2 ka BP meltwater

event, the relative temperature offset between surface and bottom waters seems to indicate
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increasing bottom water contributions from the Gulf Stream after 7.0 ka BP or changes in the
properties of the waters entering the system. After 4.0 ka BP, the relative temperature offset
is rather stable, indicating minor changes in bottom water sourcing. Our data thus show that
the current link between circulation changes and hypoxia may be unprecedented over the

Holocene.

2 INTRODUCTION

The world’s oceans and seas are becoming increasingly hypoxic. A global oxygen decline
of 2% has been observed since 1960 (Schmidtko et al., 2017), and models predict an ad-
ditional oxygen decline of 1-7% over the next century (Keeling et al., 2010). Much of the
observed oxygen loss in coastal ocean settings globally results from eutrophication and oc-
curs seasonally (Levin et al., 2009). However, hypoxia in the St. Lawrence system (Fig.
la) is permanent and formed in large parts through changes in the bottom water composition
(Gilbert et al., 2005; Claret et al., 2018; Thibodeau et al., 2018; Thornalley et al., 2018). Shelf
and offshore Labrador Current waters flow along the continental shelf of the Labrador Sea
and then westwards towards the Grand Banks of Newfoundland, carrying colder, more oxy-
genated waters. In contrast, the North Atlantic Central Waters, carried by the Gulf Stream,
are warmer, saltier, and less oxygenated (Claret et al., 2018; Thornalley et al., 2018). These
waters mix on the continental slope and form the bottom water of the St. Lawrence system
entering through Cabot Strait to slowly move up the Laurentian Channel (Gatien, 1976; Bug-
den, 1991; Gilbert et al., 2005; Jutras et al., 2023b). At present almost 100% of the bottom
water entering the St. Lawrence system is supplied via the Gulf Stream (Gilbert et al., 2005;
Claret et al., 2018; Jutras et al., 2020, 2023b). One possible explanation for these changes
is the weakening of the Atlantic Meridional Overturning Circulation (AMOC) over recent
decades (Claret et al., 2018; Arellano-Nava et al., 2025), which may have led to a substan-
tial reduction in the Labrador Current-derived inflow through the Cabot Strait. However, the

weakening of the AMOC is debated (Latif et al., 2022; He and Clark, 2022; Kelson et al.,
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2022). The change in bottom water composition accentuates the loss of oxygen during mi-
crobial respiration of organic matter along the estuary towards the head of the Laurentian
Channel (Oschlies et al., 2018), which is further augmented by an increased oxygen demand
in the water column and sediments caused by eutrophication and higher respiration rates of
organisms at higher temperatures (Benoit et al., 2006; Thibodeau et al., 2006; Genovesi et al.,
2011; Mucci et al., 2011). Instrumental data show a strong correlation between decreasing
oxygen content and increasing bottom water temperatures due to the influx of Gulf Stream
waters (Gilbert et al., 2005; Jutras et al., 2023b). Mean bottom water temperatures from May
to November in the Gulf of St. Lawrence have been increasing from 3.4 °C in 1930 to 6.6 °C
in 2024 while surface waters have only been increasing from 10.2 °C in 1930 to 11.7°C in
2024 (Fig. 1b; Galbraith et al., 2024). Although bottom water temperatures are increasing
because of the changing circulation dynamics, surface waters are not impacted by bottom
water warming due to thermal isolation via the cold intermediate layer (CIL; Banks, 1966).
However, due to the interannual temperature variability in surface and bottom water temper-
atures, the warming trend in surface and bottom water temperatures is similar, leading to a
relatively stable — but slightly decreasing — offset between surface and bottom temperatures

(AT; Fig. 1b).

As instrumental data for the St. Lawrence system only partly go back to the 1870s (Fig. 1b;
Galbraith et al., 2024), and few studies have reconstructed circulation regime shifts through
temperature and oxygen dynamics over longer time scales it is difficult to assess the rela-
tionship between temperature and oxygen levels and whether there were significant varia-
tions in circulation prior to the recently observed changes. Some paleoceanographic studies
cover the last 1-2 millennia and show that the recent influx of Atlantic waters and the trend
towards deoxygenation are unprecedented over this time scale (Thibodeau et al., 2010; Sher-
wood et al., 2011; Thibodeau et al., 2018). Thibodeau et al. (2013) inferred that the NE
Gulf of St. Lawrence, more specifically the Esquiman Channel, may have experienced low-
oxygen conditions during the middle Holocene (~6.0-4.0 cal ka BP) based on the presence of

Brizalina subaenariensis, a foraminiferal species found at low oxygen concentrations. The
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simultaneous increase in bottom water temperature, reconstructed using the §'80 values of
foraminiferal tests of Globobulimina auriculata, indicate an increased influx of water from
the Atlantic during this period (Thibodeau et al., 2013). This study highlights that ventila-
tion/redox conditions may have changed during the Holocene, but the evidence is spatially
confined to the Esquiman Channel and has relatively poor temporal resolution due to low sed-
imentation rates, whereas Wu et al. (2023) shows no evidence for hypoxia based on benthic
foraminiferal data in the St. Lawrence Estuary. No comparable data exists for the Laurentian
Channel or for the early Holocene because of high sedimentation rates and poor foraminifera

preservation.

Other approaches can be used to reconstruct circulation/ventilation dynamics in the Lower
St. Lawrence Estuary and Gulf of St. Lawrence during the Holocene. Here, we use lipid
biomarker thermometry to spatiotemporally reconstruct water temperatures and, by infer-
ence, circulation changes in the St. Lawrence system during the Holocene. We use alkenones
(U3K7’) and isoprenoid glycerol dialkyl glycerol tetraethers (isoGDGTs; TEXgg) to reconstruct
surface and bottom water temperatures, respectively. Alkenones are an unusual class of unsat-
urated methyl and ethyl ketones with carbon chains ranging from 35 to 42 carbon atoms and 1
to 4 unsaturations (Volkman et al., 1980; Marlowe et al., 1984; Farrimond et al., 1986), which
show an empirical relationship with growth temperature (Brassell et al., 1986). Alkenones
are produced by haptophyte microalgae of the order Isochrysidales and, thus, record upper
euphotic zone sea surface temperatures (Miiller et al., 1998). The TEXg¢ index is based on
GDGTs, the membrane lipids of Thaumarchaeota (De Rosa and Gambacorta, 1988; Schouten
et al., 2002; Brochier-Armanet et al., 2008). These molecules form a lipid bilayer membrane
with isoprenoid carbon chains linked to glycerol backbones by ether bonds. They can have
0 to 8 cyclopentane moieties, whose number correlates with growth temperatures (Schouten
et al., 2002, 2013), with the exception of polar regions having larger uncertainties (Ho et al.,
2014). GDGT-producing Thaumarchaeota are ammonia oxidizers that preferentially inhabit
the subsurface ammonia maximum in the thermocline (Francis et al., 2005; Konneke et al.,

2005; Beman et al., 2008). However, the habitat depth of these molecules in the water column
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may vary spatially and temporally (Zhang and Liu, 2018) and other confounding ecological
factors may also influence TEXg¢-derived water temperatures, like oxygen content, pH and
nutrient stress (Qin et al., 2015, 2017, 2018; Guo et al., 2021; Rattanasriampaipong et al.,
2025).

In this study, we use three sediment cores along the Laurentian Channel to reconstruct sur-
face and bottom water temperatures of the St. Lawrence system during the Holocene based
on alkenones and GDGTs, respectively. Our data show a warming of mean annual temper-
atures for surface and bottom waters in the early Holocene. The relative offset between the
surface and bottom water temperatures decreases significantly at around 7.5 cal ka BP, when
surface waters are cooling more than bottom water temperatures, potentially indicating past

circulation changes.

3 STUDY AREA

The St. Lawrence Estuary (Fig. 1a) is one of the largest estuaries in the world, with a
freshwater flow of approximately 1.1 x 10* m? s! (El-Sabh and Silverberg, 1990; Bourgault
and Koutitonsky, 1999). This system is connected to the Atlantic through Cabot Strait, which
has a maximum depth of 480 m and a width of 104 km, and Belles Isle Strait, which has a
depth of less than 60 m and a width of just 15 km (Koutitonsky and Bugden, 1991). The
Laurentian Channel is an important topographical feature in this system, extending 300 to
400 m in depth over 1000 km from the North Atlantic through the Cabot Strait to the Upper
St. Lawrence Estuary at Tadoussac (Koutitonsky and Bugden, 1991). The circulation in this
system 1s estuarine. Fresh surface waters from the St. Lawrence River flow downstream,
while the bottom waters entering the system at Cabot Strait/Belles Isle Strait flow upstream
along the Laurentian Channel to its head (Saucier et al., 2003; Gilbert, 2004). Bottom water
transport to the head of the Laurentian Channel is sluggish and Bugden (1991) and Gilbert
(2004) proposed a bottom water transport to the head of the Laurentian Channel of 4 to

