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AVANT-PROPOS 

Cette thèse est composée de deux parties principales : la synthèse (Chapitre 1) et les articles scientifiques 

(Chapitres 2 à 4). La première partie (Chapitre 1) présente le contexte scientifique de cette étude sur des 

sédiments (annuellement) laminés dans trois lacs profonds de type fjord (lacs Pentecôte, Walker et 

Pasteur) sur la Côte-Nord du Québec, ainsi qu'une brève description des objectifs, hypothèses, 

méthodologies et principaux résultats de cette recherche. La deuxième partie de cette thèse comprend 

trois articles scientifiques. Le premier article (Chapitre 2) examine si les sédiments récents étudiés dans 

les lacs étudiés sont effectivement annuellement laminés. Le deuxième article (Chapitre 3) expose le 

premier enregistrement de sédiments varvés de l’Holocène supérieur établi à partir d’une analyse détaillée 

d’images en haute résolution de lames minces. Le troisième article (Chapitre 4) est consacré à la 

reconstitution environnementale de la zone d’étude sur la base des dépôts successifs allant du dernier 

maximum glaciaire (~ 21 ka) à l’Holocène supérieur. Il s’agit d’une analyse multi-paramètres comprenant 

granulométrie, palynologie, paléomagnétisme et modélisation hydraulique. Enfin, le Chapitre 5 présente 

les principaux résultats de cette recherche et quelques perspectives. 
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RÉSUMÉ 

Cette thèse a pour objectif de reconstituer les contextes environnementaux passés à partir de l’étude de 

sédiments (annuellement) laminés de trois lacs de fjord profonds (les lacs Pentecôte, Walker et Pasteur) 

sur la Côte-Nord, Québec, dans l’Est du Canada. L'analyse des faciès à l'aide de tomodensitogrammes et 

de lames minces de 42 carottes de sédiments prélevées le long de transects révèle que les lacs Pentecôte, 

Walker et Pasteur contiennent des sédiments bioturbés, partiellement laminés et bien laminés. Il a été 

établi que le lac Walker est caractérisé par des facteurs morphologiques (tels qu'une profondeur relative 

plus élevée, une profondeur moyenne, une profondeur maximale, une limite critique et une exposition 

topographique) qui favorisent la préservation de la structure laminée des sédiments. La comparaison du 

nombre de couplets annuels avec les modèles chronologiques du 
210

Pb d'une carotte courte, WA14-06-R 

(43 cm de long), indique que les sédiments laminés récents de ce lac sont probablement des varves. Ces 

résultats ont motivé les analyses multi-échelles d'une séquence composite de ~4,0 m de long, WA15-08-

U, afin de reconstituer un enregistrement varvé de l'Holocène Supérieur de ce lac.  

Une nouvelle chronologie varvée de ~ 900 ans du lac Walker a été établie sur la base de l’analyse 

d’image de 16 lames minces. Le comptage des varves est ancré par quatre datations au radiocarbone. 

Celle-ci fournit le premier enregistrement annuellement laminé dans une région où des enregistrements 

similaires sont actuellement inexistants. Par conséquent, l’enregistrement du Lac Walker entre 2340 et 

3200 ± 20 cal BP offre un fort potentiel pour reconstituer les conditions hydro-climatiques dans cette 

région. Ce lac contient principalement des varves clastiques; l'épaisseur moyenne des varves est de 0,86 

mm.  

Des analyses multi-paramètres incluant les propriétés sédimentologiques, géochimiques, 

paléomagnétiques et palynologiques des sédiments des lacs de fjord Pentecôte et Walker ont été utilisées 

pour reconstituer les changements paléoenvironnementaux survenus lors de la transition d’un 

environnement glaciaire à postglaciaire. Deux principaux faciès sédimentaires ont été identifiés : les 

faciès argileux et lamines déposés dans un environnement proglaciaire et les sédiments laminés déposés 

dans un environnement paraglaciaire / postglaciaire. La transition entre ces deux environnements est 

caractérisée par de brusques changements des propriétés texturales et géochimiques. Au même titre, des 

changements abrupts de l’inclinaison magnétique et d’une augmentation de la diversité des 

palynomorphes caractérisent cette transition. Sur la base de la datation au radiocarbone, il apparait qu’une 

interruption (hiatus) de la sédimentation dans les lacs Pentecôte et Walker est survenue entre ~ 22 et 8 ka 

cal BP et entre ~ 18 et 8 ka cal BP, respectivement. 
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ABSTRACT 

This thesis aims to reconstruct past depositional environments based on laminated sediments from three 

deep fjord-lakes (lakes Pentecôte, Walker and Pasteur) on the Québec North Shore, eastern Canada. 

Facies analysis using CT-scan images and thin-sections of 42 short sediment cores sampled along 

transects reveals that lakes Pentecôte, Walker and Pasteur contain bioturbated, partially laminated and 

well laminated sediments. It has been established that Lake Walker is characterized by morphological 

factors (such as higher relative depth, mean depth, maximum depth, critical boundary and topographic 

exposure) that favour the preservation of sediment laminae. Comparison of laminae couplets counts to 

210
Pb chronology models of a short core, WA14-06-R (43 cm long) indicates that the laminated upper 

sediments from that lake are likely varves. This evidence formed the basis for multi-scale analyses of a 

~4.0 m long composite sequence, WA15-08-U from Lake Walker in order to reconstruct a late Holocene 

varve record from that Lake.  

A new ~900-year varve chronology from Lake Walker was established based on image analysis of 16 

thin-sections supported by radiocarbon dating. The varve counts are anchored on four radiocarbon dates. 

The varve chronology from Lake Walker provides the first varve record in a region where similar records 

are presently non-existent. Moreover, there is a high potential to establish longer and high-resolution 

records of past climate in the region based on these findings. Lake Walker contains mainly clastic varves; 

mean varve thickness is 0.86 mm.  

Multi-proxy analyses including sedimentological, geochemical, paleomagnetic and palynological 

properties of sediments from fjord-lakes Pentecôte and Walker were used to reconstruct 

paleoenvironmental changes that occurred during the transition from glacial to postglacial environments. 

Two principal sediment facies were identified: rhythmically laminated clay facies deposited in a 

proglacial environment, and laminated sediments deposited in paraglacial/postglacial environment. The 

transition from the former to the latter is characterized by abrupt changes in textural and geochemical 

properties and paleomagnetic inclinations, as well as increase in palynomorph diversity. Based on 

radiocarbon dating, age and/or sedimentation hiatus is inferred in lakes Pentecôte and Walker between 

~22 and 8 ka cal BP and between ~18 and 8 ka cal BP, respectively. 
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1 INTRODUCTION GÉNÉRALE   

1.1 Introduction   

Le Groupe Intergouvernemental sur l’évolution climatique (GIEC) affirme qu'étudier le climat du 

passé implique de reconstituer le «changement climatique», c'est-à-dire un changement dû à la 

variabilité naturelle et / ou aux activités anthropiques qui dure sur des décennies ou plus (IPCC 2014). 

La reconstitution du passé climatique nécessite la plus grande précision temporelle possible (Veiga-

Pires and St-Onge 2008; Zolitschka et al. 2015). Cela incite donc à rechercher des enregistrements à 

haute-résolution temporelle des conditions climatiques passées tels que les cernes des arbres, les 

carottes glaciaires et les sédiments annuellement laminés d’origine lacustre ou marine (Francus et al. 

2013a; O'Sullivan 1983; Veiga-Pires and St-Onge 2008). Le Programme international sur les 

changements globaux passés (PAGES) recommande des reconstitutions paléoclimatiques quantifiées, 

c'est-à-dire un lien mesuré avec certains paramètres climatiques (IPCC 2013). D'après le rapport de 

synthèse du GIEC (IPCC 2007), il a été observé une hausse globale des températures au cours des 

dernières décennies. Cette hausse a entrainé des modifications des systèmes hydrologiques, entres 

autres le réchauffement des lacs et / ou les débits de pointe du printemps.  

 

Figure 1.1 : Carte illustrant les proxies de données utilisées pour la reconstruction du paléoclimat à l'échelle 

continentale. Les diagrammes à secteurs représentent la fraction de chaque type de paramètre utilisé pour les 

reconstructions régionales (tiré de Pages 2K Network 2013).  
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La figure 1.1 présente différentes données indirectes qui ont été utilisées pour reconstituer les 

variations de la température mondiale au cours des deux derniers millénaires sur la base d'une étude 

réalisée par le Groupe PAGES 2k (PAGES 2k Network 2013). Cette étude a indiqué que les 

reconstructions en Amérique du Nord étaient principalement basées sur des cernes et du pollen, sauf 

dans le nord du Canada où les glaciers et les sédiments lacustres ont également été utilisés. Ici, les 

sédiments lacustres font référence à des sédiments annuellement laminés (varves) (Figure 1.1). 

Comme l'illustre la figure 1.2, la majorité des enregistrements de varves publiés ont été découverts 

dans trois régions principales : l'Amérique du Nord (Canada arctique et nord des États-Unis), l'Europe 

du Nord et centrale et l'Afrique orientale et centrale (O'Sullivan 1983; Zolitschka et al. 2015). 

 

Figure 1.2 : Distribution mondiale de 143 enregistrements de sédiments varvés lacustres (Holocène et Pléistocène) 

d'après la revue par Zolitschka et al. (2015). La localisation de la Côte-Nord québécoise est indiquée (zone orange, 

cette étude), ce qui suggère qu’il n’existe aucune trace publiée de varves non glaciaires dans cette région. 

 

Dans la province du Québec et dans l'est du Canada, il n'existe aucun enregistrement varvé non-

glaciaire publié selon la base de données mondiale sur les varves (Ojala et al. 2013; Zolitschka et al. 

2015). À ce jour, il existe dans le nord du Québec principalement des données instrumentales et des 

reconstitutions paléoclimatiques à partir de cernes et d'isotopes stables de cernes d'arbres, couvrant 

une période allant de 200 ans au dernier millénaire (Arseneault et al. 2013; Naulier et al. 2014; 

Nicault et al. 2014). Les sédiments annuellement laminés sont rares dans cette région. L’identification 

éventuelle de ce type d’archive dans les lacs profonds offre la possibilité d'explorer ces 

enregistrements environnementaux afin de reconstituer les conditions hydro-climatiques annuelles. Ce 

projet de recherche propose donc d'explorer les propriétés annuelles et texturales des sédiments varvés 

de trois lacs profonds (lacs Pentecôte, Walker et Pasteur) sur la Côte-Nord du Québec. 
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Figure 1.3 : A) Les secteurs considérés dans le projet ARCHIVES pour des reconstitutions hydroclimatiques et 

spatiotemporelle du climat au Québec. (Ci-dessous) L'illustration des deux principaux paramètres pris en compte 

dans le projet ARCHIVES : B) la dendrochronologie (études précédents), et C) la sédimentologie (cette étude). 

L’image illustrant les lacs où les sédiments varvés pourraient être trouvés d'après Fortin et al. (2012) (modifié de 

ARCHIVES.INRS (2009)). 

 

Lac Pentecôte  
Lac Pasteur Lac Walker     

Lac Yasinki 

Lac d’irrigation  

Grand Lake 

 

A) 

B) C) 

Cette étude      Études antérieures   
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Les trois lacs étudiés ont été sélectionnés sur la base d'études antérieures du projet ARCHIVES, soit 

un projet pluridisciplinaire associant plusieurs universités « INRS-ETE, UQAM, UQAR, Université 

de Liège (Belgique), CEREGE (France) et des partenaires industriels / agences Hydro-Québec, 

Ouranos, la Commission géologique de Canada-Québec », ayant comme mandat d’étudier les 

changements climatiques des 1000 dernières années dans le nord du Québec en se basant sur les 

cernes d’arbres et les sédiments lacustres (Fortin et al. 2012) (Figure 1.3). Bien que plusieurs 

reconstructions de cernes d’arbres aient été publiées (comme indiqué ci-dessus), des études de 

reconnaissance sur le terrain (de 2009 à 2012) suggéraient que les propriétés sédimentaires de Grand 

Lac (Labrador) étaient fortement liées à la décharge de la rivière Naskaupi. Trois autres lacs (les lacs 

Pentecôte, Walker et Pasteur) sur la Côte-Nord ont également retenu l’attention pour leur grand 

potentiel de contenir des sédiments annuellement laminés (Fortin et al. 2012) (Figure 1.3A). Le 

couplage spatio-temporel des cernes d’arbre avec les sédiments varvés serait bénéfique non seulement 

pour la comparaison avec les données instrumentales (derniers 50 ans dans la région), mais également 

pour l’extraction du signal température de celui des précipitations. En effet, les cernes d’arbres offrent 

souvent les deux paramètres (température et précipitation) qui peuvent être difficiles à différencier, 

alors que les sédiments varvés sont beaucoup plus sensibles et liés aux précipitations (fonte nivale et 

pluies pour nos sites). En raison de la rareté des enregistrements de cernes d’arbres qui dépassent la 

fin du millénaire (Bradley 1999; Zolitschka et al. 2015), les enregistrements de sédiments varvés des 

lacs étudiés (cette thèse) pourraient s’étendre au-delà des enregistrements de cernes d’arbres, c’est-à-

dire +1000 ans, et même jusqu’à la fin de la période glaciaire. En plus de fournir des plus longs 

enregistrements paléoclimatiques, ces séquences sédimentaires avec des chronologies robustes 

seraient fort utiles pour calibrer la chronologie d’autres enregistrements à l’aide des mesures 

paléomagnétiques (Zolitschka et al. 2015) et / ou pour corréler les modèles paléoenvironnementaux 

(Gagnon-Poiré et al. 2019; Syvitski 1991; Syvitski and Praeg 1989) de la région de la Côte-Nord du 

Québec. 

1.2 Contexte scientifique des études sur la Côte-Nord  

À la suite du projet ARCHIVES (2009-2012), la recherche de sédiments varvés sur la Côte-Nord du 

Québec a finalement abouti à un projet financé par le Fonds de Recherche du Québec : Nature et 

Technologies (FRQNT) sur le thème «Lacs profonds de la Côte-Nord : exploration d'archives 

paléoenvironnementales uniques», sous la direction de Pierre Francus (INRS-ETE), Guillaume St-

Onge (UQAR-ISMER) et Patrick Lajeunesse (Université Laval). Les principaux objectifs du projet 

étaient « d’analyser la variabilité interannuelle du climat dans la région de la Côte-Nord en fonction 

des sédiments (annuellement) laminés et de la géomorphologie glaciaire» du bassin versant de trois 

lacs profonds (les lacs Pentecôte, Walker et Pasteur). Ce projet est divisé en trois approches de 

recherche principales: la limnologie et les structures sédimentaires fines (cette étude, menée à l'INRS-



 7 

ETE); la sédimentologie et le paléomagnétisme (UQAR-ISMER); et la géomorphologie (Université 

Laval). 

Cette thèse de doctorat a pour objet la recherche, la découverte et l’analyse des sédiments laminés 

pour étudier leurs propriétés afin d’en déduire les environnements passés depuis la dernière glaciation. 

Le grand intérêt porté sur les sédiments annuellement laminés découle de leurs caractéristiques 

uniques, notamment : leur rareté, leur potentiel pour déceler les changements (abruptes) 

environnementaux du passé grâce à leur haute résolution temporelle (jusqu’à l’échelle saisonnière). Ils 

peuvent être corrélés avec d’autres chronologies (Francus et al. 2013a; Lapointe et al. 2019; Ojala et 

al. 2012; Ojala et al. 2013). Toutefois, afin d’exploiter pleinement le potentiel des sédiments varvés 

pour la reconstitution paléoclimatique, des études préliminaires sont impératives (Schnurrenberger et 

al. 2003). Celles-ci comprennent une compréhension complète des processus de dépôt qui ont donné 

lieu à la formation des varves, des mécanismes de sédimentation et de la composition de chacune des 

lamines intra-annuelles (Francus et al. 2013a; Larsen and MacDonald 1993; Larsen et al. 1998; Ojala 

et al. 2012; Schnurrenberger et al. 2003; Zolitschka 2007). 

Afin d’améliorer la précision des chronologies varvées, il est nécessaire de combiner au moins deux 

techniques à haute résolution, telles que la tomographie axiale par ordinateur aux rayons X (CT-scan), 

la microfluorescence aux rayons X (µ-XRF) et le plus important, l’analyse détaillée à partir de lames 

minces (Ojala et al. 2013). De plus, des études récentes (Francus et al. 2013b; Lapointe et al. 2012; 

Ojala et al. 2012; Ojala et al. 2013; Schimmelmann et al. 2016; Zolitschka et al. 2015) confirment 

l'intérêt de coupler l'analyse des varves récentes avec le suivi de terrain (bassin versant, limnologie, 

etc). Ces approches multidisciplinaires ont donc été utilisées dans cette recherche doctorale. 

1.3 Terminologies relatives aux sédiments laminés 

Plusieurs termes ont été utilisés pour décrire les sédiments laminés, notamment les lits 

(Schnurrenberger et al. 2003), les laminations (Saarnisto et al. 1977), les rythmites saisonnières 

(Ludlam 1969), et les varves (Renberg 1981). Les lits ont généralement une épaisseur supérieure à 1 

cm (Schnurrenberger et al. 2003), tandis qu’une lamination fait référence à une fine couche de 

sédiment, généralement inférieure ou égale à 1 cm (parfois plus épaisse) (Blatt et al. 2006; Boggs 

1995; Schnurrenberger et al. 2003).  

Les rythmites font référence à des sédiments caractérisés par des couches alternées qui ne suivent pas 

un schéma annuel (Besré and Occhietti 1990; O'Sullivan 1983; Quigley 1983). Certains articles 

introduisent un terme, sédiments partiellement laminés, pour décrire des sédiments qui ne suivent pas 

un schéma régulier (Larsen et al. 1998; Nzekwe et al. 2018). Par ailleurs, les couches annuelles, 

appelées varves, font généralement référence à deux lamines saisonnières ou plus qui reflètent un 
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cycle annuel ou saisonnier (Francus et al. 2013a; Schnurrenberger et al. 2003; Zolitschka et al. 2015). 

Plus de détails sont fournis ci-dessous. 

 

Figure 1.4 : Illustration des facteurs et processus qui influent sur la formation et la conservation des sédiments 

lacustres varvés (adapté de Zolitschka et al. 2015). 

 

1.4 Formation et conservation des sédiments (annuellement) laminés  

La figure 1.4 donne un aperçu des facteurs qui contrôlent la formation de sédiments varvés : climat, 

géologie, morphologie des lacs, végétation et impact humain (Larsen and MacDonald 1993; Larsen et 

al. 1998; Nzekwe et al. 2018; Tylmann et al. 2012; Tylmann et al. 2013; Valpola and Ojala 2006; 

Zolitschka 2007; Zolitschka et al. 2015). L’influence de facteurs climatiques tels que l’insolation et 

les précipitations reflètent les changements saisonniers qui sont donc généralement plus distincts dans 

les régions tempérées que dans les tropiques (Zolitschka et al. 2015). Les facteurs géologiques sont 

liés aux roches basales sous-jacentes du bassin lacustre et sont généralement stables, sauf dans les lacs 

affectés par les mouvements isostatiques postglaciaires (Schnurrenberger et al. 2003; Zolitschka et al. 

2015). La formation et la préservation des lamines dépendent de la présence de conditions favorables 

telles qu'un bassin relativement profond, une anoxie saisonnière ou permanente favorisant l'absence 

de bioturbation et donc une activité biologique réduite des organismes benthiques, ainsi qu’une 

sédimentation contrastée selon les saisons (Jenny et al. 2013; Larsen and MacDonald 1993; Larsen et 

al. 1998; O'Sullivan 1983; Schnurrenberger et al. 2003; Tylmann et al. 2012; Tylmann et al. 2013; 

Valpola and Ojala 2006; Wetzel and Likens 1991; Zolitschka 2007; Zolitschka et al. 2015). Dans 

certaines zones, des activités anthropiques telles que le déversement d'éléments nutritifs dans les 
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bassins lacustres peuvent également entraîner une hypoxie (Jenny et al. 2013; Jenny et al. 2016), 

favorisant ainsi la préservation des sédiments récents (Zolitschka et al. 2015).  

 

Figure 1.5 : Modèles simplifiés pour les dépôts d’une varve organique calcaire (mixte) et d’une varve clastique 

(adapté de Zolitschka et al. 2015). 

  

1.5 Composition des sédiments (annuellement) laminés 

Les sédiments lacustres peuvent être classés de deux manières : composition génétique ou provenance 

(Zolitschka et al. 2015). Sur la base de la composition génétique, ils sont décrits comme clastiques, 

biogènes et endogènes. Les sédiments clastiques sont constitués de particules minérogéniques, 

souvent silico-clastiques, déposées par des processus détritiques tels que le transport fluvial ou éolien. 

Les varves clastiques sont généralement caractérisées par une couche de décharge printanière 

généralement claire et de granulométrie grossière et une couche d'hiver de couleur foncée (Figure 

1.5). Les varvés biogéniques sont principalement composées de particules riches en matière organique 

et / ou biominéralisées, telles que la silice biogénique ou les carbonates, qui se forment dans la 

colonne d'eau du lac (Figure 1.6-1, 1.6-2, 1.6-3). Les sédiments endogènes (varvés) sont composés de 

particules résultant de la cristallisation et / ou de la précipitation dans la colonne d'eau du lac, 

généralement associées à l'évaporation (Figure 1.6-4) (Zolitschka et al. 2015). Le terme «endogène» 

décrit dans la synthèse par Zolitschka et al. (2015) regroupe des catégories telles que les sédiments 

ferrogéniques et / ou calcaires (O'Sullivan 1983), les sédiments chimiques (Schnurrenberger et al. 

2003) et les sédiments évaporitiques (Zolitschka 2007).  
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Selon leur origine, les sédiments sont classés comme autochtones ou allochtones. Des sédiments 

autochtones se forment in situ dans le lac, tandis que les sédiments dits allochtones sont transportés du 

bassin versant et déposés dans le fond du lac (O'Sullivan 1983; Zolitschka et al. 2015). 

 

Figure 1.6 : Exemples de types de varves. (1.6-1) Varves clastiques-biogènes (mixtes) d'Alimmainen Savijarvi en 

Finlande (Ojala et al. 2000); (1.6-2) Varves biogéniques d'holocène moyen du lac Holzmaar, Allemagne (Zolitschka et 

al. 2000); (1.6-3) Varves calciques-biogènes de Sacrower See, Allemagne (Bluszcz et al. 2009; Lüder et al. 2006); (1.6-

4) Varves endogènes (évaporitiques) (A) de la paleo Mer Morte du Pléistocène tardif (formation de Lisa) et (B) à 

105,8 m au-dessous du fond du lac (projet de forage profond ICDP Dead Sea, Israël) (adapté de Zolitschka et al. 

2015). 
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1.6 Une brève revue de l'origine des études des sédiments varvés 

Le terme suédois «varve» (signifiant «cycle») a été introduit pour la première fois par De Geer (1912) 

pour décrire un cycle annuel lequel est caractérisé par une couche de grains grossiers déposée en été et 

une couche sombre à grains fins déposée en hiver dans un environnement proglaciaire. Plus tard, 

Sturm (1979) a défini les varves en termes de structure double caractérisée par une couche de texture 

grossière (silts ou sable) et une couche mince (argile) séparée de la suivante par une surface d'érosion. 

Renberg (1981) a déclaré que les varves désignent les sédiments déposés au cours d'une année, quel 

que soit le processus de dépôt, qu'il soit physique, chimique ou organogène. Cependant, la définition 

de De Geer (1912) a été largement acceptée par les chercheurs comme se référant aux «varves 

classiques». 

Depuis les trois dernières décennies, la définition des varves s'est élargie pour inclure les sédiments de 

l'Holocène pour plusieurs raisons. Celles-ci comprennent : 1) des techniques de carottage améliorées 

(carottier à piston et carottier à percussion); 2) l'effet croissant des activités anthropiques sur les 

bassins versants des lacs, par exemple l’augmentation de l'eutrophisation (et de la pollution) (Jenny et 

al. 2013; Kinder et al. 2019a), et 3) la recherche d'enregistrements à haute résolution de sédiments 

lacustres annuellement laminés non glaciaires (Kinder et al. 2013; Kinder et al. 2019b; O'Sullivan 

1983; Renberg 1981; Ridge and Larsen 1990; Saarnisto 1986; Tylmann et al. 2013). Zolitschka et al. 

(2015) fournissent une synthèse détaillée des sédiments lacustres varvés. Ceux-ci montrent que les 

sédiments annuellement laminés sont caractérisés par au moins deux couches saisonnières de couleur, 

de texture, de structure et de composition différentes qui s’insèrent dans le cycle annuel de dépôt. Le 

cycle annuel des sédiments varvés peut différer de l’année civile (de janvier à décembre), et être 

largement dépendante de la localisation géographique du site d’étude et inhérente au profil 

hydrologique de chaque région. Par exemple, dans les régions boréales telles que la Côte-Nord du 

Québec, la présence de sédiments laminés est modulée par l’alternance des périodes de fonte nivale 

(avril-mai) et des précipitations estivales et automnales (juin-octobre). 

1.7 Une brève revue des études sur les varves au Québec 

L’étude des varves glaciaires au Québec a débuté dans les années 1920 avec les rapports d’Ernst 

Antevs (Antevs 1922, 1925, 1928, 1931) qui établissait une corrélation entre les enregistrements de 

varves de plusieurs lacs proglaciaires influencés par le retrait de l’Inlandis laurentidien (LIS) 

(Breckenridge et al. 2012). La figure 1.7 montre l'emplacement des sites de la frontière Québec–

Ontario étudiés par Antevs (1925, 1928), puis par Hughes (1959), Paulen (2001) et Breckenridge et al. 

(2012). À la frontière entre le Québec et l'Ontario, divers enregistrements couvrent une période de 

plus de 2000 ans et s'étendent du bassin du lac Témiscamingue, au sud, au bassin de la baie d'Hudson 

au nord (Breckenridge et al. 2012). Le lac glaciaire du bassin du lac Témiscamingue était désigné 

sous le nom du lac Barlow (Wilson 1918), tandis que le lac glaciaire du bassin de la baie d'Hudson 
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était désigné sous le nom de lac Ojibway (Coleman 1909). Antevs (1925) a proposé le nom de bassin 

Barlow-Ojibway pour désigner le lac glaciaire qui recouvrait les deux bassins. Cependant, les varves 

de tous les segments du lac «Barlow, Barlow-Ojibway et Ojibway» ont été simplement désignées sous 

le nom du lac Ojibway (Breckenridge et al. 2012). Dans le bassin du lac Ojibway, un enregistrement 

de la ré-avancée de l’Inlandis laurentidien (LIS), appelée Cochrane, a commencé avant le drainage du 

lac. La cause principale de la ré-avancée était cependant inconnue (Occhietti et al. 2004).  

 

Figure 1.7 : Carte générale montrant les sites de sédiments varves du lac glaciaire Ojibway d'après les études d'Antev 

(1925, 1928), Hughes (1959, 1965), Paulen 2011 et Breckenridge et al 2012 (indiqués comme "cette étude" sur la 

carte). Les caractéristiques de la carte sont affichées (détaillées dans Breckenridge et al. 2012). 

 

Antevs (1925, 1928) a construit un enregistrement varvé de ~2027 ans en mesurant les épaisseurs des 

varves à l'aide d’un ruban adhésif maintenu directement sur l'affleurement. Il a créé une série de varve 

appelée «Timiskaming» en comparant l'épaisseur des varves sur différents sites, étiquetés avec une 

lettre et un chiffre (Breckenridge et al. 2012). Les varves au bas de la série étaient caractérisées par 

des sédiments à grain grossier liés à la glace proximale et étaient appelées «varves de fond». Les 

varves du bas ont servi de proxy pour interpréter la position de la marge de glace de LIS 

(Breckenridge et al. 2012). 

