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RESUME

La composition minéralogique (fractions brute et argileuse) et géochimique, ainsi que
les assemblages de kystes de dinoflagellés (dinokystes) ont été étudiés afin de reconstituer
les apports détritiques et d’estimer les conditions des masses d’eau de surface liés a la
variabilité hydroclimatique de I'Holocene récent au cours des derniers 2000 ans. Dans ce
contexte, une carotte a boite et une a gravité ont été prélevées sur le talus du Mackenzie (mer
de Beaufort, Arctique canadien) et combinées en une séquence composite (AMD0214-03:
03CS).

Quatre principales zones géochimiques et de dinokystes ont été déterminées sur la base
d'une analyse de regroupement hiérarchique: La Zone I (2700 — 2000 cal yr BP) montre une
granulométrie et des valeurs de I’ensemble des éléments géochimiques relativement
constantes. Cette zone est dominée par des espéces autotrophes (kyste de Pentapharsodinium
dalei et Operculodinium centrocarpum), de palynomorphes d’eau douce et pré-quaternaires.
Les valeurs elevées de flux de dinokystes et de réseaux organiques de foraminiferes suggeérent
des productivités primaires et benthiques élevées, alors que les palynomorphes d’eau douce
et pré-quaternaires suggeérent des apports importants d’eau douce en provenance du fleuve
Mackenzie. Les rapports minéralogiques élevés de illite/K-feldspath+plagioclase (I/Fsp) et
bas de smectite+vermiculite/illite (S+V/1) suggeérent une provenance de sédiments du nord
du bassin du fleuve Mackenzie en raison de fortes précipitations septentrionales, ce qui
correspond a une configuration négative de I’oscillation décennale du Pacifique (ODP-) et a
une faible dépression des Aléoutienne-ouest. La ODP- ainsi que la configuration positive de
I’oscillation arctique (OA+; affaiblissement du gyre de Beaufort) au cours de cette période
suggerent également une augmentation des apports d’eau du Pacifique Nord (riche en
nutriments); La Zone Il (2000 — 200 cal yr BP) montre une diminution du taux de
sédimentation (de 53 a 23 cm/ka), du flux des dinokystes ainsi que de I’ensemble des
palynomorphes, ce qui suggere des conditions climatiques plus séches en lien avec une
diminution de la décharge du fleuve Mackenzie, ainsi qu’une productivité primaire diminuée.
Les rapports I/Fsp et S+V/I indiquent une augmentation progressive des feldspaths et des
smectites-vermiculites (minéraux caractéristiques du sud du bassin du fleuve Mackenzie).
De plus, cette zone montre une diminution graduelle des especes autotrophes vers la
dominance des hétérotrophes qui devient plus marquée (productivité primaire possiblement
dominée par des diatomées) dans une période qui correspond au debut de I’Optimum
climatique médiéval (OCM: ~ AD 800 — 1525) jusqu’a la fin du Petit &ge glaciaire (PAG : ~
AD 1525 — 1865). L’OCM et le PAG sont marqués par I’augmentation de I’abondance
relative de Spiniferites elongatus/frigidus (conditions relativement plus douces) et
d’Islandinium minutum s.l. (conditions relativement plus froides), respectivement. Ces
résultats sont en accord avec un signal plus faible de I’OA (gyre de Beaufort renforcé) et d’un
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changement d’une phase ODP- (faible dépression des Aléoutiennes-ouest) a une phase
ODP+ (forte depression des Aléoutiennes-est) qui correspond a une diminution des
précipitations au nord du Pacifique. Par contre, la Zone 111 (AD 1800 — 1950) montre une
augmentation du Ts (jusqu’a 167 cm/ka), de certains rapports élementaires (ex., Al/Ca, As/Al
et Fe/Al) et minéralogiques (Argiles/Dol, 1/Fsp et illite/kaolinite+chlorite) et une diminution
du rapport S+V/I, ce qui indique une forte augmentation des apports sedimentaires du bassin
nord du fleuve Mackenzie par rapport au bassin sud. Cependant, les valeurs relativement
élevées en smectite et vermiculite (S+V/1) a la base de cette zone indiquent aussi une certaine
contribution du bassin sud. Ceci est probablement contrélé par une configuration ODP+
(forte dépression des Aléoutiennes-est), ce qui implique un transport d’humidité plus
important vers le nord-ouest du continent nord-américain et & une augmentation des
précipitations au sud du bassin du fleuve Mackenzie. Cette augmentation d’apport d’eau
douce est également marquée par I’augmentation des flux de palynomorphes d’eau douce et
pré-quaternaires. On y observe la co-dominance de taxons autotrophes et hétérotrophes.
Finalement, la Zone IV (AD 1950 — moderne) est caractérisée par un taux de sédimentation
élevé (143 cm/ka) et une augmentation de la taille des grains (2,7 a 4,1um). Les espéeces
autotrophes (Operculodinium centrocarpum et kyste de Pentapharsodinium dalei) et les
conditions oxiques (augmentation de Fe-oxides) dominent.

Les variations dans I’intensité des apports sédimentaires et d’eau douce du fleuve
Mackenzie, ainsi que I’arrivée de masses d’eau en provenance du Pacifique sur le talus du
Mackenzie, sont probablement dues au changement des modes de variabilité climatique du
Pacifique. Ceci est semblable aux meécanismes actuels selon lesquels I’OA et I’ODP
contrélent la plupart des précipitations dans les bassins versants du fleuve Mackenzie et
I’advection des eaux du Pacifique vers I’océan Arctique.

Mots-clés: Holocene recent; secteur canadien de la mer de Beaufort; talus du
Mackenzie; Kystes de dinoflagellés; Minéralogie totale et des argiles; Géochimie
élémentaire; Oscillation décennale du Pacifique; Oscillation Arctique; Dépression des
Aléoutiennes.



ABSTRACT

Bulk and clay mineralogy and elemental geochemistry, together with dinoflagellate
cyst (dinocyst) assemblages, were investigated in order to reconstruct detrital inputs and to
estimate sea-surface conditions related to late Holocene ocean-climate variability over the
last 2000 years. In this context, a box core (BC) and a trigger weight core (TWC) were
recovered from the Mackenzie Slope (Beaufort Sea, Canadian Arctic) and combined into a
composite sequence (AMDO0214-03: 03CS).

Four main geochemical and dinocyst zones were determined based on constrained
cluster analysis: Zone 1 (2700 — 2000 cal yr BP) reveals relatively constant values in grain
size and all geochemical elements. This zone is dominated by autotrophic taxa (cyst of
Pentapharsodinium dalei and Operculodinium centrocarpum), by freshwater and pre-
Quaternary palynomorphs. High dinocyst and foraminifer organic lining influxes suggest
important primary and benthic productivities, whereas freshwater and pre-Quaternary
palynomorphs suggest important freshwater inputs from the Mackenzie River. The high
illite/K-feldspar+plagioclase (I/Fsp) and smectite/vermiculite/illite (S+V/1) mineralogical
ratios suggest northern Mackenzie Basin sediment sources due to strong northern
precipitations, corresponding to a negative phase of the Pacific Decadal Oscillation (PDO-).
A PDO- and a positive phase of the Arctic Oscillation (AO+; weak Beaufort Gyre) during
this period also suggest an increase in North Pacific nutrient-rich waters; Zone 11 (2000 —
200 cal yr BP) shows a decrease of the sedimentation rate (from 53 to 23 cm/ka), dinocysts
and all palynomorph influxes, suggesting drier weather conditions associated with a decrease
in the Mackenzie River discharge, together with a reduced primary productivity. The
mineralogical ratios I/Fsp and S+V/I show a gradual increase in the input of feldspars and
smectite-vermiculite, which are characteristic minerals from the southern Mackenzie basin.
Moreover, this zone shows a gradual decrease of autotrophic species in favor of heterotrophic
taxa, which intensified (primary productivity possibly dominated by diatoms) in a period
coinciding with the beginning of the Medieval Warm Period (MWP: ~ AD 800 — 1525) and
the end of the Little Ice Age (LIA: ~ AD 1525 — 1865). The MWP and the LIA are marked
by an increase in the relative abundances of Spiniferites elongatus/frigidus (relatively milder
conditions) and Islandinium minutum s.l. (relatively colder conditions), respectively. These
results agree with a weaker signal in AO (stronger Beaufort Gyre) and with changes from a
the PDO- state (weak west Aleutian Low) to a PDO+ state (strong east Aleutian Low) which
correspond with a gradual decrease in the amount of precipitation over the North Pacific.
However, Zone 111 (AD 1800 — 1950) displays a sharp increase in the sedimentation rate (up
to 167 cm/ka) and in certain elemental (e.g., Al/Ca, As/Al and Fe/Al), mineralogical (total
clays/dolomite, I/Fsp and illite/kaolinite+chlorite) ratios, and a decrease in the S+V/I ratio,
suggesting increasing detrital input from the northern basin of the Mackenzie River in
relation to the southern basin. However, the beginning of the zone is marked by relatively
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high values of smectite and vermiculite, which indicates some contribution from the southern
basin. This is probably controlled by a PDO+ phase (strong east Aleutian Low), which
induces more moisture to the northwestern North American continent and increased
precipitation in the southern part of the Mackenzie River basin. The increasing freshwater
input is concomitant with those of the freshwater and pre-Quaternary palynomorph influxes.
The co-dominance of autotrophic and heterotrophic taxa is also observed. Finally, Zone 1V
(AD 1950 — modern) is characterized by a high sedimentation rate (143 cm/ka) and increasing
grain size (2.7 to 4.1 um). Autotrophic taxa (Operculodinium centrocarpum and cyst of
Pentapharsodinium dalei) and oxic conditions (increase in Fe-oxides) dominate.

Sediment and freshwater input intensity variations from the Mackenzie River, as well
as the entry of Pacific water over the Mackenzie Slope, are likely due to changing patterns
of Pacific climate variability. This could be similar to the current mechanisms under which
the PDO and the AO control most precipitations in the Mackenzie River basins and the
Pacific water advection toward the Arctic Ocean.

Keywords: Late Holocene, Canadian Beaufort Sea; Mackenzie Slope; Dinoflagellate
cysts; Bulk and clay mineralogy; Geochemistry; Pacific Decadal Oscillation; Arctic
Oscillation; Aleutian Low.
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INTRODUCTION GENERALE

L’introduction générale de ce mémoire présente dans un premier temps la
problématique du projet de recherche et une revue de littérature sur les changements
environnementaux, les caractéristiques sédimentologiques et la composition palynologique
de la partie canadienne de la mer de Beaufort au cours de I’Holocéne récent. Dans un second
temps, les objectifs de recherche, I’approche méthodologique et un résumé des principaux

résultats obtenus sont exposes.

Contexte scientifigue et problématique

Le climat de la planéte est clairement en voie de changement. Depuis I’ere industrielle,
les activités humaines ont conduit a I’augmentation des concentrations de gaz a effet de serre,
ce qui entraine des perturbations du climat a I’échelle globale. Les prédictions des modeles
de simulation du climat montrent que le réchauffement climatique sera percu en premier dans
les régions subarctique et arctique (ex., Walsh et Crane, 1992; Cohen et al., 2014). Ce
réchauffement est ainsi plus intense et rapide en Arctique qu’aux basses latitudes di a la
transformation directe de I’énergie solaire en réchauffement atmosphérique, tandis qu’aux
basses latitudes il se produit plutét de I’évaporation (McBean et al., 2005; Serreze et Francis,
2006). En effet, I’ensemble des données climatiques de I’océan Arctique des derniéres
décennies a démontré une évolution rapide sous I’effet des changements globaux, ainsi
gu’une hétérogénéité spatiale de cet océan (McLaughlin et al., 2002), contrairement a la
stabilité qu’on lui attribuait auparavant (Treshnikov et al., 1977). De nos jours, la partie
centrale de I’océan Arctique est couverte de glaces permanentes, tandis qu’en périphérie les

cycles saisonniers permettent la formation et la fonte de la glace (Bourke et Garrett, 1987).

En geénéral, les données instrumentales des 30 dernieres années ont démontré une
réduction accélérée du couvert de glace en Arctique, ainsi qu'une diminution globale du
volume, de I'épaisseur et de I’étendue de la glace (Rothrock et al., 1999; Dumas et al., 2005;

Lindsay et Schweiger, 2015; Serreze et Meier, 2018) dues au réechauffement climatique. Une



diminution du couvert de glace entraine une augmentation de la lumiére dans la colonne
d’eau qui favorise le développement du phytoplancton, ce qui entraine également une
réduction des algues de glace comme nourriture pour les organismes benthiques et pélagiques
(Carmack et Macdonald, 2002). Une diminution de I’étendue du couvert de glace peut
également entrainer un mélange vertical de la colonne d’eau, et aussi peut accélérer I’érosion
cotiere, laquelle est déja affectée par la fonte du pergélisol (Carmack et Macdonald, 2002;

Manson et Solomon, 2007).

Cependant, pour mettre en perspective la diminution de I’étendue de la glace de mer en
Arctique (réduction de plus de 15 x 10% km? yr'! au cours des 30 derniéres années; Cavalieri
and Parkinson, 2012), il est nécessaire de connaitre son histoire dans le passé géologique
récent. Dans ce contexte, les enregistrements sédimentaires apparaissent essentiels pour
étudier la variabilité climatique et océanographique naturelle dans I’ouest de I’Arctique
canadien (mer de Beaufort), pour des périodes antérieures a celles des données historiques
(> 150 ans). En effet, de nombreux indicateurs minéralogiques, géochimiques et
micropaléontologiques préservés dans ces enregistrements sedimentaires peuvent donner des
informations sur cette variabilité au cours de I’Holocéne (derniers 10 000 ans), que I’on peut
comparer aux changements récents. L’Holocene est considéré comme une période
relativement stable (Dansgaard et al., 1993) méme si I’Optimum climatique médiéval (OCM;
~ AD 800 — 1525) et le Petit age glaciaire (PAG : ~ AD 1525 - 1865; Lamb, 1965; Robock,
1979; Bradley et Jonest, 1993; Crowley et Lowery, 2000; Podritske et Gajewski, 2007) font
partie des fluctuations climatiques qui le démarquent, mais sans avoir la méme ampleur que,

par exemple, le Dryas récent (~ 12 900 — 11 600 cal yr BP; Rasmussen et al., 2006).

Les régions marginales en Arctique formées par des vastes plateaux continentaux ont
un comportement similaire aux grands estuaires. Ce type d’écosysteme dans lequel les eaux
sont constituées d’un mélange d’eaux d’origine Atlantique, Pacifique, des fleuves et de la
fonte de la glace de mer est considére trés dynamique (Ekwurzel et al., 2001; Carmack and
Wassmann, 2006). En effet, la sedimentation sur la marge continentale canadienne de la mer

de Beaufort est a la fois influencée par le gyre de Beaufort et la dérive transpolaire (DTP;
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Darby et Bischof, 2004), ainsi que par une circulation profonde provenant des océans
Pacifique et Atlantique (Pickart, 2004). L’ensemble de cette circulation est influencé par la
décharge sédimentaire du fleuve Mackenzie (Gamboa et al., 2017) et par des variations
climatiques a court terme, telles que I’oscillation Arctique (OA), I’oscillation décennale du
Pacifique (ODP) et la dépression des Aléoutiennes (AL) (Darby et al., 2012; Durantou et al.,
2012; Brugler et al., 2014), et a long terme par la fonte des calottes glaciaires Laurentidienne
et Inuitienne (Bischof et al., 1996). L'OA contrdle le gyre de Beaufort et la dérive transpolaire
(DTP; Darby et Bischof, 2004) dans I’Arctique (Figure 1). Au cours de la phase négative de
I’OA, la DTP se déplace vers I’est et le gyre de Beaufort s’agrandit et se renforce, tandis que
pendant sa phase positive, la DTP se déplace vers I’ouest et le gyre de Beaufort est affaibli,
ce qui favorise la pénétration d’eaux du Pacifique Nord par le détroit de Beéring (ex.,
McLaughlin et al., 2002). Ainsi, la dynamique du gyre de Beaufort et de la DTP affectent la
sédimentation dans I'Arctique (ex., Darby et al., 2012). D'autre part, I’ODP est I'un des
principaux modes de variabilité climatique du Pacifique Nord et contrble la plupart des
précipitations dans les bassins des fleuves Mackenzie et Yukon (Cassano et Cassano, 2010)
ainsi que l'advection des eaux du Pacifique Nord vers I’Arctique par le détroit de Béring
(Danielson et al., 2011). Pendant la phase positive de la PDO, la température des eaux de
surface a tendance a étre anormalement fraiche dans le centre du Pacifique Nord et
anormalement chaude le long de la cOte ouest de I’Amérique du Nord. Cela favorise des
précipitations importantes dans les bassins des rivieres Mackenzie et Yukon (ex., Okkonen
et al. 2004; Pickart et al. 2009; Bringué et Rochon 2012; Durantou et al. 2012). Ces
conditions sont inversées pendant les phases de PDO négatives (MacDonald et Case, 2005).
Plusieurs études paléoclimatiques basées sur des enregistrements lacustres (Moon Lake et
Jellybean Lake) a I’ouest nord-américain suggerent un changement du signal de la PDO
(phase négative a une phase positive) vers 1000 cal yr BP (ex., Laird et al., 1998; Anderson
etal., 2005,2016; MacDonald and Case, 2005; Barron and Anderson, 2011; Bird et al., 2017).