1

7 years at a propagation speed of 0.95 cm s™. More recent studies, however, suggest a
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transit time of 1.7 to 4.7 years (Stevens et al., 2024) and 3.2 £ 0.7 years (Rousseau et al.,
2025). Sea ice generally forms from December to March in the coastal areas of the estuary
(Galbraith et al., 2024). During these winter months, the St. Lawrence water column is
stratified into two layers, the surface (variable depths of ~40 m to 150 m) and the deep/bottom
water layer (Galbraith, 2006). As the water begins to warm up in spring, temperature and
salinity differences cause additional stratification of the surface waters, resulting in three
distinct water layers (Banks, 1966; Galbraith, 2006): the surface layer with large seasonal
temperature variations (~7.2 °C; May to November mean from 1991-2020 in the estuary), the
cold intermediate layer, which results from the winter freeze out (< 1 °C), and the deep layer

(~5.1°C, May to November mean from 1991-2020 in the estuary; Galbraith et al., 2024).
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Figure 1 — A) St. Lawrence system with location of the three investigated sediment cores.
B) Mean instrumental temperatures in the Gulf of St. Lawrence from May to November for
surface waters (for the period 1873-1982 inferred from air temperatures, from 1982-2024
obtained empirically), the cold intermediate layer (CIL; 1947-2024 by direct measurement),
and bottom waters at 200 m and 300 m (1915-2024 obtained empirically; Galbraith et al.,
2024).
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4 MATERIAL AND METHODS

4.1 Materials

Piston cores were collected during R/V Coriolis II missions in June 2005 and 2006 (Fig.
la). COR0602-36PC (48° 24.0700 N; 69° 14.2400 W, 315 m water depth, 6.97 m core
length) and COR0602-42PC (49° 07.1800 N; 67° 16.8000 W, 332 m water depth, 7.53 m
core length) were obtained in the Lower St. Lawrence Estuary and COR0503-36PC (47°
40.2860 N; 59° 59.9850 W, 544 m water depth, 7.71 m core length) was collected in the
Gulf of St. Lawrence, near Cabot Strait. All cores were stored in a cold room at 4 °C at

UQAR-ISMER until analysis.

Previously published radiocarbon ages for cores COR0602-36PC, COR0602-42PC and
CORO0503-36PC (Barletta et al., 2010; Wu et al., 2023) were calibrated with the Marine20
calibration curve (Heaton et al., 2020) using the rbacon package ('tofu()’ command) from
Blaauw and Christen (2011). A reservoir age correction (AR) of 25 + 72 years was applied
following Wu et al. (2023). An additional age tie point, obtained via wiggle matching of
magnetic susceptibility profiles with core MD99-2221, was added to core COR0602-36PC
following Casse et al. (2017). To fit this tie point into the age-depth model, a change in the
sedimentation rate was added at a depth of 520 cm (model input 0.2 cm yr'! to 0.05 cm yr'!),
the transition to glaciomarine sediments. Different accumulation rates (0.1-0.5 cm yr'!; Fig.
S1) were tested to constrain the model and the resulting probability density functions were
overlain to find the best fit scenario consistent with the lithological and paleoenvironmental

evidence.
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4.2 Elemental analyses

Subsamples of each core were taken roughly every 15 cm and freeze-dried, corresponding to
intervals of ~100 to 300 years. Approximately 100 mg of sediment per subsample were de-
carbonized using 12N HCI. Carbon and nitrogen contents were analyzed with a COSTECH
ECS 4010 elemental analyzer equipped with a Zero Blank autosampler. An in-house sedi-
ment standard was analyzed regularly to assess reproducibility (relative error of &= 0.07 for

carbon and =+ 0.01 for nitrogen).

4.3 Biomarker analyses

The total lipid extract (TLE) was obtained using a modified Bligh and Dyer (1959) proto-
col with 10-40 g of dry sediment (Kusch et al., 2018). A mixture of methanol (MeOH),
dichloromethane (DCM) and water (2:1:0.8) was added to the freeze- dried sediments, fol-
lowed by 10 min ultrasonication, shaking for an hour, and centrifugation. This step was
repeated twice but only DCM was added during the third extraction step. The combined TLE
was transferred into a separatory funnel to which DCM and water was added (1:1) to per-
form a liquid-liquid extraction until colorless. The TLE was dried and then saponified with
0.5M KOH in 90% MeOH for two hours at 80 °C. Neutral lipids were liquid-liquid extracted
~3-5 times into hexane (Hex) and fatty acids were extracted ~3-5 times into DCM following
adjustment of the pH to 1 with 6N HCI. The neutral lipid fraction was further separated by
silica column chromatography with 1% deactivated SiO, in Hex. A polarity gradient was
used to separate hydrocarbons (~4 ml Hex), ketones (~4 ml 2:1 DCM:Hex) and alcohols (~4
ml MeOH).

Ketones were taken up in a defined volume of DCM and analyzed with an Agilent gas
chromatography-mass spectrometry system (8890 GC and 5977B MS) operated in FID mode

and equipped with a Restek Rxi-5ms column and helium as carrier gas. The inlet was op-
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erated in pulsed splitless mode with a temperature of 320 °C. The oven parameters were
set to an initial temperature of 70 °C, increasing 20 °C min! until 200 °C, and increasing
3°C min™! until 320 °C with a final hold time of 25 min. The data were analyzed using
Agilent MassHunter Qualitative Analysis 10.0 software. Alkenone concentrations were cal-

culated against an external alkane standard and should be considered semi-quantitative.

Alcohols were dissolved in a defined volume of 95:5 Hex:isopropyl alcohol (IPA), spiked
with an internal C4¢ GDGT standard (Huguet et al., 2006), and analyzed with a Thermo LC-
Orbitrap system. The Accela HPLC was equipped with two Waters Acquity BEH HILIC
columns (1.7pum, 150 mm X 2.1 mm) mounted in series, the autosampler temperature set at
4 °C, column temperature set at 30 °C, and solvent flow rate set at 200 uL min!. GDGTs
were separated following Hopmans et al. (2016) with mobile phase A 100% Hex and mobile
phase B 90:10 Hex:IPA mixed using a solvent gradient (82% A isocratic for 25 min, ramp to
65% A at 50 min, ramp to 0% A at 80 min). Re-equilibration with 82% A started at 85 min
for 20 min. The Thermo Orbitrap LTQ Discovery high-resolution mass spectrometer was
operated in positive ion mode using an atmospheric pressure chemical ionisation (APCI) ion
probe with a set voltage of 6 kV and vaporizer temperature of 350 °C. Nitrogen was used
as sheath, auxiliary and sweep gas at 50, 5 and 5 (arbitrary units), respectively. Capillary
temperature was set to 275 °C. Scan range was from 60 to 1500 m/z and GDGTs abundances
were determined based on their individual [M+H]" ions. High-Resolution Mass Spectrometry
data analysis was performed with Xcalibur 2.0 software from Thermo with a 10 ppm mass

tolerance.
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4.4 Proxy calculations

Alkenone sea surface temperatures (SSTs) were calculated using the peak areas and the fol-

lowing equations:

Cs72

————— (Prahl and Wakeham, 1987) (D)
(C37.2+C37:3)

Uf; =
(UK —0.044)

Alkenone SST = 0.033

(Miiller et al., 1998) 2)

The TEX{;6 water temperatures were calculated as follows:

[GDGT-2]
([GDGT-1] + [GDGT-2] + [GDGT-3))

GDGT index-1 = log( ) (Kimetal.,2010)  (3)

TEX]§6 temperatures = 67.5 X [GDGT-Index-1]+46.9 (Kim et al., 2010) 4)

To assess potential biases in the GDGT records, the branched and isoprenoid tetraether (BIT)

index, #ringsra and the methane index (MI) were calculated according to the following

equations.
BIT Index = ([Ia](-[l-I ﬂI:] [il :31; ?iaaliraglf ﬁ;lra[?ia,[l)ren]) (Hopmans et al., 2004) ~ (3)
HringSiema = (EI[;?]++[12191X+[E3) (Sinninghe Damsté, 2016) ©)
i (IGDGT-1] + [GDGT-2] + [GDGT-3]) Zhangetal. 2011 ()

([GDGT-1] + [GDGT-2] + [GDGT-3] + [cren] + [cren’])

The ratios of GDGT-0/crenarchaeol and GDGT-2/crenarchaeol were also calculated (Blaga
et al., 2009).
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5 RESULTS

5.1 Elemental analyses

Fig. 2a shows the total organic carbon (TOC) content of cores COR0602-36PC, COR0602-
42PC and CORO0503-36PC. From the base of core COR0602-36PC until ~6.5 cal ka BP, the
TOC fluctuates between 0.2% and 0.3%, increasing to approximately 0.5% around 5.0 cal
ka BP and further to 0.8% in the uppermost sample. The C/N ratio in the same sediment
core varies between 5 and 8 in the lower part of the core (9.4-8.6 cal ka BP), with a minimum
value of 4.8 at 8.9 cal ka BP. In the top part of the core (5.8-0.1 cal ka BP), values shift around
10.0-12.0, with a maximum value of 13.0 in the uppermost sediment sample (Fig. 2b). In
core COR0602-42PC, the TOC content increases relatively consistently from a minimum of
0.2% at 8.2 cal ka BP to a maximum of 0.9% at 0.8 cal ka BP (Fig. 2a). In contrast, the
C/N values of core COR0602-42PC are relatively stable throughout the core, mostly around
9.0-10.0, with minimum and maximum values of 6.8 (7.7 cal ka BP) and 11.4 (7.9 cal ka BP),
respectively (Fig. 2b). The TOC content of the Cabot Strait core COR0503-36PC ranges from
0.4% at 10.1 cal ka BP to 1.6% at 0.8 cal ka BP (Fig. 2a) and values mostly increase towards
the uppermost sample. The C/N values in this core range from 6.7 to 9.3, showing a gradual

increase towards the present (Fig. 2b).
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Figure 2 — A) Total organic carbon (TOC) in cores COR0602-36PC, COR0602-42PC and
CORO0503-36PC. The bold line represents the 3-point moving average. The grey axis indi-
cates glaciomarine sediments, where the age model is not well constrained. B) C/N ratio in
cores COR0602-36PC, COR0602-42PC and COR0503-36PC. The bold line represents the 3-
point moving average. The grey axis indicates glaciomarine sediments, where the age model
is not well constrained.