Hughes (1959, 1965) a confirmé la détection de la séquence varvée d’Antevs et a également 
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découvert une nouvelle série de 60 varves d’une épaisseur anormale, appelée séquence de Connaught, 

plus jeunes que la séquence varvée identifiée par Antevs. Hardy (1977) a découvert 600 varves le long 

des rives du lac Matagami (Figure 1.7), y compris deux périodes d’épaisseur des varves relativement 

élevées liées aux avancées de la marge de glace, nommées «Cochrane I» et «Cochrane II» 

(Breckenridge et al. 2012). Antevs (1928) et Hughes (1959) ont cartographié des varves discontinues 

dans le till de Cochrane et ont suggéré que le lac Ojibway était partiellement asséché à cette époque. 

Paulen (2001) a décrit des couches d'argile dans le till de Cochrane dans la séquence des varves 

glaciaires dans le Nord de l'Ontario. Certains chercheurs ont cartographié les varves glaciaires des 

basses terres du bassin de la baie d'Hudson (McDonald 1969; Smith 1962), sans toutefois publier 

d'informations sur leur épaisseur. Breckenridge et al. (2012) ont corrélé le nombre de varves du lac 

Ojibway (Figure 1.8) et ont pu contraindre l'âge des varves entre 10570 à 8470 (± 200) cal BP en 

fonction des dates du bassin du Lac Supérieur. 

 

Figure 1.8 : Images sélectionnées de varves du lac Ojibway, Québec-Ontario, basées sur des études de Breckenridge 

et al. 2012. Les lignes verticales indiquent les couplets de laminae (varves) (tiré de Breckenridge et al. 2012). 

 

Dans la vallée du Saint-Laurent, Besré and Occhietti (1990) ont étudié la stratigraphie et les structures 

sédimentaires de sédiments glaciolacustres provenant de différents endroits et ont délimité six unités 

rythmiques et / ou varvées. Ceux-ci comprennent : 1) les rythmites pré-Deschaillons ; 2) les varves de 
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Deschaillons ; 3) les rythmites de Leclerville (Besré and Occhietti 1988; Occhietti 1989) ; 4) les 

varves de déglaciation, possiblement l’équivalent des rythmites de Pré-Deschaillons ; 5) les 

rythmiques plus anciennes que les sédiments de Saint-Pierre ; et 6) les varves de Danville (Parent 

1987) et autres argiles laminées (Figure 1.9). L'interprétation de ces unités a été basée sur l'épaisseur 

des varves et les variations des lamines saisonnières. 

 

 

Figure 1.9 : Rides de courant dans les rythmites du Saint-Maurice : A) aux Vieilles-Forges et B) à Sainte-Anne-de-la-

Pérade, et C) Les rythmites des Leclercville (tiré de Besré et Occhietti 1990).  

  

Philibert (2012) a décrit les rythmites du lac Jacques-Cartier, dans la Réserve faunique des 

Laurentides, qui ont été interprétées comme des varves et attribuées à deux origines : 1) des varves 

clastiques déposées par un apport sédimentaire fluvial; 2) des varves glaciolacustres avec des lamines 

épaisses (cm) et les couches sombres riches en sulfites (Figure 1.10). Ces interprétations étaient 

basées sur l'analyse de faciès et la stratigraphie acoustique.  

Les études sur les varves dans les sédiments non-glaciaires au Québec sont plutôt rares. Les études de 

reconnaissance de Fortin et al. (2012) ont suscité un intérêt de recherche dans la région de la Côte-

Nord (lacs Pentecôte, Walker et Pasteur) dans la région de Québec-Labrador (Grand lac) ainsi que 

dans certaines parties de l'est du Québec (Lac Yasinki) et dans la région frontalière Québec-Ontario 
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(Lac d'irrigation) (Figure 1.4). Des modèles d'âge holocène basés sur le comptage des varves existent 

au Lac Noir, sud du Québec (Neil and Gajewski 2018; Paquette and Gajewski 2013). Des études 

récentes fournissent des preuves de la présence de varves dans le lac Walker (Nzekwe et al. 2018) et 

potentiellement à Grand Lake, Labrador qui est actuellement analysé par Gagnon-Poiré et al. (2018).  

 

 

Figure 1.10 : Rythmites décrites dans les réserves fauniques du Lac Jacques-Cartier et des Laurentides, au Québec: 

A) sous un régime nival ; B) en tant que varves glaciolacustres (adapté de Philibert 2012). 

 

1.8 Objectifs de la thèse 

L'objectif principal de cette thèse de doctorat est de reconstituer les conditions 

paléoenvironnementales à l'aide de sédiments (annuellement) laminés de trois lacs profonds (lacs 

Walker, Pentecôte et Pasteur) dans la région de la Côte-Nord du Québec. Les objectifs spécifiques 

sont les suivants :  

i) Évaluer la présence de sédiments laminés dans ces lacs et indiquer s'ils sont effectivement varvés. 

Cela implique la description et les preuves du dépôt de lamines au niveau spatial dans les lacs. 

Évaluer l’état de préservation des sédiments laminés et de leurs caractéristiques saisonnières et / ou 

annuelles continues ou discontinues, en fonction de leurs propriétés physiques, texturales, 

géochimiques et microscopiques.  

ii) Établir un modèle de profondeur-âge pour l'Holocène supérieur fondé en premier lieu sur le 

comptage des laminations à l’aide d’images haute-résolution au microscope électronique à balayage 

(MEB). Comparer ensuite ces comptages avec les mesures radiométriques (
210

Pb, 
137

Cs, 
14

C) et 

paléomagnétiques pour fournir un modèle d’âge robuste.  

(iii) Intégrer les propriétés physiques, texturales, géochimiques et microscopiques des sédiments 

(annuellement) laminés dans l'identification des cycles milléniaux à saisonniers dans les séquences 
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sédimentaires. Cela implique l’acquisition de données générées par des instruments de haute-

résolution. Parmi ceux-ci, l’atténuation des rayons gamma au GEOTEK (MSCL), l’absorption des 

rayons-X mesurée par tomographie axiale (CT-scan), les analyses géochimiques issues de la 

microfluorescence par rayons-X (µ-XRF), une analyse détaillée des facies grâce aux lames minces 

ainsi qu’aux images obtenues par microscopie électronique à balayage (MEB).  

iv) Documenter les environnements sédimentaires successifs depuis le dernier maximum glaciaire 

jusqu’au début de l’Holocène. Cela implique des analyses multi-paramètres incluant la granulométrie, 

la palynologie, et le paléomagnétisme, ainsi que la modélisation hydraulique (Gagnon-Poiré 2016).  

1.9 Hypothèses de recherche 

Sur la base des objectifs énumérés ci-dessus, quatre hypothèses principales ont été évaluées dans cette 

recherche doctorale.  

1.9.1 Hypothèse 1  

Les trois lacs étudiés (lacs Walker, Pentecôte et Pasteur) sur la Côte-Nord du Québec 

contiennent des sédiments annuellement laminés. 

Cette hypothèse a été formulée à partir d'études de reconnaissance (Fortin et al. 2012) suggérant que 

les lacs étudiés étaient favorables à la présence de sédiments annuellement laminés, comme indiqué 

ci-dessus (Figure 1.3). Les conditions préalables jugées favorables étaient les suivantes : 1) les lacs 

sont relativement profonds ; 2) le climat boréal est marqué par un fort contraste saisonnier et ; 3) les 

lacs reçoivent un apport de sédiments saisonnier constant provenant des bassins versants de rivières à 

fort débit (D. Fortin, communication personnelle, 2015). La principale question de recherche pour la 

présente étude était donc la suivante : ces conditions préalables sont-elles suffisantes pour garantir la 

formation et la préservation des varves dans ces lacs? 

Afin de vérifier cette hypothèse, les carottes extraites lors de mission reconnaissance au lac Walker en 

2011 (par David Fortin, Alexandre Normandeau et son équipe) ont été analysées afin de détecter la 

présence de laminations régulières (Figure 1.11). Dans le cadre d'une étude pilote, des lames minces 

ont été préparées à partir de l'une des anciennes carottes (WA11-W5-R). Des analyses radiométriques 

(
210

Pb et 
137

Cs) ont été faites sur cette carotte afin d'établir un modèle d'âge pour les sédiments récents. 

La comparaison du comptage de laminations (à l’aide des lames minces de cette carotte) avec ce 

modèle âge-profondeur a montré que les sédiments étaient fort probablement annuellement laminés. 

Ce fait a motivé la poursuite des études sur ce site et donc la planification d'un travail de terrain au 

printemps 2014, au cours duquel 42 carottes de sédiments courtes ont été collectées le long de 

transects dans les lacs Pentecôte, Walker et Pasteur. Une carotte de référence a été collectée et 

analysée dans chaque lac selon le même protocole que la carotte de reconnaissance : analyse de faciès, 
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analyse par lames minces, datation radiométrique (
210

Pb et 
137

Cs) et comparaison avec le modèle âge-

profondeur. 

 

 

Figure 1.11 : (A) Carte bathymétrique montrant la localisation des carottes sédimentaires extraites du lac Walker 

lors d’étude de reconnaissance par Fortin et al. (2012). B) Image tomodensitométrique d'un carotte montrant les 

lamines régulières du sédiments (tiré de Fortin et al. 2012).   

Tableau 1.1 : Liste des carottes sédimentaires récupérées du lac Walker lors d’étude de reconnaissance in 2011. 

S/N Carotte  

1 WA-1B-2011 

2 WA-02-2011 

3 WA-03-2011 

4 WA-04-2011 

5 WA-05-2011 

6 WA-06-2011 
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De plus, plusieurs formules empiriques rapportant un lien potentiel entre la préservation des lamines 

sédimentaires et la morphométrie de petits lacs (<3 km
2
) ont été testées afin de déterminer si elles sont 

applicables aux grands lacs tels que les lacs Pentecôte, Walker et Pasteur. Les paramètres 

morphométriques qui sont pris en compte sont les suivants : profondeur relative (Hutchinson 1957); 

limite critique (Larsen et MacDonald 1993) ; limite critique maximale (Larsen et al. 1998) ; fetch 

moyen, fetch maximum et exposition topographique (Tylmann et al. 2013). En outre, les variations de 

température dans le bassin du lac Walker ont été surveillées sur une période de deux ans afin d'évaluer 

le modèle de stratification thermique dans le lac (voir le chapitre 2). 

Des plus, le modèle de distribution des sédiments laminés a été comparé à la bathymétrie dans les lacs 

étudiés. Par exemple, la figure 1.12 montre une évaluation simplifiée de cette hypothèse basée sur des 

études comparatives de la distribution des sédiments laminés dans le lac Suminko (Tylmann et al. 

2012). Tel qu’illustré, les couches de stratification thermique dans le bassin du lac Suminko 

correspondent à la distribution suivante des sédiments : les sédiments laminés caractérisent le 

monimolimnion ; des sédiments homogènes et / ou laminés caractérisent la chimiocline et des 

sédiments homogènes marquent le mixolimnion (Zolitschka et al. 2015). De même, un test a été 

effectué pour confirmer si une telle tendance existait dans les lacs Pentecôte, Walker et Pasteur. Une 

description détaillée de la méthodologie et des résultats des lacs étudiés (lacs Walker, Pentecôte et 

Pasteur) est décrite au chapitre 2. Dans cette recherche, la définition de varves de Zolitschka et al. 

(2015) a été utilisée. 

 

Figure 1.12 : Illustration de l'étendue latérale et des conditions générales de la distribution des sédiments varvés dans 

le lac Suminko (Tylmann et al. 2012). La stratification du lac est décrite comme suit : (1) mixolimnion, 2) chemocline, 

3) monimolimnium (adapté de Zolitschka et al. 2015). 
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1.9.2 Hypothèse 2  

Les laminations annuelles trouvées dans ces lacs contiennent un enregistrement climatique 

dépassant le dernier millénaire.  

Cette hypothèse a été formulée en partant de l’hypothèse que si l’un des trois lacs étudiés est 

réellement varvé, il est susceptible de contenir un enregistrement paléoenvironnemental des derniers 

millénaires (c’est-à-dire +1000 dernières années). Les résultats de la première hypothèse (chapitre 2) 

indiquent que seul le lac Walker contient des sédiments varvés récents (déposés au cours des 150 

dernières années), en raison de caractéristiques morphologiques plus favorables (profondeur relative 

plus élevée, profondeur moyenne, profondeur maximale et exposition topographique). Par 

conséquent, la deuxième hypothèse a fait l’objet d’analyses plus poussées sur les sédiments du lac 

Walker.  

Les principales questions de recherche étaient les suivantes : 1) les sédiments de l’Holocène supérieur 

sont-ils varvés? 2) Quelles méthodes seraient efficaces pour établir une chronologie de varves, et 3) 

comment l'épaisseur de varves varie-t-elle avec la profondeur? Pour répondre à ces questions, une 

séquence composite d'environ 4 m de long a été analysée à l'aide des images tomodensitométriques et 

de photographies haute résolution, ce qui a permis de localiser et sélectionner un intervalle avec des 

laminations continues. Afin de construire une chronologie varvée, deux méthodes indépendantes ont 

été comparées : le comptage manuel multiparamétrique à l'aide du logiciel PeakCounter et le 

comptage manuel sur des images en lames minces. 

La première méthode (Figure 1.13) s’est révélée efficace sur les sédiments laminés du lac Suigetsu au 

Japon (Marshall et al. 2012). Cette méthodologie impliquait de comparer les variations élémentaires 

obtenues par µ-XRF (par exemple, Si, Fe, Mn) aux côtés des radiographies aux rayons-X (avec les 

valeurs d'échelle de gris) ainsi qu’aux images numériques. Dans le lac Suigetsu, les données µ-XRF et 

de radiographies ont été acquises à une résolution de 60 µm, avec un temps d'exposition de 4 s pour 

les mesures XRF. Ces paramètres ont été utilisés pour compter les sédiments laminés avec une 

épaisseur de varve moyenne entre 0,8–1 mm (Marshall et al. 2012) (Figure 1.13). Nous allons donc 

tester cette méthodologie sur un intervalle de 4 m de long du lac Walker en utilisant différents 

paramètres instrumentaux. Plus de détails sont fournis au chapitre 3 (voir les méthodes, résultats et 

discussion). 
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Figure 1.13 : Capture d'écran illustrant une approche multi-paramètres avec le logiciel PeakCounter pour le 

comptage des lamines / varves sur les sédiments du lac Suigetsu au Japon. Épaisseur moyenne de couche: 0,8 - 1 mm, 

résolution minimale: 60 μm (adapté de Marshall et al. 2012). 

En ce qui concerne la deuxième méthode, cela a été utilisé avec succès sur deux lacs de la région 

arctique canadienne, à savoir, East Lake Cape Bounty et South Sawtooth Lake (Lapointe et al. 2012; 

Lapointe et al. 2019). Ces études ont montré que seule l’analyse des lames minces réalisée au MEB 

était appropriée pour établir une chronologie robuste. La méthodologie implique la fabrication des 

lames minces fabriquées à partir de sédiments imprégnés dans la résine époxy, leur numérisation à 

haute-résolution (2400 dpi) pour pouvoir réaliser un comptage. Des images au microscope 

électronique à balayage (MEB) ont ensuite été acquises à l'aide d'un logiciel développé à l'INRS-ETE 

(Francus et Norbert 2007). Une estimation d'erreur a été calculée sur la base de la différence du 

nombre de varves comptées par deux chercheurs ou plus.  

Il a été noté que dans la plupart des lacs varvés l’épaisseur des varves diminue avec l’augmentation de 

la profondeur (Zolitschka et al. 2015), par exemple dans le lac Szurpily (Kinder et al. 2013) (Figure 

1.14). Dans ce lac, les varves sont organo-clastiques (Kinder et al. 2013) et la diminution notable de 

l'épaisseur des varves avec l’augmentation en profondeur dans le lac Szurpily est attribuée aux 

changements dans les taux d'accumulation de sédiments pendant l'Holocène et, dans une moindre 

mesure, à la compaction due à la pression lithostatique (Zolitschka et al. 2015). Ces hypothèses seront 

testées pour vérifier leur validité pour le lac Walker (les détails sont fournis au chapitre 3).  
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Figure 1.14 : Structure des sédiments varvés dans le lac Szurpily, en Pologne (modifié de Kinder et al. 2013). La 

composition de varve est similaire à toutes les profondeurs dans le lac, respectivement. Des barres grises et blanches 

délimitent les couplets de varve. Les profondeurs centrales et l'âge des images sont marqués. La diminution notable 

de la variabilité avec l'augmentation de la profondeur des taux d'accumulation de sédiments au cours de l'Holocène 

et, dans une moindre mesure, en raison du compactage (adapté Zolitschka et al. 2015). 

 

1.9.3 Hypothèse 3 

Les lacs étudiés contiennent un enregistrement sédimentaire de la déglaciation qui peut aider 

à améliorer la compréhension des processus géologiques et géomorphologiques et préciser la 

chronologie de cette transition climatique majeure. 

Cette hypothèse a été formulée à partir de relevés de terrain montrant que les lacs étudiés possèdent 

des bassins profonds ressemblants à des fjords en bordure de la limite sud de la Côte-Nord du Québec. 

Ils pourraient donc contenir des sédiments préservés lors de la dernière déglaciation (Lajeunesse 

2014). Les données sismiques recueillies par le Laboratoire de géomorphologie marine (Université 

Laval, Québec) à l'aide d'un profileur fonctionnant à une fréquence de 3,5 kHz appuient cette 

hypothèse (Lajeunesse 2014). La figure 1.15 présente un profil sismique illustrant une topographie de 
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vallée à l'intérieur d'une vallée, avec des bancs rocheux supérieurs et un profil inférieur en V dans le 

lac Walker. Lajeunesse (2014) a suggéré que cette dernière était plus ancienne que la dernière 

déglaciation. Celle-ci aurait probablement été créée par un système de drainage fluvial préglaciaire 

incisé à un niveau de base inférieur. De telles vallées en forme de V existaient sous l’Inlandis 

laurentidien, celles-ci pouvant ainsi contenir des sédiments interglaciaires préservés pendant plusieurs 

glaciations. 

Les résultats de la recherche de Lajeunesse (2014) sont corroborés par des données bathymétriques 

recueillies en 2014 qui révélaient des vallées en forme de V similaires dans les bassins des lacs 

Pentecôte, Walker et Pasteur (Gagnon-Poiré 2016; Gagnon-Poiré et al. 2019) (Figure 1.16). Sur la 

base de cette dernière étude, quatre unités sismostratigraphiques ont été identifiées dans les bassins 

lacustres : sous-acoustique, transport de sédiments par la glace; limons et argiles laminées, et 

sédiments paraglaciaires et postglaciaires. Les datations radiocarbones montrent une transition de la 

sédimentation glaciaire à une sédimentation paraglaciaire / postglaciaire entre 8000-8160 cal BP et 

7845 à 7950 cal BP dans les bassins versants des lacs Pentecôte et Walker (Gagnon-Poiré et al. 2019). 

Cependant, aucune étude n’a fait l’objet d’une interprétation sédimentologique détaillée de la 

transition glaciaire à postglaciaire. Par conséquent, il y a un intérêt particulier pour les questions 

suivantes : (1) comment peut-on fournir une preuve sédimentologique claire de la transition glaciaire 

à paraglaciaire / postglaciaire dans les lacs étudiés? (2) la transition a-t-elle été abrupte ou 

progressive?  

Afin de répondre à la question ci-dessus, une analyse multi-paramètres de carottes longues extraites 

des lacs Pentecôte et Walker a été réalisée afin de décrire la lithostratigraphie et les faciès 

sédimentaires. La méthodologie utilisée comprend la granulométrie, la palynologie et le 

paléomagnétisme (de Vernal et al. 2010; St-Onge et al. 2007; Stoner et St-Onge 2007). Plus de détails 

sont fournis au chapitre 4. 

 



 23 

 

Figure 1.15 : Données de sismo-stratigraphie montrant une topographie de vallée à l'intérieur d'une vallée avec des 

bancs rocheux supérieurs et un profil en forme de V inférieur au lac Walker. Cela prouve que la vallée transversale 

en forme de V est plus ancienne que la dernière déglaciation (adapté de Lajeunesse 2014). 

1.9.4 Hypothèse 4  

 Ces bassins profonds en forme de fjords étaient propices à l’apparition de lacs sous-

glaciaires. 

Cette hypothèse a été formulée sur la base de l'hypothèse de Lajeunesse (2014), selon laquelle les 

vallées en forme de V du lac Walker (et de certains lacs glaciaires proches de l'estuaire du Saint-

Laurent, par exemple le lac Témiscouata) pourraient être le résultat de l'érosion sous-glaciaire des 

eaux de fonte. Cependant, l'idée a été rejetée sur la base 1) de l'uniformité des morphologies 

(davantage imputable à l'érosion préglaciaire), et 2) du modèle inhabituel d'érosion sous-glaciaire 

(Lajeunesse 2014). L’hypothèse a été réexaminée dans l’étude de Gagnon-Poiré (2016) et Gagnon-

Poiré et al. (2019), ceux-ci n’ont pas confirmé cette hypothèse en raison de l’absence de preuves 

sédimentologiques à l’appui et faute de datation robuste. Cependant, l'hypothèse a été réévaluée dans 

ce projet doctoral à partir des résultats d'analyses multi-paramètres obtenus et des datations au 

radiocarbone (20 à 4 ka cal BP) des carottes longues recueillies dans les lacs Pentecôte et Walker 

(Chapitre 4). La méthodologie dans le chapitre 4 inclus : 1) une révision des étapes d’avancée et de 

recul du LIS sur la Côte-Nord du Québec (Syvitski 1991) (Figure 1.17) ; 2) la modélisation 

glaciologique selon la méthode de (Tarasov et al. 2012) (Figure 1.18) ; 3) des modèles conceptuels 
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pour la formation de lacs sous-glaciaires (Gagnon-Poiré 2016; Syvitski and Praeg 1989; Willis et al. 

2015) (par exemple Figure 1.19) et modèles régionaux paléoenvironnementaux dans la zone d'étude 

(Casse et al. 2017; Dietrich et al. 2016; Gagnon-Poiré et al. 2019; Occhietti et al. 2011). La 

méthodologie détaillée et les résultats sont fournis dans le troisième article (Chapitre 4). 

 

 

Figure 1.16 : Profils acoustiques de sous-surface dans (A) Lake Pentecôte et (B) Lake Walker montrant un mince 

drap sédimentaire (U3 : sédiments laminés rythmiquement et U4 : sédiments paraglaciaires et postglaciaires) sur la 

morphologie ondulante reposant sur le socle acoustique U1 (Gagnon-Poiré et al. 2019). La vallée en forme de V est 

remplie de sédiments supposés s'être déposés avant les dernières glaciations (tirés de Gagnon-Poiré et al. 2019). 
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Figure 1. 17 : Les sept étapes d’une avance sur glace et d’une retraite qui affectera ou contribueront à la 

sédimentation sur un plateau continental (Syvitski et Praeg 1989). 

 

 

Figure 1.18 : Sélection des données d'étalonnage pour la modélisation glaciologique (tiré de Tarasov et al. 2012). Les 

données de cette étude ont été utilisées pour la modélisation hydraulique des lacs étudiés sur la Côte-Nord du Québec 

par Gagnon-Poiré et al. (2016). 
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Figure 1.19 : Modèle conceptuel de sédimentation dans le lac CF8 (l’île de Baffin, Canada) au cours du cycle glaciaire 

complet, montrant la formation et la préservation des unités interglaciaires, le hiatus de sédimentation pendant les 

intervalles glaciaires et les sédiments minéraux sédimentaires glaciaires (tiré de Briner et al. 2007).  
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1.10 Cadre régional 

1.10.1 Zone d'étude 

Les lacs étudiés (les lacs Pentecôte, Walker et Pasteur) sont situés dans la région de la Côte-Nord au 

Québec, dans l'est du Canada. Ces lacs pittoresques sont situés dans la réserve faunique de Port-

Cartier – Sept-Îles (Figure 1.20). Les activités humaines telles que le dragage et l'extraction de sable 

ne les ont guère perturbés, à l'exception de la pêche et de la navigation de plaisance (Nzekwe et al. 

2018). 

La région de la Côte Nord compte environ 95 000 habitants ; la majorité vit dans des habitations 

linéaires situées le long des principaux axes de transport ou près du littoral (Tourisme Québec 2016). 

L’accès à la région est possible via la route 138 du Québec, qui longe les rives du fleuve Saint-

Laurent. Par exemple, à partir de Ville de Québec, on passerait vers le nord-est, traversant les villes de 

Forestville, Baie-Comeau et Port-Cartier, en direction de Sept-Îles (Figure 1.21). Pour arriver à l'un 

des lacs étudiés, il faut passer de la route 138 sur des routes non goudronnées. 

Les travaux sur le terrain ont été effectués cinq fois pour ce projet doctoral : en été 2014 (pour obtenir 

des carottes de sédiments courtes), en automne 2014 (pour des mesures hydrogéochimiques), en hiver 

2015 (pour obtenir des carottes longues de sédiments), en été 2016 et en automne 2016 (pour 

récupérer les pièges à sédiments) (voir un aperçu en Annexe I, Figure S1). Des informations 

additionnelles sur les travaux de terrain, la liste des carottes sédimentaires et les autres données se 

trouvent à la section 1.13 et aux chapitres 2 à 4). 

Les données climatiques pour la zone d'étude sont disponibles auprès de stations météorologiques 

isolées, la plus proche étant l'aéroport de Sept-Îles, situé à environ 60 km à l'est du lac Walker. La 

région de la Côte-Nord a un climat subarctique caractérisé par deux saisons principales, soit l’hiver et 

l’été, tandis que le printemps et l’automne se caractérisent par de courtes périodes ne durant 

généralement que quelques semaines. L'hiver, froid et neigeux, débute à la fin octobre et se termine à 

la fin avril. À Sept-Îles, la température moyenne variait de -9,8 à -20,9 ˚C en janvier et de 19,5 à 10,8 

˚C en juillet (1981-2010; Environnement Canada).  

1.10.2 Géomorphologie et géologie 

Les profondeurs maximales des lacs Pentecôte, Walker et Pasteur sont de 130, 271 et 70 m (Nzekwe 

et al. 2018) avec une altitude maximale de 84, 115 et 86 m, respectivement (Gagnon-Poiré et al. 

2019). Ces lacs se situent sous la limite marine (130 m dans la région de la Côte-Nord du Québec) de 

la dernière déglaciation, ils ont donc été submergés lors de la transgression de la mer de Goldthwait 

associée à la dépression glacio-isostatique (Gagnon-Poiré et al. 2019). De par leur superficie, les lacs 

Pentecôte (18,9 km
2
), Walker (41 km

2
) et Pasteur (19,3 km

2
) (Gagnon-Poiré et al. 2019) sont plus 
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grands que la plupart des petits lacs (> 3 km
2
) qui ont servi à des études limnologiques (Larsen and 

MacDonald 1993; Nzekwe et al. 2018). Une étude détaillée de la relation entre la morphométrie et les 

caractéristiques limnologiques de ces lacs est présentée au chapitre 2 (Nzekwe et al. 2018).  

 

Figure 1.20 : Vues panoramiques des lacs étudiés: (A) Lac Pentecôte, (B) Lac Walker et (C) Lac Pasteur, qui 

illustrent une série de longues vallées glaciaires orientées nord-sud (> 60 km).  
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Figure 1.21 : Localisation des lacs Pentecôte, Walker et Pasteur et leur bassin versant (ligne noir pointillée) sur la 

Côte-Nord, Québec (Est du Québec). B-C: Baie-Comeau; P-D-M: Pointe-Des-Monts; B-T: Baie-Trinité; R-P: Rivière-

Pentecôte; P-C: Port-Cartier; S-I : Sept-Ïles (tiré de Gagnon-Poiré 2016). 