Le fleuve Mackenzie est le troisieme fleuve en importance dans I’ Arctique, en termes de
débit d’eau douce (280 km®/yr + 25 %; Melling, 2000) et le plus important en termes de
charge sédimentaire (environ 127 Mt/an; Macdonald et al., 2004; O’Brien et al., 2006). Par



consequent, les taux de sédimentation élevés (~ 10 a 200 cm/ka; Barletta et al., 2008;
Durantou et al., 2012, Deschamps et al., 2018b) et les sédiments postglaciaires relativement
fins déposés dans la portion canadienne de la mer de Beaufort (Gamboa et al., 2017)
renferment des archives importantes pour la reconstitution des conditions climatiques et
océanographiques du passé récent et de la dynamique des sédiments a des échelles centennale

a milléniale.

De nombreux travaux utilisant les assemblages de kystes de dinoflagellés ont été réalisés
en mer de Beaufort afin de documenter la variabilité dans les conditions oceaniques de
surface au cours de I'Holocéne récent (ex., Richerol et al., 2008a,b; Bringué et Rochon, 2012;
Durantou et al., 2012). Les dinoflagellés sont des protistes de 10 a 100 um de longueur qui
vivent dans les milieux marins et en eau douce. Au cours de leur cycle de vie, lorsque les
conditions sont propices, certaines especes produisent des kystes (dinokystes) trés resistants
qui vont éventuellement se retrouver dans les sédiments et qui peuvent étre préservés durant
des millions d’années si les conditions le permettent. Contrairement aux organismes silicatés
et carbonatés, la dissolution n’affecte pas les dinokystes due a leur paroi résistante (polymere
aliphatique riche en liaisons C-O; Versteegh et al., 2012). Les assemblages de dinokystes
sont représentatifs des conditions marines dans lesquelles ils se développent et varient, en
composition et en abondance, avec les changements climatiques. Ces assemblages permettent
de reconstituer I'évolution des conditions océaniques de surface (température, salinité,
productivité et durée du couvert de glace; de Vernal et al.,, 2001). Des informations
supplémentaires sur les dinokystes comme indicateurs paléo-environnementaux se

retrouvent dans les sections 3.2.2 et 3.3 de ce mémoire.

Des études dans la mer de Beaufort (ouest de I'Arctique) ont montré que I'abondance des
dinokystes est relativement élevée en dehors du panache du fleuve Mackenzie et augmente
progressivement vers le golfe d’Amundsen (Richerol et al., 2008a). De plus, Richerol et al.
(2008b) suggerent une augmentation de la productivité au cours des dernieres 600 années
jusqu’a AD 1850. Durantou et al. (2012) suggerent une phase de décharge réduite (1858 —
1902), intermédiaire (1900 — 1976) et maximale pour le fleuve Mackenzie (1976 — 2004) au
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cours des 150 dernieres années sur la base d’assemblages de palynomorphes d’eau douce.
Bringué et Rochon (2012) enregistrent des refroidissements épisodiques entre 700 et 1820
AD, possiblement reliés a I’advection d’eau pacifique froide liée a une phase négative de la
PDO. De plus, les données sur les isotopes §™°Niowr d'Une séquence sédimentaire composite
prélevée sur le talus du Mackenzie montrent lI'influence des eaux du Pacifique dans la mer de
Beaufort entre 1300 et 4600 cal yr BP, probablement associée aux changements séculaires
de I’OA (Bringué et Rochon, 2012).

Les caractéristiques hydrologiques et la dynamique sédimentaire sur le plateau de la mer
de Beaufort sont influencées par le débit d'eau douce et I'apport de sédiments du fleuve
Mackenzie (Richerol et al., 2008a; Gamboa et al., 2017; Deschamps et al., 2018a). Le
panache du fleuve s’étend vers le large apportant un important volume d'eau douce, de
sédiments et de nutriments dans le secteur canadien de la mer de Beaufort (Carmack et
Macdonald, 2002). Les affluents du Mackenzie recueillent les eaux de ruissellement
provenant de différents bassins versants et les particules détritiques en suspension transportés
sont caractéristiques des zones drainées. En effet, la lithologie des bassins versants des
principaux tributaires du fleuve Mackenzie est composée d'un mélange de roches argileuses
et ignées contenant différents assemblages de minéraux et signatures géochimiques (Millot
et al., 2003; Dellinger et al., 2017; Gamboa et al., 2017). Par conséquent, les signatures
minéralogiques et géochimiques des particules détritiques transportées par le fleuve
Mackenzie peuvent donner des informations sur la provenance des sédiments dans le bassin
du fleuve Mackenzie et sur les variations hydrologiques qui affectent le nord-ouest de
I'Amérique du Nord (ex., Deschamps et al., 2018a). Cependant, malgré ces caractéristiques
sédimentaires, peu d’études sur le systéme océan-continent ont été réalisées sur le plateau et
le talus canadien de la mer de Beaufort afin d'expliquer les conditions paléo-

environnementales durant I'Holocéne récent.



Obijectifs de recherche et approche méthodologigue

L’objectif principal de ce projet de maitrise est de reconstituer et documenter la variabilité
hydrologique sur le talus du Mackenzie au cours de I’Holocéne récent (spécifiquement les
derniers 2000 ans), et son influence sur la dynamique sédimentaire. Pour ce faire, ce projet
de recherche s’appuie sur deux objectifs specifiques qui impliquent une approche utilisant
plusieurs traceurs: (1) estimer les changements a long terme des conditions des masses d’eau
de surface ainsi que la variabilité de la décharge du fleuve Mackenzie au cours de I’Holocene
récent en utilisant les assemblages de dinokystes et autres palynomorphes, et (2) reconstituer
les changements de sources dans les apports sédimentaires et la dynamique sédimentaire dans
la mer de Beaufort au cours de I’Holocéne récent a I’aide de la distribution granulométrique,

de la minéralogie (fractions totale et argileuse) et de la géochimie élémentaire des sediments.

Pour ce projet de recherche, une carotte a boite de 45 cm (AMD0214-03BC) et une carotte
a gravité de 172 cm (AMDO0214-03TWC) ont été prélevées sur le talus du plateau du
Mackenzie, au sud-ouest de la mer de Beaufort (Figure 1). Les carottes sédimentaires ont été
prélevées a I’été 2014 lors de la mission ArcticNet a bord du brise-glace de la Garde cétiére

canadienne NGCC Amundsen (Leg 2a; Montero-Serrano et al., 2014).

La chronologie a été estimée a partir de mesures de 2°Pb sur la carotte a boite (BC)
(premiers 20 cm). La datation au 2'°Pb a été effectuée au centre de recherche GEOTOP
(Montréal, Canada). Le modéle a taux d'approvisionnement constant (modéle CRS; Appleby
et Oldfieldz, 1983; Ruiz-Fernandez et Hillaire-Marcel, 2009) a été utilisé pour calculer le
taux de sedimentation (Figure 2). Pour la carotte a gravité (TWC), la chronologie a été
estimeée sur la corrélation des propriétés physiques (a*) et paleomagnétiques (inclination et
déclinaison) avec une carotte a piston voisine bien datée (Deschamps et al., 2018b). Les
carottes BC et TWC ont été combinées en une séquence composite (appelée 03CS) afin
d’obtenir une séquence sédimentaire complete couvrant les 2000 derniéres années. Une
approche bayeésienne, en utilisant le logiciel BACON, a été utilisée pour créer un modeéle

chronostratigraphique de la séquence composite (Blaauw and Christen, 2011).
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Sommaire des principaux résultats

Quatre zones principales de distribution d’éléments chimiques et de dinokystes ont été
déterminées sur la base d'une analyse de regroupement hiérarchique de I’abondance relative
des données des éléments majeurs et des dinokystes, utilisant les applications ““cluster”
(Maechler et al., 2018), “rioja” (Juggins, 2019) et la méthode de regroupement “Ward”
(Ward, 1963) sous le logiciel R.

La Zone | (2700 — 2000 cal yr BP) montre une granulométrie et des valeurs de
I’ensemble des éléments géochimiques relativement constantes. Cette zone est dominée par
des espéces autotrophes (kyste de Pentapharsodinium dalei et Operculodinium
centrocarpum), et des palynomorphes d’eau douce et pré-quaternaires. Les valeurs élevees
de flux de dinokystes et de réseaux organiques de foraminiferes suggerent des productivités
primaires et benthiques élevées, alors que les palynomorphes d’eau douce et pré-quaternaires
suggerent des apports importants d’eau douce et de sédiments en provenance du fleuve
Mackenzie. Les rapports minéralogiques élevés d’illite/K-feldspath+plagioclase (I/Fsp) et
faible de smectite+vermiculite/illite (S+V/1) suggerent une provenance de sédiments du nord
du bassin du fleuve Mackenzie probablement liée a de fortes précipitations septentrionales
induites par une configuration ODP- et a une faible dépression des Aléoutiennes-ouest.
L’ODP- ainsi que I’OA+ (indicatif d’un affaiblissement du gyre de Beaufort; Darby et al.,
2012) au cours de cette période suggerent également une augmentation des apports d’eaux

du Pacifique Nord (riches en nutriments).

La Zone 11 (2000 — 200 cal yr BP) montre une diminution du taux de sédimentation
(de 53 a 23 cm/ka) et de I’ensemble des palynomorphes, ce qui suggére des conditions
climatiques plus seches en lien avec une diminution de la décharge du fleuve Mackenzie,
ainsi qu’une productivité primaire réduite. Les rapports I/Fsp et S+V/I indiquent une
augmentation progressive des feldspaths et des smectites-vermiculites (minéraux

caractéristiques du sud du bassin du fleuve Mackenzie). De plus, cette zone montre une



diminution graduelle des espéces autotrophes vers la dominance des hétérotrophes qui
devient plus marquée (productivité primaire possiblement dominée par des diatomées) dans
une période qui s’étend du debut de I’OCM (~ AD 800 — 1525) jusqu’a la fin du PAG (~ AD
1525 — 1865). L’OCM et le PAG sont marqués par I’augmentation de I’abondance relative
de Spiniferites elongatus/frigidus (condition plus douces) et d’Islandinium minutum s.l.
(conditions plus froides), respectivement. Ces résultats sont en accord avec un signal plus
faible de I’OA (indicatif d’un gyre de Beaufort renforce) et du passage d’une phase ODP-
(faible dépression des Aléoutiennes-ouest) a une phase ODP+ (forte dépression des
Aléoutiennes-est). L’ensemble de ces conditions favorisent une diminution des précipitations
au nord du Pacifique.

Par contre, la Zone 111 (AD 1800 — 1950) montre une augmentation du taux de
sédimentation (jusqu’a 167 cm/ka), de certains rapports elémentaires (ex., Al/Ca, As/Al et
Fe/Al) et minéralogiques (Argiles/Dol, I/Fsp et illite/kaolinite+chlorite) et une diminution du
rapport S+V/I, ce qui indique une forte augmentation des apports sédimentaires en
provenance de la partie nord du bassin versant du fleuve Mackenzie par rapport a la partie au
sud. Les valeurs relativement élevées en smectite et vermiculite (S+V/I) au début de cette
zone indiquent néanmoins une certaine contribution du sud du bassin. Ceci est probablement
contr6lé par une configuration ODP+ (forte dépression des Aléoutiennes-est), ce qui
implique un plus important transport d’humidité vers le nord-ouest du continent nord-
ameéricain et a une augmentation des précipitations au sud du bassin du fleuve Mackenzie.
Cette augmentation d’apport d’eau douce est également marquée par I’augmentation des flux
de palynomorphes d’eau douce et pré-quaternaires. On observe dans la zone Il la co-
dominance de taxons autotrophes et hétérotrophes.

Finalement, la Zone IV (AD 1950 — moderne) est caractérisée par un taux de
sédimentation éleveé (143 cm/ka) et une augmentation de la taille des particules sédimentaires
(2,7 a 4,1 pum). Les especes autotrophes (Operculodinium centrocarpum et kyste de

Pentapharsodinium dalei) dominent.
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Dans I’ensemble, la granulométrie, les signatures minéralogiques et géochimiques et
les assemblages de dinokystes révelent des conditions relativement stables dans la zone
d'étude au cours des 2000 dernieres années. Cependant, le taux de sédimentation, la taille des
grains, les flux de dinokystes et de palynomorphes d’eau douce et pré-quaternaires montrent
une forte augmentation vers AD 1900. Au cours de la méme période, les données
géochimiques élémentaires indiquent des variations importantes de certains rapports
élémentaires (ex., Al/Ca, As/Al et Fe/Al), et les rapports minéralogiques (Argiles/Dol,

S+V/1) indiquent une augmentation des apports en eau douce du fleuve Mackenzie.

Les différents traceurs analysés dans cette étude ont été comparés a d’autres traceurs
climatiques et océanographiques obtenus lors d’études antérieures en mer de Beaufort (ex.,
Richerol et al., 2008b; Bringué et Rochon, 2012; Darby et al., 2012; Durantou et al., 2012).
Les résultats suggerent que les variations dans I’intensité de I’apport sédimentaire et d’eau
douce du fleuve Mackenzie, ainsi que I’arrivée des masses d’eau en provenance du Pacifique
sur le talus du Mackenzie, sont probablement le résultat des changements dans les modes de
circulation atmosphérique régionale, tels que I’OA et I’ODP. En effet, une phase positive de
I’OA affaiblit le gyre de Beaufort et favorise I’arrivée des masses d’eau du Pacifique, tandis
que I’ODP en phase positive favorise les préecipitations dans le bassin versant du fleuve

Mackenzie ainsi qu’une advection moindre d’eaux pacifiques vers I’océan Arctique.

Des études utilisant les mémes traceurs des conditions de surface et de la dynamique
sédimentaire sur d’autres carottes voisines pourront contribuer a documenter la variabilité
passée en confirmant les hypothéeses avancées dans le présent mémoire. Il faudrait améliorer
la base de données dans la mer de Beaufort pour réussir a utiliser les reconstructions des
parameétres des conditions de surface. Aussi, le modele d’age de ce mémoire pourrait étre
amélioré avec les données obtenues a partir des analyses de **C. En particulier, il serait
intéressant d’avoir une meilleure résolution afin de mieux documenter les modes de

variabilités hydroclimatiques.
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1. INTRODUCTION

During the last decades, instrumental data have shown an increasing temperature and an
accelerated reduction in the Arctic sea-ice cover in summer, together with an overall decline
of ice volume and thickness (Rothrock et al., 1999; Dumas et al., 2005; Cohen et al., 2014;
Lindsay and Schweiger, 2015; Serreze and Meier, 2018) as a result of climate warming.
However, to place the reduction of Arctic sea-ice in perspective (~ 2.3 m or 65 % reduction
in thickness in the last 30 years; Lindsay and Schweiger, 2015), it is necessary to know its
history in the geological past. Thus, sedimentary records are of great importance to study
climate and oceanographic changes for time periods prior to instrumental data (> 150 years).
Indeed, micropaleontological, mineralogical and geochemical signatures preserved in these
sedimentary records can provide information on hydroclimatic changes and in sediment
dynamics that prevailed in the western Arctic Ocean during the Holocene, which in turn can

be compared to recent changes.