5.2 Alkenones

Fig. 3a shows the reconstructed Ug%’ and TEXI§6—derived temperatures. The Ug%’ values in all
cores range from 0.23 to 0.91, corresponding to surface temperatures from 5.5 °C to 26.3 °C
respectively. Core COR0602-36PC has U3K7’ values between 0.30 and 0.91, corresponding to
surface temperatures between 7.9 °C and 26.3 °C. Core COR0602-42PC has U§7 values from
0.28 to 0.55, corresponding to surface temperatures from 7.1 °C to 15.2 °C. The U3K7 values
in core COR0503-36PC range from 0.23 to 0.57, corresponding to surface temperatures from
5.5°C to 15.8 °C. Overall, there is a general surface temperature cooling trend across the
Holocene in all sediment cores. While core COR0602-36PC shows a surface temperature

decrease of ~18 °C, cores COR0602-42PC and COR0503-36PC show a cooling of ~8 °C
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Figure 3 — A) Ug -derived SSTs and TEX{%-derived water temperatures for cores COR0602-
36PC, COR0602-42PC and CORO0503-36PC. The bold line represents the 3-point moving
average. The lightly colored area in each curve shows the uncertainty associated with each
calibration. The single SST data point shown above the 0 cm depth interval indicates the
instrumental mean surface temperature from May-Nov for the period from 1982 to 2024 in
the estuary, the NW gulf and Cabot Strait (Galbraith et al., 2024). The single deep wa-
ter temperature data point represents the temperature mean of waters at 200 m depth from
1982 to 2024 in the estuary, the NW gulf and Cabot Strait (Galbraith et al., 2024). The
grey axis indicates glaciomarine sediments, where the age model is not well constrained. B)
Absolute temperature difference (AT) between U§<7 and TEXIS“()—derived water temperatures
in cores COR0602-36PC, COR0602-42PC, COR0503-36PC. The bold line represents the 3-
point moving average. The grey axis indicates glaciomarine sediments, where the age model
is not well constrained.
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and ~10 °C, respectively. Core COR0602-36PC generally shows higher surface temperature
variability than cores COR0602-42PC and COR0503- 36PC, which show a steady decrease
in temperatures over the Holocene. A decreasing trend in ‘core-top’ surface temperature can
also be observed spatially along the estuary, from 10.6 °C in core COR0602-36PC to 7.7 °C
and 6.2 °C in cores COR0602-42PC and COR0503-36PC, respectively.

In addition to the C37., and Cz7.3 alkenones, we also observe Cs7.4 alkenones at variable
relative abundance downcore (Fig. 4a). At the base of the cores (~10.0-7.0 cal ka BP), C37.»
and Cj37.4 alkenones dominate the C3; alkenone assemblage, ranging from ~20% to ~60%,
while Cs7.3 alkenones only constitute ~5-20% in all cores. This changes around 9.0-7.5 cal
ka BP, where the Cs7.3-alkenone become the most abundant C37-alkenone. The proportions
of C37.3 increase to up to 45%, 62% and 68% in the uppermost sediment samples of cores

CORO0602-36PC, COR0602-42PC and COR0503-36PC, respectively.

Fig. 4b shows the concentrations of alkenones in cores COR0602-36PC, COR0602-42PC
and COR0503-36PC. In core COR0602-36PC Cs37.,-alkenone concentrations range from 2.3-
61.9 ng g'1 TOC, Cz7.3 alkenones range from 1.9-95.4 ng g'1 TOC and C37.4 range from
0.9-66.1 ng g'1 TOC. From 9.4 to 7.0 cal ka BP C37., and C37.4 alkenone concentrations are
very similar and higher than C37.3 alkenone concentrations. Afterwards, Csz7.4 alkenones are
generally lowest, followed by C37., and then highest concentrations are found in C37.3. An
increasing concentration of Csz7., and Cs7.3 alkenones can be observed from 6.8 cal ka BP
to the uppermost samples. In core COR0602-42PC, the concentrations in Cs7., alkenones
range from 28.7-195.2 ng g'! TOC, C37.3 alkenones range from 44.5-388.3 ng g”' TOC and
C37.4 alkenones range from 10.1-67.5 ng g'1 TOC. In this core, the alkenone concentrations
of all alkenones co-vary, with only minor changes in proportions. Cz7.4 alkenones always
have the lowest concentration and Cs7.3 alkenones dominate. The same pattern is found in
core CORO0503-36PC, except from 10.1 to 9.7 cal ka BP, where C37., and C37.3 alkenone con-
centrations are lower than C37.4 concentrations. In this core, the concentrations range from

5.9-209.5 ng g‘1 TOC for C37., alkenones, from 4.7-442.7 ng g'l TOC for Cs7.3-alkenone,
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and from 3.2-68.0 ng g'1 TOC for Cs7.4 alkenones.
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Figure 4 — A) Relative proportions and B) absolute abundances of C37.5, C37.3 and C37.4
alkenones in the estuary core COR0602-36PC, the NW gulf core COR0602-42PC and the

Cabot Strait core COR0503-36PC. The grey axis indicates glaciomarine sediments, where
the age model is not well constrained.
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5.3 GDGTs

TEX{;6 values in all cores range from -0.70 to -0.54 corresponding to water temperatures
of -0.6°C to 10.8°C (Fig. 3a). The TEXI§6—temperatures increase from the bottom of
all sediment cores and reach maximum values of 9.5°C, 10.6 °C and 10.8 °C around 8.0-
7.5 cal ka BP in cores COR0602-36PC, COR0602-42PC and CORO0503-36PC, respectively.
Afterwards, the reconstructed water temperatures decrease steadily and reach minimum val-
ues of 0.8 °C at ~0.5 cal ka BP in core COR0602-42PC and 1.6 °C at ~0.8 cal ka BP in core
CORO0503-36PC, respectively. Overall, water temperatures also decrease towards the core-
top in COR0602-36PC, but water temperatures remain above the lowest value of -0.6 °C at
~12.0 cal ka BP. The total amplitude of TEXI§6—derived water temperatures is 5 °C to 8 °C
from the maximum value to the core-top. In contrast to the U§7 -derived temperatures, core-
top water temperatures overall increase along the St. Lawrence system towards Cabot Strait,
from 3.6 °C in core COR062-36PC to 2.8 °C in core COR0602-42PC and 6.3 °C in core
CORO0503-36PC.

Fig. 5 shows the BIT index, #ringsietra, GDGT-0/crenarchaeol, GDGT-2/crenarchaeol, and
the methane index. In core COR0602-36PC (Fig. 5a), the BIT index values range from
0.37 to 0.57. The lowest values are found between 8.5 and 6.5 cal ka BP, and the highest
values are found at 9.4-8.8 cal ka BP and at 0.9-0.1 cal ka BP, respectively. The #ringse(ra
values show the opposite trend, ranging from 0.20 to 0.31, with the highest value at around
7.5 cal ka BP. GDGT-0/crenarchaeol values range from 1.1 to 1.6 and show a general in-
crease throughout the Holocene. GDGT-2/crenarchaeol values increase from 0.02 to 0.05
until ~7.5 cal ka BP and decrease afterwards. The methane index values vary in parallel
with GDGT-2/crenarchaeol, with values ranging from 0.10 to 0.15. The BIT index of core
CORO0602-42PC (Fig. 5b) gradually increases from 0.21 at 8.2 cal ka BP to a value of 0.34 at
0.3 cal ka BP. The BIT index remains below 0.38 throughout the core. The #ringseira values
decrease from 0.55 at 8.2 cal ka BP to 0.35 at 0.3 cal ka BP in core COR0602-42PC. GDGT-

O/crenarchaeol values are relatively stable between 1.31 and 1.63; however, the #ringsetra
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Figure 5 — BIT index, #ringsera, GDGT-0/crenarchaeol, GDGT-2/crenarchaeol, methane in-
dex in cores A) COR0602-36PC, B) COR0602-42PC, C) COR0503-36PC. The bold line rep-

resents the 3-point moving average. The grey axis indicates glaciomarine sediments, where
the age model is not well constrained.
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value in the uppermost sample decreases to 0.67. GDGT-2/crenarchaeol values gradually
decrease throughout the core from 0.06 to a minimum of 0.02. The methane index follows
the same trend, decreasing from 0.17 to 0.11. The BIT index of COR0503-36PC (Fig. 5c)
has values between 0.1 and 0.2 between 10.0 and 7.5 cal ka BP and shows an increase to
up to 0.35 at around 6.7 cal ka BP. After this peak, values decrease until around 4.0 cal ka
BP and further to around 0.1 in the uppermost sample. The opposite trend is observed for
#ringSeera, Which has a minimum value of 0.31 at 6.7 cal ka BP and otherwise has values
up to 0.79. The cut-off value 0.7 is exceeded between around 7.7 cal ka BP and 9.2 cal ka
BP. Individual samples also exceed this value at around 1.7 cal ka BP and in the uppermost
sediment sample. GDGT-0/crenarchaeol shows lower values (1.3-1.4) from approximately
9.0 to 7.0 cal ka BP, reaching its maximum value of 1.6 at 2.2 cal ka BP. The opposite trend
1s observed for GDGT-2/crenarchaeol and the methane index, which increase from 0.03 and
0.12, respectively, to maximum values of 0.07 and 0.19 at 7.5 cal ka BP and then decrease

towards the core-top.