 

Morphologiquement, le lac Pentecôte comprend trois bassins situés au nord, au centre et au sud 

(Gagnon-Poiré et al. 2019). Le lac Walker a deux bassins principaux dans les parties nord et sud, 

tandis que le lac Pasteur possède un bassin relativement profond dans la partie nord (Gagnon-Poiré et 

al. 2019; Nzekwe et al. 2018). Les caractéristiques géomorphologiques détaillées des lacs ont été 

décrites par Normandeau et al. (2016) et Gagnon-Poiré et al. (2019). 

La région de la Côte-Nord du Québec est située dans la province de Grenville, au nord de l'estuaire du 

Saint-Laurent (Figure 1.22). La géologie du substratum rocheux est constituée de roches 

précambriennes d'âge archéen ou protérozoïque. Les roches archéennes comprennent principalement 

de la migmatite et du gneiss, tandis que les roches protérozoïques comprennent des roches mafiques à 

ultramafiques ainsi que des roches sédimentaires (paragneiss, quartzite) (Ministère des ressources 

naturelles du Québec 2002). 
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Figure 1.22 : Carte géologique du Québec (tire de Ministère des Ressources naturelles et de la Faune du Québec 

1997). 

 

1.11  Déglaciation du Québec 

1.11.1 La déglaciation au Québec du Wisconsinien supérieur à l'Holocène 

La glaciation Wisconsinienne peut être divisée en trois épisodes : le début, l'interglaciaire et le fin du 

Wisconsinien (Occhietti et al. 2011). Ces épisodes ont été corrélés aux stades isotopiques marins 

(MIS) 2, 3, 4 et 5 (a à d) par Fulton (1984). Johnsen et al. (2001) ont associé les phases MIS aux 

changements de température pendant la glaciation du Wisconsinien à l'aide des carottes de glace 

GRIP δ
18

O de Summit, au Groenland (Figure 1.23A). Des carottes de glace issues du projet 

Groenland Ice Sheet Project (GISP) ont aussi été utilisées pour reconstituer les changements 

climatiques intervenus depuis la dernière glaciation sur la base de rapports 
18

O/
16

O mesurés dans la 

glace (Johnsen et al. 2001; Stuiver et al. 1995) (Figure 1.23B-C).  
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L’histoire glaciaire de la glaciation wisconsinienne au Québec comprend trois zones principales : 1) le 

couloir Saint-Laurent (y compris la vallée, l’estuaire et le golfe du Saint-Laurent), 2) la région des 

Appalaches et 3) le Bouclier canadien (y compris la Côte-Nord de Québec) (Occhietti et al. 2011). 

Pendant la glaciation du Wisconsinien, la masse continentale du Québec était en grande partie 

recouverte par l'Inlandsis laurentidien (LIS) (Occhietti et al. 2011). Le LIS existait principalement 

comme dôme de glace central à l’Est du Bouclier canadien. Après le dernier maximum glaciaire 

(LGM), le LIS a commencé à se fragmenter le long de ses marges glaciaires par des processus tels que 

l’ablation et le retrait mécanique (Occhietti et al. 2011). 

 

 

Figure 1.23 : (A) Le modèle de changements des températures pendant la glaciation Wisconsienne extraite de la 

carotte GRIP δ18O du Groenland (Johnsen et al. 2001), (B) la courbe δ18O des derniers 25,000 ans (Thompson et al. 

2003); et (C) les changements climatiques majeurs extraite de la carotte GISP2 du Groenland par δ18O (Stuiver et al. 

1995) (Graphique tiré de Gagnon-Poiré 2016).   
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1.11.2 Déglaciation de la Côte-Nord du Québec 

Plusieurs chercheurs ont étudié la déglaciation du golfe du Saint-Laurent, y compris la Côte-Nord du 

Québec et les régions adjacentes à l’océan Atlantique (Hughes 1998; Josenhans and Lehman 1999; 

Josenhans 2001; Lajeunesse et al. 2019; Occhietti et al. 2011; Shaw et al. 2002; Shaw et al. 2006; St-

Onge et al. 2011; Syvitski and Praeg 1989). La déglaciation du golfe du Saint-Laurent peut être 

divisée en deux phases principales : 1) la phase précoce, antérieure à environ 14,8 ka BP, au cours de 

laquelle le retrait des glaces est principalement influencé par le vêlage; et 2) la phase tardive, soit le 

retrait de la glace au niveau terrestre (Shaw et al. 2006). La figure 1.24 présente une illustration 

graphique du retrait du LIS dans la région par Shaw et al. (2006).  

Au dernier maximum glaciaire (LGM; ~ 21 ka BP), l’Inlandsis laurentidien a atteint son étendue 

maximale près du plateau continental (Figure 1.24A) et avait la forme d'un grand dôme divisé en deux 

sous-dômes. À 20 ka BP (~ 23,5 ka cal BP) (Figure 1.24B), toujours au niveau de la Côte-Nord du 

Québec, la glace, soudée au substrat du fleuve, s'est transformée en une plate-forme de glace. À 18 ka 

BP (~ 23,5 ka cal BP) (Figure 1.24C), les marges de glace se sont retirées lentement sur le plateau 

continental. L'élévation de la glace dans les régions intérieures a diminué en raison de l'apport 

progressif de glace de vêlage vers l'estuaire du Saint-Laurent et dans l'océan. À 16 ka BP (~ 19 ka cal 

BP), le retrait de la glace restante était encore relativement lent (Figure 1.24D). À 14 ka BP (~ 16,8 ka 

cal BP), la banquise s’est retirée à un rythme relativement rapide alors que la marge de glace était en 

grande partie sur la terre ferme (Figure 1.24E). Le plateau continental est devenu une zone d’eau de 

marée proche des côtes modernes, mais le niveau marin relatif était plus élevé que l’époque moderne. 

Les glaces se retirant sur la terre ferme se sont enracinées dans des zones d’eaux peu profondes, 

accompagnées du dépôt de moraines. (Piper and Macdonald 2001) ont noté que de la glace était 

présente à l'entrée du chenal Laurentien. L'eau libre a commencé à occuper le chenal entre la Gaspésie 

et l'île d'Anticosti (Rodrigues 1992). L'étendue marine dans le golfe du Saint-Laurent, appelée la mer 

de Goldthwait par Elson (1969), a commencé à s'infiltrer dans la vallée du Saint-Laurent, immergeant 

notamment une partie de la ville de Québec (Hetu 1998). À peu près 12 ka BP (~ 14 ka cal BP), 

l’Inlandis laurentidien étant essentiellement terrestre, le recul de l’Inlandis laurentidien était 

davantage influencé par les facteurs climatiques et moins affecté par le vêlage de glace (Figure 

1.24F). Plus d'informations sont fournies par Shaw et al. (2006).  

Selon Occhietti et al. (2011), l'histoire de la déglaciation au Québec après 16 ka cal BP est composée 

de trois étapes : (1) le courant glaciaire et ses effets (16,0 à 13,0 ka cal BP), (2) le Dryas Récent (YD) 

(12,9 à 11,7 ka cal BP). Le YD représente une phase froide qui se retrouve dans tout l'Hémisphère 

Nord (Occhietti 1980; Occhietti et al. 2011). Au Québec, la moraine de Saint-Narcisse (datée du 12,8 

au 12,2 ka cal BP), qui correspond au premier épisode froid du YD, est une caractéristique distincte 

corrélée au YD. Elle constitue également une phase d'ancrage de LIS (Occhietti et al. 2011). (3) La 
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déglaciation de l'Holocène inférieur (Occhietti et al. 2011; Stuiver et al. 1995). La masse de glace 

recouvrant l'est du Québec, au nord du corridor Saint-Laurent, s'est lentement dispersée entre 13 et 6 

ka cal BP. Les traces résiduelles de glace ont finalement disparu vers 6,0 ka cal BP (Occhietti et al. 

2011) (Figure 1.25).   

 

 

Figure 1.24 : Marge glacée et configuration de retrait de l’Inlandis laurentidien à : (A) étendue maximale de glace, 

(B) 20 ka, (C) 18 ka, (D) 16 ka, (E) 14 ka, (F), 13 ka (tiré de Shaw et al. 2006). 
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Figure 1.25 : Modèle du retrait de l’Inlandsis laurentidien au Québec entre 13,5 et 6 cal. ka BP, proposé par Occhietti 

et al. (2011).   

 

 

Selon Occhietti et al. (2011), les deux types de défis limitant un modèle complet de déglaciation sur la 

Côte-Nord québécoise sont : 1) les défis chronologiques liés à la datation et 2) la nécessité de disposer 

de preuves géologiques sur le terrain. Dès lors, cette thèse de doctorat explore des réponses à ces 

questions dans les chapitres 2 à 4. 

1.12 Les travaux de terrain réalisés durant cette étude 

Des données bathymétriques à haute résolution ont été acquises à l’aide d’un sonar multifaisceaux et 

d’un interféromètre (sous la supervision de Patrick Lajeunesse) afin de combler le manque de 

connaissances paléolimnologiques et géomorphologiques des lacs étudiés. Cela a fourni des 

informations sur la morphologie du bassin lacustre et la nature des dépôts de sédiments. Des 

informations détaillées sur les données acoustiques à haute résolution des trois lacs étudiés ont été 

présentées par Gagnon-Poiré (2016) et Gagnon-Poiré et al. (2019). 
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Quarante-deux carottes courtes de sédiments mesurant de 30 à 100 cm ont été prélevées dans les lacs 

Pentecôte, Walker et Pasteur à l'aide d'un carottier gravitaire (également appelé carottier roquette) 

(Tableau 1.2). Au Lac Walker, 16 carottes de sédiments ont été récupérées à bord du bateau ponton du 

3 au 10 juin 2014, tandis qu’au lac Pentecôte 10 carottes de sédiments ont été récupérées à bord du 

bateau RV Louis-Hamelin du 10 au 14 juin 2014 (par l'équipe de Obinna Nzekwe, Jean-Philippe 

Jenny, Gabriel Loyal, Antoine-Gagnon-Poiré, François Xavier L’Heureux-Houde, Étienne Brouard et 

Patrick Lajeunesse). Au Lac Pasteur, 16 carottes de sédiments ont été obtenues à bord d'un bateau 

pneumatique du 18 au 24 juin 2014 (par l’équipe de Alexandre Normandeau, Jean-Philippe Jenny et 

Annie-Pier Trottier).  

Des carottes longues de sédiments (> 1 m) ont été prélevées du lac Pentecôte à l'aide d'un carottier à 

percussion du 17 au 18 février 2015 (Tableau 1.3). Dans le lac Walker, un ensemble de carottes 

longues de sédiments (provenant de trois forages : 08B, 08C et 08D) a été récupéré à l'aide d'un 

carottier à piston UWITEC du 25 au 28 mars 2015 (Tableau 1.4). Ces carottes ont permis d’établir 

une séquence composite d'environ 8 m, dénommé WA15-08-U. La figure 1.26 illustre la corrélation 

des longues carottes collectées dans le lac Walker en 2015 pendant le travail sur le terrain. Une carotte 

gravitaire (WA15-08B-G) a été récupérée en premier, puis des carottes de deux trous de forage, 08C 

et 08D qui étaient espacés de 50 cm pour faciliter la corrélation des sections et combler les lacunes 

entre les sections. Des sections de carotte d'environ 200 cm ont été recueillies à des intervalles en total 

d'environ 8 m de profondeur (figure 1.26). Cependant, au moins 200 cm de sédiments ont été perdus 

pendant la récupération (indiquée par une interruption, figure 1.26). 

Une révision de la section composite (figure 1.26) a été effectuée après une analyse minutieuse des 

images acquises par la tomographie axiale (CT-scan) et la microfluorescence X (Figure 1.27). Plus 

précisément, les images des carottes ont été redimensionnées pour représenter la longueur réelle de 

chaque carotte, puis corrélées en utilisant des lits marqueurs tels qu’une succession particulière de 

laminations et les couches déposées rapidement (St-Onge and Long 2009). Par exemple, la figure 1.28 

montre un marqueur (couche déposée rapidement) sur des images CT-scan qui a été utilisé pour 

corréler des carottes parallèles à environ 352 cm cd). Les lithofaciès des séquences sédimentaires sont 

également décrits (figure 1.27).  

Un avantage de la séquence composite révisée (figure 1.27) par rapport à la précédente (figure 1.26) 

est qu'elle ne montre qu'un seul hiatus (370 - 400 cm cd) dans toute la séquence composite au lieu de 

plusieurs hiatus dans chaque intervalle de 200 cm. Sur la base des objectifs / hypothèses de l'étude 

(section 1.9), la section composite a été divisée en deux sections : la partie supérieure (0 - 400 cm cd) 

représente l'Holocène supérieur et a été utilisée pour évaluer l'hypothèse 2 (chapitre 3), tandis que la 

partie inférieure de la section composite (400 - 740 cm cd) représente la sédimentation depuis la fin 

des glaciers au début de l'Holocène et a été utilisée pour analyser les hypothèses 3 et 4. 



 36 

Tableau 1.2 : Liste des carottes courtes de sédiments échantillonnées dans les trois lacs étudiés. 

S/N  Carotte  Lac Date obtenu Latitude 

(°) 

Longitud

e (°) 

Water 

depth (m) 

Length 

(m) 

1 PC14-01-R Pentecôte  09/06/2014 49.880944 67.356639 43 37 

2 PC14-02-R Pentecôte  09/06/2014 49.882444 67.354611 38 37 

3 PC14-03-R Pentecôte  09/06/2014 49.883556 67.353667 50 35 

4 PC14-04-R Pentecôte  09/06/2014 49.884944 67.353167 40 39 

5 PC14-05-R Pentecôte  09/06/2014 49.886306 67.351250 45 39 

6 PC14-06-R Pentecôte  09/06/2014 49.869208 67.331844 80 38 

7 PC14-07-R Pentecôte  09/06/2014 49.858361 67.331056 130 42 

8 PC14-08-R Pentecôte  09/06/2014 49.858361 67.318028 90 41 

9 PC14-09-R Pentecôte  09/06/2014 49.837972 67.296222 39 39 

10 PC14-10-R Pentecôte  09/06/2014 49.829611 67.286444 40 40 

0 WA14-00-R Walker  04/06/2014 50.394111 67.172389 161 43 

1 WA14-01-R Walker  05/06/2014 50.369750 67.167861 216 54 

2 WA14-02-R Walker  05/06/2014 50.369083 67.170806 178 55 

3 WA14-03-R Walker  05/06/2014 50.368250 67.174694 140 48 

4 WA14-04-R Walker  05/06/2014 50.367722 67.177083 121 46 

5 WA14-05-R Walker  05/06/2014 50.367361 67.178556 69 44 

6 WA14-06-R Walker  05/06/2014 50.380306 67.174028 151 49 

7 WA14-07-R Walker  06/06/2014 50.379083 67.176306 140 48 

8 WA14-08-R Walker  06/06/2014 50.377361 67.177083 140 45 

9 WA14-09-R Walker  06/06/2014 50.377083 67.181806 57 40 

10 WA14-10-R Walker  06/06/2014 50.376639 67.184139 31 35 

11 WA14-11-R Walker  06/06/2014 50.375917 67.185750 11 30 

12 WA14-12-R Walker  06/06/2014 50.381417 67.170028 156.5 44 

13 WA14-13-R Walker  06/06/2014 50.382889 67.165361 130 46 

14 WA14-14-R Walker  06/06/2014 50.368111 67.172028 165 48 

15 WA14-15-R Walker  06/06/2014 50.367917 67.175694 139 43 

2 PA14-02-R Pasteur  22/06/2014 50.318667 66.927083 30 38 

3 PA14-03-R Pasteur  22/06/2014 50.318583 66.927361 39 39 

4 PA14-04-R Pasteur  22/06/2014 50.318722 66.927639 45.6 35 

5 PA14-05-R Pasteur  22/06/2014 50.318778 66.927889 49.6 41 

6 PA14-06-R Pasteur  22/06/2014 50.318833 66.928222 54.5 36 

7 PA14-07-R Pasteur  22/06/2014 50.318806 66.928417 59 39 

8 PA14-08-R Pasteur  22/06/2014 50.318806 66.928722 64.8 42 

9 PA14-09-R Pasteur  22/06/2014 50.318917 66.929083 68.6 39 

10 PA14-10-R Pasteur  22/06/2014 50.319583 66.934972 38 28 

11 PA14-11-R Pasteur  22/06/2014 50.319175 66.932806 62 38 

12 PA14-12-R Pasteur  22/06/2014 50.319167 66.932528 66.5 36 

13 PA14-13-R Pasteur  22/06/2014 50.324806 66.933778 45 34 

14 PA14-14-R Pasteur  22/06/2014 50.332333 66.935083 60 40 

15 PA14-15-R Pasteur  23/06/2014 50.334167 66.937056 57 48 

16 PA14-16-R Pasteur  24/06/2014 50.318972 66.929944 71 73 

17 PA14-17-R Pasteur  25/06/2014 50.318861 66.928694 64.8 77 
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Tableau 1.3 : Liste des carottes longues récupérées du lac Pentecôte en 2015. 

S/N Carotte Date obtenu  Latitude           

(N) 

Longtitude    

(W) 

Profondeur 

(m) 

Longeur de 

carotte   

(cm) 

1 PC15-04B-P 17/02/2015 67.357211 49.881904 193 12 

2 PC15-04A-P 17/02/2015 67.35182833 49.87595167 95 9 

3 PC15-04C-P 17/02/2015 67.35182833 49.87595167 79 9 

4 PC15-03-P 17/02/2015 67.326788 49, 872330 185 10 

5 PC15-07B-P 18/02/2015 67.365911 49.922101 121 32 

6 PC15-05-P 18/02/2015 67.376462 49.915184 113 23 

7 PC15-08-P 18/02/2015 67.365042 49.908167 131.5 21 

8 PC15-02A-P 18/02/2015 67.32347 49.864778 153 35 

9 PC15-02B-P 18/02/2015 67.321879 49.865501 23 19 

10 PC15-02C-P 18/02/2015 67.321879 49.865501 43 19 

11 PC15-01-P 18/02/2015 67.291448 49.834852 116 47.5 

 

 

Tableau 1.4 : Liste des carottes longues récupérées du lac Walker en 2015. 

S/N Carotte Date obtenu  Latitude           

(N) 

Longtitude    

(W) 

*Profondeur 

de l’eau 

(cm) 

Longeur de 

carotte   

(cm) 

1 WA15-08B-G 25/03/2015 50.37738 67.17712 ~140 149.5 

2 WA15-08C-I-U-1 26/03/2015 50.37722 67.17694 138.5 137.2 

4 WA15-08C-II-U-1 26/03/2015 50.37722 67.17694 138.5+ 97 

5 WA15-08C-II-U-2 26/03/2015 50.37722 67.17694 138.5+ 97.5 

6 WA15-08C-III-U-1 27/03/2015 50.37722 67.17694 138.5+ 152 

7 WA15-08C-IV-U-1 27/03/2015 50.37722 67.17694 138.5+ 154.2 

8 WA15-08D-I-U-1 27/03/2015 50.37722 67.17694 ~140 90.8 

9 WA15-08D-I-U-2 27/03/2015 50.37722 67.17694 ~140+ 91.4 

10 WA15-08D-II-U-1 27/03/2015 50.37722 67.17694 ~140+ 91.9 

11 WA15-08D-II-U-2 27/03/2015 50.37722 67.17694 ~140+ 91.2 

12 WA15-08D-III-U-1 27/03/2015 50.37722 67.17694 ~140+ 85.8 

13 WA15-08D-III-U-2 28/03/2015 50.37722 67.17694 ~140+ 86.9 

14 WA15-08D-IV-U-1 28/03/2015 50.37722 67.17694 ~140+ 83.2 

15 WA15-08D-IV-U-2 28/03/2015 50.37722 67.17694 ~140+ 82 

 

*La figure 1.26 montre la stratigraphie de carottes qui a été construite pendant le travail sur le terrain, 

tandis que la figure 1.27 montre la stratigraphie après révision en utilisant la corrélation des 

laminations. 
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Figure 1.26 : Illustration schématique sur le terrain des carottes longues (tableau 1.4) recueillies dans le lac Walker 

en 2015, qui ont été utilisées pour reconstruire la carotte composite (WA15-08-U) (pas à l'échelle). 
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Figure 1.27 : Illustration de la séquence composite WA15-08-U (0 – 740 cm cd) basée sur la corrélation des carottes 

en utilisant des marqueurs (par exemple des laminations) et le redimensionnement des photos pour représenter les 

longueurs réelles de chacun carottes. La légende est montrée dans la figure 1.28. Liste des laminations / marqueurs 

utilisées pour la corrélation est fourni en tableau 1.5. L'insert (boite rouge, gauche) montre un exemple de lamination 

/ marqueur à haute fiabilité pour la corrélation entre des carottes.  
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Figure 1.28 : Illustration de la révision de la séquence composite basée sur la corrélation des carottes en utilisant des 

marqueurs (par exemple des laminations) et le redimensionnement des photos pour représenter les longueurs réelles 

de chacun carottes. Des lithofaciès sont également décrits. 
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Tableau 1.5 : Liste des laminations utilisées pour corréler des carottes pour construire la séquence composite WA15-

08-U (Lac Walker). 

Carotte  Label de 

lamination   

Profondeur 

(cm) 

Profondeur 

composite              

(cm cd) 

Niveau de 

confiance de 

lamination 

WA15-08B-G a 9 9 L 

WA15-08B-G b 65 65 L 

WA15-08B-G c 118 118 L 

WA15-08B-G d 126 126 L 

WA15-08B-G e 130 130 L 

WA15-08B-G f 138 138 L 

WA15-08C-I-U-1 g 37 46 M 

WA15-08C-I-U-1 h-b 56 65 M 

WA15-08C-I-U-1 i 117 126 M 

WA15-08C-I-U-1 j 129 138 M 

WA15-08D-I-U-1 k 6 10 L 

WA15-08D-I-U-1 l 44 50 M 

WA15-08D-I-U-1 m-h 59 65 H 

WA15-08D-I-U-2 n-d 32 124 L 

WA15-08D-I-U-2 o 40 132 L 

WA15-08D-I-U-2 p-j 46 138 L 

WA15-08D-I-U-2 q 2 178 L 

WA15-08C-II-U-1 r 10 204 L 

WA15-08C-II-U-1 s 154 348 H 

WA15-08D-II-U-1 t-q 0 178 L 

WA15-08D-II-U-1 u 172 348 H 

WA15-08D-II-U-1 v-s 42 352 H 

WA15-08D-III-U-1 w 0 442 M 

WA15-08C-III-U-1 x 0 4 M 

WA15-08C-III-U-1 y 79 567 M 

WA15-08C-IV-U-1 z 32 628 H 

WA15-08D-III-U-2 x2 6 488 L 

WA15-08D-III-U-2 y2 74 556 M 

WA15-08C-IV-U-1 z2 48 628 H 

 

Niveau de confiance des laminations : L- bas, M - moyen, H - haut 
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CHAPITRE 2 
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Sédimentation récente dans trois lacs de fjord sur la Côte-Nord, Québec (est du Canada) : 

l'analyse des faciès, la préservation de la stratification et le potentiel de formation de varve 

Résumé 

Cet article analyse de courtes carottes gravitaires échantillonnées le long de transects dans trois lacs 

de profonds adjacents (les lacs Pentecôte, Walker et Pasteur) sur la Côte-Nord de Québec (est du 

Canada), afin d’évaluer la répartition de sédiments laminés et le potentiel de formation de varves. 

L’analyse de faciès basée la description lithologique, des photos numériques, des images par 

tomodensitométrie et des données bathymétriques, a permis l’identification de quatre principaux 

facies sédimentaires : des sédiments laminés, des sédiments partiellement laminés, des sédiments 

bioturbés, et des sédiments massifs. Des preuves directes sur la stratification thermique du Lac 

Walker ont été acquises de 2014 à 2016. Les taux de sédimentation moyens et les flux de 

sédimentation postglaciaires dans les bassins distaux des trois lacs étudiés sont ≤0,12 cm a
-1

 et 0,03 à 

0,16 g cm
-2

 a
-1

, respectivement, à la lumière de la datation aux 
210

Pb (concentration initiale constante), 

137
Cs et radiocarbone (par la spectrométrie de masse atomique). Sur la base de l’analyse d’images de 

lames minces et d’un modèle de chronologie du 
210

Pb (concentration initiale constante), le Lac 

Pentecôte contient des sédiments principalement massifs à partiellement laminés, alors que le Lac 

Pasteur contient des sédiments partiellement laminés et des sédiments laminés non annuels 

ressemblants à des varves. Le Lac Walker contient toutefois des sédiments laminés qui sont 

vraisemblablement des varves. Le plus grand potentiel de préservation de laminations observé pour le 

lac Walker par rapport aux lacs Pentecôte et Pasteur est associé à des caractéristiques morphologiques 

plus favorables, dont sa profondeur relative, sa profondeur moyenne, sa profondeur maximum et son 

exposition topographique plus favorable.   

 

Mots-clés : limnogéologie, structures sédimentaires, laminations, varves, tomodensitométrie, Côte-

nord, Québec 
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2.1 Abstract  

This paper analyzes short gravity cores sampled along transects in three adjacent deep fjord-lakes 

(lakes Pentecôte, Walker and Pasteur) on the Québec North Shore, Eastern Canada, in order to 

evaluate the distribution of laminated sediments and potential for varve formation. Facies analysis 

based on lithological description, digital photos, CT-scan images and bathymetric data allowed for the 

identification of four main sediment facies, namely: laminated sediments, partially laminated 

sediments, bioturbated sediments, and massive sediments. Direct evidence that Lake Walker 

undergoes thermal stratification was monitored from 2014–2016. Mean sedimentation rates and 

sedimentation fluxes of postglacial sediments in the distal basin of the three studied lakes are  0.12 

cm a
-1

 and 0.03–0.16 g cm
-2

 a
-1

, respectively based on 
210

Pb, 
137

Cs and AMS radiocarbon dating. On 

the basis of thin section image analysis and 
210

Pb (CIC) chronology model, Lake Pentecôte contains 

mainly massive–partially laminated sediments, while Lake Pasteur contains partially laminated 

sediments and non-annual varve-like sediments. However, Lake Walker contains laminated sediments 

that are likely varves. The increased potential for laminae preservation observed in Lake Walker 

compared to lakes Pentecôte and Pasteur is associated with more favourable morphological 

characteristics including higher relative depth, mean depth, maximum depth and topographic 

exposure.  
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2.2  Introduction  

Lacustrine environments are subject to physical, chemical and biological processes that influence the 

nature of sediment deposition (Schnurrenberger et al. 2003; Tylmann et al. 2012; Zolitschka et al. 

2015). Lake sediments are characterized by sedimentary facies that reflect the processes driving their 

deposition such as settling, wind-, or density-driven currents (Tylmann et al. 2012). Sedimentary 

structures such as laminations can be particularly useful for paleoenvironmental reconstructions when 

they are annually laminated, i.e., formed by seasonal deposition of autochthonous (formed within the 

lake basin) and/or allochthonous (transported from the watershed to the lake basin) materials under 

favourable conditions (Larsen and MacDonald 1993; O'Sullivan 1983; Saarnisto 1986; Zolitschka et 

al. 2015). However, the combination of several environmental and morphological conditions facilitate 

the preservation of laminations: (1) the absence of sediment-water mixing due to wave or wind-driven 

circulations, (2) presence of gentle to flat lake bottom that reduces the frequency of mass movements, 

(3) a deep basin that favours seasonal or permanent anoxia, (4) reduced biological activity of benthic 

organisms, (5) a seasonally contrasted sedimentary supply, and (6) sufficient sedimentation rates 

(Jenny et al. 2013; Larsen and MacDonald 1993; Larsen et al. 1998; O'Sullivan 1983; 

Schnurrenberger et al. 2003; Tylmann et al. 2012; Wetzel and Likens 1991; Zolitschka et al. 2015). It 

has been argued that there is a relationship between the distribution of laminated sediments and the 

lake morphometry (Zolitschka et al. 2015). Several authors have reported empirical assumptions using 

morphometric variables in order to improve the chances of recovering laminated sediments during 

reconnaissance field surveys or in areas where prior studies are relatively limited (Gorham and Boyce 

1989; Larsen and MacDonald 1993; Larsen et al. 1998; O'Sullivan 1983; Ojala et al. 2000; Zolitschka 

et al. 2015).  