The high sedimentation rates (~ 10-60 cm/ka; Barletta et al., 2008; Deschamps et al.,
2018b) and the relatively fine-grained postglacial sediments deposited in the Canadian
Beaufort Sea (Gamboa et al., 2017) offer valuable records for reconstructing past climate and

oceanographic conditions and sediment dynamics at centennial to millennial time scales. In
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this regard, previous palaeoceanographic investigations, especially those using Late
Holocene dinocyst assemblages, have been conducted in the Canadian Beaufort Sea (e.qg.,
Richerol et al., 2008a,b; Bringué and Rochon 2012; Durantou et al., 2012). Dinoflagellates
are unicellular protists that live in both marine and freshwater environments. During their
life cycle, under favorable environmental conditions, some species produce very resistant
cysts (dinocysts) that will eventually sink to the sediments and be preserved for millions of
years, if conditions allow. Dinocyst assemblages allow to reconstruct the evolution of sea-
surface conditions (temperature, salinity, productivity, and sea-ice cover duration; de Vernal
et al., 2001).

Studies in the Beaufort Sea (western Arctic) have determined that dinocyst abundances
are relatively high outside the Mackenzie River plume and are increasing gradually towards
the Amundsen Gulf (Richerol et al., 2008a). Likewise, based on freshwater palynomorphs,
Durantou et al. (2012) suggested a low (AD 1858 — 1902), intermediate (AD 1900 — 1976)
and maximum (AD 1976 — 2004) discharge phases for the Mackenzie River over the last 150
yr. Furthermore, 8N data from a composite sedimentary sequence collected in the
Mackenzie Slope show the influence of Pacific waters in the Canadian Beaufort Sea between
1300 and 4600 cal yr BP, were likely associated with secular changes in the Arctic Oscillation
(AO; Bringué and Rochon, 2012). In addition, the hydrological characteristics and sediment
dynamics on the Canadian Beaufort Shelf are largely impacted by freshwater outflow and
sediment supply from the Mackenzie River (Richerol et al., 2008a; Gamboa et al., 2017;
Deschamps et al., 2018a). The Mackenzie tributaries collect runoff from different watersheds
and carry suspended detrital particles that are characteristic of the drained areas. In fact, the
watershed lithology of the main Mackenzie River tributaries is a mixture of shale and igneous
rocks, containing different mineral assemblages and geochemical signatures (Millot et al.,
2003; Dellinger et al., 2017; Gamboa et al., 2017). Therefore, the mineralogical and
geochemical signatures of the detrital components transported by the Mackenzie River may
provide information about the changes in sediment provenance within the Mackenzie River
basin and on the hydrological variations that affected Northwestern North America through

time (e.g., Deschamps et al., 2018a). However, land-sea linkage studies have rarely been



conducted on the Canadian Beaufort Shelf to elucidate Holocene paleoenvironmental

conditions, in spite of these exceptional sedimentary characteristics.

In this context, using a multiproxy approach (including physical properties of
sediments, grain size, bulk and clay mineralogy, elemental geochemistry and dinocyst
assemblages) on a composite sediment core (AMDO0214-03) recovered on the Mackenzie
Slope in the Canadian Beaufort Sea, we aimed to (1) estimate the long-term changes in sea-
surface conditions and detrital input related to late Holocene ocean-climate variability, and
(2) provide new insights on the hydrological variations that affected Northwestern North
America during the last 2000 years. The methodological approach to our study differs from
that of other studies through better sampling resolution (~ 7 — 100 years) and the use of
multiple proxies (combining mineralogical and elemental geochemistry with dinocyst

assemblages).

2. REGIONAL SETTING

2.1. Regional morphology and hydrography

The Canadian Beaufort Shelf is a shallow platform located along the northwestern
Canadian coast in the southeastern Beaufort Sea (Figure 1). It is bordered to the west by the
Mackenzie Trough and to the east by Amundsen Gulf. This area is almost completely covered
by sea-ice (pack-ice and landfast ice) from September/October to May (Barber and Hanesiak,
2004; Galley et al., 2008), with great annual and interannual variability in extent (e.g., Schell
etal., 2008; Bringué and Rochon, 2012). In summer, freshet from the Mackenzie River, wind
forcing, and rising air temperatures result in ice-free conditions over the shelf by late July
and over the slope in August (O’Brien et al., 2006). During winter (November—April), a deep
mixed layer (~ 100 m) is present over the shelf (~ 1.7 °C and salinity ~ 32; Mudie and
Rochon, 2001). In summer, freshwater inputs leads to the formation of an upper mixed layer

(~0-30m; 1-10°C and salinity 5 — 30) creating a strong stratification in the water column
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(Dunton et al., 2006; O’Brien et al., 2006). Between 30 and 300 m in depth, halocline waters
are formed by the nutrient rich Bering Sea’s summer and winter waters, as well as the
Alaskan Coastal Waters, all of Pacific origin. Relatively warm (> 0 °C), salty (> 34.9)
Atlantic water is found downslope at depths greater than 300 m (Carmack et al., 2004;
McLaughlin et al., 2004).

2.2. Geological settings of the Mackenzie Basin

The Mackenzie River drainage basin covers approximately 1.8x10° km? within the
Canadian Northwest Territories (Carson et al., 1998; Hill et al., 2001). The upper crust
drained by the main Mackenzie tributaries is composed of a mixture between shales and
igneous rocks having a granodioritic to granitic composition (Millot et al., 2003; Dellinger
et al., 2017; Gamboa et al., 2017). Three main geological units (Figure 1) are found in the
Mackenzie River basin (Millot et al., 2003): (1) the North American Cordillera (including
the Rocky and the Mackenzie Mountains) in the western part, characterized by volcanic and
immature volcano-clastic sediments in the western Canadian orogenic belt (Stikine terrane)
and carbonates and slates in the Mackenzie Mountains; (2) the Interior Platform (lowlands),
composed of marine and non-marine sedimentary rocks (Cambrian to Cretaceous limestones,
shales, and sandstones); and (3) the Canadian Shield in the eastern part, typified by old
silicate rocks (Archean granites and gneisses) from the Slave Province (Padgham and Fyson,
1992). However, sediments transported by the Mackenzie River derive mostly from the
tributaries of the Interior Platform, with the northern Rockies and Mackenzie Mountains as

secondary sources (Millot et al., 2003; Gamboa et al., 2017; Deschamps et al., 2018a).
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Figure 1. Bathymetric (Jakobsson et al., 2012) and geological (Millot et al., 2003; Fagel et
al., 2014) setting map of the western Arctic Ocean (Southeastern Beaufort Sea) and location
of the coring site studied here (AMDO0214-03 = 03CS: red star). Moderate-Resolution
Imaging Spectroradiometer (MODIS) of August 2014 from NASA Worldview application
(https://worldview.earthdata.nasa.gov) and coring location. BG = Beaufort Gyre.
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2.3. Sedimentation

The Mackenzie River is the third largest river in the Arctic rivers in terms of freshwater
discharge (280 km®/yr + 25 %; Melling, 2000), but the first in terms of sediment discharge
(~ 127 Mt/yr; Macdonald et al., 2004; O’Brian et al., 2006). The suspended sediment
discharge of the Mackenzie River forms a large sediment plume (generally 2—-3 m thick; Hill
et al., 1991) over the Canadian Beaufort Shelf (Figure 1). The transport of suspended
sediments within this plume is affected by the sea-ice cover, winds, and currents (Carmack
and Macdonald, 2002). In winter, the Mackenzie River discharge is trapped over the inner
shelf by the stamukhi (fields of ice fragments), which acts as an inverted dam and causes the
formation of the “floating freshwater” lake Herlinveaux (Macdonald et al., 1995). In summer,
the position of the plume is greatly affected by prevailing winds, with winds from the
northwest pushing the plume along the Tuktoyaktuk Peninsula (Giovando and Herlinveaux,
1981), and winds from the southeast pushing the plume westward, beyond the Mackenzie
Trough (MacNeil and Garrett, 1975). Although coastal erosion is an important local sediment
supply near the shoreline, its estimated contribution (~ 7 Mt/yr) is dwarfed by that of the
Mackenzie River (Carmack and Macdonald, 2002). Overall, modern sedimentation rates are
high within the Mackenzie Trough (~ 40 — 320 cm/ka; Macdonald et al., 1998; Richerol et
al., 2008a; Durantou et al., 2012) and on the nearby continental shelf and slope (~ 100 — 200
cm/ka; Barletta et al., 2008; Scott et al., 2009; Bringué and Rochon, 2012). On the Canadian
Beaufort shelf, most of the surficial seabed sediments are predominantly composed of
Holocene marine olive-grey silts and clays (e.g., Pelletier, 1975; Hill et al., 1991; Barletta et
al., 2008; Scott et al,. 2009).

2.4, Oceanic and atmospheric circulation

The Mackenzie Shelf nearshore dynamics are tightly linked to the air—sea heat
exchange reflected in seasonal sea-ice cover and freshwater discharge (Dunton et al., 2006).



The winds, associated with the high-pressure cell of the central Arctic, push the Beaufort
Gyre clockwise, which affects the outer shelf and slope (Figure 1). Thus, the surface
circulation over the slope is dominated by the westward branch of the Beaufort Gyre, but
beneath the upper 50 m, the flow reverses and forms the Beaufort Undercurrent (Aagaard,
1984; Pickart, 2004). This event, which allows the transport of Pacific and Atlantic origin
waters, has been observed for the last 30 years (Lukovich and Barber, 2006). Moreover, the
relatively warm Alaskan Coastal Current flows eastward along the shore (Nikolopoulos et
al., 2009). At the regional level, these surface circulation regimes are mainly controlled by
changes in the phases of large-scale atmospheric patterns such as the AO (MacDonald and
Case, 2005; Darby et al., 2012) or the PDO (Overland et al., 1999; Durantou et al., 2012),

which are important natural patterns in global climate variability.

The AO controls the configuration of the two major Arctic surface circulation features:
(1) The Beaufort Gyre and (2) the Transpolar Drift (TPD; Darby and Bischof, 2004) (Figure
1). During strong negative AO, the TPD shifts east and the Beaufort Gyre expands and
strengthens. Whereas, during strong positive AO, the TPD shifts west and the Beaufort Gyre
is suppressed, enhancing inflow of North Pacific water through the Bering Strait (e.g.,
McLaughlin et al., 2002). Therefore, changes in the Beaufort Gyre and TPD dynamic affect
Arctic sedimentation at different times (e.g., Darby et al., 2012). The AO was also identified
as a mechanism responsible for changes in the wind patterns, and consequently the ice drift
regime in the Arctic at multidecadal to century timescales (e.g., Darby et al., 2001; Darby
and Bischof, 2004).

On the other hand, The PDO pattern (a major mode of North Pacific climate variability)
controls most of the daily precipitations in the Mackenzie and Yukon River basin (Cassano
and Cassano, 2010) and the Bering Sea oceanic advection (Danielson et al., 2011). During
the positive phase of the PDO, sea surface temperatures tend to be anomalously cool in the
central North Pacific and anomalously warm along the west coast of North America. These
conditions promote large precipitation events within the Mackenzie and Yukon River
watersheds (e.g., Okkonen et al., 2004; Pickart et al., 2009; Bringué and Rochon, 2012;
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Durantou et al., 2012). These conditions are reversed during a negative PDO phase
(MacDonald and Case, 2005). Furthermore, the Aleutian Low (AL) is influenced by Arctic
and subtropical ocean-atmosphere processes making its temporal and spatial variance more
complex (Anderson et al., 2016). Thus, the intensity and geographical position of the AL is
in constant variation. It strengthens (weakens) concomitantly with a more eastern (western)
location (Sugimoto and Hanawa, 2009). Therefore, when a strong AL is positioned eastward,
it tends to intensify the PDO phase conditions (Schneider and Cornuelle, 2005; Rodionov et
al., 2007; Wills et al., 2019).

3. MATERIAL AND METHODS

3.1. Samples and chronology

Two short sedimentary sequences, box core AMDO0214-03BC (hereafter referred to as
core 03BC; length 45 cm; location: 70 ° 33.055 ° N; 137 © 31.997 * W; water depth: 1048 m)
and trigger weight core AMDO0214-03TWC (hereinafter referred to as 03TWC; length 172
cm; location: 70 °33.032 * N; 137 °31.910 * W; water depth: 1051 m), were recovered in
front of the Mackenzie River delta on board the Canadian Coast Guard icebreaker Amundsen
during the 2014 ArcticNet expedition (Montero-Serrano et al., 2014). All coring sites were
targeted using high-resolution seismic profiles (3.5 kHz) that indicated high sediment
accumulation not influenced by mass wasting events (Figure S1). The physical and magnetic
properties of the sediment core 03BC and 03TWC have been previously described in
Deschamps et al. (2018a,b)

The chronology of box core 03BC was determined from excess 21°Pb in the top 20 cm
(Figure 2A-C). Measurements were made by counting the activity of the daughter isotope
210pg, 2% (11, = 138.4 days, a = 5.30 MeV) at the GEOTOP research Centre (Montréal,
Canada). The constant rate of supply model (CRS model; Appleby and Oldfieldz, 1983; Ruiz-
Fernandez and Hillaire-Marcel, 2009) was used to calculate the sedimentation rates (Figure



2C). Likewise, the sediment chronology of core 03TWC was established (Figure 3C) by
comparing the magnetic susceptibility and a * profiles of the core with the well-dated nearby
piston core 03PC (data obtained by Deschamps, 2018). Indeed, characteristic peaks in
declination and inclination curves have been identified in order to transfer the age model of
core 03PC to core 03TWC below 12 cm, where no radiocarbon ages are available. In
addition, the correlation of the physical and magnetic parameters measured on cores 03BC
and 03TWC suggests that the sediment — water interface has been well preserved at the top
of core 03TWC (Figure 3A,B). Thus, cores 03BC and 03TWC were combined into a
composite sequence (hereafter referred to as core 03CS) in order to obtain a complete
sedimentary sequence covering the last 2000 years (Figure 4). The first 44 cm of the

composite core correspond to the BC and the rest of the sequence corresponds to the TWC.

The R software package BACON (Blaauw and Christen, 2011) was used to produce
the “best fit” linearly interpolated age model (Figure 4). BACON uses a Bayesian approach
to estimate the best fit or weighted mean age for each depth with a 95 % confidence interval
that allows to consider all chronostratigraphic markers (!°Pb, as well as physical and
magnetic properties tie points). Thus, based on this age model, the sediment core 03BC was
subsampled evenly every 1 cm, whereas the core 03TWC was subsampled every 4 cm below
48 cm for a total of 59 samples. Overall, we estimate the temporal resolution of ~ 7 years in
core 03BC, and ~ 100 years in core 03TWC.
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3.2 Analytical procedure

3.2.1. Grain size analyses

Sediment grain-size analyses were performed on the detrital fraction using a Beckman
Coulter LS13320 laser diffraction grain-size analyzer, which has a detection range of 0.04—
2000 pum. Samples were deflocculated by successive washing with distilled water after the
removal of organic matter with 10 mL of hydrogen peroxide (30 % H20). Biogenic silica
was not removed as it appeared to be negligible (likely less than 1 %, as suggested by its non-

detection in the bulk sediment XRD diffractograms; Deschamps et al., 2018a). The grain-
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size distribution and statistical parameters (e.g., mean, sorting) were calculated using the
moment methods in logarithmic (phi - ¢) scale and the GRADISTAT software (Blott and
Pye, 2001).