6 DISCUSSION

6.1 Chronology

The original age models for cores COR0602-36PC, COR0503-36PC, and COR0602-36PC
were published by Barletta et al. (2010) who fitted a third-order polynomial function to the
ages of COR0602-36PC, a linear fit to COR0602-42PC, and an interpolation function to
CORO0503-36PC. New age models were published by Casse et al. (2017) for COR0602-36PC
and COR0503-36PC, using rbacon with the Marinel3 calibration curve and by Wu et al.
(2023) for COR0602-42PC, using the Marine20 calibration curve. We update the age models
of the cores COR0602-36PC and COR0503-36PC using the Marine20 calibration curve (Fig.
S2 and S4; Heaton et al., 2020). In both cores, the oldest 140 tie point was not obtained

at the base of each core due to the absence of carbonaceous material. We use a Bayesian
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model (Blaauw and Christen, 2011) to extrapolate below 457 cm in core COR0602-36PC
and below 620 cm depth in core COR0503-36PC. Accordingly, the age-depth relationship

for these depths are associated with larger uncertainties.

The age-depth models of cores COR0602-42PC and COR0503-36PC indicate quite linear
sedimentation throughout each core (Figs. S3 and S4). At lengths of 771 cm and 753 cm, and
basal ages at ~10.1 cal ka BP and ~8.2 cal ka BP, respectively, the resulting sedimentation
rates are ~0.08 cm yr'! and ~0.09 cm yr'!. The age-depth model of core COR0602-36PC
shows more variable sedimentation over time, with a basal age at 9.4 cal ka BP constrained
by a tie point at the transition between postglacial sediments and glaciomarine sediments (re-
leased during the decay of the Laurentide Ice Sheet; Casse et al., 2017). Sedimentation rates
are 0.20 cm yr~! from the base of the core up to 520 cm depth, and from there they decrease to
0.06 cm yr''. Much higher sedimentation rates prior to 8.5 cal ka BP (during the deposition of
glaciomarine sediments) are consistent with observations from core COR0503-CL05-37PC, a
sediment core recovered between COR0503-36PC and Anticosti Island (Barletta et al., 2010)
and the establishment of modern sedimentation in the St. Lawrence system at ~8.5 cal ka BP
(Casse et al., 2017). The age of the lithological transition also agrees well with the corre-
sponding transition from glaciomarine to postglacial sediments in cores COR0602-42PC and

CORO0503-36PC, which are observed at ~8.0 cal ka BP.

6.2 Proxy appraisal
6.2.1 Alkenones

6.2.1.1 Comparison with instrumental data and published sedimentary records

To assess potential biases in the U3K7’-derived sea surface temperatures, we first compare our
proxy data with the instrumental record of Galbraith et al. (2024) followed by a comparison

with other regional Holocene water temperature records. The uppermost sediment samples
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have SSTs of 10.6 °C (COR0602-36PC, estuary), 7.7 °C (COR0602-42PC, estuary-NW gulf)
and 6.2 °C (COR0503-36PC, gulf) respectively (Fig. 3a). Mean instrumental data from May
to November from the years 1991-2020 from Galbraith et al. (2024) show 7.2°C + 0.6 in
the estuary, 8.5°C £ 0.6 in the NW gulf and 9.7°C £ 0.6 in the gulf and Cabot Strait.
Overall, these Ug-derived SSTs agree well with the instrumental data since the Miiller et al.
(1998) calibration has a calibration error of +1.5 °C. The instrumental data of the NW gulf
compared to the temperature of the uppermost sediment sample from core COR0602-42PC
falls within the calibration error. In contrast, the reconstructed temperature is 3.4 °C higher
than the instrumental data in core COR0602-36PC and 3.5 °C colder in core COR0503-36PC
than the 1991-2020 mean instrumental surface water temperature. However, the uppermost
sample in core COR0602-36PC has an age of ~0.1 cal ka BP and the uppermost sample in
cores COR0602-42PC and COR0503-36PC have ages of ~0.3 cal ka BP. Water temperatures
have increased significantly in recent decades (Galbraith et al., 2024), thus we assume the
offset results — at least in part — from this warming effect. For core COR0602-36PC, the
instrumental SSTs in the uppermost sample are lower than the U§7 -derived SSTs, but this core
also shows much higher general variability of U§<7’ -derived SSTs (Fig. 3a), which might also
explain the offset. In addition to the overall good agreement of our data and the instrumental

data, the downcore trends in our records are also very similar.

Moreover, our alkenone data also agree well with alkenone records obtained on sediment
cores from the Scotian Margin, Laurentian Fan and Virginia Slope (Fig. 6i; Keigwin et al.,
2005; Sachs, 2007), both in downcore trend and amplitude. Keigwin et al. (2005) and Sachs
(2007) reported a strong decrease in temperatures during the Holocene, from ~18 °C in the
early Holocene to 8 °C at present offshore the Laurentian Fan, which also fits well with §'80
and abundance of the warm water planktonic foraminifera Globigerinoides ruber (Keigwin
et al., 2005). Likewise, Solignac et al. (2004) showed temperatures based on dinoflagellate
cyst assemblages at Orphan Knoll (Fig. 6g) and at the Greenland Rise, which have similar
trends. August values at Orphan Knoll reached ~18 °C and higher during the early Holocene
between 11.0 and 8.0 cal ka BP and decreased sharply to ~8 °C from 8.0 to 7.4 cal ka BP
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(Solignac et al., 2004). The dinoflagellate cyst-derived August SST values from Greenland
Rise show a similar trend with an SST amplitude from ~15 °C to ~8 °C. Levac (2001) and
Levac (2003) show temperatures of around 5 °C warmer than today from 8.5 to 10.5 cal ka BP
on the Scotian Shelf and from 8.6 to 6.8 cal ka BP at Bay of Islands, western Newfoundland.
Diatom-derived SSTs from north-eastern Newfoundland show a cooling trend from ~7 °C at

7.2 cal ka BP to ~4 °C at present (Orme et al., 2021).

Despite this good agreement with other regional SST records, dinocyst assemblages in core
CORO0602-42PC differ substantially from those trends (Wu et al., 2023). Reconstructed sum-
mer SSTs were between 9 °C and 10 °C at 8.0 cal ka BP, increased to 11-12 °C from around
7.5 to 6.5 cal ka BP, and then varied between ~10 °C and 12 °C until present (Fig. 6h). Sim-
ilar summer SST trends, based on dinocyst and coccolith assemblages, have been shown by
Balestra et al. (2013) on the Laurentian Fan, i.e., temperatures around 10 °C from 12.0 to
11.0 cal ka BP and values around 15 °C since 11.0 cal ka BP. These trends are also very
similar to the results obtained by de Vernal et al. (1993) at Cabot Strait and in the Esquiman
and Anticosti channels. While alkenone and dinocyst proxies indicate different SST trends
in the region, the overall picture indicates a cooling trend throughout the Holocene, which is
reflected in our data. Dinocyst transfer functions have been shown to be affected by several
processes, including ecological aspects such as salinity and nutrient shifts but also seasonality
and lateral transport (Marret and de Vernal, 2024). However, alkenone SSTs might also be
seasonally biased and impacted by salinity, nutrient changes and haptophyte community com-
position (Theroux et al., 2010; Epstein et al., 1998; Prahl et al., 2003) as well as preferential

degradation (Rontani et al., 2008) and lateral transport (Mollenhauer et al., 2003).
6.2.1.2 Potential ecological biases in the alkenone records