On the Québec North Shore, in the southeastern Canadian Shield (Eastern Canada), three lakes (lakes 

Pentecôte, Walker and Pasteur) were studied for the possible occurrence of annually laminated 

sediments. High-resolution swath bathymetry, subbottom acoustic profiles and sediment cores were 

collected to reconstruct the Late Quaternary geomorphological evolution of these fjord-like lakes in 

response to deglaciation and postglacial sedimentary processes (Gagnon-Poiré 2016; Normandeau et 

al. 2016). In this paper, short gravity cores retrieved from these three adjacent lakes are analysed in 

order to evaluate laminae preservation and the potential for varve formation. The specific objectives 

are to: (1) identify the sedimentary facies present in the short gravity cores and assess their 

distribution and depositional environments, and (2) evaluate laminae visibility, sedimentation rates 

and the potential for establishing a varve chronology in the uppermost sediments from the lakes, using 

radiometric dating (
210

Pb and 
137

Cs) and image analysis of thin sections.  
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2.3 Regional setting  

Lakes Pentecôte, Walker, and Pasteur are located on the Québec North Shore, in the northwestern 

Gulf of St. Lawrence in Eastern Canada (Figure 2.1). In the local context, the studied lakes are located 

within the Reserve faunique de Port-Cartier–Sept-Îles. They have been fairly undisturbed by 

anthropogenic activities such as dredging or hydropower generation, except for controlled fishing, 

boating and wood harvesting. The maximum depths of lakes Pentecôte, Walker and Pasteur are 130, 

271 and 70 m, respectively (Gagnon-Poiré 2016); their elevation above sea level (asl) is 84, 115 and 

86 m, respectively. The studied lakes have steep sidewalls and relatively deep bottoms, forming a 

fjord-type morphology. The lakes lie below the limit of the deglacial transgression associated with 

glacio-isostatic depression, which is at 130 m asl in the region (Dredge 1983).  

 

Figure 2.1: (A) Geographic location of the Québec North Shore region in Eastern Canada. The insert (B) shows the 

location of lakes Pentecôte (PC), Walker (WA) and Pasteur (PA) (shown in blue background) and the extent of their 

respective watersheds (marked by dark lines). Major river inflows in the northern area of each lake are also shown.       
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The Québec North Shore region has a subarctic climate where spring snowmelt, which constitutes the 

peak of the annual runoff period, occurs usually between April and May. The studied lakes are 

typically covered by ice from December until April. The lake basins receive seasonal inflows from 

major rivers and small streams that drain areas covered with glacial fine and marine sediments (Figure 

2.1). In Lake Walker, the Schmon and Gravel rivers flow into the northwestern and northeastern parts, 

respectively (Figure 2.1). Lakes Pentecôte and Pasteur are principally fed by Pentecôte and Pasteur 

rivers that both flow into their northern parts (Figure 2.1). Land cover is largely a boreal forest 

comprising fir, black spruce, poplar, aspen and shrubs. Morphological and other characteristics of the 

lakes are shown in Table 2.1.   

The Québec North Shore region lies within the geologic province of Grenville. Bedrock geology 

consists of Precambrian rocks that are Archean or Proterozoic in age (Ministère des ressources 

naturelles du Québec 2002). Archean rocks comprise migmatite and gneiss, which contain 

plagioclase, biotite and/or hornblende and/or amphibolite. Proterozoic rocks comprise mafic to 

ultramafic rocks, as well as sedimentary rocks, which contain paragneiss and quartzite (Ministère des 

ressources naturelles du Québec 2002). Gneissic rocks underlie most parts of lakes Walker and 

Pentecôte watersheds, while paragneissic rocks underlie most parts of Lake Pasteur. The history of the 

sedimentation in the watersheds of studied lakes during the transition from late Quaternary glacial to 

postglacial has been discussed by Gagnon-Poiré (2016), Normandeau et al. (2016) and Gagnon-Poiré 

et al. (2019). The fjord-type lakes in the southeast Canadian Shield region have been formed by 

preglacial fluvial erosion during a lower base level, which carved out V-shaped valleys subsequently 

occupied by Quaternary sediments preserved below the Laurentide Ice Sheet (LIS) (Lajeunesse 2014).  

2.4 Methods and materials  

2.4.1 Fieldwork and sediment coring 

Short sediment cores ranging from 30 to 100 cm were collected from lakes Pentecôte, Walker and 

Pasteur in June 2014. Efforts were made to carefully retrieve undisturbed sediment/water interface 

from suitable locations based on multibeam bathymetry and subbottom profiler data, which provided 

insight on the lake basin morphology and nature of sediment deposition. Detailed information on 

high-resolution subbottom acoustic data from the three studied lakes have been presented by Gagnon-

Poiré (2016) and Gagnon-Poiré et al. (2019). Sediment cores were obtained in the central and 

southern parts of Lake Pentecôte and along two transects in the northern part of Lake Walker (Figures 

2.2A and 2.2B). Coring was restricted to the northern part of Lake Pasteur due to limited accessibility 

(Figure 2.2C). A free fall gravity corer (modified after Hvorsley and Stetson (1946)) equipped with 

metal bars as load was used to improve sediment penetration at depths. In total, 42 short gravity cores 

were collected: 10 cores at Lake Pentecôte, 16 at Lake Walker and 16 at Lake Pasteur (Table 2.2). 
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The sediment cores were collected on board a pontoon boat on lakes Pentecôte and Walker and from 

an inflatable boat on Lake Pasteur. All boats were positioned with DGPS systems (ca 60 cm 

precision; Hemisphere GPS, Calgary, Canada).       

Table 2.1: Characteristics of the studied lakes and empirical parameters relating laminated sediments to lake 

morphometry. 

 

Lake  Pentecôte Walker Pasteur 

Latitude (˚) 49.867 50.267 50.217 

Longitude (˚) -67.333 -67.15 -66.067 

Altitude (m)  84 115 86 

Maximum depth, Zm (m) 130 271 70 

Maximum lenght, Lmax (km) 15 30 18 

Maximum width, bmax (km) 2.8 2.3 1.9 

Lake area (km
2
) 18.9 41 19.3 

 Area of watershed (km
2
) 1710 2173 1020 

Salinity (PSU) 1.2 - 1.4 1.2 - 1.5 
 

Conductivity (mS) 1.75 - 1.9 1.75 - 1.9 
 

Thermal lake type  D D D 

Catchment Geology G, T, S, C, P G, T, S, C, P Pg, T, S, C, P 

Dominant sediment facies MS, PLS LS PLS 

    Empirical parameters 

   Relative depth, Zr (m) 2.7 3.9 1.4 

Critical boundary, Zm1 (m) 71.5 89.8 72.5 

Mean depth (m) 59.5 125 54.7 

Exposure index (km) 31.8 32 35.3 

Maximum wind fetch (km) 5.3 6.1 2.3 

Mean wind fetch (km) 1.6 1.9 0.9 

Topographic exposure (km) 28.4 125.6 52.2 

Shoreline development (%)  5 3 1 

Shoreline afforestation (%)  80 85 70 

 
Basic morphometric characteristics according to (Gagnon-Poiré 2016; Gagnon-Poiré et al. 2019; Normandeau et al. 2016). 

Thermal lake type: D - dimictic. Catchment geology: G gneiss, Pg paragniess, T morainic till, S sand and gravel, C clay and 

silt, P peat. Empirical assumptions (Hutchinson 1957; Larsen and MacDonald 1993; Larsen et al. 1998; Tylmann et al. 

2013). Facies legend is given in Figure 2.5.  

 

Temperature sensors (Onset Hobo Water Temp Pro v2 and Tidbit v2 models) were deployed in Lake 

Walker on June 5
th
 2014, in order to determine whether the lake undergoes thermal stratification. The 

deployment location (50°23'17.2" N, 67°10'23.4'' W) was chosen for its relative proximity to the area 

of coring and to the inflow of the two rivers in the northern part of the lake (Figure 2.2B). The 

temperature sensors were placed along a polypropylene rope and set to take readings every hour for a 

two-year period, after which they were retrieved. To ensure upright suspension of the sensors, a load 
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(concrete block) was tied to the base of the mooring while two buoys located 20 m apart were 

attached at the upper end of the rope.  

Table 2.2: List of short sediment cores sampled from the three studied lakes. 

 

S/N  Core name  Lake  
Latitude 

(N) 

Longitude 

(W) 

Water 

depth 

(m) 

Length 

(m) 

Main sediment 

facies (Remark) 

1 PC14-01-R Pentecôte  49.880944 67.356639 43 37 PLS 

2 PC14-02-R Pentecôte  49.882444 67.354611 38 37 PLS 

3 PC14-03-R Pentecôte  49.883556 67.353667 50 35 PLS 

4 PC14-04-R Pentecôte  49.884944 67.353167 40 39 PLS (Reference) 

5 PC14-05-R Pentecôte  49.886306 67.351250 45 39 PLS 

6 PC14-06-R Pentecôte  49.869208 67.331844 80 38 PLS 

7 PC14-07-R Pentecôte  49.858361 67.331056 130 42 MS 

8 PC14-08-R Pentecôte  49.858361 67.318028 90 41 PLS 

9 PC14-09-R Pentecôte  49.837972 67.296222 39 39 PLS 

10 PC14-10-R Pentecôte  49.829611 67.286444 40 40 MS 

0 WA14-00-R Walker  50.394111 67.172389 161 43 LS 

1 WA14-01-R Walker  50.369750 67.167861 216 54 LS 

2 WA14-02-R Walker  50.369083 67.170806 178 55 LS 

3 WA14-03-R Walker  50.368250 67.174694 140 48 LS 

4 WA14-04-R Walker  50.367722 67.177083 121 46 LS 

5 WA14-05-R Walker  50.367361 67.178556 69 44 LS 

6 WA14-06-R Walker  50.380306 67.174028 151 49 LS 

7 WA14-07-R Walker  50.379083 67.176306 140 48 LS (Reference) 

8 WA14-08-R Walker  50.377361 67.177083 140 45 LS 

9 WA14-09-R Walker  50.377083 67.181806 57 40 LS 

10 WA14-10-R Walker  50.376639 67.184139 31 35 BS 

11 WA14-11-R Walker  50.375917 67.185750 11 30 BS 

12 WA14-12-R Walker  50.381417 67.170028 157 44 LS 

13 WA14-13-R Walker  50.382889 67.165361 130 46 LS 

14 WA14-14-R Walker  50.368111 67.172028 165 48 LS 

15 WA14-15-R Walker  50.367917 67.175694 139 43 LS 

W5 WA11-W5-R Walker  50.362310 67.165650 270 43 LS (Reconnaissance) 

2 PA14-02-R Pasteur  50.318667 66.927083 30 38 PLS 

3 PA14-03-R Pasteur  50.318583 66.927361 39 39 PLS 

4 PA14-04-R Pasteur  50.318722 66.927639 46 35 PLS 

5 PA14-05-R Pasteur  50.318778 66.927889 50 41 PLS 

6 PA14-06-R Pasteur  50.318833 66.928222 55 36 PLS 

7 PA14-07-R Pasteur  50.318806 66.928417 59 39 PLS 

8 PA14-08-R Pasteur  50.318806 66.928722 65 42 PLS 

9 PA14-09-R Pasteur  50.318917 66.929083 69 39 PLS 

10 PA14-10-R Pasteur  50.319583 66.934972 38 28 PLS 

11 PA14-11-R Pasteur  50.319175 66.932806 62 38 PLS 

12 PA14-12-R Pasteur  50.319167 66.932528 67 36 PLS 

13 PA14-13-R Pasteur  50.324806 66.933778 45 34 PLS 

14 PA14-14-R Pasteur  50.332333 66.935083 60 40 PLS 

15 PA14-15-R Pasteur  50.334167 66.937056 57 48 PLS 

16 PA14-16-R Pasteur  50.318972 66.929944 71 66 LS (Reference)  

17 PA14-17-R Pasteur  50.318861 66.928694 65 77 PLS 

  

Note: Sediment facies:  LS, Laminated sediments; PLS, partially laminated sediments; BS, bioturbated sediments; MS, 

massive sediments. 
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On September 25
th
 2014, during another fieldwork, an S4 current meter (InterOceans Systems Inc. 

USA) was used to measure temperature and salinity. Two measurements were collected at Lake 

Pentecôte and three at Lake Walker, at points where the water depths ranged from 40 to 100 m (Table 

2.3). None were collected at Lake Pasteur due to logistical constraints.  

2.4.2 Computed tomography and digital photography  

Whole core sections were analyzed using a SIEMENS SOMATOM Definition Volume Access sliding 

gantry medical CT-scanner at the Institut National de la Recherche Scientifique, Centre Eau Terre 

Environment (INRS-ETE). The CT-Scan allowed for the non-destructive acquisition of longitudinal 

and transverse images showing the internal structures of the cores. The acquisition was performed at a 

voltage of 140 keV, current of 410 mA and a rotation time of 1000 ms/rot. The resulting images were 

displayed in gray scale, with lighter and darker areas indicating higher and lower X-ray attenuations, 

respectively. Gray scale values are expressed as CT numbers or Hounsfield units (HU). X-ray 

attenuation is related to sediment bulk density, porosity and mineralogy (Boespflug et al. 1995; 

Cremer et al. 2002; Fortin et al. 2013). Analysis of CT-scan images was done using the Siemens 

software or the Image J software (Schneider et al. 2012).  

Shortly after splitting and prior to oxidation of the sediment core surface, the split sediment cores 

were photographed with a GEOTEK
TM

 Geoscan IV line-scan camera (50-µm pixel size) mounted on a 

GEOTEK
TM

 Multi-Sensor Core Logger (MSCL; Geotek Ltd., UK.) at the Institut des sciences de la 

mer de Rimouski (ISMER), Canada. Subsequently, another high-resolution line camera mounted on an 

ITRAX core scanner (Cox Analytical Systems, Sweden) at INRS-ETE was used to acquire RGB 

colour images (50-µm pixel size) of the split cores. The advantage of the latter over the former is that 

the images are relatively free from the effects of glare from water on the sediment surface, due to 

polarizers of the ITRAX.  

2.4.3 Facies- and image analysis  

Sediment cores were described and grouped into facies based on qualitative identification of textural 

properties such as colour, grain size and sedimentary structures through a combination of visual 

inspections and analysis of digital photos, CT-scan images and ITRAX line scan images. Colour of 

sediments was expressed based on the Munsell Soil Colour Chart (Munsell Color Xrite). A qualitative 

index, the “Lamination visibility index (LVI)” was introduced to describe the visibility of laminations, 

as observed from the digital images, with values as follows: 0 - none, 1 - faint, 2 - visible, 3 - clear, 

and 4 - distinct. One reference core was selected for each lake based on the presence of laminations 

and evidence of minimal sediment disturbance, namely PC14-04-R (Pentecôte), WA14-06-R 

(Walker) and PA14-16-R (Pasteur), respectively.  
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Undisturbed sections were subsampled from the selected reference cores using overlapping metal 

slabs made of thin aluminium (measuring 18 x 1.5 x 0.5 cm), and thin sections were made based on 

freeze-drying and epoxy-resin embedding techniques (Francus and Asikainen 2001). Image 

observation of scanned thin-section slabs was performed using software developed at INRS-ETE 

(Francus and Nobert 2007). This allowed for further description of the laminae visibility (using the 

LVI index), and for microscopic counting of laminations on the digital scans (Francus 2006). Laminae 

were counted by two independent researchers and counting error (%) was estimated based on the 

difference in the number of counted laminae couplets along the thin sections (Zolitschka et al. 2015).  

2.4.4 Sediment dating  

For 
210

Pb analysis, the upper 10 cm section of the three reference cores was sampled at intervals of 0.4 

cm. In addition, another core, WA11-W5-R that was retrieved 2 km southeast of core WA14-06-R 

during a reconnaissance survey in Lake Walker in 2011, was included in the analysis for comparison 

(hereafter referred to as reconnaissance core, Figure 2.2B). Core WA11-W5-R was previously 

sampled at intervals of 0.5 cm. Freeze–dried samples (ca. 2g) were analysed for 
210

Pb activity using a 

high-resolution germanium diode gamma detector and multichannel analyzer gamma counter at the 

Centre d’études Nordiques (CEN), Université Laval (Canada) for core WA11-W5-R, and 

subsequently with a similar instrument at INRS-ETE for the reference cores. 
210

Pb activities were 

analysed as function of depth expressed in form of cumulative dry mass in order to account for the 

effect of compaction (Appleby and Oldfield 1978). The profiles of
  210

Pb unsupported were used as 

input for three possible dating models: (1) the constant rate of sedimentation (CRS) model that takes 

into account variable sedimentation rates, but constant fluxes of 
210

Pb, (2) the constant initial 

concentration (CIC) model that simultaneously takes into account varying sedimentation rates and 

fluxes of 
210

Pb, and (3) the constant flux - constant sedimentation model (CF-CS) that simultaneously 

takes into account constant rate of sedimentation and input of 
210

Pb (Appleby et al. 1979; Robbins and 

Edgington 1975). Confidence intervals were calculated by first-order error analysis of counting 

uncertainty (Appleby and Oldfield 1978; Appleby et al. 1979). This was done in order to determine 

the age (a), sedimentation rate (cm a
-1

), and sediment (mass) accumulation rates (g cm
-2

 a
-1

) for the 

past 150 years (Zolitschka et al. 2015). 
137

Cs was used to identify sediments deposited during the 

peak of atmospheric nuclear testing between the periods from 1963 to 1964 (Appleby and Oldfield 

1978).  

Terrestrial plant macrofossils (wood fragments) were collected from core WA14-06-R at a depth of 

36.5 cm. Bulk sediment from another core, PC15-04B-P-CD that was sampled from Lake Pentecôte in 

2015 was included for comparison (Gagnon-Poiré et al. 2019). The samples were prepared at CEN 

and analysed using accelerator mass spectrometry (AMS) at the Earth System Science Department 

Keck Carbon Cycle AMS Facility at the University of California at Irvine. The dates were calibrated 
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using the Calib 7.1 software using the INTCAL2013 calibration curve (Stuiver and Reimer 1993) and 

are presented with 2 sigma standard deviation (Table 2.4).   

2.4.5 Loss on ignition  

Within the intervals sampled for 
210

Pb dating, sediments were extracted to perform loss-on-ignition 

(LOI) measurements. Organic matter content was calculated as the difference in weight between 

sediment dried at 60 C and the ash produced after ignition at 550 C for 4 hours. Furthermore, the 

percentage of calcium carbonate was calculated as the difference in weight between ash produced 

after ignition at 550 and 1000 C within a high temperature furnace (Heiri et al. 2001).  

2.5 Results  

2.5.1 Physical limnology  

Figure 2.3A shows a clear evidence of temperature variations measured at 35 and 170 m depths 

(below water level) over a 2-year period (June 5
th
 2014 – August 4

th
 2016) in Lake Walker. In the 

upper part of the lake (35 m), temperature varied between 3.4 and 7.0 C and fluctuated 

intermittently to 10.0 C between June and November. It decreased from 3.4 to 2.0 C during winter. 

In the lower part of the lake (170 m), temperature was 4 C between June and November, 

decreasing to 3.5 C during winter. Lake mixing, evidenced by temperature reversals across the two 

depth intervals, occurred twice each year, in May and November, which correspond to the time of ice 

breakup and ice formation, respectively.  

Figures 2.3B and 2.3C show point measurements of temperature and salinity in lakes Pentecôte and 

Walker measured in September 2014 (Table 2.3). In Lake Pentecôte, profiles from the northern 

(S4_PC_01) and southern (S4_PC_03) parts of the lake show a temperature decrease from 15–12 C 

at the surface and 12–8 C at 20 meters, and slight increase in salinity from 1.1–1.3 and 1.8–1.9 

PSU. Between 20 and 40 m, the northern profile indicates a temperature trend from 12–9 C, and 

slight increase in salinity from 1.2–1.3 PSU, while the southern one shows that towards 60 m depth, 

temperature and salinity steadied at 8 C and 1.4 PSU, respectively.  

In Lake Walker, profiles from the southern (S4_WA_01) and northern (S4_WA_03) parts (locations 

in Table 2.3) show comparable trends between 0–60 m: temperature decreases from 14–8C and 

salinity increases slightly from 1.2–1.4 PSU. Further down, the three parameters stabilize. However, a 

profile from the central (S4_WA_02) part of the lake indicates that within 0–30 m, temperature 

decreases from 11–6 C, while salinity increases slightly from 1.3–1.5 PSU (Figures 2.3C-1 and 2.3C-

2). These data show that thermal stratification occurs in Lake Walker.  
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Table 2.3: List of sampling points for measurement of physico-chemical parameters in lakes Pentecôte and Walker. 

Code Lake 

Latitude                

(N) 

Longitude             

(W) 

Parameter 

measured 

 Depth 

(m) 

Relative   

location 

S4_PC_01 Pentecôte 49.918368 67.362836 T, S 40 North  

S4_PC_03 Pentecôte 49.842510 67.305110 T, S 60 South 

S4_WA_01 Walker 50.222500 67.150833 T, S 100 South 

S4_WA_02 Walker 50.299067 67.182238 T, S 60 Central  

S4_WA_03 Walker 50.377083 67.181806 T, S 80 North 

T1 (Onset) Walker 50.338111 67.173167 T 35 North-central 

     T12 (Onset) Walker 50.338111 67.173167 T 170 North-central 

 

Parameter: T- temperature, S – salinity. Measurement points and profiles are shown on Figures 2.2 and 2.3, 

respectively.  

 

 

Figure 2.2: Maps showing bathymetry, location of sediment cores and the sediment facies described in (A) Lake 

Pentecôte, (B) Lake Walker and (C) Lake Pasteur. Core names are abbreviated as serial numbers e.g. WA14-06-R 

written as 6 (Table 1). W5 refers to the reconnaissance core, WA11-W5-R from Lake Walker (see text). Also shown is 

the deployment location of Onset temperature sensors in Lake Walker, labelled as T. Schematic subbottom profiles 

along marked transects are shown in Fig. 3. Core names along transect c-c’, Lake Pasteur, are clearer in Figure 2.4D. 
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Figure 2.3: Measurement of physical parameters: (A) Temperature variations in the water column of Lake Walker at 

35 and 170 m depths below water level measured using Onset Hobo temperature sensors over a 2-year period (June 

2014 - August 2016). Deployment location of sensors is marked as T in the Figure 2.2 (B and C) Profiles of 

temperature and salinity measured in lakes Pentecôte and Walker, respectively using an S4 current meter on 

September 24 2014 (sampling points are described in Table 2.3).    
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2.5.2 Sedimentary facies  

The following distinct sedimentary facies were identified based on qualitative analysis: laminated, 

partially laminated, bioturbated and massive sediments. Rapidly deposited layers and turbidite 

deposits were also identified (Figures 2.2, 2.4 and 2.5).  

2.5.2.1 Laminated sediments (LS)  

The two basic units that compose the laminated sediment facies are a silty minerogenic material (silty 

lamina) and a clay and organic rich material (clayey lamina). The silty lamina is grayish brown to 

dark gray (Munsell colour: 2.5Y 5/2 to 4/2), whereas the clayey lamina is dark gray to very dark gray 

(Munsell colour: 2.5Y 5/2 to 3/2). LS facies have visible to distinct laminations (LVI index 2–4). The 

thickness of lamina couplets ranges from 0.2 to 1 cm. Laminations are usually horizontal, although 

sometimes inclined due to disturbance during deposition or coring and transportation. CT number 

varies from 1100 to 1500 HU (Figure 2.5).  

The distribution of the LS facies in the three lakes is shown on Figures 2.2 and 2.4. Of the ten short 

sediment cores collected from Lake Pentecôte, none was laminated along its entire length. In Lake 

Walker, 81% (13 out of 16) of cores were characterised entirely by the LS facies. These cores were 

retrieved at water depths ranging from 60 to 270 m, which correspond to the deep central part of the 

lake basin (Figures 2B, 4B and 4BB). In Lake Pasteur, 6% (1 out of 16) of cores contained LS facies 

along the entire core. It was retrieved at a depth of 70 m, which corresponds to the deepest part of the 

lake’s basin (Figures 2.2C and 2.4C).  

2.5.2.2 Partially laminated sediments (PLS)  

Partially laminated sediments (PLS) comprise olive gray silty lamina and dark to very dark olive gray 

clayey lamina (Munsell colour: 5Y 3/15 and Y 4/2 to 3/2, respectively). They are characterized by 

similar grain size as the LS facies, but with parallel or inclined laminations that range from faint to 

clear (LVI index 1–3) at intervals within the same core (Figure 2.5). In this study, PLS facies is used 

to distinguish sediments that are neither laminated or massive (e.g.(Larsen et al. 1998). Laminations 

in the PLS facies are at irregular intervals and are clear to obscure in appearance. Laminae thickness 

ranges from 0.4 to 1 cm. Wood fragments are more common in the PLS than in the LS facies. CT 

number varies from 1200 to 1600 HU.  

In Lake Pentecôte, partially laminated sediments characterized 80% (8 out of 10) of collected cores. 

The cores were retrieved from water depths ranging from 39–130 m, representing the shallow to deep 

parts of the lake (Figures 2.2A and 2.4A). In Lake Walker, none were partially laminated, while in 

Lake Pasteur, 94% (15 out of 16) of sediment cores were partially laminated. They were collected at 
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water depths ranging from 28–48 m, representing the shallow to moderately deep parts of the lake 

(Figures 2.2C and 2.4C).  

2.5.2.3 Bioturbated sediment (BS)  

Bioturbated sediments (BS facies) are marked by colour mottling, with variation from light yellowish 

brown to light olive brown and gray to dark grayish brown silty clay and clay materials (Munsell 

colour: 10YR 6/4 to 4/1, 2.5Y 6/1 to 5/2). The laminations appear faint to visible (LVI index 1– 2) 

and are parallel to inclined, sometimes disturbed. CT number ranges from 1400 to 1500 HU (Figure 

2.5B). BS facies contain more traces of organic matter than massive sediments (described below). The 

term “bioturbated” is actually “inferred” rather than “indicative” based on their characteristics 

(mottling, and organic matter content (St-Onge et al. 2012). 

The BS facies was encountered in the upper part of two cores from Lake Walker, which were 

retrieved at depths of 10–30 m that correspond to the proximal and shallow parts of the lake (Figures 

2.2B and 2.4B).  

2.5.2.4 Massive sediments (MS) 

Massive sediments consist of olive gray and dark gray silty and clayey materials (Munsell colour: 5Y 

4/2 to 4/1, respectively). Unlike the bioturbated sediments, massive sediments are marked by 

relatively uniform colour (and/or absence of mottling). There is no clear evidence of visible laminae 

pattern though faint laminations (LVI index 0-1) are occasionally present (Figure 2.5E). This facies 

contains organic materials such as wood fragments and deformations due to gas expansion that were 

more evident after core splitting. The transition between the PLS and MS facies are rather subtle.  

Of the three studied lakes, sediment cores that present the MS facies were retrieved only in Lake 

Pentecôte. In that lake, MS facies characterized two cores (Figure 2.2A) and also the lower part of 

another core, PC14-04-R (Figure 2.5A). The cores were sampled at water depths of 39–42 m, which 

corresponds to the shallow parts of the lake (Figure 2.2A).  