3.2.2. Mineralogical and geochemical analyses

Before mineralogical and geochemical analyses, the sediment samples (< 2 mm) were
rinsed five times with distilled water after the removal of the organic matter fraction with 10
mL of hydrogen peroxide (30 % H20.). Subsequently, a portion of this processed sediment
sample was used as the bulk fraction, whereas another portion was used to separate the clay-
sized fraction (< 2 um). Portions of the bulk sediment samples were oven-dried overnight at
approximately 60 °C and then slightly homogenized with an agate mortar. These

homogenized sediment samples were used for bulk mineralogical and geochemical analysis.

Quantitative bulk mineralogy. - Bulk mineral associations were studied by quantitative
X-ray diffraction (qXRD) following the method developed by Eberl (2003) and used in other
Quaternary glacial marine studies that address sediment mineralogy (Darby et al., 2011;
Andrews et al., 2015, 2016; Stein et al., 2017; Deschamps et al., 2018a). For this, dry
sediment samples (1 g) and 0.25 g of corundum were grinded for 10 min with a McCrone
micronizing mill adding ethanol (5 mL) to obtain a homogeneous powder. The slurry was
oven-dried overnight at about 60 °C and then slightly re-homogenized with an agate mortar.
Subsequently, 0.5 mL of Vertrel was added to the mixture to prevent the possible
agglomeration of finer particles. The powder sample was then sieved (< 300 um), back-
loaded into the holders and analyzed on a PANalytical X’Pert Powder diffractometer.
Samples were scanned from 5 ° to 65 ° two-theta in steps of 0.02° two-theta, with a counting
time of 4 seconds per step. For the quantification of the major mineralogical components,
sediment XRD scans obtained were converted into mineral weight percent (wt. %) using the
Excel macro program ROCKJOCK v11 (Eberl, 2003). This program uses a full-pattern fitting

method that permits the quantification of whole-sediment mineralogy with a precision of + 3



wt % (Eberl, 2003). The calculated total mineral wt. % was normalized to a sum of 100 %.
We focused on 15 key minerals: quartz, K-feldspar, plagioclase, calcite, dolomite,
amphibole, Fe-bearing (pyrite, hematite), amorphous silica, kaolinite, chlorite, illite, biotite,
muscovite, smectite and vermiculite, which represented more than 96 % of the overall

mineral concentration in the bulk sediment sample.

A ternary plot of illite+kaolinite, feldspars, and dolomite was created to compare the
general mineralogical composition of the sediments from core 03CS and the potential source
areas (Deschamps et al., 2018a). Likewise, the relative abundance of dolomite, and the
following ratios were used to trace detrital input changes over time (Gamboa et al., 2017,
Deschamps et al., 2018a): illite/feldspar or I/Fsp, total clays/dolomite or total clays/dol,
smectite+vermiculite/illite or S+V/I and illite/kaolinite+chlorite or I/K+C.

Clay mineralogy. - Clay minerals were quantified in the bulk sediment fraction (< 2
mm) using the Excel macro program RockJock. However, nearly all previous clay-mineral
provenance studies in the Arctic Ocean used oriented mounts of the < 2 um sediment fraction
to identify and semi-quantify the clay-mineral abundance, notably illite, kaolinite, chlorite,
and smectite (Naidu et al., 1971, 1982; Naidu and Mowatt, 1983). Therefore, in this study,
the clay-size fraction of all sediment samples was isolated and analyzed in this manner for
comparison. Indeed, clay mineral associations were studied using XRD following established
protocols (Bout-Roumazeilles et al., 1999; EI Ouahabi et al., 2017). Deflocculation of clays
was achieved in all samples by successive washing with distilled water. The clay-size fraction
was separated by settling according to Stokes’s law, concentrated by centrifugation, and
oriented by wet smearing on glass slides. The analyses were run from 2.49 ° to 32.49 ° 26 on
a PANalytical X’Pert Powder diffractometer. The sample was air-dried, and then ethylene
glycol vapor saturation was completed for 12 h, followed by heating at 490 °C for 2 h. Semi-
guantitative estimation of clay mineral abundances (smectite, illite, chlorite, kaolinite,
vermiculite and chlorite/smectite mixed layer) based on peak areas on the X-ray diagrams
was performed using the MacDiff® 4.2.5 software (Petschick, 2000). Similar to other Arctic
clay mineral studies (Wahsner et al., 1999; Schoster et al., 2000; Deschamps et al., 2018a),
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clay mineral contents were calculated using the weighting factors introduced by Biscaye
(1965) and calculated to a sum of 100 %. The error on the reproducibility of measurements
is estimated to be 5 % for each clay mineral, as measured during the analysis of replicate
samples. Overall, the combinations of both RockJock and oriented mounted methods support
each other and give independent information (e.g., Darby et al., 2011; Deschamps et al.,
2018a).

Bulk elemental concentration. - A total of 15 elements (Al, Si, K, Mg, Ca, Ti, Mn, Fe,
P, Sr, V, Cr, Zn, As and Zr) were analyzed on both bulk and clay-sized fractions by energy
dispersive X-ray fluorescence (EDXRF) spectrometry using a PANalytical Epsilon 3-XL.
Samples were treated by borate fusion in an automated fusion furnace (CLAISSE® M4
Fluxer) before EDXRF analysis. The analytical procedures were similar to Gamboa et al.
(2017). Analytical accuracy and precision were found to be better than 1 — 5 % for major
elements and 5 — 10 % for the other elements, as checked against an international standard

(USGS SDC-1) and analysis of replicate samples.

Because Al and Si are associated with clay minerals, aluminosilicates, and quartz, and
Ca is associated with carbonates, the ternary plot Al, Si, and Ca (expressed as oxides; Figure
6A) was used to obtain a general geochemical classification of the sediments (Brumsack,
1989; Deschamps et al., 2018a). Based on previous geochemical studies carried out in the
Canadian Beaufort margin (Gamboa et al., 2017; Deschamps et al., 2018a), Si/Al, Al/Ca,
Fe/Al and As/Al ratios are used to elucidate downcore variations in the Mackenzie River
discharges. In addition, to compare the relative enrichment of redox-sensitive elements (Mn,
Fe, V, Cr, Zn, As), we calculated enrichment factors (EF) by comparing Al-normalized metal
concentrations to those of average shale (Wedepohl, 1991): Xer = [(X/Al)sample/ (X/Al)average
shate]. In practical terms, EF > 3 represents a detectable authigenic enrichment of an element
over average shale concentrations, whereas EF > 10 represents a moderate to strong degree
of authigenic enrichment (e.g., Tribovillard et al., 2006).



3.2.1. Palynological analyses

Each core was sub-sampled every 2 cm (box core) and 8 cm (trigger weight core) for
palynological analyses, according to the standard preparation method described in Rochon et
al. (1999). A volume of ~ 5 cm? of sediment was measured for each sub-sample by water
displacement. One tablet of marker grain (Lycopodium clavatum, University of Lund,
Sweden) of known concentration (12100 spores + 1892, batch # 414831) was added to each
sample, allowing for the calculation of palynomorph concentrations (Matthews, 1969; Price
etal., 2016).

Wet sieving was performed using Nytex ® sieves of 100 pm and 10 um mesh to remove
coarse sands, fine silts, and clays. The fraction between 100 and 10 um was subjected
alternately to four hydrochloric acid (HCI 10 %) and three hydrofluoric acid (HF 49 %)
treatments on a hot plate under a fume hood, including an overnight HF treatment. A final
sieving at 100 um and 10 um was performed to eliminate fine and coarse particles as well as
fluorosilicates gels formed during the chemical treatments. Finally, each sample was
centrifuged, and the supernatant was removed. A drop of the residue was mounted between

slide and coverslip in glycerin jelly to be observed under a microscope.

Dinocysts, pollen grains, spores, foraminifer organic linings, pre-Quaternary and
freshwater palynomorphs were systematically counted using a transmitted light microscope
(LEICA DM5500B, magnification factor of 400x). The nomenclature used for identifying
the dinocyst taxa followed Rochon et al. (1999), de Vernal et al. (2001), Head et al. (2001),
Radi et al. (2001,2013) and Williams et al. (2017). In this study, Operculodinium
centrocarpum s.l. refers to all morphotypes (O. centrocarpum sensu Wall & Dale, 1966, O.
centrocarpum short processes and O. centrocarpum arctic morphotype); Islandinium
minutum s.1. includes 1. minutum, I. brevispinosum, Echinidinium karaense and Echinidinium
spp; Brigantedinium spp. includes B. simplex, B. cariacoense and Brigantedinium sp;

Spiniferites elongatus includes S. elongatus and S. frigidus (cf. Rochon et al., 1999).
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3.3. Statistical approach

Constrained cluster analysis was performed using the elemental geochemical and
palynological data to determine the sedimentary facies. Prior to cluster analyses, a log-
centered (clr) transform was applied to the data set (Aitchison, 1990). Constrained
hierarchical cluster was carried out with R software using the packages “cluster” (Maechler
et al., 2018; https://cran.r-project.org/web/packages/cluster/cluster.pdf), “rioja” (Juggins,
2019) and Ward’s method (Ward, 1963). Results are shown on figure S6.

A minimum of 300 dinocysts were counted to obtain a significant statistical
representation of the dinocyst population. Dinocyst assemblages were used for the
quantitative reconstruction of past sea-surface conditions based on transfer functions and the
modern analogue technique (MAT) using a modern dinocyst reference database (GEOTOP
data: n = 1492). The MAT method (Prell, 1985; Guiot, 1990; de Vernal et al., 2001, 2005) is
based on the similarity between fossil dinocyst spectra and modern samples from the
reference database n = 1492 available on the website (http://www.geotop.ca/en/bases-de-

donnees/dinokystes.html). The reconstructed values and the associated confidence interval

were obtained with the five best modern analogues using the statistical software R version
3.3.3 and the BIOINDIC package. de Vernal et al. (2013) applied the validation tests on the
n = 1492 database (with 66 dinocyst taxa), confirming the suitability of the MAT method in
paleoenvironmental reconstruction studies. Modern environmental data used for statistical
analysis consist in sea-ice cover, sea-surface temperature and salinity (for winter and
summer) values at 10 m depth compiled from the 2001 version of the World Ocean Atlas
(NODC, 2001), in addition to mean annual productivity obtained from MODIS satellite
observations (http://modis.gsfc.nasa.gov/index.php/; Radi and de Vernal, 2008).

Sea-surface temperature (SST) is reconstructed with errors of prediction of + 1.3/1.7
°C for winter/summer, and of + 2.1/2.3 for sea-surface salinity (SSS). Sea-ice cover extent is
expressed as the number of months with more than 50 % coverage (based on the 1953 — 2003
mean) with an error of prediction of + 1.4 months/yea. The error of prediction for productivity


https://cran.r-project.org/web/packages/cluster/cluster.pdf
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is + 57.8 gC m?2 yrt. However, for 3 (T°, S, sea-ice cover extent) of the 4 reconstructed
parameters the error of prediction is larger than the variability of the reconstructed values.
Therefore, we have decided not to use the transfer functions (Figure S7) in our

interpretations.

4, RESULTS

4.1. Sediment characteristics

Core 03CS (Figure 4) is mainly composed of homogeneous dark grey (5Y 4/1) mud to
olive brown (2.5Y 4/3) mud with dark yellowish brown (10YR 4/6) laminations (1 cm thick)
and occasional spots. These color laminations are abundant in the upper 20 cm of the core.
The upper 6 cm of the core is slightly darker (5Y 3/1). All sediment samples are poorly sorted
(values of 1.40 < ¢ < 1.69). The sediment grain size remains relatively constant (~ 2.8 um;
Figure 5) through the composite core suggesting no significant variations in the depositional

environment during the last 2000 cal yr BP.

4.2. Mineralogical and geochemical composition

Stratigraphic distributions of the bulk and clay mineralogical and elemental
geochemical data from the composite sequence studied here are shown in Figure S3. In
general, total clays (60 — 70 %), quartz (18 — 24 %), plagioclase (2 — 5 %) and K-feldspar (1
— 6 %) represent more than 97 % of the overall mineral concentration. Likewise, the clay
mineral assemblage consists of a few minerals (Figure S3B): illite (28 — 47 %), kaolinite (10
— 21 %), chlorite (14 — 25 %), vermiculite (3 — 14 %) and smectite/chlorite mixed layers (9
— 41 %). These mineralogical results are consistent with those reported for modern surface
sediments of the Beaufort Shelf (e.g., Naidu et al., 1982; Naidu and Mowatt, 1983; Wahsner
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et al., 1999; Gamboa et al., 2017; Deschamps et al., 2018a). The Al>03-SiO,-CaO and
illite+kaolinite-total feldspars-dolomite ternary plots (Figure 6A-C) show that bulk
sediments from core 03CS have a chemical and mineralogical composition similar to the
sediments of the Mackenzie River and average shale (Pourmand et al., 2012). Furthermore,
Fe/Al and Mn/Al display a positive linear correlation (r> = 0.54; Figure S4) below Zone 1V,
indicating a geochemical relationship most likely similar to Fe—Mn oxyhydroxide phases.
Fe/Al and As/Al also display a positive linear correlation (r? = 0.85). The enrichment factors
(EF) of redox-sensitive elements (V, Zn, As and Fe) reveal modest authigenic enrichment (1
— 3) in core 03CS compared to average shale values (Figure S5). In general, Cr shows no
detectable authigenic enrichment (~ 1). Whereas Mn is authigenically depleted (EF < 1) with
respect to detrital values, except in Zone IV, which shows a moderate-to-strong authigenic
enrichment (EF =5 - 11).

4.3. Palynological assemblages

Dinocysts (mean of 142 cysts cm™ yrt) and pre-Quaternary palynomorphs (115 cells
cm2 yr't; reworked spores, pollen, dinocysts and acritarchs) are the most abundant organic-
walled microfossils present in the samples (Figure 7). Foraminifer organic linings and
pollen/spore were also well represented, with means of 53 linings cm yrtand 39 grains cm
2 yrl respectively (Figure 7). Influxes of freshwater palynomorphs (e.g. Zygnema,
Pediastrum, Halodinium and Tintinnids) are about two orders of magnitude lower (means of
5.0 cells cm? yr!) than dinocyst and pre-Quaternary palynomorphs (Figure 7). Pollen
assemblages are represented by four genus and one family: Picea (41 %); Alnus (mean of 19
%); Cyperaceae (16 %); Betula (13 %) and Pinus (7 %). The spores are dominated by trilete
spores (78 %), followed by monolete spores (22 %).
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Figure 5. Mean grain size (um), elemental geochemical and bulk mineralogical ratios for the
composite sediment core 03CS. Silt-size (black pattern), clay-size (white pattern). LIA =
Little Ice Age, MWP = Medieval Warm Period.