The extent of the U%—derived SST change — especially in core COR0602-36PC — warrants
further inspection. Balestra et al. (2013) observed a change in coccolith microfossil assem-
blages in Laurentian Fan sediments over time, which might indicate a change in the hapto-

phyte community composition, which in turn may impact the alkenone signatures (Fig. 4a).
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Indeed, the relative abundance of C37.4 alkenones is much higher in the lower sections of all
of our cores. Cs7.4 alkenones are known to be mostly found in cold waters with low salinity
(Bendle et al., 2005; Blanz et al., 2005; Rosell-Mel€, 1998; Sicre et al., 2002). More recently,
it has been shown that Cs7.4 alkenones seem to correlate with sea ice coverage rather than
salinity (Liao and Huang, 2022; Liao et al., 2023) and their tentative producers are ice-algae
(group 2i Isochrysidales; Wang et al., 2021, 2024). The production of C37.4 alkenones seems
to be intrinsic to the group 2i Isochrysidales and does not seem to be linked to environmen-
tal conditions such as temperature. Although Cs37.4 is not included in the U§<7’ proxy, group
2i Isochrysidales seem to also produce Cs7., and Cs7.3 alkenones (Liao and Huang, 2022),
which could bias U§7 -derived SSTs if they substantially contribute to the sedimentary C37.,
and Cs7.3 alkenone pool. Yet, it is thus far unknown whether the C37., and C37.3 alkenones
produced by group 2i Isochrysidales ‘record’ ambient seawater temperature or whether their
relative abundance is controlled by other environmental or physiological factors. If C37.4
alkenones in our cores are derived from ice algae, their increased abundance until approxi-
mately 9.0-8.0 cal ka BP would either imply greater and/or longer ice coverage during the
year or, alternatively, generally lower production of alkenones by non-ice algae. De Vernal
et al. (1993) showed that sea ice coverage in the St. Lawrence system was similar to today
after 10.0 cal ka BP and individual downcore alkenone concentrations (Fig. 4b) indicate that
their absolute abundances change in parallel in cores COR0602-42PC and COR0503-36PC.
This implies that the relative shifts are controlled by rather minor individual concentration
changes. Indeed, core COR0503-36PC has the highest C37.4 concentrations in the uppermost
samples rather than at its base. Only core COR0602-36PC has higher Cs7.4 concentrations
in the lower core section. The highest concentrations of Csz7.4 in COR0602-36PC occur be-
tween 9.4 cal ka BP and 7.0 cal ka BP, where SSTs range from 13.8 to 26.0 °C. If any, we
expect an ice-algae bias on U% -derived SSTs in this interval. While we cannot correct for
the potential bias based on our data, we expect SSTs in this interval to only be slightly bi-
ased towards warmer SSTs since independent evidence (de Vernal et al., 1993) indicates no

significant change in sea ice conditions during that time.
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6.2.2 GDGTs

Analogous to our alkenone data, we compare our TEXgg-derived water temperatures with
the instrumental bottom water temperature data from Galbraith et al. (2024) to determine
the likely water depth of GDGT production and to assess the accuracy of the calibration.
Moreover, we use the BIT index, GDGT-0/crenarchaeol, GDGT-2/crenarchaeol, and methane

index to identify any potential biases in the isoGDGT assemblages.

Isoprenoid GDGTs are the predominant membrane lipids of Thaumarchaeota, which typi-
cally thrive in the ammonium maximum in the thermocline (Francis et al., 2005). Given the
shallow water depths in the St. Lawrence and the bottom water layer starting at around 150 m
(Galbraith et al., 2024), GDGT-derived water temperatures should be representative of bottom
water temperatures, where the nitracline is found (Bluteau et al., 2021). The TEXg¢-derived
water temperatures agree well with the instrumental temperature data at 200 m depth from
Galbraith et al. (2024). The instrumental 1991-2020 mean temperature from May to Novem-
ber was 4.0 °C in the estuary, 4.4 °C in the NW gulf and 5.2 °C in the gulf at Cabot Strait,
approximately 3-4.5 °C colder than SSTs. The TEX{§6-derived water temperatures in the up-
permost sediment intervals are 3.6 °C in the estuary, 2.8 °C in the NW gulf and 6.3 °C in the
gulf at Cabot Strait. The difference between the instrumental 1991-2020 mean bottom water
temperatures and our proxy-derived water temperatures falls well within in the uncertainty
of the TEXlg6 calibration (&£ 4 °C; Kim et al., 2010). Within calibration error, TEX]§6—derived
water temperatures also agree with instrumental data at a depth of 300 m (1991-2020 mean
temperature from May to November at 300 m depth are 5.1 °C in the estuary, 5.4 °C in the
NW gulf and 6.4 °C at Cabot Strait; Galbraith et al., 2024). We thus assume that our TEXI§6-

derived temperatures reflect the water temperatures at depths of 200 to 300 m.

However, isoGDGT records can be influenced by in-situ production by sedimentary
methanogenic and methanotrophic Euryarchaeota (Blaga et al., 2009; Weijers et al., 2011;
Kim and Zhang, 2023). The thresholds for GDGT-0/crenarchaeol and GDGT-2/crenarchaeol
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Figure 6 — A) Holocene summer solstice insolation at 48°N (Berger and Loutre, 1991). B) Sea
level changes — Global (Lambeck et al., 2014); Port au Port and Sept-iles (Shaw et al., 2002).
C) 680 of N. pachyderma on the Laurentian Fan (Keigwin et al., 2005). D) Bottom water
temperatures (BWT) based on Mg/Ca of the benthic foraminifera N. labradorica (Lochte
et al., 2020). E) 830 of benthic foraminifera at Dry Tortugas at 540 m depth (Gulf Stream;
Lund et al., 2006). F) §'0 of B. marginata in COR0602-42PC. G) SST at Dry Tortugas
derived from 830 and Mg/Ca in G. ruber (Gulf Stream; Lund and Curry, 2006; Schmidt
and Lynch-Stieglitz, 2011; Schmidt et al., 2012). H) Dinocyst-derived SSTs at Orphan Knoll
(Solignac et al., 2004) and in core COR0602-42PC (Wu et al., 2023). I) Alkenone-derived
SSTs on the Laurentian Fan & the Scotian Margin (Sachs, 2007). J) U§<7 and TEXgg-inferred
temperatures in COR0503-36PC from this study.
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indicating such overprint are 2 and 0.2, respectively, which are never exceeded in our data set.
This conclusion is confirmed by the methane index indicating substantial contributions from
methanotrophic archaea at values >0.5 (Zhang et al., 2011). In coastal environments, sedi-
mentary isoGDGT populations may also be biased by contributions of terrestrial isoGDGT's
produced by soil archaea. A BIT index of 0.4 has been identified as the threshold at which
TEXgg-derived water temperatures may become substantially biased (Hopmans et al., 2004).
In our data set (Fig. 5a), most samples in the estuarine core COR0602-36PC exceed this
threshold (ranging from 0.37 to 0.57). Since the #rings e, index values are below the 0.7
threshold, the brGDGTs controlling the BIT index are mainly of terrestrial origin rather than
produced in-situ. This interpretation is further supported by the coastal setting of the core and
the notably high C/N ratios, which are indicative of terrestrial organic matter (Fig. 2b). While
the BIT index values in core COR0602-36PC are above the threshold, the downcore trend is
relatively stable and the good agreement of TEXgg-derived water temperatures in the upper-
most samples with instrumental data suggests limited bias by terrestrial isoGDGTs. More-
over, the consistent offset between TEX]§6— and Ug—derived temperatures throughout the late
Holocene indicates limited effects since alkenone SSTs are not affected by terrestrial biases.
Given the good agreement between instrumental bottom water temperatures and our proxy-
derived water temperatures, we exclude any strong bias in our TEX]8“6—derived temperatures
through terrestrial input in core COR0602-36PC and consider our GDGT TEX{§6-derived SST

records representative of the bottom waters.

6.3 Holocene temperature-inferred circulation dynamics

6.3.1 Spatio-temporal surface and bottom water temperature evolution in the St.

Lawrence system

Circulation dynamics in the St. Lawrence system are linked to the AMOC and Labrador Sea

circulation. Evidence suggests that the AMOC may have been gradually weakening since the
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end of the Little Ice Age (~1850 CE), possibly due to enhanced freshwater fluxes from melt-
ing glaciers, which could have reduced deep-water convection in the Labrador Sea (Rahm-
storf et al., 2015; Thornalley et al., 2018). This results in an increased input of North Atlantic
Central Waters into the St. Lawrence system, leading to hypoxia in its bottom waters (Gilbert
etal., 2005). High boreal summer insolation during the early Holocene led to the decay of the
Laurentide Ice Sheet (Fig. 6a), thus, natural climate change during the early Holocene can
serve as a recent analog for current anthropogenic climate change. In response to the early
Holocene insolation increase, global temperatures rose, culminating in the Holocene Thermal
Maximum at around 6.5 ka (Kaufman et al., 2004, 2020). Any potential ventilation-driven
temperature dynamics recorded in our sediment records (related to changes in AMOC) will

consequently be superimposed on these insolation-driven temperature dynamics.