2.5.2.5 Rapidly deposited layers (RDLs)  

Within the LS and PLS facies, there is evidence of a distinct sub-facies that is characterized by light 

gray to dark yellowish brown silty and clayey materials (Munsell colour: 2.5Y 7/1 to 4/2, 5.Y 3/1), 

with clearly visible boundaries (LVI index 2–3) that is marked by an abrupt change in CT number 

from 1300–1500 HU, compared to the LS/PLS facies (Figure 2.5). They are interpreted as rapidly 

deposited layers (RDLs) (St-Onge et al. 2012). They range from few mm to >1 cm in thickness and 

are noticeable on CT-scan images and the ITRAX line scan images, but may be obscure under the 
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naked eye (Figures 2.5A and 2.5C). RDLs show a sequence of reverse to normal grading (Figure 

2.5F) (St-Onge et al. 2012) and were encountered in several cores from the three studied lakes, 

irrespective of coring depth.  

 

Figure 2.4: Schematic subbottom profiles along the transects shown in Fig. 2. (A) a – a’, Lake Pentecôte; (B) (b – b’, 

bb – bb’, Lake Walker) and (C) c – c’, Lake Pasteur. The location of cores retrieved and the sediment facies 

encountered are shown (see full legend in Figure 2.2). Core names are abbreviated as serial numbers (see Table 1). 

RF indicates the reference core for each lake. Thermal stratification zones are inferred from temperature 

measurements (see text). Also shown are the empirical depths of the critical boundary (Zm1) described for each lake 

(See text and Table 2.1). 
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Figure 2.5: Digital photo (Ph), ITRAX line scan images (L) and CT-scan frontal view (CT) showing example images 

of the sedimentary facies described in lakes Pentecôte, Walker and Pasteur. Rapidly deposited layers (RDLs) and 

turbidites (TB) represent isolated events. The LLS (?) represents Late Quaternary glacial facies that was encountered 

(below the BS facies, 2.5B) but not discussed in detail in this study (see core PC15-04-P-CD; Gagnon-Poiré et al. 

2019). Note that corresponding images may appear slightly different because they were taken along different 

slices/views of the respective sediment cores. 

 

RDLs observed to be normally graded were characterized by light-coloured silt-rich base (associated 

with high density; CT-number) that fines upwards into silty and clayey materials (e.g.,(St-Onge et al. 

2012). However, a 5 cm thick RDL is clearly noticeable on one core, PA14-16-R from Lake Pasteur 

(Figure 2.5F), which exhibits by reversed grading. In this case, the base of the RDL is characterized 

with clayey materials that coarse upwards into silty materials and afterwards fines upwards into 

clayey materials (Figure 2.5F). 
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2.5.2.6 Turbidites  

Another sub-facies, characterized by fine grained (silty clay) materials and coarse grained (sandy) 

materials and which is non-laminated and normally graded, was observed. Its lower and upper 

boundaries are marked by sharp contacts with the underlying and overlying LS facies, and are 

evidenced by abrupt change in CT number from 1300 to 1500 HU (Figure 2.5D). It is interpreted as a 

turbidite deposit (St-Onge et al. 2004). It was encountered only in Lake Walker, on one core, WA14-

01-R that was collected at a depth of 200 m (Figures. 2.4BB and 2.5D).  

2.5.3 Thin section image analysis  

Laminae visibility index was used to describe thin sections from the three reference cores, PC14-04-

R, WA14-06-R and PA14-16-R, and are plotted on Figure 2.6. Counting of laminae in cross-polarized 

light was preferred due to higher birefringence of silty particles relative to the fine clay matrix. Image 

observation of thin sections from core PC14-04-R, collected from Lake Pentecôte at a depth of 40 m, 

indicates that it is characterized by MS facies in the lower section that pass into PLS facies in the 

upper section. The uppermost part appears disturbed near the sediment/water interface. The laminae 

are faint (LVI index 2) and occurrence is discontinuous (Figure 2.6A). Consequently, replicate 

counting of laminae was not performed and thus no counting errors were estimated for this lake.  

On thin sections of core WA14-06-R, collected from Lake Walker at 151 m depth, the laminae 

visibility index shows that laminations appear visible to distinct (index 3–4) in lower to upper 

intervals, which facilitated replicate counting, but passes into faint laminations (index 0–1) in the 

uppermost part of the core near the sediment/water interface (Figure 6B). Approximately 400 lamina 

couplets were counted along the 43 cm long core, with varying error estimation within successive thin 

sections. A plot of error estimation versus depth shows that error limit decreases with increasing 

depth, ranging from 4% for the lowermost part of the core, where distinct laminae were most evident, 

to 10% for the topmost (5 cm) sediment interval (Figures 2.6B and 2.7B).  

On thin sections of core PA14-16-R, collected from Lake Pasteur at 70 m depth, laminations are 

visible to clear (LVI index 2–3) in the lower part of the core, which facilitated replicate counting 

(Figures 2.6C and 2.7C), passing into discontinuous and faint (LVI index 0–1) in the uppermost 

section near the sediment/water interface. Approximately 560 lamina couplets were counted along the 

63 cm core. Error estimation versus depth illustrates that the error limit varies irregularly between 3–

54% down core (Figure 2.6C). Laminae boundaries are noticeably obscured within RDLs, 

consequently higher error limits were observed where RDLs occur (e.g. between 15–20 cm on core 

PA14-16-R, Figure 2.6C).  
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Figure 2.6: Profiles with the digital photo (Ph), ITRAX line scan image (L) and CT-scan frontal view (CT), and 

results of sedimentological analysis: laminae visibility index (LVI) and laminae counting error estimate for the 

reference cores (A) PC14-04-R, (B) WA14-06-R and (C) PA14-16-R from lakes Pentecôte, Walker and Pasteur, 

respectively. LVI index: 0 - none, 1- faint, 2 - visible, 3 - clear, 4 - distinct. Thin-sections from the lower part (marked 

“TS” on the digital photos) are shown in Figure. 2.7.  
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Figure 2.6: (continued, 6C) Profiles with the digital photo, CT-scan frontal view, line scan image (ITRAX) and results 

of sedimentological analysis: laminae visibility index (LVI) and laminae counting error estimate for the core PA14-

16-R from Lake Pasteur. LVI index: 0 - none, 1- faint, 2 - visible, 3 - clear, 4 - distinct. Thin-sections from the lower 

parts (marked “TS” on the digital photos) are shown in Figure 2.7.   

 

Table 2.4: AMS 14C age of the dated materials from lakes Pentecôte and Walker. 

Core name 

Depth        

(cm) Material  Laboratory no. 

14
C a 

(BP) 

14
C a 

cal BP 

WA14-06-R 36.5 

Wood 

fragment UCIAMS-161059 930 ± 25 790-920 

PC15-04B-P-CD* 101 

Bulk 

sediment UCIAMS-162978 7240 ± 25 7996-8159 

 

*Gagnon-Poiré et al. (2019)  
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Figure 2.7: Image observation of laminae structure in lower intervals of the reference cores: (A) PC14-04-R, (B) 

WA14-06-R and (C) PA14-16-R using thin-sections viewed in plane (left) and cross polarized light (right). Scale is 1 

cm. Blue backgrounds in the cross-polarized light are due to the embedding resin. In the WA14-06-R and PA14-16-R, 

visible–distinct laminae couplets comprising a silty lamina and a clayey lamina with sharp contact with the overlying 

laminae can be seen.  
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2.5.4 Age-depth models and sedimentation rates  

2.5.4.1 
210

Pb and 
137

Cs age models  

Figure 2.8 (A-1, B-1 and C-1) depicts 
210

Pb activity versus depth profiles for the three reference cores. 

The mean sedimentation- rates and fluxes derived from the three 
210

Pb models (CRS, CIC and CF-CS) 

are comparable (Table 2.5). The 
210

Pb CIC model was selected as the most suitable model because (1) 

it is least susceptible to the low activity levels of 
210

Pb measured on the reference cores (where 

210
Pbtotal <0.1 Bq g

-1
 except for the top 2 cm), (2) it takes into account the varying sedimentation rates 

and fluxes of 
210

Pb that were observed (Annexe II, Figure S1), and (3) it shows a near-constant slope 

profile for the three reference cores (Figures 2.8A-1, B-1, and C-1). Moreover, the 
210

Pb CIC model is 

in close correspondence with the CRS model in the upper sections of cores PC14-04-R and WA14-06-

R; and the mean sedimentation rates averaged from both models are similar (Table 2.5). On the other 

hand, the 
210

Pb CF-CS model was the least suitable, as it was most susceptible to decrease in 
210

Pb 

unsupported activity levels towards equilibrium, which is evidenced by the wavy outline and age 

reversals observed (Figures 2.8A-2, B-2 and C-2).  

On core PC14-04-R (Lake Pentecôte), mean sedimentation rate of 0.07 cm a
-1 

and mean 

sedimentation flux of 0.03 g cm
-2

 a
-1 

were calculated based on the 
210

Pb CIC model, respectively 

(Table 2.5). 
137

Cs activity starts at 1.8 cm and reaches a peak at 0.6 cm sediment depth (Figures 2.8A-

1 and A-2).  

On core WA14-06-R (Lake Walker), mean sedimentation rate of 0.07 cm a
-1 

and mean sedimentation 

flux of 0.03 g cm
-2

 a
-1 

were calculated based on the 
210

Pb CIC chronology model, respectively. 
137

Cs 

activity starts at 1.4 cm and reaches a peak at 0.6 cm (Figures 8B-1 and B-2). These values were 

compared to results from the reconnaissance core, WA11-W5-R (Annexe II, Figure S2). On that core, 

mean sedimentation rate of 0.002 cm a
-1 

and mean sedimentation flux of 0.01 g cm
-2

 a
-1 

were 

calculated based on the 
210

Pb CIC model, respectively (Table 2.5). 
137

Cs activity starts at 2.3 cm and 

reaches a peak at 1.3 cm (Annexe II, Figure S2). The equilibrium depth of 
210

Pb unsupported (where 

values tend to zero) corresponds to 3.75 cm.  

On core PA14-16-R (Lake Pasteur), mean sedimentation rate of 0.12 cm a
-1 

and mean sedimentation 

flux of 0.09 g cm
-2

 a
-1 

were calculated based on the 
210

Pb CIC model, respectively (Table 2.5). 
137

Cs 

activity starts at 2.2 cm and reaches a peak at 1.8 cm (Figure 2.8C-1 and C-2).   

2.5.4.2 Radiocarbon age  

A wood fragment collected from core WA14-06-R at 36.5 cm dated 980 ± 25 years 
14

C BP (790-920 

cal BP, UCIAMS-161059), which allowed for estimation of a mean sedimentation rate of 0.04 cm a
-1
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for the entire core (Figure 2.5C). Bulk sediment sampled at 101 cm from another core, PC15-04B-P-

CD from Lake Pentecôte dated 7240 ± 25 years 
14

C BP (7996-8156 cal BP, UCIAMS-162978) 

(Gagnon-Poiré et al. 2019) and allowed for estimation of a mean sedimentation rate of 0.09 cm a
-1

 

for the entire core (Table 2.5).  

 

Figure 2.8:  Recent chronology (210Pb and 137Cs) for the reference cores from (A) Lake Pentecôte, (B) Lake Walker 

and (C) Lake Pasteur, respectively: (A-1, B-1, and C-1) Total (measured) and supported (from 226Ra decay) 210Pb 

activity and 137CS activity;  (A-2, B-2, and C-2) Chronology models based on the constant rate of supply (CRS), the 

constant initial concentration (CIC) and constant flux–constant sedimentation (CF-CS); (B-3, and C-3) Comparison 

of applicable age models (CIC/CRS) to lamina couplet counts in the upper sediments of lakes Walker and Pasteur. 
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Table 2.5: Comparison of sedimentation- rates and fluxes derived from sediment dating from surface cores from 

lakes Pentecôte, Walker and Pasteur. 

 

Core   

Sedimentation 

rate (mm a
-1

)*       

Sedimentation 

flux (g cm
-2

 a
-1

)   

  

210
Pb 

CRS 

210
Pb  

CIC 

210
Pb    

CF-CS 

AMS 
14

C  

210
Pb      

CRS 

210
Pb      

 CIC 

210
Pb       

CF-CS 

PC14-04-R 0.64 0.68 0.48   0.03 0.03 0.02 

WA14-06-R 0.65 0.70 0.95 0.40 0.03 0.03 0.05 

PA14-16-R 0.04 1.15 0.87   0.03 0.09 0.06 

WA11-W5-R 0.11 0.02 0.02   0.03 0.01 0.16 

PC15-04B-P-CD*       0.90       

 

2.5.5 Comparison of laminae counts to radiometric dating  

In order to test the hypothesis that the studied lakes could be annually laminated, laminae counts were 

compared to the 
210

Pb model and 
137

Cs chronology for cores WA14-06-R and PA14-16-R from lakes 

Walker and Pasteur, respectively. Lake Pentecôte was excluded due to low laminae visibility index 

(index  2) irrespective of depth.  

In Lake Walker, Figure 2.8B-3 illustrates that the profile of the 
210

Pb CIC model is consistent with 

that of laminae couplet counts. Both profiles plots within the error limit (± 6 years) of the other for the 

uppermost 3 cm sediments interval, and relatively close at lower depths. If the CRS model is 

considered, there is still close correspondence between the 
210

Pb CIC versus CRS model and laminae 

count. The error margin is, however, larger for the CRS model in the lower (3–5 cm) part of the core 

(Figure 2.8B-3). The CF-CS model was excluded in the comparison due its high margin of error.      

In Lake Pasteur, there is divergence between the 
210

Pb CIC model and laminae counts. The 
210

Pb CRS 

and CF-CS models were less comparable due to age reversals and divergence that are associated with 

that core (Figure 2.8C-3). Figures 2.8B-3 and 2.8C-3 show that there is divergence between the 

profiles of the
 137

Cs versus 
210

Pb chronology (CIC) models and also laminae count.  

2.6 Discussion 

2.6.1 Catchment and local controls over sediment deposition   

The recent sedimentation in lakes Pentecôte, Walker and Pasteur is influenced by interacting factors 

including limnological, climatic, morphological and possibly dynamic processes. These lakes undergo 

thermal stratification typical of the boreal climate in that region, and this was confirmed by 

instrumentation in Lake Walker (Figure 2.3). The transitions between the lower part of the lakes 
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(containing cooler water) and the upper part (containing warmer water), inferred from measured data 

(30–40 m in Lake Pentecôte and 50–60 m in Lake Walker; Figures 2.3B and 2.3C) corresponds to the 

summer thermocline in those lakes (Håkanson and Jansson 2002). Temperature reversals observed in 

Lake Walker indicate that mixing of the water column occurs twice each year, in May and November 

(Figure 2.3A), which implies that it is dimictic. Circulation in its water column occurs to  170 m.      

Sediment coring in Lake Pentecôte was fairly extensive compared to lakes Walker and Pasteur due to 

its accessibility. However, the frequency of partially laminated and massive sediments in Lake 

Pentecôte could be attributed in part to shallow coring depths (generally < 45 m, Table 2.2) or the 

influence of processes that inhibit laminae preservation such as sediment mixing due to wind or 

current driven circulations across the lake’s basin (Larsen and MacDonald 1993; O'Sullivan 1983). In 

Lake Walker, the uniform distribution of laminated sediments (75%) in the distal part of the river 

deltas (Figures 2.2B, 2.5B and 2.5BB) suggests that sediment deposition is dominated by low-energy 

suspension settling (Smith 1978; Smith and Ashley 1985). The occurrence of bioturbated facies in two 

cores that were retrieved in the proximal part of the lake (< 55 m; Figures 3.2B and 3.4B) indicates 

that sediment disturbance and/or mixing are restricted to the shallow parts of the lake, near the 

sediment/water interface. It also implies that current and oxic conditions exists in proximal areas near 

the lake shore, possibly allowing bioturbation (O'Sullivan 1983). Similarly, in Lake Pasteur, the only 

core that contained LS facies (6 %) was in a deep part, while other cores with PLS facies (94 %) were 

retrieved from shallower depths (Figures 2.2C and 2.4C).     

Lakes Pentecôte, Walker and Pasteur are principally fed by the Pentecôte River, the Gravel and 

Schmon rivers, and the Pasteur River, respectively from the northern part into the lakes’ basin. 

Although Lake Walker receives fluvial input from two major rivers on its northern part, compared to 

lakes Pentecôte and Pasteur that receive from one, respectively, the sedimentation rates and fluxes in 

the central part of the three lakes are of the same order of magnitude, considering the 
210

Pb models 

(Figures 2.2, Table 2.5). Also, overall composition of the sediment is similar based on bulk density, 

calcium carbonate and organic matter contents (Annexe II, Figure S3). Nevertheless, the low mean 

sedimentation rates in lakes Pentecôte, Walker and Pasteur (0.12 cm a
-1

) are similar to those 

described in other lakes in southern Québec [e.g. Lake aux Sables: 0.08 cm a
-1

; Lake St-Joseph: 0.07 

cm a
-1

; and Lake Mékinac: 0.18 cm a
-1 

(Trottier et al. 2018)] and other Canadian provinces [e.g. 

Birchbark Lake: 0.08 cm a
-1

; Miller Lake 0.11 cm a
-1

 and Whitemouth Lake (0.15 cm a
-1

) (Turner and 

Delorme 1996)].    

2.6.2 Relating the presence of laminations to lake morphometry using empirical 

assumptions 

Some researchers have applied empirical relationships to predict laminae formation and preservation 

in small lakes using morphometric parameters (e.g.(Gorham and Boyce 1989; Larsen and MacDonald 
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1993; Larsen et al. 1998; O'Sullivan 1983; Ojala et al. 2000; Zolitschka et al. 2015). However, there 

are insights from applying some of those empirical parameters in fjord lakes such as Pentecôte, 

Walker and Pasteur that are of larger areal size and different geographical context (Table 2.1). For 

example, a relevant parameter is the relative depth, Zr (Hutchinson 1957), which was used by 

O'Sullivan (1983) to illustrate that lakes with stratified water columns might contain laminated 

sediments, by relating maximum depth (Zmax) and lake surface area (A) [where Zr = 50Z√π/√A]. In 

this regard, the relative depth of lakes Pentecôte, Walker and Pasteur is « Zr = 2.7, 3.9 and 1.4 » 

respectively (Table 2.1). These values fall within the range of those of some large lakes in Europe and 

North America with significant maximum depth (Zm > 70), in which laminated sediments have been 

found [e.g. Lac D’Annecy, Zm = 82 (Dearing 1979); Pääjärvi, Zm = 87 (Ojala et al. 2000); Lillooet 

lake, Zm = 137 (Desloges and Gilbert 1994; Gilbert 1975) and Zugersee, Zm = 197 (Thompson and 

Kelts 1974)].      

Larsen and MacDonald (1993) demonstrated that small lakes (<3 km
2
) with maximum depths deeper 

than their critical boundary Zm1, might preserve laminated sediments, while those with maximum 

depth Zm less than the depth of Zm1, are likely to contain non-laminated sediments. That assumption 

is valid in a general sense when applied to lakes Pentecôte, Walker and Pasteur (with surface area of 

18.9, 41 and 19.3 km
2
 respectively), based on obtained Zm1 values and facies distribution (Figure 2.4; 

Tables 2.1 and 2.2). However, a modified form of Zm1, the maximum critical boundary (Zmm) by 

Larsen et al. (1998) is inapplicable to lakes Pentecôte, Walker and Pasteur because Zmm is shallower 

than the depths from which all cores (except two from Pentecôte) were retrieved.  

Alternative variables that describe lake basin morphology, for example by considering both size and 

depth using mean depth of sampled cores, mean- and maximum wind fetch and exposure index (e.g. 

(Tylmann et al. 2013; Wetzel and Likens 1991) were considered to evaluate facies distribution in 

lakes Pentecôte, Walker and Pasteur. Table 2.1 shows that Lake Walker has a mean depth (m = 125) 

that is significantly deeper than lakes Pentecôte and Pasteur (m = 59.5 and 54.7 respectively), though 

the three lakes have more or less the same exposure index (ratio of surface area to mean depth). 

Compared to the other two lakes, Lake Walker also has a longer maximum wind- and mean wind 

fetch (that describe the distance between coring location and lake shore) due to its greater maximum 

length (30 km) and surface area (41 km
2
), which suggests that it is exposed to stronger winds that 

would likely have its water column mixed at relatively greater depths (Wetzel and Likens 1991). 

However, the fact that LS facies were preserved on 75% of cores collected from Lake Walker 

compared to lakes Pentecôte and Pasteur (0 and 6% respectively) indicates that the effects of the 

longer maximum wind and mean wind fetch are likely compensated by the higher mean depth and 

maximum depth in the former, as opposed to the latter (Wetzel and Likens 1991). Topographic 

exposure index calculated for Lake Walker (which is twice as much as the next lake, Pasteur, Table 
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2.1) is also a factor favouring laminae preservation (Wetzel and Likens 1991). Thus, morphologically, 

Lake Walker can be distinguished from lakes Pentecôte and Pasteur based on its unique 

characteristics: higher relative depth, mean depth, maximum depth and topographic exposure (Table 

2.1).  

2.6.3 Laminated vs possibly varved sediments in the three deep fjord-lakes  

The potential of establishing a varve chronology differs in the three studied lakes based on the 

laminae counts and 
210

Pb dating. In Lake Pentecôte, the prevalence of massive to partially laminated 

sediment facies and absence of distinct laminations on core PC14-04-R suggest low potential for 

annual rhythmicity. In Lake Pasteur, the occurrence of partially laminated sediments and the 

divergence between the 
210

Pb CIC model versus laminae counts of core PA14-16-R indicate that it 

contains laminated sediments that are non-annual. 

In Lake Walker, close agreement between laminae counts and the 
210

Pb CIC and CRS chronology 

models of core WA14-06-R support the hypothesis that the sediments are likely varves. The validity 

of the depth of 
137

Cs peak (supposedly 1963) from two cores from Lake Walker is, however, 

questionable. On core WA14-06-R, the mean sedimentation rate is 0.07 cm a
-1 

(from the CIC model) 

and the time span between 1963 (
137

Cs peak) and 2013 (anchor year for the laminae count) is 50 

years. Thus, the supposed depth for the 
137

Cs peak should be 3.5 cm « 50 a * 0.07 cm a
-1

 = 3.5 cm » 

rather than the actual depth, 0.6 cm (Figure 2.8B-1). On the reconnaissance core, WA11-05-R, 

retrieved 3 years earlier, the 
137

Cs peak is at 1.25 cm (Annexe II, Figure S2), while the supposed depth 

should be 0.094 cm « 47 a * 0.002 cm a
-1 

= 0.094 cm ». In these two cores, the disparity between 

the supposed and actual depths of 
137

Cs peak, yet sharp aspect of the 
137

Cs peak in the profile suggests 

possible migration of 
137

Cs in the sediments, which should be interpreted with caution (Davis et al. 

1984; Turner and Delorme 1996). Another hypothesis is that coring operations using a free-fall 

gravity corer (also called rocket corer) at great depth (>100 m) do somehow wash away the very 

unconsolidated water/sediment interface, even if a clear water/sediment interface is apparent in the 

core tubes. Systematic errors in laminae counting and the chronologies presented could have resulted 

from technical sources such as sediment sampling that are associated with thin-section preparation, 

subjective counting of very fine laminae and/or artefacts of the dating models applied (Appleby and 

Oldfield 1978; Turner and Delorme 1996; Zolitschka et al. 2015). The hypothesis that the laminations 

in Lake Walker are varves needs to be verified by recovering sediments with other coring techniques, 

or extensive radiocarbon dating down core where laminae are better preserved, or sediment trap 

studies (initial deployment of two sediment traps in Lake Walker was unsuccessful). Nevertheless, 

this study showed that by comparing several 
210

Pb (CIC, CRS and CF-CS) and 
137

Cs models, with 

laminae counts that varves are likely preserved in the upper part of the sedimentary sequence in Lake 

Walker.   
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2.7 Summary and conclusions      

This paper analysed short sediment cores collected across transects alongside subbottom profiles in 

three deep fjord-lakes (lakes Pentecôte, Walker, Pasteur) on the Québec North Shore, Eastern Canada. 

The main results are as follows:             

 Based on visual description of textural properties supported by CT-scan images and ITRAX 

line scan images, the following postglacial sedimentary facies were identified: Laminated 

sediments (LS), Partially laminated sediments (PLS), Bioturbated sediments (BS), and 

Massive sediments (MS). Rapidly deposited layers (RDLs) and a turbidite deposit were also 

identified. These facies were deposited under modern conditions, and reflect the influence of 

interacting factors including seasonality, sedimentation rate and depth.  

 Morphological parameters, including relative depth, maximum depth and some variables 

(mean depth, mean wind fetch, maximum wind fetch and topographic exposure) favour 

laminae preservation in Lake Walker compared to lakes Pentecôte and Pasteur.                       

 Lake Pentecôte contains mainly massive to partially laminated sediments, while Lake Pasteur 

contains (partially) laminated facies that reflect non-annual deposition. On the other hand, 

Lake Walker contains laminated sediments that are better preserved with increasing depth. 

Despite inconsistencies in 
137

Cs dating, there is evidence of close correspondence between 

laminae counts and the 
210

Pb (CIC and CRS) chronology models, which support the 

hypothesis that Lake Walker is likely a varved lake. Therefore, Lake Walker is a promising 

archive for future varve-based paleoenvironmental reconstructions. 
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L’analyse de lames minces et la datation d’un nouvel enregistrement de varves d’environ 900 

ans (Holocène tardif) au Lake Walker, Côte-Nord, Québec, Est du Canada  

Résumé 

Cet article présente un nouvel enregistrement de sédiments annuellement laminés (varves) provenant 

du Lac Walker (région de la Côte-Nord, Québec) pour la période de 2340 à 3200 ± 20 cal BP. Une 

analyse multi-échelle des laminations d’une séquence composite de ~4.0 m de long a été réalisée à 

l'aide de la tomodensitométrie et de photographies en haute résolution afin de sélectionner un 

intervalle avec des laminations régulières et continues. La chronologie de la séquence varvée a été 

construite selon deux méthodes : le comptage manuel multiparamétrique à l'aide du logiciel 

PeakCounter et le comptage sur des photos de lames minces au microscope électronique à balayage 

(MEB). La comparaison des deux méthodes indique que la chronologie des varves construite à l'aide 

de lames minces présente une meilleure corrélation avec les âges obtenus par datation au 

radiocarbone. L’épaisseur moyenne des varves est de 0,86 mm. Sur la base de la taille des particules 

et de l'analyse par microfluorescence aux rayons X, les varves du lac Walker sont principalement 

«clastiques». Des corrélations de rang de Spearman « rs » entre l'épaisseur des varves et la taille des 

particules pour toutes les variables calculées, à savoir le diamètre médian apparent (mD0), écart type 

(sD0), percentile 75% (D75 μm), 95% (D95 μm), 98% (D98 μm), 99% (D99 μm) et le diamètre 

maximum apparent (maxD0) sont faibles, positives et monotones (n = 923, p <0,01). La plus forte 

corrélation obtenue est (rs = 0,2184; p-value =0,0001) entre l'épaisseur des varves et le percentile 75% 

(D75). Ce nouvel enregistrement varvé offre ainsi une perspective unique pour développer une plus 

longue reconstitution paléoclimatique à haute résolution dans une région où des enregistrements 

similaires sont relativement rares. 