A total of 23 dinocyst taxa were identified in the samples. However, 8 taxa comprised
more than 96 % of the assemblage, which is consistent with previous work in the Canadian
Arctic Ocean (e.g., Mudie and Rochon, 2001; Richerol et al., 2008a; Pienkowski et al., 2011;
Bringué and Rochon, 2012; Durantou et al., 2012). The assemblages are dominated by four
taxa: cysts of Pentapharsodinium dalei (mean of 41 %), O. centrocarpum s.l. (25 %), 1.
minutum s.1. (19 %) and Brigantedinium spp. (7 %), which are common in Arctic regions
(Kunz-Pirrung et al., 2001, Mudie and Rochon, 2001) (Figure 8). Additionally, the mean
relative abundances of 1. minutum var. cezare, cysts of Polykrikos sp. var. arctic/quadratus,
Spiniferites elongatus/frigidus, Impagidinium pallidum and cysts of Protoperidinium

americanum range between 0.2 and 2.7 %. Other taxa (Spiniferites ramosus,
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Nematosphaeropsis labyrinthus and Selenopemphix nephroides) are present in low

proportions (< 0.1 %).
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Figure 6. (A) Al,03-SiO»-CaO ternary plot showing the overall composition (bulk and clay
fractions) of the 03CS composite core in comparison to the average shale and circum-Arctic
source areas. PAAS: Post-Archaean Average Shale. (B) illitetkaolinite (1+K) - total
feldspars (Fsp) — dolomite (Dol) ternary plot for the 03CS composite core based on bulk
mineralogy. (C) Total clays-plagioclase-K-feldspar ternary plot of sand samples from the
main tributaries of the Mackenzie River (Gamboa et al., 2017). Note that the northern
tributaries are enriched in total clays while the southern tributaries are enriched in total
feldspars. (Data sources - Beaufort Sea, Mackenzie Delta and Canadian Arctic Archipelago
(CAA): Gamboa et al., 2017. Chukchi Sea: Khim, 2003. Bering Strait: Kalinenko, 2001.
Eastern Siberian Sea: Khim, 2003, Viscosi-Shirley et al., 2003).
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Figure 7. Main organic-walled microfossils influxes in core 03CS. Thick horizontal ticks on
the right-hand side indicate the depths where samples were taken. The freshwater
palynomorphs include Zygnema, Pediastrum, Halodinium and Tintinnids, while the pre-
Quaternary palynomorphs include reworked spores, pollen, dinocysts and acritarchs.
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44. Sedimentary zones

Four main sedimentary zones are identified on the basis of the constrained cluster

analyses performed on the elemental geochemical and palynological data (Figure S6).

Although some inverted or distorted hierarchical levels are observed in the cluster, due to the



constrained nature of the clustering process (only stratigraphically adjacent samples can be
clustered during the agglomerative procedure; Grimm, 1987), these dendrograms show
similar sedimentary zones. The dendrograms also show a continuity between the 03BC and
the 03TWC sample, justifying the implementation of the composite sequence 03CS. The
sedimentary zones labeled 1 — 4 from base to top, are described below according to both core
depth and age (derived from the age-depth model; Figure 4).

Zone I: 200-62 cm (2700 — 2000 cal yr BP) — The sedimentation rates is about 53
cm/ka (Table 1). This zone is characterized by having the highest abundance in kaolinite
(mean of 18 %; Table 4) and the lowest abundances in plagioclase (mean of 2.7 %; Table 3).
All geochemical elements reveal relative constant values. It is also characterized by the
dominance of the autotrophic taxa cysts of P. dalei (mean of 65 %; Table 2), accompanied

by O. centrocarpum s.I. (14 %) and I. minutum s.I. (12 %).

Zone I1: 62-21 cm (2000 — 200 cal yr BP) — Zone 11 displays a lower sedimentation
rate (from 53 to 23 cm/ka; Table 1). It displays the highest smectite (23 %; Table 4) and K-
feldspar (3.1 %), lowest illites (26 %) mean abundances. All geochemical elements reveal
relative constant values. In this zone, the relative abundances of cysts of P. dalei (65 to 41
%; Table 2) decrease in favor of O. centrocarpum s.l. (14 to 23 %), S. frigidus/elongatus and
I. pallidum. Heterotrophic taxa, such as I. minutum s.l. (12 to 20 %), Brigantedinium spp. (3
to 6 %) and cysts of Polykrikos sp. var. arctic/quadratus (1.6 to 3.2 %) increase after about
1000 cal yr BP.

Zone I11: 21-6 cm (AD 1800 — 1950) - The strong increase of the sedimentation rate
(up to 167 cm/ka; Table 1) is the most prominent feature in this zone. Also, the smectite has
the highest mean abundance (21 %; Table 3) as well as the vermiculite (3.4 %; Table 3). This
zone displays the highest ratios in Clays/Dol, I/Fsp, I/K+C, Al/Ca, Fe/Al and As/Al (Figure
5). Likewise, overall abundances of peridinioid taxa I. minutum s.1. (20 to 29 %; Table 2) and
Brigantedinium spp. (6 to 11 %) are high in this zone, however I. minutum s.l. shows a

decreasing trend. Cysts of Pentapharsodinium dalei show peaks in the middle of the zone.
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Operculodinium centrocarpum s.1., S. frigidus/elongatus and I. pallidum all show increasing

trends in the upper part of the zone.

Zone 1V: 6-0 cm (AD 1950 — modern) — This zone also displays a high sedimentation
rate (143 cm/ka; Table 1). The smectite and the kaolinite decrease to their lowest mean
abundances (16 % and 2.9 %, respectively). However, the plagioclase and the dolomite
present their maximum mean abundance (3.6 % and 3.2 %, respectively) as well as the Fe-
oxides (1.4 %) and amphibole (1.4 %). The illite and the chlorite present their maximum
mean abundance (42 % and 21 %, respectively; Table 4). This zone displays the highest ratios
in Fe/Al and Si/Al (Figure 5). It is dominated by autotrophic taxa O. centrocarpum s.I. (51
%) and cysts of P. dalei (35 %) (Figure 8). Impagidinium pallidum and S. frigidus/elongatus
reach their highest abundances of all heterotrophic taxa.

4.5, Palynological data

Since the assemblages and autotrophic/heterotrophic ratio do not necessarily reflect
dinoflagellate productivity in estuarine zones (Radi et al., 2007), in the present study dinocyst
influxes are also presented to better characterize dinoflagellate productivity changes
throughout the period covered by core 03CS (Figure 7-8). Thus, dinocyst influxes vary
between 28 and 434 cysts cm 2 yr ! (mean of 142 cysts cm™ yr'!; Table 2). From 2700 to
2000 cal yr BP (Zone 1) dinocyst influxes mean is 246 cysts cm yr, with a maximum value
around 2100 cal yr BP. Then, the influxes decrease (79 cysts cm yr') from 2000 to 200 cal
yr BP (Zone 1) and increase again (163 cysts cm yr?) to reach their modern value of 241
cysts cm? yr! at the top of the core. A short-lived maximum around AD 1900 is also
identified. Influxes of pre-Quaternary palynomorphs (mean of 115 cells cm yr?; Table 2)
and foraminifer linings (53 cells cm™ yr?) vary in parallel to those of dinocysts, except for

Zone IV, in which foraminifer linings are decreasing rather than increasing.



5. DiscussION

5.1. General mineralogical and geochemical characteristics and sedimentary
source in the Mackenzie Slope

The ternary plot of Al>03-SiO2-CaO (Figure 6A) suggests that our sediment samples
are composed of detrital material similar to average shale (Pourmand et al., 2012) and
Mackenzie River sediments (Gamboa et al., 2017). Likewise, the ternary plot of
illite+kaolinite, total feldspars, and dolomite (Figure 6B), also illustrates that slope sediments
have a dominant influence from the Mackenzie River. Additionally, the total clays-
plagioclase-K-feldspar ternary plot (Figure 6C) illustrates a predominance in total clays in
our sediments, suggesting a marked contribution from northern tributaries (notably from the
Peel and Red Arctic rivers; Figure 1) relative to the southern tributaries of the Mackenzie
Basin. Alternatively, this clay enrichment in the slope can also reflect weaker hydrodynamic
conditions in the Mackenzie Slope, such as a decrease in the influence of currents and waves
in the deeper environment (e.g., Pavlidis and Shirshov, 1996; Osborne & Forest, 2016). The
coarser grains of K-feldspar and plagioclase likely settle more rapidly in the shelf whereas
the lighter grains of clays are transported over a longer distance (e.g., Gamboa et al., 2017).
However, this hypothesis cannot be validated or rejected with the data currently available.
Further sedimentological investigations are required to precisely understand the possible
influence of hydrodynamic regime to the sediment distribution in the Canadian Beaufort
Shelf.

The moderate enrichment factors of redox sensitive elements (Fe, As, V, Cr, Zn)
suggest that the authigenic phases in core 03CS are negligible (Figure S5). This implies that
oxic bottom water conditions prevailed over the last 2000 years in the Mackenzie Slope area.
Moreover, the moderate to high authigenic Mn enrichment values (5 to 11) in the upper core

(Zone 1V) can be attributed to precipitation of authigenic Mn oxyhydroxide or oxide at the
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Mn redox boundary (e.g., Burdige, 1993; Mérz et al., 2011; Macdonald and Gobeil, 2012;
Sundby et al., 2015; Meinhardt et al., 2016). Conversely, the good correlation observed
between Fe/Al and Mn/Al in Zones | to 111 (Figure S4) and between Fe/Al and As/Al (Figure
5) indicates a dominant detrital source for these elements. As the Mackenzie River discharge
clearly plays a predominant role in the input of detrital sediments into the Canadian Beaufort
margin, we hypothesize that Fe, Mn and As signatures represent mainly pre-formed
continental Fe-Mn oxyhydroxides (e.g., Bayon et al., 2004) derived from the sedimentary

platform along the Mackenzie Valley.

Overall, in agreement with previous sediment provenance studies on the Mackenzie-
Beaufort Sea Slope (e.g., Gamboa et al., 2017; Deschamps et al., 2018a), these results suggest
that core 03CS is representative of the sedimentation in the offshore part of the Canadian
Beaufort margin. In addition, this part collects fine grained land-derived detrital particles

delivered mainly by the Mackenzie River.

5.2. Dinocyst assemblage zones and paleoenvironmental interpretations

ZONE 1 (100 — 62 cm: 2700 to 2000 cal yr BP)

Mean dinocyst influx is relatively high during this period (246 cysts cm yrt) and
dominated by autotrophic taxa (cysts of Pentapharsodinium dalei and Operculodinium
centrocarpum s.l.), accompanied by high mean foraminifer lining influx (106 linings cm2 yr
1, suggesting a period of high surface primary and benthic productivities (Figure 7). This
and the relatively high mean freshwater palynomorph influx (13 cells cm? yr; Figure 7),
implies a relatively important freshwater input, probably coming from the Mackenzie River,
which decreases gradually from the beginning to the end of the zone. Besides, the highest

mean pre-Quaternary palynomorph influx (263 cells cm yrt; Figure 7) in this zone suggests



sediment input from the Mackenzie River, possibly from the northern Basin, which is
characterized by sedimentary rocks from Cambrian to Cretaceous age (Millot et al., 2003).
The mineralogical ratios I/Fsp (maximum) and S+V/I (minimum) are other evidence
confirming that sediments originate from the north, since illites are representative of this part
of the Mackenzie Basin (Figure 5). Thus, precipitations in the northern part of the Mackenzie
Basin were probably important during this period. Previous investigations on the regional
hydrologic responses to atmospheric circulation patterns during the Holocene (e.g.,
MacDonald and Case, 2005; Barron and Anderson, 2011; Anderson et al., 2016) suggest that
variations in precipitations on western North America could be controlled by changes in the
large-scale atmospheric climate modes, similar to the modern PDO and AO. Warmer
temperatures in the central North Pacific during PDO- and a weak AL induce northerly wind
anomalies across the Bering Strait, increasing heat and moisture transport to the western
Canadian Arctic (Lapointe et al., 2017) including the Yukon Territory and the northern part
of the Mackenzie Basin (Figures 9,10A; Hook et al., 2015).

Furthermore, based on the source of ice-rafted iron grains in a sediment core off the
coast of Alaska, Darby et al. (2012) suggested strong positive AO-like conditions between
3000 and 1200 cal yr BP. Low atmospheric pressure prevalent during positive AO phases
promotes a weakening in the Beaufort Gyre (Darby et al., 2012), as well as an enhanced
inflow of North Pacific water through the Bering Strait (e.g., McLaughlin et al., 2002).
Within this context, we hypothesize that Pacific water inputs constrained and deflected the
Mackenzie River plume eastward, enhancing light availability and allowing a rise in
productivity during this period. Thus, upwelling conditions (e.g., Osborne and Forest, 2016)
and on-shelf transport of nutrient-rich Pacific water along the Mackenzie Slope may have
contributed to increase the primary productivity in this region. This is in agreement with the
3'°N results in a composite core in Bringué and Rochon (2012), suggesting higher Pacific
water input from 4600 to 1300 cal yr BP associated with centennial scale shifts of the AO

phases.
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Figure 10. Hypothesized influence of the position and intensity of the Aleutian Low (AL)
associated with the PDO phases over the last 2000 years on the Mackenzie River Basin and
the Canadian Beaufort Sea. Composite core: 03CS (red star). BG = Beaufort Gyre, AL =
Aleutian Low, PDO = Pacific Decadal Oscillation, AR = Anadyr River, YR =Yukon River,

MR = Mackenzie River, JB = Jellybean Lake, MO = Moon Lake. ** Pluvial conditions.
Modified from Grebmeier et al., 2006; Anderson et al., 2016; Deschamps et al., 2019.
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ZONE 11 (62 — 21 cm; 2000 to 200 cal yr BP)

All palynomorph influxes decreased steadily from the base to approximately the middle part
of this zone where they reach their minimum values (Figure 7), which suggests decreasing
surface (dinocysts; 247 to 43 cysts cm™ yr?) and benthic (foraminifer linings; 85 to 13 cells
cm 2 yrt) productivities during that period (~ 2000 to 200 cal yr BP). Moreover, pollen/spores
relatively low contribution as well as freshwater and pre-Quaternary palynomorphs decrease
suggest reduced input from the Mackenzie River during this period. We hypothesize that
lower discharge from the Mackenzie River and a decrease in the advection of nutrient-rich
Pacific waters could have reduced the nutrient supply to the shelf and slope. This is also in
agreement with the effect of a weaker signal of AO (Darby et al., 2012), reflected in a
strengthened Beaufort Gyre which reduce the advection of Pacific waters by the Bering Strait
(Figure 9) (e.g., Yamamoto et al., 2017). Considering this, autotrophic taxa are limited by
the reduction in nutrients, but diatoms can still use the silica reserves accumulated in their
frustules to survive. For this reason, heterotrophic taxa are probably controlled by the
presence of diatoms (principal heterotrophic prey) and other primary producers.
Consequently, heterotrophic taxa still have access to a food source and the decrease of
nutrients in the environment had a smaller impact on their population. This is evidenced in

the decreasing autotroph/heterotroph ratio shown in figure 8.

Likewise, the relative abundance of cysts of P. dalei gradually decreases in this zone
(Figure 8). Since this species often dominates in areas characterized by reduced surface
salinity (Zonneveld et al., 2013), the decrease of this species thus further supports our
interpretation that reduced freshwater discharge prevailed in the area during that period.
Moreover, the mineralogical ratios I/Fsp and S+V/I show a gradual increase in feldspars and
smectite-vermiculite within this Zone (Figure 5), which are the characteristic minerals from
the southern Mackenzie Basin. These modifications in the detrital sources likely suggest that
the atmospheric configuration allowed for more moisture transfer to the southern part of
Mackenzie basin during this period. Several paleoclimate studies based on terrestrial records
from western North America (e.g., Laird et al., 1998; Anderson et al., 2005,2016; MacDonald



and Case, 2005; Barron and Anderson, 2011; Bird et al., 2017) suggest that the period
between 2000 and 200 cal yr BP was characterized by (1) changes from a PDO- state to a
strong PDO+ state (~ 1000 cal yr BP) and (2) a gradual decrease in the amount of
precipitation probably linked to a major change in the Aleutian Low intensity and position
over the North Pacific. Figure 9 shows this PDO state change in the Jellybean Lake curve
and the precipitation conditions with the wet-dry indicator from Moon Lake. In this context,
we speculate that predominantly positive PDO-like conditions allowed the main moisture
transfer to reach the southern part of the Mackenzie Basin, promoting a major remobilization
and transport of sediments from that region. However, the PDO signal displays greater
variability than in Zone | (Figure 9) suggesting more variable Pacific ocean—atmosphere
modes than a single PDO type analogue (Anderson et al., 2016). This variability is also
observed by Baron and Anderson (2011) and Stone et al. (2016).