Instrumental data of surface and bottom water temperatures in the St. Lawrence system since
the 1870s from (Fig. 1b; Galbraith et al., 2024), show a general increasing trend (around
+2-3 °C) for both surface and bottom water. This results in a relatively constant temperature
offset between surface and bottom waters, although the composition of bottom waters has
significantly changed over the last few decades, i.e., from 20%—-50% of Labrador current wa-
ter entering the St. Lawrence system several years ago to nearly 0% at present (Jutras et al.,
2023b). Thus, changes in the composition of the bottom water could have occurred without
necessarily being visible in the temperature offset, AT. However, Lochte et al. (2020) show
that bottom water temperatures in the Labrador Sea have indeed decreased during the last
~1,500 yrs (Fig. 6d). The Gulf Stream temperatures, in contrast, have increased in the last
~1,000 yrs, shown by decreasing 5'80 values based of benthic foraminifera (Fig. 6e) and the
SSTs derived from §'80 and Mg/Ca in G. ruber at Dry Tortugas (Fig. 6g; Lund et al., 2006;
Lund and Curry, 2006; Schmidt and Lynch-Stieglitz, 2011; Schmidt et al., 2012). Accord-
ingly, we would expect a divergence of the surface and bottom water temperature trends if the
Labrador Current were still entering this system as a dominant bottom water source, resulting
in an increasing temperature offset (AT) between surface and bottom waters. Unfortunately,

we cannot directly compare and cross-validate our proxy data with the annual/decadal reso-
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lution of the instrumental records since the uppermost sediments analyzed in our study have
ages of around 100 and 300 years, i.e., the most recent seawater warming trend is not cap-
tured by our proxy data. Thus, we use the temperature offset between surface and bottom
waters AT (Fig. 3b), inferred by U% and TEX{;6 respectively, to assess potential changes in
circulation superimposed on insolation-driven absolute seawater temperature changes in the
past. Assuming the background temperature signal of surface and bottom water temperatures
in the St. Lawrence system follows the boreal summer insolation curve during the Holocene
(Fig. 6a; Berger and Loutre, 1991), we expect both U§<7’ and TEXI§6—derived temperatures to
either change in parallel, reflected in a relatively stable AT, or to record a slightly increasing
AT if surface waters warm more strongly than bottom waters in the absence of circulation
changes. In contrast, a decrease in AT likely indicates changes in water mass sourcing and,

by inference, circulation dynamics (increased sourcing from the North Atlantic).

The overall water temperature trends show that cooling was more pronounced in surface
waters than in deep waters, leading to a significant decrease in the relative offset between the
two proxies (Fig. 3b). Cores COR0602-36PC and COR0503-36PC show a general decrease
in AT during the early Holocene. In core COR0602-36PC AT decreases from up to 19 °C at
9.4 cal ka BP to 9 °C at 7.0 cal ka BP. After cooling of surface temperatures at ~7.0 cal ka
BP, AT generally does not exceed 10 °C and gradually decreases towards the present. This
indicates enhanced warming of bottom waters relative to surface waters. Similarly, in core
CORO0503-36PC AT decreases from around 14 °C to 2 °C throughout the record. We do not
observe a decreasing AT in COR0602-42PC due to the resulting basal age of 8.2 cal ka BP.
However, we note that the lowermost samples record contrasting trends in Ug%’ and TEX]§6—

derived water temperatures and AT, which may continue in deeper sediments.

By analogy with recent observations (Galbraith et al., 2024), the downcore AT trends sug-
gest that the St. Lawrence system is mainly influenced by the Labrador Current in the early
Holocene due to a larger offset between surface and bottom water temperatures. The de-

creasing offset around 8.0 to 7.0 cal ka BP indicates that the North Atlantic Central Waters,
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carried by the Gulf Stream, may have increasingly contributed to the bottom waters of the
St. Lawrence system, bringing warmer bottom waters into the system and muting the deep
water cooling relative to surface water cooling. This observation agrees with data from Thi-
bodeau et al. (2013) that show lower benthic foraminiferal §'80 values at 6.0-4.0 cal ka
BP in the Esquiman Channel, which are not observed in the Laurentian Channel (Wu et al.,
2023). This evidence suggests that the bottom waters in the Esquiman Channel were warmer
during that time period, explained by a larger proportion of North Atlantic Central Waters
entering the system. Also, a study at Hamilton Bank on the Labrador Shelf, based on pollen
assemblages, shows that the Labrador Current was deflected eastwards at 6.0 ka BP. This
led to warmer waters from the North Atlantic penetrating the continental shelf to southern
Newfoundland (Fillon, 1976). This hypothesis has been supported by foraminiferal assem-
blages on the Scotian Shelf (Vilks and Rashid, 1976), which suggest that the deflection of
the Labrador Current offshore was driven through lower sea level leading to an input of more
brackish waters. Also, Rashid et al. (2017) inferred an intensification of the Labrador Current
from 9.2 to 5.0 cal ka BP based on increasing mean sortable silt size, with maximum current
speed between 5.0 and 3.1 cal ka BP. The strength of the Labrador Current over the Labrador
Shelf is anti-correlated with that west of the Grand Banks. That means that an intensification
of the Labrador Current over the shelf should lead to a weaker inflow of these waters into the
St. Lawrence system during that time (Han et al., 2014; Jutras et al., 2023a; Gongalves Neto
et al., 2023).

However, the hypothesis that more North Atlantic Central Waters are entering the
St. Lawrence system at around 8.0 to 7.5 cal ka BP contradicts proxy interpretations in previ-
ous studies (Balsam and Heusser, 1976; Balsam, 1981; Rahman and de Vernal, 1994; Levac,
2001; Sachs, 2007; Rashid et al., 2017). Sachs (2007) argues that the U3K7 -derived SST cool-
ing on the Virginia slope, the Scotian margin and the Laurentian Fan (Fig. 61) is too high to
be solely driven by insolation and suggests that an increase in convection in the Labrador Sea
and a shift of the Gulf Stream towards the equator could have exacerbated this Holocene cool-

ing. Rahman and de Vernal (1994) suggest, based on nannofossil assemblages, that at 10.7 ka
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BP, the warm waters of the North Atlantic predominantly influenced the southern Labrador
Sea, and that the Labrador Current intensified after 9.0 ka BP, becoming fully developed by
8.4 ka BP. SST reconstructions based on a transfer function using foraminifera off the coast
of Chesapeake Bay show an abrupt temperature rise of around 10 °C, which led to the onset
of interglacial conditions around 12.0 ka BP (Balsam and Heusser, 1976). They explain this
temperature increase through a northward movement of the Gulf Stream around this time with
a maximum influence around 8.0 ka BP. Based on the analysis of planktonic foraminifera as-
semblages, Balsam (1981) suggests that maximum SSTs occurred between 8.0 and 6.0 cal ka
BP in the North Atlantic after Gulf Stream waters increasingly entered slope waters. Gradual
cooling began at 6.0 cal ka BP, which was explained through the decreasing influx of Gulf
Stream waters into the slope waters. The §'80 values of N. pachyderma on the Laurentian
Fan (Fig. 6¢; Keigwin et al., 2005) and of B. marginata in the St. Lawrence Estuary (Fig.
6f; Wu et al., 2023) show similar trends to our bottom water temperatures, not indicating past

hypoxia in the Laurentian Channel.

While our data (decreasing AT) agree with the results of Fillon (1976) and Vilks and Rashid
(1976), i.e., increased Gulf Stream waters entering the St. Lawrence system around 6.0 cal ka
BP, our absolute U3K7 -derived SSTs and the TEXg¢s-derived bottom water temperature trends
can individually also be explained by the same mechanism as inferred by Sachs (2007) and
Rahman and de Vernal (1994), i.e., warmer SSTs and bottom waters until around 8.0-7.0 cal
ka BP due to a northward shift and thus a greater influence of the North Atlantic Central Wa-
ters, and then a gradual cooling because of the strengthening of the Labrador Current (Balsam
and Heusser, 1976; Balsam, 1981; Rahman and de Vernal, 1994). In this scenario, general
water temperatures, would be decreasing from 7.5 cal ka BP through the strengthening of the
Labrador Current, and the decreasing AT must result from different processes. During the
deglacial and early Holocene, the decay of the Laurentide Ice Sheet and sea level changes
significantly impacted regional hydrology and AMOC circulation, which could have led to
ecological shifts in the St. Lawrence Isochrysidales and Thaumarchaeota populations. This

will be further discussed in the following section.
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6.3.2 Potential ecological effects controlled by freshwater and sea level dynamics

The decay of the Laurentide Ice Sheet in response to the high boreal summer insolation
(Berger and Loutre, 1991) during the early Holocene, led to meltwater drainage via the
St. Lawrence system starting ~10.8 ka BP (Teller, 2013; Fisher, 2020; Dyke, 2004) and even-
tually catastrophic drainage of Lakes Agassiz and Ojibway at 8.2 cal ka BP (Barber et al.,
1999; Carlson et al., 2008). 880 values of the planktonic foraminifera Neogloboquadrina
pachyderma from the Laurentian Fan show a substantial decrease to values around 1%o at
~8.2 cal ka BP resulting from the inflow of meltwater (Fig. 6¢; Keigwin et al., 2005). Conse-
quently, the freshwater release affected sea level (due to glacio-isostatic rebound), hydrology
and sediment dynamics in the St. Lawrence system (Casse et al., 2017; Leydet et al., 2018)
as well as the Labrador Sea, which was fed via the Hudson Strait meltwater conduit. Stud-
ies have shown freshening of surface waters in the Labrador Sea, which decreased Labrador
Sea Water formation and reduced the strength of the AMOC (Hillaire-Marcel et al., 2001b;
Solignac et al., 2004; Hoogakker et al., 2015). The input of meltwater to the system made
the environment more brackish; Wu et al. (2023) reconstructed salinity based on dinocyst
assemblages in core COR0602-42PC and showed that salinity was lowest around 8.0 to 7.0
cal ka BP and subsequently increased until ~2.0 cal ka BP. This change in salinity may have

affected the microbial communities.