 

Mots-clés : Laminations, varves, lames minces, analyse d'images, microscope électronique à 

balayage, Côte-Nord 
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3.1 Abstract 

This paper presents a new annually laminated record (varves) from Lake Walker, Québec North Shore 

(eastern Canada) spanning the period from ~2340 to 3200 ± 20 cal BP. The methodology involved 

multi-scale analysis of laminations from a ~4.0 m long composite sequence using computed 

tomography and high-resolution photographs in order to select an interval with regular and continuous 

laminations. The varve chronology was built based on two methods: manual multi-parameter counting 

using the PeakCounter software, and manual counting on thin-section images obtained by scanning 

electron microscopy (SEM). Comparison of both methods indicates that the varve chronology 

established using thin-sections correlates more closely with the ages derived from AMS radiocarbon 

dating, and suggests that thin-section analysis is a more reliable counting technique. The varved 

sediments from Lake Walker are classified as principally clastic based on particle size and X-ray 

microfluorescence analyses. Mean varve thickness is 0.86 mm Statistical analysis using Spearman’s 

rank correlation indicates that a low, positive, monotonic association (n=923, p<0.01) exists between 

varve thickness and most particle size proxies, including: medium disk apparent parameter (mD0), 

standard deviation (sD0), percentile 75% (D75 m), 95% (D95 m), 98% (D98 m), 99% (D99 m) 

and maximum (maxD0). The strongest correlation with varve thickness is obtained with the 75
th
 

percentile (rs = 0.2184, p-value =0.0001). Results from this study thus indicate that the new varve 

chronology from Lake Walker presents remarkable prospects of developing a longer and high-

resolution paleoclimatological reconstruction in a region where similar records are relatively scarce.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 81 

3.2 Introduction 

Annually laminated (varved) sediments can serve as reliable archives of past environmental 

conditions because of the quality of their chronology (Francus et al. 2013a; Ojala et al. 2012; Ojala et 

al. 2013). Indeed, counting sediment successions deposited over the course of 1 year or less allows 

establishing precise varved-based chronologies with annual and/or seasonal resolution (Francus et al. 

2013b; O'Sullivan 1983; Ojala et al. 2012; Schnurrenberger et al. 2003; Zolitschka et al. 2015).  

Knowledge about past climate conditions in the Québec North Shore (Eastern Canada) region during 

the late Holocene is very limited. To date, only instrumental data and paleoclimatic reconstructions 

from tree rings and stable isotopes from tree stems covering the past 200-years to the last millennium 

are available in northern Québec (Arseneault et al. 2013; Naulier et al. 2014; Nicault et al. 2014). 

However, annually laminated sediments from that period have been generally difficult to find. Hence, 

discovering a new varved sequence from this boreal region could provide an increased potential to 

reconstruct regional past modes of climate variability (Figure 3.1).  

On the Québec North Shore, in the southeastern Canadian Shield (eastern Canada), three adjacent 

deep fjord-lakes (lakes Pentecôte, Walker and Pasteur) were studied in order to evaluate laminae 

preservation and potential for varve formation. Facies analysis of short sediment cores using digital 

images and thin-sections revealed that the lakes contain bioturbated, partially laminated and well-

laminated sediments (Nzekwe et al. 2018). It has been demonstrated that of the three earlier-studied 

lakes, Lake Walker is characterized by morphological factors that better favour the preservation of 

sediment laminae, which include higher relative depth, mean depth, maximum depth, critical depth 

and topographic exposure (Nzekwe et al. 2018). Based on comparison of laminae couplet counts to 

the chronology derived from 
210

Pb measurements from a short core (core WA14-06-R from Lake 

Walker), the uppermost (recent) sediments are believed to be annually laminated (Nzekwe et al. 

2018). More so, it was suggested that laminated sediments in Lake Walker are better preserved in 

deeper parts of the lake based on laminae visibility index (LVI), a semi-quantitative index that was 

established using image observation of thin sections from core WA14-06-R (Nzekwe et al. 2018). 

However, the hypothesis that annual rhythmicity exists in sediments older than the last 150 years 

(Late Holocene) in this lake has not been confirmed yet. Hence, a parallel set of long cores that form a 

~400-cm long composite section “WA15-08-U” was collected from Lake Walker in March 2015, 

which provides a longer sediment sequence compared to the previously analysed 43-cm long core. 

Therefore, the specific objectives of the present study are to: (1) establish a depth-age model for the 

Late Holocene from the composite core (WA15-08-U) based on radiocarbon dating, 2) evaluate 

laminated intervals in the composite core and verify the hypotheses that they are varved, and that 

laminae preserved improve with increasing depth (Nzekwe et al. 2018), 3) establish a new varve 

chronology using manual counting and/or conventional thin-section counts, and 4) characterize the 
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sediment composition.  

3.3 Site description  

Lake Walker (50° 16.02' N, 67° 9' W) is a picturesque lake situated on the Québec North Shore, north 

west of the Gulf of St. Lawrence in eastern Canada (Figure 3.1A-B). The maximum depth of the lake 

is 271 m (Figure 3.2A) and the elevation above modern sea level is 115 m. It has a 30-km long 

predominantly longitudinal north-south oriented basin (Gagnon-Poiré et al. 2019). Morphologically, it 

is typically U-shaped, with steep sidewalls and relatively deep V-shaped bottom (150–271 m), and 

thus described as a fjord-lake (Gagnon-Poiré et al. 2019; Lajeunesse 2014). It consists of two deep 

basins in the northern and southern parts, separated by a central sill. The area of the lake covers 41 

km
2
 while its watershed extends over 2187 km

2 
(Gagnon-Poiré et al. 2019).  

Lake Walker is dimictic and receives seasonal inputs of surficial material from two rivers, the 

Schmon and Gravel Rivers that flow into the northwestern and northeastern parts of the lake, 

respectively (Nzekwe et al. 2018). The headwaters of these rivers originate northwards from the 

boreal forests around Lake Manicouagan and the Caniapiscau River (Figure 3.1A). The Québec North 

Shore has a subarctic climate where spring runoff occurs between April and May. Instrumental 

climatic data for the region are available from isolated meteorological stations, the closest being the 

Sept-Îles airport (50˚13'00'' N, 66˚15'00'' W, 52.60 m asl), which is ~70 km east of Lake Walker 

(Centre d’expertise hydrique 2016). Detailed morphological and limnogeological characteristics of 

Lake Walker have been presented by Gagnon-Poiré et al. (2019), Normandeau et al. (2016) and 

Nzekwe et al. (2018). 

3.4 Methods and materials  

3.4.1 Sediment coring and construction of the composite sequence  

The coring location was selected based on previously obtained multibeam bathymetric and subbottom 

profiler data (Gagnon-Poiré et al. 2019) and short sediment coring (Nzekwe et al. 2018) (Figure 

3.2A). A succession of core sections ranging from 100 to 200 cm in length were obtained from Lake 

Walker at a water depth of ~140 m using a UWITEC piston corer on the lake ice cover (15 cm) in 

March 2015 (Figure 3.2A-B). The core sections were retrieved from two boreholes (08C and 08D), 

which were used to name individual core sections (Table 3.1). A gravity core was also retrieved at the 

site (08B-G). Collected sediment cores were stratigraphically realigned using marker beds (such as 

visible laminae, image artefacts and/or rapidly deposited layers) to construct a 352-cm long composite 

sequence, WA15-08-U (Table 3.1). Hereafter, stratigraphical positions are expressed in composite 

depths (cm cd).  

Since this study mainly aims at establishing the annual nature of the late Holocene sediment 
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laminations from Lake Walker and the best protocol for their analysis, the entire composite sequence 

WA15-08-U (0–~400 cm cd) was not analysed. Instead, a test interval was selected (~175–263 cm cd; 

Table 1) based on the quality of laminations preservation and continuity as observed on digital images 

as described below. 

3.4.2 Computed tomography 

Whole core sections were analysed using a SIEMENS SOMATOM Definition AS+ 128 Volume 

Access sliding gantry medical CT-scanner (SIEMENS AG, Munich, Germany) at the Institut National 

de la Recherche Scientifique, Centre Eau Terre Environnement (INRS-ETE). The resulting images 

(0.6 mm resolution) were shown in gray scale. Gray scale values are expressed as CT numbers or 

Hounsfield units (HU), a proxy for sediment bulk density, porosity and mineralogy (Boespflug et al. 

1995; Cremer et al. 2002; Fortin et al. 2013). Lighter and darker areas indicate higher and lower X-ray 

attenuations, respectively (St-Onge et al. 2007).  

 

Figure 3.1: (A) Regional setting and geographic location of Lake Walker situated on the Québec North Shore (A’) in 

southeastern Canada, as shown in the insert (B). (C) Panoramic view of Lake Walker (N-S direction). As illustrated, 

coring in Lake Walker posed technical challenges due to its remote location and geomorphology.  
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Figure 3.2: A) Showing the northern part of Lake Walker that was cored. B) Multi-beam bathymetry of the cored 

area (modified from Gagnon-Poiré et al. 2019). Also shown are the location of two cores: core WA14-06-R previously 

analysed (Nzekwe et al. 2018), and the composite core WA15-08-U (this study); C) shows a photo of the UWITEC 

piston corer that was used to retrieve cores WA15-08B-G, WA15-08C-U and WA15-08D-U (Table 1) over lake ice 

cover. 

Table 3.1: List of sediment cores used to reconstruct the (4 m upper part of) composite core WA15-08-U (Lake 

Walker). 

Core sections Sections 

Length 

 (cm)  

Core sections 

depth interval 

(cm) 

Core section 

depths used to 

construct 

composite      

(cm cd) 

WA15-08B-G 143 0–143 0–139 

WA15-08D-I-U-1 84  6–90   

WA15-08C-I-U-1 134 10–144   

WA15-08D-I-U-2 90 90–180 *139–178  

WA15-08D-II-U-1 87.5 175–262.5 *178–262.5 

WA15-08C-II-U-1 89 193–282   

WA15-08D-II-U-2 89.5 262.5–352 262.5–352 

WA15-08C-II-U-2 96 282–378   

*Part of the composite core that was subsampled for thin-section analysis.  Geographic location of core is shown in Figure 

3.2. Correlation panel of cores and list (including depths) of laminations that were used to reconstruct the composite 

sequence of are shown in Appendix III (Figure S1, Table S1). 
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3.4.3 X-ray microfluorescence and X-radiography   

An ITRAX core scanner with a molybdenum tube (Cox Analytical Systems, Mölndal, Sweden) was 

used to acquire microgeochemical (µ-XRF) and microdensity (radiography) variations in the split 

long sediment cores at INRS-ETE. Prior to measurement, RGB colour images (50 m resolution) of 

the cores were taken using the ITRAX line scan camera. The number of counts for each element in a 

spectrum acquired for a specific depth interval was normalized by the total number of counts of that 

spectrum (expressed in counts per second, cps). “Inc” is the incoherent scattering or Compton 

scattering and “coh” is the coherent or Rayleigh scattering (Croudace et al. 2006). The inc/coh ratio is 

inversely proportional to the average atomic weight (Croudace et al. 2006). µ-XRF data was acquired 

at a down-core resolution of 100 µm at an exposure time of 5 s, using a voltage of 30 kV and current 

of 45 mA. Data were analysed using Q-Spec 8.6.0 software (Croudace et al. 2006). Additional high-

resolution radiographs of the split cores were also obtained using a voltage of 50 kV, current of 45 

mA and an exposure time of 70 ms.  

3.4.4 Stratigraphy, chronology and radiocarbon dating  

Terrestrial plant macrofossils (wood fragments) and bulk sediments (in the absence of datable fossils) 

were collected at various depths from the composite core WA15-08-U (Table 3.2). The samples were 

prepared for 
14

C dating at the Centre d’études Nordiques (CEN), Université Laval and analysed using 

accelerator mass spectrometry (AMS) at the Earth System Science Department Keck Carbon Cycle 

AMS Facility at the University of California at Irvine. The dates were calibrated using Calib 7.1 

software using the Northern Hemispheric calibration curve INTCAL2013 (Reimer et al. 2013). The 

age-depth model was established using the Clam software version 2.2 (Blaauw 2010a) interface with 

the R software (Blaauw 2010b), which allowed for plotting the “best fit” with 95% confidence 

interval. For the reconstruction of the varve chronology, only the 
14

C ages within the selected 

sediment depth interval were considered (Table 3.2). 

3.4.5 Lamination and varve counting  

A semi quantitative index, the “Lamination visibility index (LVI)” was used to describe the visibility 

of laminations: 0 - none, 1 - faint, 2 - visible, 3 - clear, and 4 - distinct (Nzekwe et al. 2018) on the 

composite sequence WA15-08-U. For the reconstruction of the varve chronology, two methods were 

considered: manual counting using the PeakCounter software, and manual counting on thin-sections.  

3.4.5.1 Manual counting using PeakCounter  

A multi-parameter approach of manual counting using the freeware PeakCounter 1.6.4 (Marshall et 

al. 2012) was used to count the laminations on core WA15-08-U (~175–263 cm cd). In order to 
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analyse the laminations, the X-ray radiograph (with gray scale values), optical image (from ITRAX 

line scan camera) and five traceable (XRF) elemental variations (Si, Ti, K, Fe and Ca) and also the 

inc/coh ratio were evaluated adjacently (e.g.(Marshall et al. 2012; Nakagawa et al. 2012). The 

following pre-defined criteria were set in order to facilitate varve counting using PeakCounter: (1) the 

-XRF was run at a high resolution (100 µm) such that peaks in elemental compositions would 

represent sub-layers in the laminae couplet (varve) structure, and (2) the -XRF step size and the X-

radiography resolution were the same (100 microns) in order to facilitate correlation of elemental 

composition and digital images. Considering the mean laminae couplet thickness of ~0.7 mm 

(minimum laminae couplet thickness is 0.18 mm, maximum laminae couplet thickness is 3.85 mm 

and the standard deviation is 0.57) in the uppermost (recent) sediments from Lake Walker (Nzekwe et 

al. 2018), seven µ-XRF measurements (0.1 mm) were obtained on average per laminae couplet.  

Similar to the LVI, a varve quality Index (VQI), otherwise described as varve “levels” in the 

PeakCounter 1.6.4 software (Marshall et al. 2012) was used to describe varves on the core section 

(~175–263 cm cd) as follows: Level 1: distinct – where high peaks/lows in all selected XRF elements 

correlate and are distinguishable with laminae/varve boundaries in the digital images. Level 2: clear – 

where high to medium peaks/lows in at least four XRF elements correlate and are distinguishable with 

laminae/varve boundaries in the digital images; Level 3: visible – where medium to low peaks in at 

least three elements correlate but are indistinguishable with laminae/varve boundaries in the digital 

images; Level 4: faint – where medium to low peaks in two or less XRF elements correlate but are 

indistinguishable with laminae/varve boundaries in the digital images. 

3.4.5.2 Thin-section and grain size analyses 

Undisturbed sediments were subsampled using aluminium slabs (measuring 8 x 1.5 x 0.5 cm), freeze-

dried and epoxy-resin embedded (Francus and Asikainen 2001). The thin-section slabs were scanned 

to obtain digital images that were analysed for microscopic counting of laminations using an in-house 

software developed at INRS-ETE (Francus and Nobert 2007). An error estimate was calculated based 

on the difference in the number of laminae couplets counted by two independent researchers (O.P.N 

and F.L). 

Image analysis of thin sections allowed for identification of regions of interest (ROIs) on the flatbed 

digital scans. Images of the identified ROIs were acquired using SmartSEM software and further 

analysed using a Zeiss Evo5.0
®
 scanning electron microscope (SEM) in backscattered electron (BSE) 

mode at INRS-ETE. 8-bit gray-scale BSE 1024 x 768 pixels images, with a pixel size of 1 µm, were 

obtained at a tilt angle of 0, working distance of 8.5 mm, and accelerating voltage of 20 kV, in order 

to optimize contrast between clastic grains and clay matrix (Francus et al. 2008; Lapointe et al. 2012). 

Approximately 1000 BSE images were analysed. For each laminae couplet, the following particle size 
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distribution (PSD) indices were calculated: medium disk apparent parameter (mD0) (Francus 1998), 

standard deviation (sD0), percentile 75% (D75 m), 95% (D95 m), 98% (D98 m), 99% (D99 m) 

and maximum (maxD0).   

3.4.6 Statistical analysis of proxy data 

The physical properties of the laminated sediments such as varve thickness (VT) and particle size 

indices (mD0, sD0, D75 m, D95 m, D98 m, D99 and maxD0 m) were analysed using the 

Paleontological Statistic (PAST) software (Hammer et al. 2001). Univariate analysis was used to 

calculate measures of location (mean and median), and measures of spread (variance and standard 

deviation). Normality test using Shapiro-Wilk test indicated that the sample data (VT and particle size 

indices) were not normally distributed (Annexe III, Table S2), thus statistical correlation of VT and 

particle size variables was done using a non-parametric test, the Spearman’s rank order correlation 

coefficient (rs) (Dodge 2003; Hammer et al. 2001). Principal component analysis (PCA) was used to 

transform the multivariate XRF elements into groups that highlight similarities and differences 

(Hammer et al. 2001). 

3.5 Results  

3.5.1 Stratigraphy, chronology and radiocarbon dating  

Table 3.2 presents the results of thirteen radiocarbon ages obtained from the laminated intervals in the 

composite core WA15-08-U (0–400 cm cd) from Lake Walker. This corresponds to the Late 

Holocene sedimentation. The age-depth model is constrained by ten AMS 
14

C ages that span from 

4169 ± 50 cal BP to 891 ± 40 cal BP. Three ages derived from bulk sediment sampled at 176, 207 and 

350 cm cd, respectively were considered as outliers because they were plotted outside the line of best 

fit (marked in red colour; Figure 3.3A). Based on the age model, the mean sedimentation rate in Lake 

Walker during the last ~4 ka BP ranges from 0.52 to 1.75 mm a
-1

.  

The test interval that was selected for varve studies (175–263 cm cd) spans from 3417 ± 20 cal BP to 

2347 ± 20 cal BP (Figure 3.3B). Besides the outliers (as noted above), an age reversal was noticed on 

the upper part of the selected section, where bulk sediments sampled at 176 cm cd dated 2803 ± 20 cal 

BP, while wood fragment sampled at 179 cm cd dated 2361 ± 5 cal BP (Table 3.2) (discussed below). 
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Table 3.2: AMS 14C age of dated materials from the composite core WA15-08-U (Lake Walker). 

Core name Material  Core 

section 

depth 

(cm) 

Composite 

Depth        

(cm cd) 

UC Irvine  

Lab # 

Université 

Laval # 

14
C a 

BP 

14
C  

cal BP 

WA15-08D-I-U-1   Bulk 

sediment 

45 47 UCIAMS-

179151 

ULA-

6395 

980  ± 15 891 ± 40 

WA15-08D-I-U-2   Bulk 

sediment 

10.5 104.5 UCIAMS-

179152 

ULA-

6396 

1265  ± 15 1223 ± 30 

WA15-08C-I-U-1   Wood 

fragment 

119 128 UCIAMS-

179988 

ULA-

6442 

1565  ± 15 1466 + 40 

WA15-08D-I-U-2  Bulk 

sediment 

51 145 UCIAMS-

179153 

ULA-

6397 

1750  ± 15 1666 ± 30 

WA15-08D-II-U-1  Bulk 

sediment 

6 176 UCIAMS-

179953 

ULA-

6399 

2735  ± 15 2803 ± 20* 

WA15-08D-I-U-2 Wood 

fragment 

32 179 UCIAMS-

179985 

ULA-

6441 

2370  ± 15 2361 + 5 

WA15-08D-I-U-2  Bulk 

sediment 

89 207 UCIAMS-

179154 

ULA-

6400 

2320  ± 15 2347 ± 20 

WA15-08D-II-U-1 Bulk 

sediment 

41.5 217.5 UCIAMS-

217742 

ULA-

8512 

2765 ± 20 2853 ± 30 

WA15-08D-II-U-1 Bulk 

sediment 

65 241 UCIAMS-

217743 

ULA-

8513 

3035 ± 20 3272 ± 40 

WA15-08D-II-U-1  Bulk 

sediment 

85 260 UCIAMS-

179954 

ULA-

6400 

3190  ± 15 3417 ± 20* 

WA15-08D-II-U-2  Bulk 

sediment 

11 273 UCIAMS-

179955 

ULA-

6401 

3360  ± 15 3608 ± 20 

WA15-08D-II-U-2 Bulk 

sediment 

50 312 UCIAMS-

179956 

ULA-

6402 

3785  ± 15 4169 ± 50 

WA15-08D-II-U-2  Bulk 

sediment 

88 350 UCIAMS-

179979 

ULA-

6435 

6180  ± 15 7081 ± 15 

 

*Dates from the test interval of the composite core (cm cd) from which thin-section were subsampled. 

Correlation panel of core sections is shown in Appendix III (Figure S1; Table S1).  

 

3.5.2 Laminae visibility and counting  

The composite core WA15-08-U (0–400 cm cd) comprises mainly laminated and partially laminated 

sediments (Nzekwe et al. 2018) (Figure 3.4). The laminations observed are generally horizontal and 

continuous (Figures 3.4a, 3.4b). Their “Lamination visibility index” (LVI) (Nzekwe et al. 2018) is 

between 2 and 4 (visible to distinct) over the entire interval. Within the test interval (~175–263 cm cd; 

Figure 3.4b–d), the laminations appear clear to distinct (LVI: 3–4). 

Figure 3.5 illustrates the downcore XRF data for selected elements (Ti, K, Zr) on core WA15-08-U 

(0–400 cm cd), which were transformed into depths based on alignment with sediment laminae. The 

lower part of the core is characterized by relatively steady and regular elemental variations compared 
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to the upper part of the core that is characterized by a generally decreasing upward profile. The 

relatively steady XRF variation within the sediment interval selected for varve analysis (~175–263 cm 

cd) formed the basis of manual counting of lamination/varves.  

 

Figure 3.3: (A) Age-depth model of the composite core WA15-08-U ( 50–350 cm cd) from Lake Walker based on 

radiocarbon dating. The model is constrained by ten dates, with three other dates as outliers (sampled at 176, 207 and 

350 cm cd and derived from bulk sediment; Table 3.2). The insert (B) shows the age-depth model of the section of 

core WA15-08-U (175–263 cm cd) that was analyzed for varve occurrence.  
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Figure 3.4: Illustration of multi-scale image analyses of the composite core WA15-08-U (Lake Walker) to select a 

laminated interval and establish a varve record: a) CT-scan of the upper 4 m part of the core to delineate laminated 

intervals (black arrows indicate depths sampled for 14C dating; b) Line-scan image of a selected interval with regular 

laminations; c) Thin-section from the selected interval showing laminae with clear-distinct boundaries; d) Image 

analysis of varve counts and selection of regions of interests for particle size analysis using SEM. 
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Figure 3.5: XRF data for the composite core WA15-08-U showing CT-scan frontal view (CT) and vertical profiles of 

selected elements along the core. The number of counts for each element in a spectrum acquired for a specific depth 

interval was normalized by the total number of counts of that spectrum (expressed in counts per second, cps).  

Elemental variations are relatively more regular in the lower part of the core compared to the upper part, where they 

show general upward reduction. For preliminary attempts to establish a varve chronology, the middle part of the 

core (175–263 cm cd) was selected for analysis using PeakCounter software (compare with Marshall et al. 2012; see 

Figure 1.13).  

3.5.2.1 Manual counting of laminae couplets using PeakCounter  

Figure 3.6 presents results of laminae counting from the test interval of core WA15-08-U (~175–263 

cm cd) using PeakCounter. Specifically, gray scale value from the ITRAX radiograph and five 

selected XRF elements (Fe, K, Si, Ti and the inc/coh ratio) with traceable concentrations were 

overlapped and compared within an active window (selected interval) within the core. As shown in 

Table 3.3, a total of 561 laminae couplets were counted within the selected core section (~175–263 

cm cd), which includes: 356 “level 1”, 183 “level 2”, 22 “level 3”, and 0 “level 4” laminae couplets. 
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An estimate of 6 to 8 µ-XRF measurements was observed between successively marked laminae 

couplet boundaries (Annexe III, Figure S3). Three depositional events with thicknesses of >1 cm 

characterized by relatively high gray scale value, high Fe, medium Mn and high Si and Ti (not shown) 

were found at 240, 241 and 246 cm cd respectively (Appendix III, Figure S4). They are interpreted 

as rapidly deposited layers (St-Onge et al. 2012; St-Onge et al. 2007).  

 

Figure 3.6: Illustration of the multi-parameter approach using the PeakCounter Software (Marshall et al. 2012) for 

lamina/varve counts on core WA15-08-U (Lake Walker). Parameters include: Radiograph (top) and optical image 

(below) of the core section (175–263 cm cd, Table 3.1). (Middle) for an active window (see radiograph), grey scale 

and XRF elements (Fe, K, Ti, Si, inc/coh ratio) are overlapped, where vertical marked lines represent laminations 

labelled based on varve quality index (see levels 1 to 4 colours/marks, as shown in table 3.3).    
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Table 3.3: Summary data of varve counts on a section of the composite core WA15-08-U (~175–263 cm cd) using the 

PeakCounter software (Marshall et al. 2012). Level 1, 2, 3, 4 represent the varve quality indices used. 

 

*Composite 

depth      

(∼cm cd)  Boundaries Level-1 Level-2 Level-3 Level-4 

175 

Core 

section top' 

      --- 0 22 148 264 

240 'RDL' 

      --- 0 0 0 2 

241 'RDL' 

      --- 0 0 15 19 

246 'RDL' 

      --- 0 0 20 71 

263 

Core 

section 

bottom'         
*Composite depth on core section (WA15-08D-II-U-1; ~175–263 cm cd) that was analysed using PeakCounter software.  

 

3.5.2.2 Laminae couplet counts using thin-section and image analysis  

Figure 3.7 depicts that the laminae couplets from core WA15-08-U (~175–263 cm cd) comprise two 

main layers based on thin-section analysis and image analysis of particle size from SEM: a fine silt 

layer deposited between sprint melt and autumn, and a clay-rich layer deposited during winter. The 

clay-rich layer, otherwise referred to as clay cap (Francus et al. 2008; Zolitschka et al. 2015) was the 

main feature used to delineate the laminae couplet boundaries due to their relatively fine and more 

distinct borders compared to the silt-rich layer (Figure 3.7B). Laminae couplet counts by two 

independent researchers summed to 901 “varves” (O.P.N) and 923 varves (F.L). The difference 

between the two individual counts (O.P.N and F.L) ranged from ±1 to ±12 varve years per thin-

section, with a total difference of approximately ±22 years for the test interval (~175–263 cm cd). The 

error in counting ranges from 0.1 to 1.5% (Annexe III, Figure S5).  
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Figure 3.7: Illustration of typical varve structure from Lake Walker, interpreted as clastic varves: A) Flat-bed thin-

section image showing (B) two main layers: clay-rich laminae (denoted as “c”) deposited during winter and silt-rich 

laminae (denoted as “s”) deposited between spring melt and autumn. Black horizontal bars indicate varve boundaries 

while numbers indicate varve counts (not in years). Regions of interest (ROIs) are shown at the right side lettered 

squares. (C) SEM images related to ROIs (as shown in B). SEM images show relatively clear contrast between clayey 

and silty laminae (letters and yellow squares indicate ROI boundaries, while black horizontal lines indicate varve 

boundaries.  

 

Table 3.4: Univariate statistics of the physical parameters analysed using PAST software from the composite core 

WA15-08-U (~175–263 cm cd) Lake Walker. 