In core 03CS, the transition from an autotrophic-dominated assemblage to one
dominated by heterotrophic takes place between the beginning of the MWP and the end of
the LIA (Figure 8). Cold environment assemblages (e.g., S. elongatus/frigidus, 1. minutum
s.l., I. minutum var. cezare and Polykrikos sp. var. arctic/quadratus) are dominant during the
same interval. However, the MWP is marked by the increase in relative abundance of the
autotrophic taxa S. elongatus/ frigidus (Figure 9; 1 to 5 %), which could be also an indicator
of sea-ice reduction possibly due to milder sea-surface conditions, as this species is
associated with cold water generated from ice-melting (Zonneveld et al., 2013). Then, I.
minutum s.I. becomes dominant during the period corresponding to the LIA, suggesting
longer sea-ice duration and colder conditions arising from sea-water freeze (Figure 8).
Overall, this zone is characterized by reduced freshwater input by the Mackenzie River Basin
and milder sea-surface conditions, associated with the MWP (AD 800 — 1525), and followed
by a cooler period tentatively associated with the LIA (AD 1525 — 1865).
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ZONE 111 (21 -6 cm; AD 1800 to 1950)

Dinocyst influxes reach their maximum value in Zone 111 (434 cysts cm™ yr; Figure
7), together with foraminifer linings (259 linings cm yrt), freshwater palynomorphs (24
cells cm™2 yr) and pollen/spores (147 grains cm yr't). All these, in conjunction with the
high sedimentation rate (up to 167 cm/ka) suggest a period of high Mackenzie River
discharge. The freshwater input stratifies the water column and induces the nutrients supply
in the euphotic zone and promote an increase in primary productivity. The heterotrophic taxa
I. minutum s.1. reaches it maximum relative abundance at the transition between Zones Il and
I11, which corresponds with the end of the LIA (Figure 8). It then decreases gradually
throughout the zone and is replaced by autotrophic taxa probably because of greater nutrient
availability from the Mackenzie River. Additionally, there is a gradual increase in
Brigantedinium spp. in this period, a taxa controlled by nutrients and prey availability (Figure
8).

Moreover, this zone displays a marked increase of certain elemental (e.g., Al/Ca, As/Al
and Fe/Al) and mineralogical ratios (total clays/Dol, I/Fsp and I/K+C), and a decrease in
S+VI/I ratio (Figure 5), suggesting increasing detrital input from the northern Mackenzie
River basin. However, the beginning of the zone is marked by relatively high values of
smectite and vermiculite (S+V/I; Figure 5), which indicate some contribution from the
southern basin. Overall, these data suggest higher precipitations in the Mackenzie River basin
between AD 1800 and 1950 (Figures 9,10B), possibly associated with a positive phase of the
PDO and a strong AL in an eastern position (Figure 10B). Thus, prevailing westerly winds
from the central northern part of the Pacific during the PDO+ (Zhang and Delworth, 2015),
likely transport North Pacific water vapor eastward along the west coast of North America.
These PDO-like conditions are likely responsible for enhanced precipitation in the southern

part of the Mackenzie River basin.



ZONE IV (6 — 0 cm; AD 1950 to modern)

The dinocyst assemblages in this zone are dominated by autotrophic species (Figure
8), possibly due to the oxic conditions prevailing in the area (see section 5.1.) Cysts of
Islandinium minutum s.l. species are shown to be extremely sensitive to oxygen availability
in bottom sediments, I. pallidum and cysts of P. dalei are considered very sensitive, while
Operculodinium centrocarpum is moderately sensitive (Zonneveld et al., 2001). Thus, the
absence of Islandinium minutum s.l. and maximum values of Operculodinium centrocarpum
s.l. in this section may reflect taphonomic processes rather than climatic variations.
Furthermore, lower sample resolution in this zone makes it difficult to evaluate the possible

influence of the PDO and the AL on the sea-surface conditions and sediment dynamics.

In summary, dinocyst and terrestrial palynomorph (pollen/spores) influxes fluctuate in
a similar manner, suggesting synchronous variations in terrestrial and marine habitats. In
general, autotrophic taxa dominate between 2700 and 1000 cal yr BP, while heterotrophic
taxa increase between AD 1000 and 1950 (Figure 5), with maximum abundance during the
LIA period (AD 1525 — 1865). Autotrophic taxa also dominate in the modern zone. This
trophic transition is also observed in Mackenzie Trough and Slope cores studied by Richerol
et al. (2008b) and Bringué et al. (2012). Overall, we hypothesize that major changes in the
Pacific Ocean—atmospheric dynamics (such as PDO) likely influence the evolution of sea-

surface conditions and sediment dynamics in the Canadian Beaufort Shelf (Figure 10).
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CONCLUSIONS

This study allowed us to determine hydroclimatic changes using a multiproxy approach
to estimate sea-surface conditions, detrital input and freshwater discharge from the
Mackenzie River in the recent Holocene over the Mackenzie Slope in the Canadian Beaufort

Sea.

e Dinocyst assemblages reveal relatively stable oceanographic conditions in the
Canadian Beaufort Sea over the last 2000 years, with occasional warm (MWP) and
cold (LIA) periods, which are constrained over the slope between AD 800 — 1525 and
AD 1525 — 1865, respectively.

¢ Mineralogical, geochemical and palynological proxies used in this study suggest an
enhanced freshwater input from the Mackenzie River between AD 1800 and 1950
likely related with a persistent PDO+ phase and a strong east AL.

e The mineralogical and geochemical ratios (S+V/I, I/K+C, I/Fsp, total clays/Dol,
Al/Ca, Si/Al, and Fe/Al), together with a discriminant diagram based on Al-Si-Ca and
I+K-Fds-Dol, suggest that Late Holocene sediments on the slope of the Canadian
Beaufort Sea derive mainly from the northern tributaries of the Mackenzie Basin,
with the southern tributaries acting as secondary source areas.

e Four assemblage zones are identified based on changes in the mineralogical,
geochemical and palynological compositions and constrained cluster analysis, as
follows: Zone | (2700 — 2000 cal yr BP) is characterized by an important freshwater
input from the Mackenzie River; Zone Il (2000 — 200 cal yr BP) suggests drier
weather conditions with a decrease in the Mackenzie River discharge likely
associated with the PDO+ state; Zone I11 (AD 1800 — 1950) corresponds to increasing
freshwater and detrital input from the northern tributaries of the Mackenzie River
relative to the southern tributaries and is associated with predominantly positive
PDO-like conditions; and Zone IV (AD 1950 — modern) records taphonomic

processes rather than climatic variations.



e Evolution of sea-surface conditions and sedimentary dynamics on the Mackenzie
Slope over the last 2000 years seem to be likely influenced by major changes in the
atmospheric climate mode, such as PDO and AO.
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CONCLUSION GENERALE

Les variations des différents traceurs analysés (minéralogiques, géochimiques et
palynologigues) dans une séquence sédimentaire composite (03CS) qui couvre les derniers
2000 ans ont permis de reconstituer 1’évolution des conditions océaniques de surface et la
dynamique sédimentaire au cours I’Holocene récent sur le talus du Mackenzie (mer de
Beaufort, Arctique canadien). L’ensemble des traceurs détritiques suggere que les sediments

sur le talus proviennent principalement du fleuve Mackenzie.

Quatre zones ont eté determinées sur la base d'une analyse de regroupement
hiérarchique des données géochimiques et de I’abondance relative des dinokystes : La Zone
I (2700 — 2000 cal yr BP) montre une granulométrie et des valeurs de I’ensemble des
éléments géochimiques relativement constantes. Cette zone est dominée par des espéces
autotrophes (kyste de Pentapharsodinium dalei et Operculodinium centrocarpum s.l.), de
palynomorphes d’eau douce et pré-quaternaires. Les valeurs élevées de flux de dinokystes et
de réseaux organiques de foraminiféres suggerent des productivités primaires et benthiques
élevées, alors que les palynomorphes d’eau douce et pré-quaternaires suggeérent des apports
importants d’eau douce en provenance du fleuve Mackenzie. Les rapports minéralogiques
élevés d’illite/K-feldspath+plagioclase (I/Fsp) et faible de smectite+vermiculite/illite
(S+V/1) suggérent une provenance de sédiments du nord du bassin du fleuve Mackenzie
probablement lié a de fortes précipitations septentrionales induites par une configuration
ODP- et a une faible dépression des Aléoutiennes-ouest. L’ODP- ainsi que I’OA+
(affaiblissement du gyre de Beaufort) au cours de cette période suggerent egalement une
augmentation des apports des eaux du Pacifique Nord (riche en nutriments); La Zone 11
(2000 — 200 cal yr BP) montre une diminution du taux de sedimentation (de 53 & 23 cm/ka),
du flux des dinokystes ainsi que de I’ensemble des palynomorphes, ce qui suggére des

conditions climatiques plus seches en lien avec une diminution de la décharge du fleuve
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Mackenzie, ainsi qu’une productivité primaire diminuée. Les rapports I/Fsp et S+V/I
indiquent une augmentation progressive des feldspaths et des smectites-vermiculites
(minéraux caractéristiques du sud du bassin du fleuve Mackenzie). De plus, cette zone est
caractérisée par une diminution graduelle des espéces autotrophes vers la dominance des
hétérotrophes qui devient plus marquée (productivité primaire possiblement dominée par des
diatomées) dans une période qui correspond au début de I’OCM (~ AD 800 — 1525) et a la
fin de la PAG (~ AD 1525 — 1865). L’OCM et le PAG sont marques, respectivement, par
I’augmentation des abondances relatives de S. elongatus/frigidus (conditions plus douces) et
de I’l. minutum s.1. (conditions plus froides). Ces résultats sont en accord avec un signal plus
faible de I’OA (gyre de Beaufort renforcé) et d’un changement d’une phase ODP- (faible
dépression des Aléoutiennes-ouest) a une phase ODP+ (forte dépression des Aléoutiennes-
est) qui correspond a une diminution des précipitations au nord du Pacifique. Par contre, la
Zone 111 (AD 1800 — 1950) montre une augmentation du Ts (jusqu’a 167 cm/ka), de certains
rapports élémentaires (ex., Al/Ca, As/Al et Fe/Al) et minéralogiques (Argiles/Dol, I/Fsp et
illite/kaolinite+chlorite) et une diminution du rapport S+V/I, ce qui indique une forte
augmentation des apports sédimentaires du bassin nord du fleuve Mackenzie par rapport au
bassin sud. Cependant, les valeurs relativement élevées en smectite et vermiculite (S+V/I) au
début de cette zone montrent aussi une certaine contribution du bassin sud. Ceci est
probablement contrdlé par une configuration ODP+ (forte dépression des Aléoutiennes-est),
ce qui induit un plus important transport d’humidité vers le nord-ouest du continent nord-
américain et a une augmentation des précipitations au sud du bassin du fleuve Mackenzie.
Cette augmentation d’apport d’eau douce est également marquée par I’augmentation des flux
de palynomorphes d’eau douce et pré-quaternaires. On y observe la co-dominance d’espéeces
autotrophes et héterotrophes. Finalement, la Zone IV (AD 1950 — moderne) est caractérisée
par un taux de sédimentation élevé (143 cm/ka) et une augmentation de la taille des grains
(2.7 @ 4.1 pm). Les especes autotrophes (Operculodinium centrocarpum s.l. et kyste de
Pentapharsodinium dalei) et les conditions oxiques (augmentation de Fe-oxides) dominent.
Ces conditions sont principalement influencées par les variations des apports du fleuve

Mackenzie au niveau du talus de la mer de Beaufort dues aux précipitations dans les
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différents secteurs du bassin versant du fleuve. Dans le cas présent, il semble que ce soient
les processus taphonomiques qui aient influencé la composition des assemblages récents de

dinokystes (Zone V), et non le climat.

Les reconstitutions des paramétres de conditions de masses d’eau de surface
(température, salinité, durée du couvert de glace, productivité primaire) obtenues par les
fonctions de transfert et la technique des analogues modernes (MAT) n’ont pas été utilisées
dans I’interprétation des résultats parce que les variations des valeurs de ces parametres sont
inférieures a I’erreur de prédiction respective de plusieurs parametres, ce qui limite
I’interprétation des résultats dans notre séquence sédimentaire. Les assemblages de
dinokystes ont tout de méme permis de réaliser des interprétations qualitatives des conditions
de masses d’eau de surface. D’autre part, cette étude donne des informations sur les
changements de la provenance des sediments dans le bassin du fleuve Mackenzie ainsi que
sur les variations climatiques qui affectent le nord-ouest de I'Amérique du Nord. Ainsi, au
cours des 2000 derniéres années, I’évolution des conditions de surface et la dynamique
sédimentaire ont été influencées par I’OA et I’OPD. Ces variations climatiques modifient
I’intensité de I’apport sédimentaire et d’eau douce du fleuve Mackenzie, ainsi que I’entrée

des masses d’eau du Pacifique lorsque celles-ci affaiblissent le gyre de Beaufort.

Pour conclure, cette étude multi-traceurs a permis de documenter la possible influence
des variations climatiques et atmosphériques (notamment, OA et ODP) sur I’évolution des
conditions paléo-environnementales dans le talus canadien de la mer de Beaufort au cours
I'Holocéne récent. Cependant, bien que le modéle chronostratigraphique obtenu par la
corrélation de propriétés physiques et magnétiques ait permis de documenter des variations
paléoenvironnementales dans le talus du Mackenzie au cours I’Holocéne récent, ceci pourrait
étre amélioré. En effet, des datations au radiocarbone seraient utiles pour déterminer
précisément les taux de sédimentation de la séquence composite et valider avec plus de
précision les differents facies sédimentologiques proposés ici. D’autre part, des donnees

sédimentologiques a haute fréquence (ex. scanner de fluorescence des rayons X) couplées a
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des analyses en ondelettes pourraient aider a confirmer des patrons et périodes similaires a la
PDO et AO et ainsi la possible influence des oscillations climatiques sur les conditions

océaniques de surface et la dynamique sédimentaire dans le talus du Mackenzie.
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Table 1. Chronology and sedimentation rates from age modelling constructed (Figure 4)
using the R package BACON (Blaauw & Christen 2011).