The three main phylogenetic groups of alkenone producers inhabit different salinity condi-
tions and can have different alkenone signatures and U§7 -SST relationships (Zheng et al.,
2019). In culture, Chivall et al. (2014) observed higher C37.4 concentrations in group II
species when grown at higher salinities (with a concomitant minor decrease in U3K7 values),
whereas no clear correlation of Cs7.4 with temperature or salinity could be observed in ma-
rine core-top sediments, which are likely dominated by group III Isochrysidales (Sikes and
Sicre, 2002). Larger haptophyte community changes between group II and III Isochrysidales
in response to changes in salinity have been observed elsewhere during the Holocene. In

the Baltic Sea, Warden et al. (2016) demonstrated a shift in haptophyte community com-
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Figure 7 — A) Alkenone-derived SSTs and TEXI§6—derived water temperatures in cores
COR0602-36PC, COR0602-42PC and COR0503-36PC. The alkenone SSTs represent a com-
posite of SSTs calibrated using UX, for samples with C37.4/C37.3<1.5 and UX, for samples
with C37.4/C37.3>1.5 The bold line represents the 3-point moving average. The grey axis
indicates glaciomarine sediments, where the age model is not well constrained. B) Abso-
lute temperature difference (AT) between the composite alkenone SSTs and TEXI§6—derived
water temperatures in cores COR0602-36PC, COR0602-42PC, COR0503- 36PC. The bold
line represents the 3-point moving average. The grey axis indicates glaciomarine sediments,
where the age model is not well constrained.
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position between its freshwater lake phase (high abundance of Cs7.4) and brackish phase,
which influenced U3K7 Likewise, Coolen et al. (2009) observed a species effect on U3K7 in
the Black Sea due to changes in salinity. Isochrysis spp. dominated during brackish con-
ditions (sapropel deposition) from around 7.5 to 5.3 cal ka BP, characterized by low con-
centrations of C37.3 alkenones and unreliable SST shifts (ranging from 5 °C to 30 °C). Sub-
sequently, Gephyrocapsa huxleyi became the dominant alkenone producer, which resulted in
more stable and consistent SSTs. The coastal setting and meltwater dynamics during the early
Holocene may have led to similar community changes in our sediment records. Zheng et al.
(2016) proposed the U3K7 calibration for lacustrine and estuarine settings, that excludes C37.»
alkenones. They suggested that the SST relationship in group II haptophytes such as Rut-
tnera lamellosa and Isochrysis galbana is stronger for C37.4 and C37.3. To test the potential
influence of meltwater-driven community changes on our SST reconstruction, we calculated
Ug(;—temperatures as well as the ratio of C37.4 to C37.3 alkenones (Fig. S5a). The resulting
plots show that Cs7.4/C37.3>1.5 occur in cores COR0602-36PC and COR0503-36PC dur-
ing the time of major meltwater perturbation (Fig. S5a) and the corresponding Ug—derived
SSTs are substantially lower than U3K7’-temperatures (Fig. S5b). We, thus, infer a change
in haptophyte community composition during those intervals, but acknowledge that further
analyses should be carried out to support this hypothesis, e.g., through the sequencing of

ancient sedimentary DNA.

Based on our hypothesis, we reconstructed a composite alkenone SST record using the U3K7”
calibration for samples with C37.4/C37.3 > 1.5 and UI3<7 for samples with C37.4/C37.3 < 1.5 (Fig.
7). The composite SST record (Fig. 7a) for core COR0602-36PC has a greater temperature
variability at the base of the core with overall lower SSTs and lower AT between 9.0 to 7.5
cal ka BP. While AT based only on U3K7 fluctuates between 10 °C and 17 °C (Fig. 3b), the AT
based on the composite SST records, fluctuate from 3 °C to 13 °C (Fig. 7b). At 8.4 cal ka BP,
we observe a distinct SST minimum (7.3 °C), which might correspond to the meltwater pulse
recorded in 8§80 values by Keigwin et al. (2005) and de Vernal and Hillaire-Marcel (2006).

AT further decreases until 7.4 cal ka BP, but returns to pre-meltwater values exceeding 10 °C
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around 7.0 cal ka BP. This shift in AT to higher values may correspond to a period of recovery
following the meltwater pulse (re-establishment of circulation). This also results in a smaller
offset between surface and bottom water temperatures, leading to a more stable AT over time
(Fig. 7b). However, despite the reduction in the AT from around 8.5 to 7.5 cal ka BP, the
AT still exceeds 10 °C from 9.4 to 8.6 cal ka BP, which is comparable to the AT from 7.0
to 5.0 cal ka BP. In the Cabot Strait core COR0503-36PC, only the three lowermost samples
are characterized by C37.4/C37.3>1.5 (Fig. S5a) and the composite SST record results in a
smaller offset between surface and bottom waters from 10.1 to 9.7 cal ka BP (AT ~6 °C, Fig.
7b instead of AT ~11 °C, Fig. 3b). Despite the changes in AT resulting from the composite
alkenone SST records, AT in both cores COR0602-36PC and COR0503-36PC is still larger
prior to 4.0 cal ka BP than after 4.0 cal ka BP, indicating warming of bottom waters relative
to surface waters. Based on the analogy with recent observations (Galbraith et al., 2024), our
composite alkenone SST-based AT record would be best explained by a change in circulation
dynamics, 1.e., an increasing but more transient contribution of Gulf Stream waters after 7.0
cal ka BP or changes in the properties of the Gulf Stream waters. The spatial variations of
alkenone temperatures are also surprising. A surface temperature decreasing trend can be
observed along the system, which is the opposite to current temperatures, that are increasing
towards the Gulf (Galbraith et al., 2024), which is determined by the estuarine circulation
in this system (Saucier et al., 2003; Gilbert, 2004). This variation could also be biased by
haptophyte community composition, which might have a higher proportion of lacustrine and

brackish species in the estuary.

Analogous to alkenones, brackish conditions might have also impacted the thaumarchaeal
community and/or physiology (Polik et al., 2018) and, thus, TEXgs. For example, the input
of meltwater could have disrupted the nutrient regime in the St. Lawrence system. Rattanas-
riampaipong et al. (2025) showed that nitrate concentrations are negatively correlated with
TEXge temperatures, resulting in elevated TEXgg. In the absence of proxies that allow re-
constructing past nitrate or ammonium concentrations, we can only infer potential changes in

nutrient dynamics through terrestrial input. The BIT index values in core COR0602-36PC do
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not indicate substantial changes in terrestrial/soil organic matter supply during the Holocene.
However, BIT index values can be biased by changes in sea level, i.e., a shift in the proximity
of the runoff source relative to the core location. At 10.0 cal ka BP, the sea-level was 120 m
higher in the lower estuary (Fig. 6b) and 20 m lower in the gulf due to glacio-isostatic rebound
(Clark et al., 1978; Shaw et al., 2002; Casse et al., 2017). In theory, this sea level shift should
have led to an increased supply of terrestrial organic matter and nutrients due to the decreas-
ing distance to the input source and thus, if any, we would expect a bias towards lower TEXg¢
values/water temperatures (Rattanasriampaipong et al., 2025). While we consider runoft-
controlled nutrient effects unlikely, the meltwater dynamics and changes in sea level could
have impacted the habitat depth of the thaumarchaeal community and altered the export depth
of the TEXg¢ signal over if water column stratification or nitracline depth changed. However,
the effect on our TEXgg records are difficult to test in the absence of independent data con-
straining stratification and nitracline depth. We argue that the good agreement in absolute
TEXge-derived water temperature between all three core locations indicates little to no biases
though sea level change and, if any, only brief changes during meltwater pulses. Since our
early Holocene AT values do not imply changes in water mass composition beyond the state
observed after 4.0 cal ka BP, we also do not expect an influence of oxygen concentrations in
the bottom waters on TEXgg values either (Guo et al., 2021; Qin et al., 2015). This is also

consistent with the benthic foraminiferal data reported by Wu et al. (2023).