  VT mDo sDo minDo maxDo P75 _Do P90_Do P95_Do P98_Do P99_Do 

N 923 923 923 923 923 923 923 923 923 923 

Min 0.169 5.171 2.736 3.568 16.622 7.047 9.305 11.17 13.729 14.936 

Max 7.620 9.271 6.945 3.568 109.645 13.446 19.278 24.067 32.047 37.701 

Mean 0.861 6.378 4.265 3.568 31.758 9.483 13.211 16.094 19.889 22.566 

Std. error 0.018 0.020 0.021 2.35E-15 0.264 0.030 0.047 0.063 0.087 0.107 

VAR. 0.289 0.380 0.414 5.12E-27 64.232 0.848 2.053 3.648 7.053 10.594 

SD. 0.537 0.616 0.643 7.15E-14 8.015 0.921 1.433 1.910 2.656 3.255 

 

Note: VT – varve thickness (mm), VAR – Variance, SD – Standard deviation  
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3.5.3 Statistical analysis of particle size proxies  

Table 3.4 presents univariate analysis of varve thickness (VT) and particle size data (mD0, sD0, D75 

m, D95 m, D98 m, D99 m and maxD0 m) extracted from the test interval of core WA15-08-U 

(~175–263 cm cd). The mean VT is 0.86 mm (minimum VT is 0.17 mm, maximum VT is 7.62 mm) 

with variance of 0.29 mm and standard deviation of 0.54 mm (Table 3.4). Spearman’s rank correlation 

indicates that there is a low, positive, monotonic association (n=923, p<0.01) between VT and particle 

size parameters (mD0, sD0, D75 m, D95 m, D98 m, D99 m and maxD0 m). Although the 

correlation coefficient (Spearman’s rank order coefficient, rs) is generally low (rs < 0.2) for all 

variables, the strongest correlation with varve thickness is obtained with the 75
th
 percentile (rs = 

0.2184, p-value = 0.0001; Table 3.5). Results of principal component analysis (PCA) of XRF 

elements from Core WA15-08-U reveal XRF elemental associations and possible sources of 

sediments (Appendix III, Figures S6, S7 and S8).  

Table 3.5: Spearman's rank correlation of varve thickness and grain size parameters from the composite core WA15-

08-U (175 – 262.5 cm cd), Lake Walker. 

VT mDo sDo  maxDo P75 Do P90_Do P95_Do P98_Do P99_Do 

rs 0.1944 0.1929 0.1586 0.2184 0.2035 0.2042 0.166 0.1713 

p-value  0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

     VT - Varve thickness, rs - Spearman's rank correlation coefficient   

  

3.6 Discussion 

3.6.1 Classification of laminae couplets “varves” from Lake Walker  

Varved lake sediments are broadly classified into three categories based on their composition, 

namely: clastic, biogenic and endogenic (Zolitschka et al. 2015). Based on the fine silt layer deposited 

between sprint melt and autumn, and the clay-rich layer deposited during winter, which typically lasts 

for 5 months, from December to April (Nzekwe et al. 2018), the laminae couplets from core WA15-

08-U (Lake Walker) are classified as clastic varves (Figures 3.8A-B). Furthermore, comparison of 

laminae couplets with XRF data (alignment of XRF with thin-section images) suggests that the fine 

silt-rich layer is richer in silicate minerals (Si, Ti and Rb), while the clay-rich element is richer in 

redox-sensitive elements (Fe, Mn). 

3.6.2 Comparison of varve counting methods and error estimates 

For the test interval of the composite core WA15-08-U (~175–263 cm cd) that was analysed for varve 

sediments, Figure 3.8 presents a comparison between the varve chronologies constructed using 

manual counts from the PeakCounter software and from individual counts from thin-sections, and the 
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AMS 
14

C ages from within the counted interval. The varve chronology model constructed using 

PeakCounter has a steeper slope compared to the chronology constructed from individual thin-section 

counts, and plots progressively away from the radiocarbon age-depth model. However, the varve 

chronology model from thin-section counts has a gentler gradient and correlates closely with the 

radiocarbon age-depth model (Figure 3.8). The mean varve count from the thin-section (black line; 

Figure 3.8) depicts the average of the individual counts by two independent analysts (O.P.N and F.L). 

The difference between the two counts (O.P.N and F.L) and the mean varve count defines the 

standard deviation of the varve chronology (Figure 3.8; Table 3.4). 

The difference in varve counts between the varve chronologies established using the PeakCounter 

software and thin-section ranges from ±5 to 350 varve years (Figure 3.8), which corresponds to an 

error of ±40%. As noted already, error in individual laminae counts (O.P.N and F.L) using thin-

section ranges from 0.1 to 1.5% (Appendix III, Figure S5). For PeakCounter, the VQI was used to 

estimate the error (counts by O.P.N only) based on maximum standard deviation of counts per VQI 

index. The VQI level 1 (with 356 counts out of 561 total counts) accounted for the maximum 

deviation, which indicates that the majority of counted varves were “faint”. In summary, the varve 

chronology established from the thin-sections is interpreted to be more reliable than that from the 

PeakCounter because it more closely follows the AMS 
14

C (Figure 3.8). The varve chronology from 

the test interval of the composite core WA15-08-U (~175–263 cm cd) is anchored on four radiocarbon 

dates that range from 2340 ± 20 to 3200 ± 20 cal BP (Figure 3.8).  

3.6.3 Chronology and radiometric dating  

The age-depth model of core WA15-08-U (0–350 cm cd) is constrained by ten radiocarbon ages, 

while 3 ages are considered as outliers. Two of the outliers (at 176 and 207 cm cd) are located near 

the depth interval where there is an age reversal (between 176 and 179 cm cd). These samples were 

sampled near the (5 cm) edge of the individual core sections that make up the composite sequence 

(Tables 3.1 and 3.2), where some disturbance, and possible contamination can occur. As shown in 

Figure 3.3 (and Table 3.2), the fact that the ages of the two (2) wood fragments, at 128 and 179 cm cd 

(which are more reliable than bulk sediments) fit in a linear relationship with the ages of eight (8) 

bulk sediment-derived ages indicates that the radiocarbon age-depth model (Figure 3.8) is robust 

despite the exclusion of 3 dates. The occurrence of these three outliers and also the age reversal are 

common issues when dating bulk sediments in the absence of datable macrofossils (Grimm et al. 

2009). The two older outlying dates (at 176 and 350 cm cd, respectively) could be attributed to the 

dating of reworked bulk sediment material, while the occurrence of the younger date (at 207 cm cd) 

suggest possible contamination during sediment deposition and/or laboratory analysis (Butler et al. 

2004; Hajdas et al. 1995). In the case of the lowermost date (at 350 cm cd), it is likely caused by the 

dating of material from a relatively thick lamina, described as a rapidly deposited layer (St-Onge et al. 
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2012; St-Onge et al. 2007), which might have preserved older remobilised sediments (Gagnon-Poiré 

et al. 2019). 

 

Figure 3.8: Comparison of age-depth models for the laminated interval of core WA15-08-U (175–263 cm cd) based 

on AMS 14C dating, semi-automatic counting using PeakCounter software (Marshall et al 2012); two individual varve 

counts based on thin-sections in this study (O.P.N and F.L); and the mean varve count by the two researchers.  

 

The chronology of recent sedimentation (i.e., deposited during the last ~150 years) in Lake Walker 

was established by 
210

Pb and 
137

Cs dating (Nzekwe et al. 2018). Comparison of the recent 

sedimentation with the radiocarbon chronology from the present study indicates that the 

sedimentation rate in Lake Walker during the last ~3.5 ka cal BP ranged from 0.4–1.75 mm a
-1

. Such 

sedimentation rates are comparable to those in lakes within the central and southern regions of the 

province of Québec, for example, in Lake Pentecôte: 0.48–0.90 mm a
-1 

(Nzekwe et al. 2018); Lake 

Jacques-Cartier: 0.40 mm a
-1 

(Philibert 2012); Lake St-Joseph: 0.7 mm a
-1

; Lake Aux Sables: 0.8 mm 

a
-1

; and Lake Maskinongé: 1.8 mm a
-1

 (Trottier et al. 2018), though no varve records have been 
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reported from these lakes. In general, the sediment accumulation rate of Lake Walker and other 

nearby lakes suggests that the regional sedimentation rate ranges from 0.4 to ~2 mm a
-1

.  

This (~900-year) late-Holocene varve chronology from Lake Walker is novel because only limited 

varved sequences from lakes of similar size and morphology were previously identified in 

Northeastern America (Ojala et al., 2012). However, records from varved lakes with clastic 

sedimentation and similar glacial history exist elsewhere, for instance, in Steel Lake, WA, USA: 1.22 

mm a
-1 

(Tlan et al. 2005). In the Québec-Labrador region, there is only a similar site reported in recent 

studies suggesting that Grand Lake contains varve sediments (Fortin et al. 2012; Gagnon-Poiré et al. 

2017), which is ~1000 km northeast of Lake Walker. Sedimentation rates in that lake range from 1 

to 5 mm a
-1 

(Gagnon-Poiré et al. 2018)
 
.  

Late Holocene varves from Lake Walker are different both in age and laminae structure from glacial 

varves formed during the last deglaciation in the Northern Hemisphere. Indeed, glacial varves from 

Lake Hitchcock (Connecticut, USA) (Ridge et al. 2012); Lake Barlow-Ojibway (Ontario-Québec 

border) (Breckenridge et al. 2012); Lake Jacques-Cartier (Québec, Canada) (Philibert 2012); the 

Deschaillons varves in the St. Lawrence Valley, Québec (Besré and Occhietti 1990), and varves 

records from paleoearthquake studies in  western Québec-northeastern Ontario (Brooks 2020) are 

marked by relatively thicker (>1 cm) varves comprising predominantly clay, and deposited in 

proglacial environments.  

3.6.4 Hypotheses on laminae formation and varve preservation  

Favourable conditions for the deposition of varved sediments in clastic environments include: a 

seasonally contrasted sedimentary supply, adequate sedimentation rates, seasonal or permanent 

anoxia, and a relatively deep basin (Jenny et al. 2013; Larsen and MacDonald 1993; Larsen et al. 

1998; Nzekwe et al. 2018; O'Sullivan 1983; Schnurrenberger et al. 2003; Tylmann et al. 2012; 

Zolitschka et al. 2015). This study demonstrated that Lake Walker contains laminated and varved 

intervals during the period 3200 ± 20 to 2340 ± 20 cal BP, and that the preservation of varved 

sediments generally improves with increasing depth in the composite core. 

Indeed, two previously formulated hypotheses on laminae formation and varve preservation in Lake 

Walker (Nzekwe et al. 2018) were verified based on thin-section analysis. Firstly, the hypothesis that 

Lake Walker contains varve sediments in deeper intervals has been confirmed (Figures 3.4, 3.7). 

Furthermore, the hypothesis that laminae preservation generally improves with increasing depth in 

Lake Walker was also verified, as shown in Appendix III, Figure S9 (Kinder et al. 2013). The error 

limits in varve counting decreases with increasing depths (Appendix III, Figure S5), suggesting 

improved laminae preservation (Nzekwe et al. 2018; Tylmann et al. 2012; Zolitschka et al. 2015), 

which is possibly due to favourable morphological factors such as higher relative depth, anoxia and 
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less sediment mixing potential (Larsen and MacDonald 1993; Larsen et al. 1998). Also, the LVI and 

VQI improve with increasing depth, while varve composition remains principally clastic at all depths 

(Appendix III Figure S9). These interpretations are valid within the test interval covered with thin-

sections (~175–263 cm cd). Based on laminae visibility, this study suggests that there are possibly 

other varved intervals in the Lake Walker composite core (WA15-08-U). 

3.6.5 Lake Walker varve record: prospects and challenges  

Although laminae couplets on core WA15-08-U were generally visible on CT-scan images, line-scan 

photos and radiographs, it was, however, difficult to clearly delineate varve boundaries on them 

(mean varve thickness of 0.86 mm), because their resolution were insufficient, i.e., 0.6 mm, 50 m 

and 100 µm, respectively. Using the PeakCounter software for laminae counting proved to be 

unsuccessful here at adequately delineating laminae couplet boundaries (Figure 3.7, Appendix III 

Figure S4) because it relies on the Itrax resolution that is 100 µm. Possible sources of error associated 

with varve counting using PeakCounter include: 1) technical challenges such as image resolution with 

respect to very fine laminae thickness and/or detectable thresholds of XRF elements. Indeed, 

considering a modal and median varve thickness of 0.65 and 0.74 mm, respectively, it means that 

more than 50% of the laminations are represented by only 6 to 7 data points, which is an insufficient 

number for delineating a couplet; 2) subjectivity of delineation of laminations/varves by the analyst 

(Schlolaut et al. 2012); and 3) depositional events such the presence of rapidly deposited layers 

(Appendix III, Figure S2), partial or incomplete laminations and low depositional rates (Zolitschka et 

al. 2015), as observed in Lake Walker.   

On the contrary, thin-section and SEM images were more suitable to count varves due to their 

improved phase contrast and higher resolution (Figures 3.4 and 3.8) (Francus 2006; Francus and 

Karabanov 2000; Lapointe et al. 2012). Therefore, these images could provide the principal basis for 

counting laminations/varves from core WA15-08-U. Counting and measuring varves on SEM images 

were facilitated by the use of an in-house software (Francus and Nobert 2007), allowing multiple 

counts by different researchers. However, possible sources of error associated with this counting 

technique include: (1) technical challenges such as cracks in sediments generated during resin 

embedding and freeze-drying, and cutting successive thin-sections with adequate (at least 1 cm) 

sediment overlap, and (2) depositional factors, as stated above. 

In future studies, the Lake Walker varve chronology could be extended, but will require a set of new 

thin-sections, possibly from new cores, however it seems clear that micro-facies analysis from SEM 

images of thin-sections are needed. Annually resolved particle size analysis was performed on the test 

section of Lake Walker (Figures 3.4, 3.7), opening the prospect of paleoenvironmental reconstructions 

as performed in other varved records (Lapointe et al. 2012; Lapointe et al. 2019).  
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The chronology of this sequence remains anchored on radiocarbon dates for the time being. New 

cores or independent chronostratigraphic methods such as paleomagnetic secular variation and 

tephrochronology could be useful to calibrate this chronology or to anchor it to another absolute time 

marker (Bradley 1999; Zolitschka et al. 2015). In the future, there might be a possibility to validate 

(Late Holocene) varved records from Lake Walker using tree ring data, which at present, extend to the 

last 1000 years in northern Québec (Naulier et al. 2014; Nicault et al. 2014). Nevertheless, based on 

radiocarbon dating, the new varve chronology from Lake Walker is reliable, and could possibly show 

significant links to past climate variability. 

3.7 Summary and Conclusion  

This study analysed laminated sediments from the composite core WA15-08-U (~0–400 cm cd) 

collected from Lake Walker, Québec North Shore region, eastern Canada using multi-scale analyses 

of laminations/varves: CT-scan, µ-XRF, PeakCounter software and SEM image of thin-sections. The 

main findings are as follows:  

 The hypothesis made by Nzekwe et al. (2018) that Lake Walker contains annually laminated 

sediments from deeper intervals has been confirmed. The application of image analysis of 

thin-sections and SEM images of the finely laminated sediments from Lake Walker allowed 

for delineation of varves. Furthermore, the hypothesis that laminae preservation and varve 

quality generally improves with increasing depth in Lake Walker (Nzekwe et al. 2018) was 

verified.  

 Comparison of the newly developed varve chronology using the PeakCounter software and 

that from thin-section varve counts with AMS 
14

C ages indicates that the varve chronology 

model from thin-section correlates strongly with the radiocarbon age/depth model, while the 

varve chronology constructed using the PeakCounter software correlates weakly. Indeed, due 

to the very fine lamination typical in Lake Walker (mean varve thickness is 0.86 mm) 

subsequent studies focussing on thin-section image analysis are recommended.                 

 This study presents data on the first ~900-year varved record from Lake Walker, Québec 

North Shore region spanning the interval ~3200 to 2340 cal BP. Based on AMS 
14

C dating, 

the new varve chronology from Lake Walker is reliable, and there is a high potential to 

establish a longer record from other laminated intervals from this lake. 
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Transition de sédimentation glaciaire à paraglaciaire / postglaciaire dans les fjords lacustres 

Pentecôte et Walker, Côte-Nord du Québec (Canada) depuis la dernière glaciation : une 

approche par multi-paramètres 

Résumé 

Les propriétés sédimentologiques, géochimiques et palynologiques de carottes de sédiments collectées 

dans deux fjords lacustres sur la Côte-Nord du Québec ont été analysées afin d’accroître nos 

connaissances sur les changements paléoenvironnementaux qui se sont produits durant la transition du 

tardi-glaciaire au postglaciaire. À l’aide d’analyses par Multi-Sensor Core Logger, tomodensitométrie, 

microfluorescence aux rayons X, granulométrie, paléomagnétisme et palynologie, deux faciès 

sédimentaires ont été identifiés : des argiles rythmiquement laminées (RLC) déposées en milieu 

proglaciaire, et des silts et argiles laminées déposés en milieu paraglaciaire à postglaciaire. Ce dernier 

faciès est divisé en deux groupes : des silts et argiles laminées riches en matière organique (LS-O) 

déposés en milieu paraglaciaire et des sédiments laminés à partiellement laminés (LS) déposés en 

milieu postglaciaire. La transition de la sédimentation proglaciaire à la sédimentation paraglaciaire et 

postglaciaire est caractérisée par un changement abrupt dans les propriétés texturales, des 

changements dans les signaux géochimiques (XRF), une augmentation de la diversité des 

palynomorphes ainsi qu’un changement abrupt des inclinaisons paléomagnétiques. Les datations au 

radiocarbone suggèrent un hiatus d'âge et/ou de sédimentation entre ~22 et 8 ka cal BP dans le Lac 

Pentecôte et entre ~18 et 8 ka cal BP au Lac Walker. L’analyse du potentiel hydraulique suggère 

qu'un lac sous-glaciaire existait probablement dans les bassins des lacs Pentecôte et Walker pendant le 

Dernier Maximum Glaciaire (20-21 ka cal BP), ce qui pourrait limiter en partie l'érosion et favoriser 

la préservation des sédiments déposés dans ces bassins sédimentaires avant la déglaciation. 

 

Mots-clés : Sédiments, tomodensitométrie, XRF, paléomagnétisme, (dé) glaciation, sous-glaciaire, 

Côte-Nord, Québec 

 

 

 

 

 



 107 

Contribution des auteurs 

Obinna Nzekwe, Guillaume St-Onge, Édouard Philippe et Thibault Labarre ont participé à la 

campagne de carottage de la séquence sédimentaire composite «WA15-08-U» au Lac Walker en mars 

2015, tandis qu’Antoine Gagnon-Poiré a participé à la campagne de carottage au Lac Pentecôte en 

février 2015. La planification pour le carottage a été faite en collaboration avec Pierre Francus et 

Patrick Lajeunesse. Les données bathymétriques à haute résolution et les profils acoustiques de sous-

surface (Chirp) ont été acquis par Alexandre Normandeau et Antoine Gagnon-Poiré sous la 

supervision de Patrick Lajeunesse. Les U-channels pour l’analyse paléomagnétique ont été collectés 

par Obinna Nzekwe et Edouard Philippe; l’interprétation de ces données a été faite par Édouard 

Philippe et Guillaume St-Onge. Les analyses palynologiques ont été réalisées par Obinna Nzekwe en 

collaboration avec Camille Brice. Les analyses de XRF ont été réalisées par Obinna Nzekwe. Le 

potentiel hydraulique a été modélisé par Antoine Gagnon-Poiré avec l’aide de Jean-Michel Lemieux. 

Obinna Nzekwe a analysé et réinterpréter les résultats des modèles hydrauliques à la lumière des 

nouvelles datations au radiocarbone obtenues dans le cadre de cette étude. Tous les auteurs ont 

contribué à l’interprétation des résultats. Obinna Nzekwe est l’auteur principal du manuscrit qui a été 

rédigé avec l’aide de Pierre Francus, Patrick Lajeunesse, Guillaume St-Onge et Alexandre 

Normandeau. Tous les auteurs ont relu la version finale du manuscrit. 

 

 

 

 

 

 

 

 

 

 

 

 



 108 

4.1 Abstract 

Along the Québec North Shore, eastern Canada, the sedimentological, geochemical and palynological 

properties of sediments from fjord-lakes Pentecôte and Walker were investigated in order to 

reconstruct Late-Quaternary paleoenvironmental changes that occurred during the transition from 

glacial to postglacial environments. The methodology involved a set of analyses including: multi-

sensor core logger, computed tomography, X-ray microfluorescence, granulometry, paleomagnetism 

and palynology. Two main sediment facies were identified: a rhythmically laminated clay (RLC) 

facies deposited in a proglacial environment, and a laminated sediment facies deposited in 

paraglacial/postglacial environment. The latter is divided into two subfacies: laminated (organic-rich) 

silty clay and clay (LS-O) facies deposited in a paraglacial setting, and laminated to partially 

laminated sediments (LS) facies deposited in a postglacial setting. The transition from proglacial to 

para/postglacial sedimentation is characterized by abrupt changes in textural properties, shifts in 

geochemical (XRF) signatures, increase in palynomorph diversity, as well as negative paleomagnetic 

inclinations. Based on radiocarbon dating, age and/or sedimentation hiatus is inferred in lakes 

Pentecôte and Walker between ~22 and 8 ka cal BP and between ~18 and 8 ka cal BP, respectively. 

Hydraulic potential modeling indicates that subglacial lakes likely existed in the lakes Pentecôte and 

Walker basins during the Last Glacial Maximum (20-21 ka cal BP) prior to deglaciation, favouring 

the preservation of previously deposited sediments in both basins.   
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4.2 Introduction     

Fjord-lakes refer to deep lakes with steep sidewalls situated in glacial and/or preglacial overdeepened 

valleys (Eyles et al. 1990; Gagnon-Poiré et al. 2019; Lajeunesse et al. 2016; Nasmith 1962). Due to 

their geomorphological characteristics, fjords provided preferential corridors during Quaternary 

glaciations for the ice flow from the interior of the ice sheet to the marine environment (Gagnon-Poiré 

et al. 2019; Syvitski and Shaw 1995; Syvitski and Praeg 1987). Sediments preserved at their bottom 

can provide useful information for reconstructing paleoenvironmental succession from glacial to 

postglacial sedimentary regimes (Bertrand et al. 2012; Boyd et al. 2008; Lajeunesse 2014; St-Onge et 

al. 2012). Fjords occurring in glacio-isostatically uplifted coastal lacustrine environments are useful in 

reconstructing the paleogeography of former neritic zones and/or paleo-terrestrial–ocean interactions 

through multi-proxy analyses including textural, mineralogical, geochemical and preserved fossilized 

remains (Antoniades 2017; Campos et al. 2014; Casse et al. 2017; de Vernal 2009; Rothwell and 

Croudace 2015).   

During glaciation, fjord-lake and other deep lake basins provided favourable sites for the formation of 

subglacial lakes due to their deep geological basins (Christoffersen et al. 2008; Lesemann and 

Brennand 2009). Favourable conditions for the formation of subglacial hydraulic systems include: 1) 

geological valleys or cavities, 2) flat or low-angled ice sheets with warm bedded conditions, and 3) 

basal hydraulic systems that include the ponding and drainage of subglacial meltwater (Flowers 2015; 

Gagnon-Poiré 2016; Herman et al. 2011). Some studies report that such conditions existed below the 

Laurentide Ice Sheet (LIS) that covered the Gulf of St. Lawrence and Atlantic Canada (Christoffersen 

et al. 2008; Livingstone et al. 2012). Thus, subglacial lakes may have existed in some of the fjords-

likes lakes in that region (Dietrich et al. 2017b; Evatt et al. 2006; Gagnon-Poiré et al. 2019; 

Lajeunesse 2014; Syvitski and Praeg 1989).  

Along the St. Lawrence Estuary and adjoining areas, the northward retreat of the Laurentide Ice Sheet 

(LIS) has been reconstructed based on the dating of ice-contact deposits (Occhietti 2007; Occhietti et 

al. 2011), delta morphostratigraphy (Dietrich et al. 2017a) and high-resolution acoustic stratigraphy 

(Gagnon-Poiré et al. 2019; Normandeau et al. 2016; Syvitski and Praeg 1989). According to Syvitski 

and Praeg (1989) five main seismo-stratigraphic units within the Quaternary sequence in the region 

include: 1) ice-contact deposits; 2) ice-proximal sediments; 3) ice-distal sediments; 4) paraglacial 

deltaic sediments that reflect the melting of terrestrially-based ice caps accompanied with rapidly 

falling sea; and 5) post-glacial sediments that reflect sediments deposited after the disappearance of 

glacier from the lake watershed. Dietrich et al. (2017a) noted that depositional systems formed in 

deltaic complexes of the Québec North Shore, eastern Canada during the LIS retreat include: 1) ice-

contact deposits; 2) ice-distal glaciofluvial delta; and 3) paraglacial suites. 

On the Québec North Shore, high-resolution swath bathymetry imagery, subbottom profiles and 



 110 

sediment cores were recently collected from three adjacent fjord lakes (lakes Pentecôte, Walker and 

Pasteur) in order to reconstruct the geomorphological history in the watersheds of these lakes since 

deglaciation (Gagnon-Poiré 2016; Gagnon-Poiré et al. 2019; Normandeau et al. 2016). Four 

conformable units have been delineated in the basin of the three lakes based on acoustic stratigraphy, 

namely: acoustic basement; ice-loaded sediments; rhythmically laminated silts and clays; and 

postglacial sediments (Gagnon-Poiré et al. 2019). The transition from glacial to paraglacial/postglacial 

sedimentation in the watersheds of lakes Pentecôte and Walker was dated 8000–8160 cal BP and 

7845–7950 cal BP, respectively based on accelerator mass spectrometry (AMS) radiocarbon dating of 

plant macrofossils and bulk sediment (Gagnon-Poiré et al. 2019). Although the geomorphology and 

Quaternary history of the lakes were previously presented (Gagnon-Poiré 2016; Gagnon-Poiré et al. 

2019; Normandeau et al. 2016), a detailed understanding of the direct land-sea correlations and/or 

succession from glacial to postglacial conditions in the studied lake basins is still lacking.  

This study explores multi-proxy analyses of long sediment cores retrieved from two of the three 

earlier-studied lakes (lakes Pentecôte and Walker) in order to constrain previous conceptual 

paleogeographical models of the lake basins (Gagnon-Poiré et al. 2019; Occhietti et al. 2011; Syvitski 

and Praeg 1989) with specific focus on the glacial to postglacial transition. The specific objectives are 

to: 1) describe the lithostratigraphy and sedimentary facies based on core scanning and logging, 

granulometry, palynology and paleomagnetism in order to reconstruct successive depositional 

transition from the glacial to postglacial sedimentary environments; 2) establish age-depth models for 

this transition using radiocarbon dating; and 3) test the hypothesis that a subglacial lake may have 

existed at the location of lakes Pentecôte and Walker (Gagnon-Poiré 2016), and its implication on the 

glacial history of the studied lakes.  

4.3 Studied lakes  

Lakes Pentecôte and Walker) have maximum depths of 130 and 271 m, respectively, and are located 

on the Québec North Shore, in the northwestern Gulf of St. Lawrence, eastern Canadian Shield 

(Figure 4.1A). The elevation of lakes Pentecôte and Walker is 84 and 115 m above sea level (asl) 

respectively. They lie below the marine limit reached by the deglacial sea transgression associated 

with glacio-isostatic depression, which is 130 m asl in the Québec North Shore region (Nzekwe et al. 

2018). The lakes are located downstream of north-south trending glacial valleys, more specifically, in 

the transition zone between the Laurentian Highlands (>300 m asl) and the coastal lowlands (Gagnon-

Poiré et al. 2019). Bedrock geology of the region falls within the Precambrian Grenville complex of 

the Canadian Shield. Granitic and paragneissic rocks underlie most parts of Lake Pentecôte (Mouksil 

et al. 2011), while Lake Walker is underlain by homogenous granitic gneiss complexes (Ministère des 

ressources naturelles du Québec 2002).  
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Morphologically, the Lake Pentecôte basin has an area of 18.9 km
2
 and consists of three bathymetric 

zones: a northern sector that reaches 50 to 60 m-deep, a central basin that reaches 130 m-deep, and a 

southern sector characterized by a central narrow trough (Gagnon-Poiré et al. 2019) (Figure 4.1B). 