Average
Depth Core Age Age sedimentation ZONE
03CS (cm) AD cal yr BP rate (cm/ka)
0 BC 2014 -65 143
1 BC 2008 -58 143
2 BC 2000 -50 143
3 BC 1993 -43 143 \Y
4 BC 1986 -36 143
5 BC 1978 -28 143
6 BC 1968 -18 100
7 BC 1958 -8 100
8 BC 1947 3 100
9 BC 1937 13 100
10 BC 1926 24 167
11 BC 1920 30 167
12 BC 1915 35 167
13 BC 1909 41 167 m
14 BC 1904 46 167
15 BC 1898 52 167
16 BC 1876 74 23
17 BC 1854 96 23
18 BC 1833 117 23
19 BC 1811 139 23
20 BC 1789 161 23
21 BC 1761 189 23
22 BC 1731 219 23
23 BC 1703 247 23
24 BC 1676 274 23
25 BC 1650 300 23
26 BC 1625 325 23
27 BC 1597 353 23
28 BC 1569 381 23
29 BC 1540 410 23
30 BC 1513 437 23
31 BC 1478 472 23
32 BC 1438 512 23
33 BC 1401 549 23
34 BC 1366 584 23
35 BC 1333 617 23
36 BC 1279 671 23
37 BC 1226 724 23 I
38 BC 1176 774 23
39 BC 1126 824 23
40 BC 1079 871 23
41 BC 1024 926 23
42 BC 967 983 23
43 BC 909 1041 23
44 BC 856 1094 23
45 TWC 804 1146 23
46 TWC 747 1203 23
47 TWC 686 1264 23
48 TWC 628 1322 23
49 TWC 569 1381 23
50 TWC 509 1441 23
51 TWC 457 1493 23
52 TWC 403 1547 23
53 TWC 345 1605 23

54 TWC 287 1663 23



Table 1 (continued)

Average
03ggpg:lm) Core /2\95 caIAygreBP sedimentation ZONE
rate (cm/ka)
55 TWC 228 1722 23 Il
56 TWC 184 1766 23 Il
57 TWC 141 1809 23 Il
58 TWC 96 1854 23 Il
59 TWC 48 1902 23 Il
60 TWC -3 1953 23 Il
61 TWC -28 1978 23 Il
62 TWC -54 2004 53 |
63 TWC -80 2030 53 |
64 TWC -105 2055 53 |
65 TWC -126 2076 53 |
66 TWC -145 2095 53 |
67 TWC -164 2114 53 |
68 TWC -182 2132 53 |
69 TWC -199 2149 53 |
70 TWC -216 2166 53 |
71 TWC -234 2184 53 |
72 TWC -253 2203 53 |
73 TWC -273 2223 53 |
74 TWC -291 2241 53 |
75 TWC -309 2259 53 |
76 TWC -328 2278 53 |
77 TWC -345 2295 53 |
78 TWC -364 2314 53 |
79 TWC -382 2332 53 |
80 TWC -399 2349 53 |
81 TWC -418 2368 53 |
82 TWC -437 2387 53 |
83 TWC -457 2407 53 |
84 TWC -477 2427 53 |
85 TWC -495 2445 53 |
86 TWC -514 2464 53 |
87 TWC -532 2482 53 |
88 TWC -552 2502 53 |
89 TWC -571 2521 53 |
90 TWC -588 2538 53 |
91 TWC -607 2557 53 |
92 TWC -626 2576 53 |
93 TWC -645 2595 53 |
94 TWC -664 2614 53 |
95 TWC -683 2633 53 |
96 TWC -702 2652 53 |
97 TWC -721 2671 53 |

CS = composite core; BC = box core; TWC = trigger weight core



Table 2. Palynological results. Relative abundance of dinocyst taxa in our sample (%). Palynomorph influxes (specimens cm
yr1). Quantitative reconstruction of sea-surface conditions (°C, psu, months yr?, gC m2 yr?).

Depth Age )(Acgael Foram P'e pollen Ice Prim
03CS Core /9 A H Ocen Pdal Imin Imic Bspp Selo Parc Ipal Pame Dino. .. ' Fresh. Quat. Twin Tsum Ssum ‘Zone
(AD) yr linings Spore cover prod.

(cm) EP) palyno.

0 BC 2014 65 96 4 51 40 O0 O 3 5 0 0 o0 387 8 8 100 159 -17 51 28 7.1 162

2 BC 2000 -50 100 O 69 26 0 O O 3 0 2 o0 180 1 4 43 77 -15 00 29 113 28 v
4 BC 1986 -36 100 0 54 38 0 0 O 6 0 2 0 238 1 3 51 109 -16 32 29 84 88

6 BC 1968 -18 70 30 31 36 18 2 11 2 0 0 0 160 46 7 48 76 -16 42 25 87 154

8 BC 1947 3 65 35 31 30 16 2 15 3 2 0 0 175 114 5 85 67 -14 33 23 95 160
10 BC 1926 24 51 49 22 24 26 1 19 4 3 1 0 23 381 11 197 113 -16 41 24 92 156
12 BC 1915 35 70 30 19 49 20 1 7 2 2 1 0 434 259 24 248 147 -13 37 25 93 136
14 BC 1904 46 58 42 17 39 22 4 13 2 3 0 0 177 147 11 207 77 -16 39 24 92 160 |l
16 BC 1876 74 40 60 19 20 41 6 10 1 4 1 O 28 22 1 39 9 -16 39 24 93 150
18 BC 1833 117 42 58 18 23 4 6 4 2 3 0 O 39 13 2 41 6 -15 44 26 9.0 139

20 BC 1789 161 54 46 19 33 32 4 8 2 3 1 0 56 28 1 44 10 -16 37 24 94 151

22 BC 1731 219 46 54 17 27 40 3 7 1 3 1 © 58 13 1 71 11 -16 38 24 94 151

24 BC 1676 274 56 44 20 36 30 5 6 1 4 0 O 56 43 2 103 13 -15 44 26 90 141

26 BC 1625 325 54 46 19 32 28 8 6 2 4 1 0 59 14 1 79 9 -16 37 24 94 149

28 BC 1569 381 67 33 28 3% 17 3 8 4 5 0 O 46 17 1 87 11 -13 43 23 93 173

30 BC 1513 437 69 31 31 36 18 2 8 2 2 0 O 64 22 1 87 12 -15 46 22 95 191

32 BC 1438 512 69 31 30 36 17 2 9 3 2 0 1 75 30 1 71 14 -13 52 22 96 218

34 BC 1366 584 57 43 18 38 23 3 12 1 4 0 O 43 17 1 61 8 -15 49 22 95 199

36 BC 1279 671 70 30 30 35 15 2 8 5 5 0 O 47 13 1 62 8 -11 38 25 91 148 1
38 BC 1176 774 68 32 21 41 18 3 4 5 5 1 1 59 20 2 65 14 -13 53 22 96 220

40 BC 1079 871 67 33 21 42 20 3 7 3 3 0 O 71 37 2 71 14 -13 35 25 93 147

42 BC 967 983 68 32 26 38 21 2 6 3 2 1 O 77 19 1 69 9 -14 34 25 94 134
44 BC 856 1094 70 30 16 52 19 2 6 3 3 1 © 98 35 1 87 15 -13 35 25 94 141
45 TWC 804 1146 82 18 31 48 11 1 3 3 3 0 O 81 40 1 66 11 -06 51 26 89 173

53 TWC 345 1605 79 21 13 62 14 3 2 2 2 1 0 102 44 1 79 8 -13 32 27 95 110

61 TWC -28 1978 77 23 20 56 15 2 3 1 2 0 1 247 85 8 244 27 -09 46 27 9.1 165
68.5 TWC -182 2132 84 16 14 68 10 3 1 2 2 0 0 357 127 8 254 45 -09 42 28 89 135

77 TWC-345 2295 78 22 14 63 12 3 5 1 2 O 1 174 84 11 296 23 -09 45 27 89 152 |
85 TWC -495 2445 78 22 17 59 16 1 4 2 1 0 0 198 112 15 240 28 -08 38 26 91 131

93 TWC-645 2595 83 17 12 70 9 3 4 1 1 1 0 253 99 16 262 34 -15 44 23 9.7 178




Table 2 (continued)

pre-

A H Ocen Pdal Imin Imic Bspp Selo Parc Ipal Pame Dino. Fl.or.am. Fresh. Quat. Pollen Twin Tsum Ssum Ice Prim.
ining palyno.Spore cover prod.
Mean 69 31 25 41 19 27 7 25 25 06 02 142 53 50 115 39 -13 40 25 93 156
Max 100 60 69 70 44 85 19 6.0 52 20 13 434 259 24 296 159 -06 53 29 11 227
Min 40 O 12 20 0O 00O O 06 00 00 0.0 28 1 1 39 6 -17 01 21 7 28
Iv. 91 9 51 35 5 04 4 40 01 11 00 241 14 55 60 105 -16 3.0 28 9.0 108
Meanofeach Il 54 46 21 31 29 34 11 21 29 06 00 163 95 79 123 61 -15 38 24 93 153
zone 1 67 33 23 41 20 31 6 25 32 05 03 79 30 1.5 87 12 -13 42 24 9.4 169
I 81 19 14 65 12 23 3 13 16 02 03 246 106 125 263 33 -1.1 44 26 9.2 160

CS = composite core; BC = box core; TWC = trigger weight core;
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A = Autotrophs; H = Heterotrophs; Ocen = Operculodinium centrocarpum sensu Wall

& Dale 1966 + O. centrocarpum short processes + O. centrocarpum arctic morphotype; Pdal = cyst of Pentapharsodinium dalei; Imin = Islandinium
minutum + |. brevispinosum + Echinidinium karaense + Echinidinium spp; Imic = I. minutum var. cezare; Bspp = B. simplex + B. cariacoense +
Bringantedinium sp.; Selo= Spiniferites elongatus + S. frigidus; Parc = cyst of Polykrikos spp. arctic/quadratus morphotypes; Ipal = Impagidinium
pallidum; Pame = cyst of Protoperidinium americanum. Palynomorphs influxes (Dino. = Dinocyst; Foram.lining = Foraminifer linings; Fresh.=
Freshwater palynomorphs; pre-Quat.palyno. = pre-Quaternary palynomorph). Quantitative reconstruction of sea-surface conditions (Twin = Winter sea-
surface temperature (°C); Tsum = Summer sea-surface temperature (°C); Ssum = Summer sea-surface salinity (psu); Ice cover = Sea-ice cover (months
yr); Prim.prod. = primary productivity (gC m2 yr?).

Table 3. Grain size (um) and bulk mineralogical abundance (%) results.

Depth

Age

Grain

03CS Core igDe cal yr size Qz FeldsK Plag Dol Amph F_e— Am(_)rph B'Ot't.e_ lllites Kaol Smectite Vermiculite Zone
(cm) BP (um) oxides Silica chlorite

0 BC 2014 -65 3.7 24 2.1 3.2 3.7 0.7 0.1 1.1 14 32 3.0 14 1.5

1 BC 2008 -58 3.9 23 2.2 53 35 1.7 1.6 0.0 11 33 2.8 15 0.4

2 BC 2000 -50 4.2 22 4.0 25 35 1.0 0.7 2.6 14 28 2.6 16 1.8

3 BC 1993 -43 4.1 23 3.4 40 28 0.6 2.6 2.1 11 29 0.0 20 0.9 v

4 BC 1986 -36 4.0 21 15 42 29 1.6 1.4 14 14 31 35 16 0.8

5 BC 1978 -28 4.6 21 2.6 3.4 3.3 2.7 0.1 3.7 13 29 3.5 15 2.0

6 BC 1968 -18 2.9 22 1.5 2.9 2.4 1.5 0.9 1.1 12 32 3.1 17 3.5
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Table 3 (continued)

Age

Grain

032(?;2 m) Core igDe cgl F}ll’ (Sdfne) Qz Feldsk Plag Dol Amph 0;3;} s Arsr}l(i) égh Srll(l):rti?«; lllites Kaol Smectite  Vermiculite Zone
7 BC 1958 -8 2.7 21 1.2 3.6 2.3 1.7 0.0 1.9 12 32 4.1 16 3.0
8 BC 1947 3 2.6 21 14 3.6 2.3 1.3 0.5 1.9 12 31 4.9 16 4.4
9 BC 1937 13 2.6 21 1.2 3.9 2.0 1.3 1.0 33 10 36 3.9 15 1.3
10 BC 1926 24 25 22 2.3 3.4 18 0.6 1.2 0.4 12 32 3.1 18 2.4
11 BC 1920 30 2.7 22 2.2 3.0 1.8 0.3 0.6 0.2 12 28 35 22 3.4
12 BC 1915 35 2.9 21 1.1 3.2 1.6 0.8 0.2 3.0 13 27 2.0 22 4.4
13 BC 1909 41 2.6 22 2.2 3.3 1.5 1.9 0.7 1.8 12 27 2.5 20 4.6
14 BC 1904 46 2.7 22 2.3 3.0 1.9 0.1 0.3 0.7 11 29 35 22 4.0 it
15 BC 1898 52 34 21 2.2 3.2 1.7 1.6 1.6 1.9 12 23 4.2 21 4.7
16 BC 1876 74 25 22 1.8 3.8 2.2 0.9 0.6 0.5 12 24 3.8 23 4.3
17 BC 1854 96 25 23 15 3.8 1.8 0.2 0.9 0.0 11 25 4.4 23 5.3
18 BC 1833 117 2.9 22 0.7 3.1 15 0.8 0.6 2.3 13 26 2.7 26 0.9
19 BC 1811 139 3.4 21 3.6 2.9 1.5 1.5 1.4 1.2 15 22 4.3 24 1.6
20 BC 1789 161 2.1 20 1.3 2.8 1.9 0.4 0.6 4.9 13 24 3.2 25 2.9
21 BC 1761 189 2.4 22 3.2 3.2 2.1 0.8 0.6 0.0 12 26 3.1 27 0.3
22 BC 1731 219 34 23 2.6 3.8 2.8 0.7 0.2 0.0 14 27 4.8 18 1.7
23 BC 1703 247 2.9 21 25 3.6 2.1 1.6 0.7 0.7 13 28 4.2 20 2.9
24 BC 1676 274 2.5 20 4.4 3.1 2.6 0.7 1.1 35 13 24 34 20 3.3
25 BC 1650 300 2.5 22 2.8 4.1 2.7 0.9 0.7 2.3 13 25 4.3 20 1.6
26 BC 1625 325 2.6 22 3.2 3.3 2.6 0.9 1.1 3.6 13 26 3.0 19 1.8
27 BC 1597 353 2.2 23 4.4 3.4 3.0 0.9 0.7 2.0 15 24 4.4 19 0.0
28 BC 1569 381 25 23 3.2 3.2 2.8 0.0 0.2 2.2 15 27 4.0 18 0.8
29 BC 1540 410 2.5 21 6.3 3.5 2.7 0.0 1.2 4.0 15 22 3.8 18 0.8
30 BC 1513 437 2.6 23 2.3 3.5 2.8 0.9 0.0 3.1 13 24 4.2 22 0.0
31 BC 1478 472 2.7 18 1.9 2.9 2.7 24 0.2 8.9 16 24 3.8 17 0.6
32 BC 1438 512 2.6 21 5.8 3.2 2.9 0.6 0.6 1.3 17 23 3.4 21 0.0
33 BC 1401 549 2.6 23 2.6 3.8 2.2 0.7 0.4 1.2 15 23 3.0 22 0.5
34 BC 1366 584 2.7 22 3.6 3.9 2.9 0.4 0.3 0.3 15 24 4.7 22 0.6
35 BC 1333 617 2.5 23 3.7 3.4 2.7 1.4 0.1 0.5 14 25 3.6 22 0.3
36 BC 1279 671 25 24 2.9 4.1 2.6 0.0 0.7 0.8 14 26 3.3 20 0.3



Table 3 (continued)
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Depth

Age

Grain

03CS Core i%e cal yr size Qz Feldsk Plag Dol Amph Fe- Am(_)rph Biotite- lllites Kaol Smectite  Vermiculite Zone
(cm) BP (um) oxides Silica chlorite
37 BC 1226 724 2.8 23 2.4 3.4 2.8 1.0 0.0 0.7 13 27 3.7 19 2.2
38 BC 1176 774 2.7 21 15 4.2 3.0 0.4 0.3 21 15 26 2.7 22 1.6
39 BC 1126 824 2.9 23 4.6 2.9 2.6 0.4 0.7 1.2 14 26 3.6 21 0.0
40 BC 1079 871 2.7 23 2.2 25 2.9 13 0.2 1.0 16 25 31 20 1.8
41 BC 1024 926 29 22 3.3 3.7 2.7 0.2 0.7 0.7 14 27 2.5 19 35
42 BC 967 983 2.8 23 2.8 3.6 3.0 0.4 0.5 1.3 14 27 3.3 19 2.0
43 BC 909 1041 2.7 21 3.3 4.5 3.1 0.4 0.7 1.9 14 25 3.6 19 2.1 "
44 BC 856 1094 2.8 22 3.1 4.1 3.2 0.5 0.9 0.4 14 27 3.6 20 1.2
45 TWC 804 1146 24 22 35 24 25 0.3 1.0 12 11 27 3.6 21 4.0
49 TWC 569 1381 24 23 0.9 3.3 2.2 13 0.4 13 12 28 31 21 3.3
53 TWC 345 1605 25 23 21 2.9 2.8 0.2 0.7 1.2 14 29 4.4 18 2.0
57 TWC 141 1809 2.6 22 2.6 2.1 2.8 0.9 0.7 1.0 14 29 35 20 0.9
61 TWC -28 1978 2.5 20 1.1 1.8 2.4 0.6 0.1 8.4 14 30 3.3 15 3.0
65 TWC -126 2076 2.5 24 3.1 2.8 2.7 0.2 0.4 1.1 15 28 2.4 17 2.7
68.5 TWC -19 2141 2.6 23 3.2 2.5 3.1 0.4 0.5 1.1 15 27 4.3 18 1.3
73 TWC -273 2223 25 21 1.8 3.0 2.9 0.4 0.3 35 13 30 3.9 17 2.8
77 TWC -345 2295 25 22 3.8 2.0 3.0 0.0 0.4 0.0 15 26 4.3 21 0.4
81 TWC -418 2368 25 19 15 25 25 13 0.0 8.3 15 28 4.0 17 0.8
85 TWC  -495 2445 2.6 23 1.3 2.8 2.2 0.1 0.5 1.7 13 28 35 21 1.1
89 TWC -571 2521 2.5 22 1.7 2.6 2.5 1.0 0.8 1.1 14 31 3.9 17 0.8
93 TWC  -645 2595 2.7 22 1.5 3.4 2.8 0.6 0.0 2.6 13 37 3.9 12 0.0
97 TWC -721 2671 2.6 21 2.9 2.6 2.5 1.3 1.1 0.6 13 37 3.2 11 3.2
Mean 2.8 22.0 2.6 3.3 2.5 0.8 0.6 2.1 13 28 3.5 19 1.9
Max 46 240 6.3 5.3 37 2.7 2.6 13.6 17 37 4.9 27 53
Min 2.1 18.4 0.7 1.8 1.5 0.0 0.0 0.0 10 22 0.0 11 0.0
\Y 3.9 22.3 2.5 3.6 3.2 1.4 1.1 1.7 13 31 2.6 16 1.6
wemofcanzone 2T ZS 1t se ip 1o er L7o@ooaose A3
| 2.6 21.9 2.3 2.7 2.7 0.6 0.4 2.2 14 30 3.7 17 1.5

CS = composite core; BC =box core; TWC = trigger weight core; Qz = quartz; FeldsK = K-feldspar; Plag = plagioclase; Dol = dolomite; Amph =
amphipole; Amorph Silica = amorphous silica; Kaol = kaolinite



Table 4. Clay mineralogical (%) results.