Overall, our data indicate that U3K7’-derived SSTs may be biased by haptophyte commu-
nity change due to more brackish conditions imposed by meltwater input (Marshall et al.,
2021a,b), but we find no evidence for ecological effects on the thaumarchaeal community

and TEX36 .
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7 SUMMARY & CONCLUSION

In this study we reconstruct surface and bottom water temperatures in three sediment cores of
the St. Lawrence Estuary and Gulf of St. Lawrence using U§7 and TEXgg. Our data show a
general cooling trend of around 7-10 °C for Ug -derived SSTs throughout the Holocene and
an insolation-driven warming for TEXgg¢-derived bottom waters in the early Holocene, fol-
lowed by a cooling starting of around 6-8 °C around 7.5 cal ka BP until today. Based on the
trend recorded in instrumental data, we use the relative temperature offset between surface
and bottom waters, AT, as a proxy to trace changes in circulation dynamics/bottom water
sourcing. AT decreases substantially from 10.0 to 7.0 cal ka BP, which seems to suggest a
change in circulation dynamics, i.e., an increasing contribution of Gulf Stream waters enter-
ing the St. Lawrence system. After 4.0 cal ka BP, AT remains relatively stable, suggesting
only minor changes in the proportions of Gulf Stream and Labrador Current waters enter-
ing the system. Since this observation contradicts previous studies and given the large SST
change recorded by U§<7’, we inspected the alkenone and GDGT lipid composition in more de-
tail to identify potential ecological biases. While no substantial biases can be identified in the
GDGT record, high proportions of C37.4 alkenones between 10.0 and 7.0 cal ka BP indicate
a shift in the haptophyte community towards species adapted to brackish conditions. We cor-
rected for this potential bias using the U3K7 for SST calibration in the respective intervals and
obtained a composite SST record. The temperature offset between surface and bottom waters,
AT, resulting from the composite SST record is lower during the early to middle Holocene
compared to the initial AT curve based on U3K7 only. Although the new AT record indicates
more transient changes over time, AT is still higher during the early Holocene than the late
Holocene, with a notable change occurring only in response to the meltwater event. AT val-
ues similar to early instrumental observations are established after 4.0 cal ka BP. The rather
stable AT values since 4.0 cal ka BP imply that bottom water sourcing has been relatively sta-
ble since, which suggests the dominance of Gulf Stream waters at present is unprecedented

over the Holocene. Thus, we assume that the current circulation changes and their control
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on hypoxia may also be unprecedented over the Holocene. However, additional data tracing
redox conditions, such as benthic foramiferal assemblages, trace metals as paleoredox prox-
ies and redox-sensitive biomarkers should be obtained in this system to directly investigate
past hypoxic conditions. Moreover, further research is needed to investigate changes in the
haptophyte community composition over time. Paleogenomics could confirm that the high
proportions of C37.4 indeed stem from species adapted to brackish conditions and help assess

how these impact the alkenone signatures in our sediment cores.



CONCLUSION GENERALE

L’étude réalisée dans le cadre de ce mémoire a permis de reconstituer les températures de
surface et des eaux profondes dans I’estuaire et le golfe du Saint-Laurent, afin de mieux
comprendre 1’évolution de la circulation au cours de I’Holocene. Trois carottes sédimentaires
prélevées le long du chenal laurentien ont été analysées a 1’aide de biomarqueurs lipidiques
jamais utilisés auparavant dans cette région : les traceurs U3K7 pour les eaux de surface et

TEXgg pour les eaux profondes. Cette étude repose sur deux hypotheses principales.

Notre premicre hypothese est que les changements de température dus a I’insolation peuvent
étre distingués des changements de circulation dans les eaux profondes du Saint-Laurent, en
observant I’écart de température relatif entre la surface et les eaux profondes (AT). Bien qu’il
y ait un réchauffement de 3.2 °C dans les températures des eaux profondes entre 1930 et 2024
contre 1.5 °C dans les eaux de surface (Galbraith et al., 2024), la variabilité interannuelle est
trop importante pour pouvoir distinguer clairement un réchauffement plus significatif dans
les eaux profondes, conduisant a un écart relativement stable entre la surface et le fond (AT).
Cependant, en tenant compte de la tendance des eaux de fond du Labrador a se refroidir
depuis environ 1000 ans, on s’attendrait a une augmentation du AT si ce courant entrait en
plus grande quantité, et a une diminution du AT avec la tendance des eaux du Gulf Stream a se
réchauffer (Lund et al., 2006; Lochte et al., 2020). Nos données montrent un refroidissement
important de 7 a 10 °C pour les températures de surface tout au long de I’Holocene, ainsi
qu’un refroidissement de 6 a 8 °C pour les eaux profondes entre 7,5 ka BP et aujourd’hui. AT
diminue considérablement entre 10,0 et 7,0 cal ka BP, ce qui semble indiquer un changement
dans la dynamique de circulation, avec une contribution croissante des eaux du Gulf Stream
entrant dans le systeme du Saint-Laurent. Les eaux profondes ne se sont pas autant refroidies
que les eaux de surface, ce qui pourrait s’expliquer par un approvisionnement accru d’eaux
plus chaudes dans les eaux de fonds provenant du Gulf Stream. Apres 4,0 cal ka BP, AT reste

relativement stable, ce qui suggere seulement de 1égers changements dans les proportions des
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eaux du Gulf Stream et du courant du Labrador entrant dans le systéme.

Cette conclusion contredit certaines études, ce qui pourrait soulever des biais dans les biomar-
queurs utilisés. Nous avons donc analysé plus en détail la composition lipidique des alcénones
et des GDGTs afin d’identifier d’éventuels biais écologiques. Bien qu’aucun biais substantiel
ne puisse €tre identifié dans les GDGTs, des proportions élevées d’alcénones C37 .4 entre 10,0
et 7,0 cal ka BP pourraient indiquer un changement dans la communauté d’Isochrysidales.
Ce changement de communauté pourrait s’expliquer par I’événement de fonte de glaces a 8,2
cal ka BP, qui aurait rendu les conditions dans le Saint-Laurent plus saumatres. Pour confir-
mer ce changement de communauté, des analyses de paléogénomique sont en cours afin de
vérifier si les proportions élevées de C37.4 proviennent effectivement d’especes adaptées a
ces conditions. Nous avons ainsi corrigé ce biais potentiel pour les intervalles respectifs en
utilisant la calibration Ug%”, proposé par Zheng et al. (2016) pour des conditions saumatres.
Bien que la surestimation des températures de surface par I’indice U§<7 puisse influencer les
résultats de cette étude, I’utilisation de UI3<7 indique une diminution des températures en rai-
son de I’apport d’eau de fonte, sans remettre en cause notre conclusion. Une proportion du
courant du Labrador plus importante serait donc entrée dans le systeme entre 10,0 et 7,0 cal
ka BP. Un approvisionnement plus important par le Gulf Stream aurait commencé vers de
7,0 cal ka BP. A cause de la constance du AT on considere que ce changement de circulation
n’aurait toutefois pas entrainé de période hypoxique. Mais ceci ne peut pas étre enticrement

exclu sur la base des données de température de notre premiere hypothese.

Dans le contexte de désoxygénation, notre deuxieéme hypothese est que des changements
de circulation devraient pouvoir étre li€s a des épisodes passés d’hypoxie. La collaboration
avec Daphnée Laliberté, qui reconstruit les conditions redox dans les mémes échantillons
sédimentaires grace a des biomarqueurs lipidiques et des isotopes ne donnent aucun signe
d’une période hypoxique persistante dans le passé. Cela renforce donc notre conclusion selon
laquelle les changements de circulation qui se sont produits a I’Holoceéne moyen et supérieur

n’ont pas été aussi importants.
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FIGURE S1 — Core COR0602-36PC calibrated with the Marine20 calibration with bayesian
model made with rbacon (Blaauw and Christen, 2011), based on six '*C ages (Barletta et al.,
2010) and one paleomagnetic tie point (Casse et al., 2017), with a AR of 25 £ 72 years based
on Wu et al. (2023). Different sedimentation rate changes (0.1-0.5 cm yr‘l) were overlain at
480 cm, 500 cm and 520 cm.
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FIGURE S2 — Core COR0602-36PC calibrated with the Marine20 calibration with bayesian
model made with rbacon (Blaauw and Christen, 2011), based on six l4c ages (Barletta et al.,
2010) and an age from Casse et al. (2017), with a AR of 25 £ 72 years based on Wu et al.
(2023). A sedimentation rate change from 0.2 cm yr! to 0.05 cm yr! was defined at 520 cm.
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FIGURE S3 — Core COR0602-42PC calibrated with the Marine20 calibration with bayesian
model made with rbacon (Blaauw and Christen, 2011), based on nine l4c ages (Barletta et al.,
2010; Wu et al., 2023), with a AR of 25 £ 72 years based on Wu et al. (2023).
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FIGURE S4 — Core COR0503-36PC calibrated with the Marine20 calibration with bayesian
model made with rbacon (Blaauw and Christen, 2011), based on six l4c ages (Barletta et al.,
2010), with a AR of 25 + 72 years based on Wu et al. (2023).
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DISCUSSION - COMPOSITE CALIBRATION FOR ALKENONES
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FIGURE S5 — A) Ratio of C37 .4-alkenones over Cj7 .3-alkenones. Threshold set at 1.5. The
grey axis indicates glaciomarine sediments, where the age model is not well constrained.
B) Comparison between U, (Miiller et al., 1998) and UX, (Zheng et al., 2016). The bold
line represents the 3-point moving average. The grey axis indicates glaciomarine sediments,
where the age model is not well constrained.
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