Osggpg:]m) Core AA%e caIA)%’eBP Smectite  lllite  Chlorite  Kaolinite  Vermiculite Zone
0 BC 2014 -65 19 40 21 13 7
1 BC 2008 -58 17 42 25 10 6
2 BC 2000 -50 16 44 20 17 3
3 BC 1993 -43 9 47 20 15 9 v
4 BC 1986 -36 12 42 20 17 10
5 BC 1978 -28 11 45 25 13 6
6 BC 1968 -18 22 38 14 18 8
7 BC 1958 -8 25 40 17 15 3
8 BC 1947 3 21 43 17 16 3
9 BC 1937 13 28 31 19 14 8
10 BC 1926 24 18 34 17 16 14
11 BC 1920 30 18 43 17 14 7
12 BC 1915 35 20 42 19 17 3
13 BC 1909 41 11 40 22 15 11 "
14 BC 1904 46 30 35 16 13 6
15 BC 1898 52 26 38 15 15 5
16 BC 1876 74 16 39 19 17 10
17 BC 1854 96 14 39 19 17 11
18 BC 1833 117 27 36 14 14 9
19 BC 1811 139 33 33 16 13 5
20 BC 1789 161 29 37 14 16 4
21 BC 1761 189 23 38 18 15 6
22 BC 1731 219 41 33 15 11 3
23 BC 1703 247 26 36 17 16 5
24 BC 1676 274 19 37 19 20 5
25 BC 1650 300 19 37 21 13 11
26 BC 1625 325 21 35 18 18 9
27 BC 1597 353 24 34 17 19 7
28 BC 1569 381 24 34 18 15 9
29 BC 1540 410 32 28 15 14 11
30 BC 1513 437 30 32 16 14 7
31 BC 1478 472 22 39 16 18 6
32 BC 1438 512 18 37 21 18 7
33 BC 1401 549 16 38 19 19 7
34 BC 1366 584 25 34 20 15 6
35 BC 1333 617 17 38 20 21 4 Il
36 BC 1279 671 22 37 21 13 7
37 BC 1226 724 25 36 21 14 4
38 BC 1176 774 22 34 22 16 6
39 BC 1126 824 26 28 15 18 13
40 BC 1079 871 31 33 17 14 5
41 BC 1024 926 23 35 17 18 8
42 BC 967 983 22 35 18 17 8
43 BC 909 1041 25 36 16 15 9
44 BC 856 1094 21 34 18 15 12
45 TWC 804 1146 21 38 17 17 7
49 TWC 569 1381 18 41 20 15 5
53 TWC 345 1605 22 39 19 15 5
57 TWC 141 1809 18 40 19 16 7
61 TWC -28 1978 14 43 17 21 5




Table 4 (continued)

Depth Age Age

03CS (cm) Core AD cal yr BP Smectite Illite Chlorite Kaolinite Vermiculite Zone

65 TWC -126 2076 20 40 16 20 4
68.5 TWC -19 2141 15 41 19 17 8
73 TWC -273 2223 15 42 18 19 7
77 TWC -345 2295 17 39 17 20 6

81 TWC -418 2368 18 38 19 18 6 |
85 TWC -495 2445 18 41 18 19 4
89 TWC -571 2521 22 37 22 15 4
93 TWC -645 2595 14 44 18 17 6
97 TWC -721 2671 36 36 15 13 3
Mean 21 38 18 16 7
Max 41 47 25 21 14
Min 9 28 14 10 3
v 15 42 21 15 7.0
M ¢ h ] 23 38 17 15 7.0
ean ot each zone I 23 36 18 16 7.0
| 20 40 18 18 53

CS = composite core; BC = box core; TWC = trigger weight core



Table 5. Elemental geochemical results.

Igggtg Core Age cAa?sr L.O.l. Mg Al Si P K Ca Ti Mn Fe v cr cu n S Zr As Zone
(cm) AD  "gp %) (%) (%) (%) (%) (%) (%) (%) (%) ppm ppm ppm ppm ppm ppm ppm
0 BC 2014 -65 9.4 1.0 99 282 008 28 12 049 070 51 304 111 23 157 167 152 28
1 BC 2008 -58 9.5 1.0 99 276 007 28 12 048 080 51 29 208 23 162 164 150 19

2 BC 2000 -50 106 10 9.7 271 008 28 12 048 097 50 278 111 64 191 168 154 7 I\
3 BC 1993 -43 9.5 0.9 9.8 270 008 28 11 048 195 51 298 109 71 163 175 157 15
4 BC 1986 -36 9.5 0.9 9.8 270 010 28 11 048 141 53 304 96 41 158 166 143 24
5 BC 1978 -28 116 11 9.8 268 009 29 11 047 054 55 303 112 65 162 170 143 31
6 BC 1968 -18 9.2 0.9 9.9 272 016 28 11 048 020 63 294 135 23 165 171 147 49
7 BC 1958 -8 8.3 09 101 275 011 29 11 050 0.08 56 282 129 23 157 149 152 25
8 BC 1947 3 8.4 09 103 275 012 29 10 049 0.08 58 294 120 63 160 153 151 40
9 BC 1937 13 8.3 09 103 276 011 29 1.0 049 0.08 53 295 147 60 158 147 154 6
10 BC 1926 24 8.0 09 106 283 003 30 10 051 005 52 290 213 81 168 144 155 15
11 BC 1920 30 8.2 09 104 278 011 29 10 050 0.05 52 275 134 72 167 149 160 14
12 BC 1915 35 8.0 08 104 277 009 29 09 050 0.06 58 303 145 81 174 145 150 32
13 BC 1909 41 8.2 08 104 277 011 29 10 050 0.06 5.7 302 127 65 166 145 148 32 "
14 BC 1904 46 8.2 09 105 279 011 29 10 050 0.05 53 308 138 74 156 144 153 24
15 BC 1898 52 8.2 10 104 279 010 29 10 050 005 53 294 141 70 157 143 153 24
16 BC 1876 74 8.2 10 104 280 008 29 10 050 005 54 280 144 67 158 143 153 24
17 BC 1854 96 8.0 08 104 280 009 29 09 050 005 54 290 115 74 172 145 148 21
18 BC 1833 117 8.2 08 103 276 014 29 10 049 005 6.0 303 121 73 164 157 145 61
19 BC 1811 139 8.2 08 102 275 009 29 09 049 0.06 63 304 136 75 167 142 159 69
20 BC 1789 161 8.2 08 102 278 009 29 10 049 005 58 303 191 74 162 140 149 50
21 BC 1761 189 8.3 10 105 281 010 30 11 050 0.04 47 300 123 23 156 148 153 1
22 BC 1731 219 8.8 10 106 282 005 30 11 050 004 46 325 125 23 156 142 149 0
23 BC 1703 247 8.2 10 104 280 003 30 11 050 004 47 300 162 67 158 137 145 0
24 BC 1676 274 8.2 09 104 281 006 3.0 11 050 0.04 49 328 129 72 159 143 157 0
25 BC 1650 300 8.3 10 104 278 008 30 11 049 005 48 303 120 56 155 143 151 0
26 BC 1625 325 8.5 11 102 279 002 30 11 049 004 50 301 141 70 156 143 150 0
27 BC 1597 353 8.4 10 102 278 006 29 11 049 004 50 308 134 70 151 138 147 0
28 BC 1569 381 8.3 10 103 278 000 3.0 11 049 003 49 290 122 66 152 141 150 0
29 BC 1540 410 8.2 10 102 280 008 29 12 049 004 49 287 120 23 163 138 145 4
30 BC 1513 437 8.4 10 102 278 006 29 11 049 004 49 308 136 61 155 142 154 4
31 BC 1478 472 8.4 10 103 282 005 30 11 050 004 49 291 156 23 157 141 154 3



Table 5 (continued)

77

Depth

Age

Age Mg Al Si P K Ca Ti Mn  Fe \Y Cr Cu Zn Sr Zr s
oo @ ap BT MY e ) ) 9 ) ) ) () () ppm ppm ppm ppm ppm ppm ppm o'
32 BC 1438 512 7.9 1.0 10.1 27.7 0.02 2.9 1.1 049 0.04 49 290 147 64 147 142 153 0
33 BC 1401 549 8.3 1.0 10.1 27.5 0.05 29 11 049 0.03 49 296 129 23 157 147 149 0
34 BC 1366 584 8.6 1.1 10.3 27.9 0.03 3.0 1.2 050 004 5.0 320 142 66 155 138 160 3
35 BC 1333 617 8.3 1.0 10.2 28.0 0.05 3.0 1.2 049 003 5.0 317 151 23 156 145 156 4
36 BC 1279 671 8.2 1.0 10.2 27.6 0.08 29 11 049 0.03 49 291 129 63 150 141 146 0
37 BC 1226 724 8.5 1.0 10.2 27.8 0.05 2.9 1.1 049 0.03 5.0 292 131 61 144 140 141 3
38 BC 1176 774 8.5 0.9 10.2 27.7 0.05 29 1.1 049 0.03 5.0 303 134 64 158 139 152 10
39 BC 1126 824 8.5 1.0 10.2 27.7 0.04 29 1.1 049 0.04 49 290 197 69 157 141 155 8
40 BC 1079 871 8.4 1.0 10.3 28.0 0.05 3.0 1.1 049 004 5.1 312 149 74 160 143 158 0
41 BC 1024 926 8.6 1.0 10.3 27.8 0.04 3.0 11 049 0.04 51 298 139 70 158 146 151 4
42 BC 967 983 8.9 1.0 10.1 27.4 0.06 29 12 048 0.04 49 311 207 69 154 145 156 0
43 BC 909 1041 8.9 1.1 10.2 27.5 0.04 3.0 1.2 049 0.03 49 310 147 23 152 140 151 0
44 BC 856 1094 9.1 1.0 10.1 27.7 0.05 3.0 1.2 049 005 5.0 320 126 23 144 142 145 10
45 TWC 804 1146 8.2 0.9 10.1 27.4 0.06 2.9 1.1 048 0.04 54 317 128 68 155 142 140 5
49 TWC 569 1381 8.1 1.0 10.3 27.7 0.06 3.0 1.1 049 0.04 49 309 119 67 166 137 146 5
53 TWC 345 1605 8.2 1.0 10.2 27.7 0.07 3.0 1.2 049 0.04 49 301 142 57 157 146 150 7
57 TWC 141 1809 8.2 1.0 10.3 27.6 0.05 3.0 1.2 050 0.05 5.1 327 145 59 162 146 152 15
61 TWC -28 1978 8.2 0.9 10.4 27.9 0.07 3.0 1.1 050 004 5.0 322 139 65 161 147 160 3
65 TWC -126 2076 9.2 1.1 10.0 27.4 0.02 3.0 1.2 049 0.05 49 312 126 62 118 149 153 6
68.5 TWC -19 2141 9.1 1.1 10.1 27.2 0.02 3.0 1.2 049 0.05 49 302 121 67 157 141 157 10
73 TWC -273 2223 8.3 1.1 10.3 27.6 0.05 3.0 1.2 050 0.05 49 298 130 70 158 141 148 5
77 TWC -345 2295 8.3 1.0 10.3 27.6 0.09 3.0 1.2 050 0.05 5.0 309 145 65 152 142 144 0
81 TWC -418 2368 8.2 0.9 10.2 27.7 0.05 3.0 1.1 049 0.05 49 317 119 31 150 143 150 8
85 TWC  -495 2445 8.7 1.0 10.1 27.3 0.04 3.0 1.2 049 0.05 5.0 301 118 64 144 145 152 4
89 TWC -571 2521 8.1 1.0 10.2 27.8 0.09 3.0 11 049 0.04 51 318 127 23 152 139 155 6
93 TWC -645 2595 8.4 1.0 10.1 27.5 0.07 3.0 1.1 049 0.07 5.5 309 139 31 151 140 150 7
97 TWC -721 2671 8.7 1.0 10.0 27.2 0.06 29 1.1 048 0.10 5.8 300 152 61 150 141 144 8
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Table 5 (continued)

L.O.l. Mg Al Si P K Ca Ti Mn Fe \Y, Cr Cu Zn Sr Zr As

Mean 8.5 1.0 10.2 27.7 0.1 29 11 05 0.2 52 302 138 56 157 146 151 13

Max 11.6 11 10.6 28.3 0.2 30 12 05 20 63 328 213 81 191 175 160 69

Min 7.9 0.8 9.7 26.8 0.0 28 09 05 00 46 275 96 23 118 137 140 0

v 9.9 1.0 9.8 27.3 0.1 28 12 048 09 54 297 126 44 165 169 149 25

Mean of each zone 1] 8.2 0.9 10.4 27.8 0.1 29 10 050 01 56 294 143 68 163 146 152 31
I 8.4 1.0 10.3 27.8 0.1 30 11 049 00 49 306 140 54 155 142 151 3

[ 8.5 1.0 10.1 27.5 0.1 30 11 049 01 51 307 131 52 148 142 150 6

CS = composite core; BC = box core; TWC = trigger weight core
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Figure S1. Trigger weight core and box core sampling site AMD2014-03 in relation to 3.5
kHz sub-bottom profiler.
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Figure S2. Temperature and salinity profiles (CTD data) from the station AMD0214-03 in
August 2014.
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Figure S3. Relative abundances of a) bulk mineralogy, b) clay mineralogy and c) elemental geochemistry from the composite
sequence 03CS.
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Figure S5. Box plots of the enrichment factors (EF) of redox-sensitive elements (Mn, Fe, V,
Cr, Zn) from the Mackenzie Slope.
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Figure S6. Zonation established using constrained cluster analysis on the geochemical and

palynological data.
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