The Lake Walker basin spans 41 km
2 
and consists of a northern basin that reaches 260 m-deep and a 

steep-sided southern basin that reaches 271 m-deep, seperated by a central sill (Gagnon-Poiré et al. 

2019) (Figure 4.1C). Detailed morphological and limnogeological characteristics of the lakes have 

been described by Normandeau et al. (2016), Gagnon-Poiré et al. (2019) and Nzekwe et al. (2018).  

 

 

Figure 4.1: (A) Geographic location of the Québec North Shore region, eastern Canada. (A’) indicates the location of 

lakes Pentecôte (PC) and Walker (WA) (shown within yellow rectangles). Also shown are images of multibeam 

bathymetry of (B) Lake Pentecôte (1-m resolution) and (C) Lake Walker (3-m resolution). The inserts (B’, C’) 

indicate the cored area in the both lakes and the location of analysed cores (Table 4.1) (adapted from Gagnon-Poiré 

et al. 2019). 
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4.4 Methods and materials  

4.4.1 Fieldwork and sediment coring   

Long sediment cores (>1 m) were collected from Lake Pentecôte using a universal percussion corer 

(Aquatic Research Systems, Idaho, USA) in February 2015. In Lake Walker, a parallel set of cores 

forming a composite section, WA15-08-U was recovered using a UWITEC piston corer (UWITEC, 

Mondsee, Austria) in March 2015. The individual cores forming the composite were realigned 

stratigraphically (using high-resolution images and marker beds); hence composite depths differ 

slightly from those that have been previously reported (Gagnon-Poiré et al. 2019). In order to focus on 

the transition from glacial to paraglacial/postglacial sedimentation in the two lakes, two cores (PC15-

02C-P and PC15-04B-P) were selected from Lake Pentecôte (Figure 4.1B; Table 4.1), while the lower 

part of the composite core WA15-08-U, ~480–729 cm cd (established by Nzekwe et al.; Chapter 3) 

from Lake Walker was studied in detail (Figure 4.1C; Table 4.2).  

Table 4.1: List of sediment cores analysed from the Lake Pentecôte. 

S/N  Core name  Lake  Latitude (°) 
Longitude 

(°) 

Depth 

(m) 

Length 

(cm) 
Remark 

1 PC15-04B-P Pentecôte  67.351828 49.875952 9 184 
Percussion 

core 

2 PC15-02C-P Pentecôte  67.321879 49.865501 19 43 
Percussion 

core 

 

Table 4.2: List of sediment cores that were used to reconstruct composite core, WA15-08-U (488-740 cm cd) from 

Lake Walker.  

Core  Lake  Latitude 

(°) 

Longitude 

(°) 

Length 

(cm)  

Depth 

interval (cm) 

Composite 

depth selected 

(cm cd) 

WA15-08C-III-U-1 Walker 67.176944 50.377221 79 488-638 488-634 

WA15-08D-IV-U-1 Walker 67.176944 50.377221 80 580-660 634-660 

WA15-08D-IV-U-2 Walker 67.176944 50.377221 83 660-740 660-740 

Correlation panel of cores and list (including depths) of markers/laminations that were used to reconstruct the composite 

sequence of are shown in Appendix III (Figure S1). 

4.4.2 Core scanning and logging  

Whole core sections were analysed using a SIEMENS SOMATOM Definition AS+ 128 computer-

axial tomography system (CT-scanner) (SIEMENS AG, Munich, Germany) at the Institut National de 

la Recherche Scientifique, Centre Eau Terre Environnement (INRS-ETE). The images derived are 

shown in gray scale, with values expressed as CT numbers or Hounsfield units (HU). Images were 

processed using ImageJ software (Schneider et al. 2012). Lighter and darker areas indicate higher and 

lower X-ray attenuations, respectively (St-Onge and Long 2009). Shortly after splitting and prior to 
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oxidation of the sediment core surface, digital photographs were taken using a GEOTEK Geoscan IV 

line-scan camera (50 µm pixel size) attached on a GEOTEK Multi-Sensor Core Logger (MSCL; 

Geotek Ltd., Northamptonshire, UK) at the Institut des sciences de la mer de Rimouski (ISMER), 

Canada. Continuous physical properties including magnetic susceptibility were measured at 1 cm 

intervals from split sediment cores using the MSCL. Diffuse spectral reflectance was measured using 

a CM26000d spectrophotometer mounted on the MSCL and afterwards converted into the L*, a*, b* 

colour space of the International Commission on Illumination (CIE). L* value ranges from 0 (black) 

to 100 (white), while a* and b* vary from +60 (red) to -60 (green) and +60 (yellow) to -60 (blue), 

respectively (St-Onge et al. 2007).  

An ITRAX core scanner with a molybdenum tube (Cox Analytical Systems, Mölndal, Sweden) was 

used to acquire microgeochemical (µ-XRF) variations on the split sediment cores at INRS-ETE. 

Before measurement, RGB colour images (50 m pixel size) of the cores were taken using the 

ITRAX line scan camera. The scanner emits a non-destructive beam that radiates the sample and uses 

the electron dispersive spectrum (EDS) to detect the energy of fluorescent radiation, which produces 

high-resolution relative concentration of elements, from aluminium to uranium (Croudace et al. 2006). 

The number of counts for each element in a spectrum acquired for a specific depth interval was 

normalized by the total number of counts of that spectrum (expressed in counts per second, cps). 

“Inc” is the incoherent scattering or Compton scattering and “coh” is the coherent or Rayleigh 

scattering. The inc/coh ratio is inversely proportional to the average atomic weight (Croudace et al. 

2006) and has been used as a proxy for organic matter content (Guyard et al. 2013), sediment density 

(Thomson et al. 2006) and porosity (Jenkins 1999). µ-XRF data was acquired at a downcore 

resolution of 500 µm at an exposure time of 10s, using a voltage of 30 kV and current of 45 mA. Data 

were analysed using Q-Spec 8.6.0 software (Croudace et al. 2006) and graphs were plotted using 

PanPlot software (Sieger and Grobe 2013).  

For paleomagnetic analysis, u-channels (plastic liners of 2x2 cm cross-section) were sampled from the 

composite core WA15-08-U from Lake Walker. The natural remanent magnetization (NRM) was 

measured using a 2-G Enterprise model 755.-1.65 DC cryogenic magnetometer at the Institut de 

Physique du Globe de Paris and 2-G Enterprise model 755 SRM cryogenic magnetometer at ISMER. 

Measurements from the upper and lower 5 cm of the u-channels were ignored in order to remove edge 

effects due to the response function of the magnetometer’s pick-up coils (Philippe et al. 2018; Weeks 

et al. 1993). The NRM was measured and subsequently demagnetized by an alternating field (AF) at 5 

mT increments from of 0 to 60 mT in order to determine the characteristic remanent magnetization 

(ChRM). The anhysteretic remnants magnetisation (ARM) was induced in a peak AF of 100 mT in 

the presence of a weak direct current (DC) biasing field of 0.05 mT, followed by demagnetization 

steps at peak AF fields of 0 to 80 mT (5 mT increments). Using the PaleoMacan Excel macro 
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developed by Cogné (2003), the median destructive field (MDF) was computed along with the ChRM 

inclinations and declinations. Maximum angular deviation (MAD) values were computed by principal 

component analysis (Kirschvink 1980). The MAD values can be used as a quantitative measure of the 

quality of the palaeomagnetic data, where values less than 5° suggest high-quality directional data 

(Stoner and St-Onge 2007).  

4.4.3 Chronology and radiocarbon dating   

Bulk sediment samples, and when present, terrestrial plant macrofossils (wood fragments) were 

cautiously collected at various depths from cores PC15-02C-P and PC15-04B-P (Lake Pentecôte) and 

WA15-08-U (Lake Walker) (Table 4.2). The samples were pre-treated (with HCl-NaOH-HCl) and 

combusted at the Radiocarbon dating laboratory, Centre d’études nordiques (CEN), Université Laval. 

Afterwards, samples were analysed using accelerator mass spectrometry (AMS) at the Earth System 

Science Department, Keck Carbon Cycle AMS Facility at the University of California at Irvine (UCI). 

The dates were calibrated with the Calib 7.1 software (Stuiver et al. 2018) using the INTCAL2013 

(Reimer et al. 2013) and are presented with 2 sigma standard deviations (Table 4.2). Two previously 

dated intervals from core PC15-04B-P and the composite core WA15-08-U (Gagnon-Poiré et al. 

2019) were included for comparison (Tables 4.3 and 4.4). Age-depth models were constructed using 

Clam software, version 2.2 (Blaauw 2010a) interface with R software (Blaauw 2010b). 

Laminations from the lower unit (Unit 1) of cores PC15-02-P and PC15-04B-P (Lake Pentecôte) were 

counted on CT-images by two researchers (O.P.N and A.G-P). The laminae counts were then 

compared to radiocarbon dates from given depth (Table 4.2) in order to test the hypothesis that they 

could be annually laminated (Gagnon-Poiré et al. 2019). Core WA15-08-U (Lake Walker) was 

excluded because laminae were not clearly visible. 

4.4.4 Grain size analysis  

About 0.2 to 0.6 g of sediments were sampled from cores PC15-02C-P and PC15-04B-P (Lake 

Pentecôte) and WA15-08-U (Lake Walker) at intervals of 5 to 10 cm. The sediments were treated 

with 5 mL of 30% hydrogen peroxide (H2O2) to remove organic matter, and with 30 mL of 10% 

sodium carbonate (Na2CO3) to remove biogenic silica, after which 10 mL of sodium 

hexametaphosphate (NaPO3)6 was added as dispersant. Sediment grain size distributions were 

determined using a Beckman Coulter LS 13 320 laser diffraction particle size analyser (Beckman 

Coulter Inc., Brea, CA, USA) at INRS-ETE. A minimum of three measurements was done per sample 

to obtain average results. Grain size parameters were derived using the GRADISTAT software (Blott 

and Pye 2001) and classified based on the Wentworth scale (Wentworth 1922), while grain size 

statistics were calculated using the Folk and Ward (1957) method.  
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4.4.5 Sediment description  

Sediment colours were described using the Munsell Soil Colour Chart (Munsell Color Xrite, USA). 

Unconsolidated sediments were taken from the selected cores (PC15-02C-P, PC15-04B-P and WA15-

08-U) at various depths and embedded on glass to form smear slides, using a thin layer of hydro-

matrix water-solved mounting medium (Micro Tech Lab, Graz, Austria), following the protocol 

developed by Myrbo et al. (2011). The smear slides were observed under a petrographic microscope 

at 100 to 400x magnification (with minerals identified at 40x objective) for semi-quantitative 

compositional analysis of areas of interest (e.g., sediment facies and laminations). The main 

components were categorized as clastic (e.g., clay mineral, quartz, feldspar), authigenic (e.g., 

carbonates) or biogenic (e.g., organic matter, pollen) (Myrbo et al. 2011). However, in this study, 

“carbonates” is simply used instead of “authigenic”.  

4.4.6 Palynological analysis  

Sediments were subsampled from the selected cores (PC15-02C-P, PC15-04B-P and WA15-08-U) at 

intervals of 5 to 10 cm and prepared for palynological analysis using mechanical and chemical 

procedures to concentrate microfossils (e.g., pollen and spores), following the protocol developed by 

de Vernal et al. (2010). Mechanical separation involved wet sieving to remove silt size and sand 

fractions and/or dense liquid separation, while chemical procedures involved treating the sample with 

hydrocholoric acid (HCl) and hydrofluoric acid (HF) macerations to dissolve silica particles. In order 

to facilitate the calculation of pollen concentration, lycopodium tablets (Stockmarr 1971) were added 

to the samples. Following treatment, the residue containing the palynomorphs was mounted on 

microscopic slides for analysis at the GEOTOP Research Centre (Montreal, Canada). The observation 

of terrestrial and/or marine palynormorphs (with dimensions generally at 5–150 μm) was done at high 

magnification (>250x) using an optical microscope in transmitted light. The concentration of 

palynomorphs was classified on a semi-quantitative scale: 0 - Absent; 1 - Rare (1–100 grains/cm
3
); 2 - 

Present (100–1,000 grains/cm
3
); 3 - Common (1000–10,000 grains/cm

3
), and 4 - Abundant (>10,000 

grains/cm
3
). Palynormorph diagrams were compiled using the C2 software (Juggins 2007).  

4.4.7 Evaluation of hydraulic potential model 

Gagnon-Poiré (2016) tested the hypothesis that a subglacial lake existed at the location of lakes 

Pentecôte and Walker during the last glacial maximum (LGM). For clarity, a brief description of the 

model by Gagnon-Poiré (2016) is provided below. The model was done using the methodology 

described by Clarke (2005) and Guyard et al. (2011). The hydraulic potential below the ice sheet was 

derived using the following equation: 
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                      (1) 

where hw is the subglacial hydraulic head (m), i  (1000 kg/m
3
) and w (910 kg/m

3
) are the density of 

ice and water respectively, zi is the elevation of the ice sheet surface and zb is the elevation of the 

bedrock surface. The extent of the lake was defined based on the following assumptions: 1) the 

hydraulic potential is constant in the lake; 2) the ice is floating on the lake; and 3) the lake is filled to 

capacity (Gagnon-Poiré 2016). The elevation of the lake zl, was obtained using the filled hydraulic 

head hw
fill

: 

                   (2) 

ArcGIS software (ESRI 2014) raster calculator was used to run the model and calculate the potential 

based on given empirical equations. Input raster parameters included: 1) topography raster; 2) model 

for the ice sheet parameter (Tarasov et al. 2012); and 3) glacial surface topographic slope (see 

Gagnon-Poiré et al. 2016 for details).  

In this study, an evaluation of the hypothesis by Gagnon-Poiré (2016) was done for two main reasons: 

1) to test whether there are possible links between the proposed subglacial lake model and the new 

radiocarbon dates that were analysed (Table 4.2), and 2) to decipher any insights that could constrain 

the glacial model of the studied lakes (Gagnon-Poiré et al. 2019). For these reasons, several hydraulic 

potential runs were modelled for lakes Pentecôte and Walker (e.g., at the LGM ~20, 15 and 10 ka cal 

BP), considering the new age constraints (Table 4.2).    

4.5 Results 

4.5.1 
14

C age-depth models and sedimentation rates  

Tables 4.3 and 4.4 present the radiocarbon ages from the selected cores (PC15-02C-P, PC15-04B-P 

and WA15-08-U).  

4.5.1.1 Core PC15-02C-P, Lake Pentecôte (Figure 4.3) 

Figure 4.2A illustrates the age-depth model of core PC15-02C-P (Figure 3), which is constrained by 

three AMS 
14

C ages. Bulk sediments sampled near the base and top of the core, at 40 and 5 cm, 

yielded ages of 32435 ± 325 cal BP and 13820 ± 140 cal BP, respectively. The mean sedimentation 

rate is ~0.002 cm a
-1

. The age from the base of this core represents the oldest sediments collected from 

the lakes (Table 4.2). 
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Table 4.3: AMS 14C age of the dated materials from Lake Pentecôte. 

Core name Depth         

(cm) 

Material  UCI Lab # Université 

Laval # 

14
C a 

(BP) 

14
C a 

cal BP 

PC15-04B-P 35 Wood fragment 

UCIAMS-

191360 ULA-7100 2900 ± 15 3034 ± 30 

PC15-04B-P 54.5 Wood fragment 

UCIAMS-

191359 ULA-7099 3630 ± 15 3945 ± 25 

PC15-04B-P 74 Wood fragment 

UCIAMS-

205560 ULA-7849 6060 ± 20 6924 ± 25 

PC15-04B-P* 101 Bulk sediment  

UCIAMS-

162978 ULA-5436 7240 ± 25 8075 ± 55 

PC15-04B-P 115 Bulk sediment  

UCIAMS-

207669 ULA-8007 18175 ± 45 21904 ± 336 

PC15-04B-P 130 Bulk sediment  

UCIAMS-

204634 
ULA-7850 18130 ± 60 

21870 ± 345 

PC15-04B-P 
180 

Bulk sediment  

UCIAMS-

207671 
ULA-8009 19375 ± 45 23134 ± 261 

PC15-02C-P 5 Bulk sediment  

UCIAMS-

204635 
ULA-7851 

11920 ± 35 13817 ± 142 

PC15-02C-P 20 Bulk sediment  

UCIAMS-

207674 ULA-8012 17955 ± 45 
21625 ± 335 

PC15-02C-P 40 Bulk sediment  

UCIAMS-

191357 ULA-7097 27910 ± 240 32435 ± 325 

 *Gagnon-Poiré et al. (2018)  

     

 

 

Figure 4.2: Age-depth models based on radiocarbon dating from: A) core PC15-02C-P and B) core PC15-04B-P 

(Lake Pentecôte) and composite core WA15-08-U (Lake Walker). In B and C, the model shows an age gap between 

the lower unit (Unit I) and the upper unit (II) of the cores, which suggests an age/sedimentation hiatus, indicated as 

“H”.    
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Table 4.4: AMS 14C age of the dated materials from the composite core, WA15-08-U (488-740 cm cd) Lake Walker. 

Core name Material  Core 

depth         

(cm) 

Composite 

depth            

(cm cd)  

UCI Lab # Université 

Laval # 

14
C a 

BP 

14
C  

cal BP 

WA15-08C-III-U-1 Bulk 

sediment  

20 488 UCIAMS-

191358 

ULA-7098 5530 ± 20 6341 ± 40 

WA15-08D-III-U-2 Bulk 

sediment  

41 520 UCIAMS-

179982 

ULA-6438 5525 ± 15 6309 ± 5 

WA15-08D-III-U-2 Bulk 

sediment  

80 559 UCIAMS-

179983 

ULA-6439 6180  ± 15 7081 ± 40 

WA15-08D-IV-U-1* Wood 

fragment 

50 624 UCIAMS-

161066 

ULA-5406 7060 ± 25 7904 ± 30 

WA15-08D-IV-U-1 Bulk 

sediment  

52 632 UCIAMS-

207670 

ULA-8008 15030 ± 30 18264 ± 

235 

WA15-08D-IV-U-1 Bulk 

sediment  

70 650 UCIAMS-

204636 

ULA-7852 17510 ± 70 20931 ± 

310 

WA15-08D-IV-U-2 Bulk 

sediment  

30 689 UCIAMS-

207672 

ULA-8010 22010 ± 60 26420 ± 

326 

WA15-08D-IV-U-2 Bulk 

sediment  

70 729 UCIAMS-

207673 

ULA-8011 22610 ± 70 27340 ± 

376 

*Gagnon-Poiré et al. (2018) 

 

4.5.1.2 Core PC15-04B-P, Lake Pentecôte (Figure 4.4) 

Figure 4.2B shows the age-depth model of core PC15-04B-P (Figure 4.4), which is constrained by 

seven AMS 
14

C ages (Table 4.2). Bulk sediments sampled at 180 cm, near the bottom of the core were 

dated at 23130 ± 260 cal BP, while a wood fragment collected at 35 cm, near the top, revealed an age 

of 3030 ± 30 cal BP (Table 4.2). The model indicates an abrupt change in age range at the transition 

between the lower unit (Unit I) and the upper unit (Unit II) of the core, which implies a probable age 

and/or sedimentation gap (hiatus). The lower and upper limits of the age hiatus, at 115 and 101 cm 

depth of the core, were dated at 21904 ± 336 cal BP and 8075 ± 55 cal BP, respectively. The mean 

sedimentation rate below the transition (Unit I) is 0.04 cm a
-1

, while rates above the transition (Unit 

II) range from 0.01 to 0.03 cm a
-1

. 

4.5.1.3 Composite core WA15-08-U, Lake Walker (Figure 4.7) 

Figure 4.2C displays the age-depth model of the composite core, WA15-08-U (488–740 cm cd; 

Figure 4.7) from Lake Walker, which is constrained by seven AMS 
14

C ages (Table 4.2). Bulk 

sediments collected near the bottom and top of the composite, at 729 and 488 cm cd, yielded ages of 

27340 ± 376 cal BP and 6341 ± 40 cal BP, respectively. The model also depicts an abrupt change in 

age range between the lower unit (Unit I) and the upper unit (Unit II) of the core, implying a hiatus. 

Its lower and upper limits, at 624 and 559 cm cd, were dated at 18264 ± 235 cal BP and 7904 ± 30 cal 
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BP, respectively (Table 4.2). Mean sedimentation rates in the lower interval (Unit I) range from 0.001 

to 0.07 cm a
-1

, while rates in the upper interval (Unit II) range from 0.001 to 0.05 cm a
-1

.  

 

Table 4.5: Summary of multi-proxy analyses and their environmental interpretation 

Sediment  

Facies                            

[Age] 

Litho-

stratigraphic 

unit                    

[core] 

Sedimentology 
Geochemistry         

(XRF) 

Palyno-

stratigraphy  

Depositional 

environment 

  LS facies                        

∼8 (?) ka cal BP to 

recent                

(Lake Pentecôte)                                                      

∼7.9 ka cal BP to 

recent              

(Lake Walker)  

Unit IIb:                       

PC15-04B-P,               

WA15-08-U 

Laminated to partially 

laminated                              

Dark grayish clay and 

grayish brown silty clay 

laminae                                                

Thinly laminated (0.4–1 

cm)                               

Mean grain size: Medium 

silt                                  

Clay content: 0–15%                              

Low detritic inputs (Si, 

K, Ti, Rb, K/Ti)                            

Low carbonate inputs 

(Ca, Sr)                                          

Low redox-sensitive (Fe, 

Mn, Fe/Ca)                          

Moderate-high organic 

input (inc/coh) 

High diversity:                                           

(Pollen, 

Pteridophytes 

spores, Sphagnum, 

Mushroom spores, 

Thecamoebians, 

Radiosperma, 

Stomata) 

Postglacial 

LS-O facies                                                                                     

∼8 to ∼? ka cal BP                 

(Lake Pentecôte)                            

Unit IIa:                                       

PC15-04B-P                                 

Laminated dark grayish 

clay and grayish brown 

laminae silty clay 

Organic-rich (peat) 

laminae                                     

Thinly laminated (0.4–1 

cm)                               

Mean grain size: Medium 

silt                            Clay 

content: 10–15%  

Low detritic inputs (Si, 

K, Ti, Rb, K/Ti)                            

Low carbonate inputs 

(Ca, Sr)                                          

High redox-sensitive (Fe, 

Mn, Fe/Ca)                          

High organic input 

(inc/coh) 

High diversity:                                           

(Pollen, 

Pteridophytes 

spores, Sphagnum, 

Mushroom spores, 

Thecamoebians, 

Radiosperma, 

Stomata) 

 

 

Paraglacial  

 

 

 

 

 

RLC facies                     

∼32 to ∼13 ka cal 

BP                       

Unit I:                         

PC15-02C-P 

PC15-04B-P,            

WA15-08-U 

Rhythmic greenish gray 

clay and dark gray silty 

clay                        

Thickly laminated (1–2 

cm)                             

Mean grain size: Fine to 

very fine silt                                                       

Clay content: 20–60%  

High detritic inputs (Si, 

K, Ti, K/Ti)                                

High carbonate input  

(Ca, Sr)                                        

Low redox-sensitive (Fe, 

Mn, Fe/Ca)                

Low organic input 

(inc/coh)                    

Low diversity: 

Almost no 

palynomorphs 

except sporadic 

pollens and 

Pteridophytes 

spores 

Proglacial 
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4.5.2 Lithostratigraphy and sedimentary facies  

Two main sedimentary facies were identified from the analysed cores, namely: rhythmically 

laminated clay (RLC) and laminated silty clay and clay. The latter is divided into two subfacies: 

laminated (organic-rich) silty clay and clay (LS-O) and laminated to partially laminated sediments 

(LS-PLS, hereafter designated as “LS”) (Nzekwe et al. 2018). Table 4.5 summarizes the features and 

stratigraphic position of the identified facies (and subfacies). Distinctive characteristics of the three 

analysed cores are described below. The following XRF elements were selected to characterize the 

sediments: Si, Ti, Rb, Zr, Fe, Ca, Sr, and the inc/coh ratio and also, specific element ratios such as 

K/Ti (proxy for sediment provenance) and Fe/Ca (proxy for detrital:carbonate ratio) (Croudace et al. 

2006; Rothwell and Croudace 2015).        

4.5.2.1 Core PC15-02C-P, Lake Pentecôte 

Figure 4.3 depicts that core PC15-02C-P, 43 cm long (Unit I: 43–0 cm) is characterized by rhythmic 

alternation of cm-thick argillaceous laminae comprising dark gray very fine silt and greenish gray fine 

to medium silt (Munsell colour: 5Y 6/4 to 5/3). The clay content ranges from 10–35%, while the mean 

grain size is fine to very fine silt (2–10 µm). The banded laminae couplets have a thickness of 1 to 2 

cm. The CT number varies from 1700–2300 HU (Figure 4.3). L* varies from 25–50, a* from 0–1.3, 

and b* from 4–9. The sediment is generally poorly to very poorly sorted (2.5–5 µm), fine to coarsely 

skewed and mesokurtic (Folk and Ward 1957). The low field volumetric magnetic susceptibility (MS) 

varies from 50–350 * 10
5
 SI (Figure S4.1). Smear slide analysis reveal that the dark gray and light 

laminae comprise 80–90% clastic, 20–5% carbonates (mainly calcite) and 0–5% biogenic 

components. The main identifiable mineral in both laminae is quartz (with angular grains) suspended 

in fine-grained (clay) matrix. µ-XRF profiles indicate positive co-variation of Si/cps, K/cps, Ti/cps 

and K/Ti ratio and also Ca/cps and Sr/cps, as well as background values of Fe/cps and Mn/cps. The 

dark gray silty laminae correspond to higher values of Si/cps, K/cps, Ca/cps and Sr/cps, while the 

light gray clayey laminae correspond to higher values of Fe/cps, Mn/cps, Fe/Ca and the inc/coh ratio. 

However, as observed in Figure 4.3, visual correlation of laminations with µ-XRF data is somewhat 

difficult because the laminations are inclined and/or rippled, possibly due to disturbance or pressure 

during percussion coring.      

In order to test the hypothesis that the rhythmic laminations observed on core PC15-02-P (Unit I) 

could be annually laminated (Gagnon-Poiré et al. 2019), laminae counts on the CT-scan image were 

compared to the radiocarbon ages. Figure 4.3 illustrates that approximately 32 laminae couplets were 

counted between 32435 ± 325 cal BP and 13817 ± 142 cal BP. Each laminae couplet corresponds to 

~550 years, thus they are non-annual.  
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Figure 4.3: Multi-proxy analysis of core core PC15-2C-P (Lake Pentecôte). (From left to right, L-R): Digital photo 

(Ph), CT-scan image (CT), laminae counts on the CT-scan compared to age model based on radiocarbon dating 

(dated intervals are marked by yellow star). The laminations are non-annual. Also shown are XRF data for selected 

elements. Values are given in peak area integrals normalized by the total counts per second of each spectrum (cps = 

counts per second). Comparison of elemental variation is rather difficult due to laminae disturbance. However, 

elemental peaks show strong correlation with laminae structure: Si, K, Sr are higher within light gray laminae, while 

inc/coh ratio and Fe/Ca are higher within the dark gray laminae.    

4.5.2.2 Core PC15-04B-P, Lake Pentecôte 

Figure 4.4 illustrates that core PC15-04B-P, 190 cm long, consists of two main units: a lower unit 

from 190–102 cm (Unit I) and an upper unit from 102–0 cm (Unit II). Unit I (190–102 cm) is 

characterized by a rhythmic alternation of light greenish gray and greenish gray (Munsell colour: 

GLEY 6/1 to 5/1) clayey material comprising fine silt and very fine silt. Clay content varies from 20–

60%, while mean grain size is fine silt (1.9–4 µm). The unit is generally poorly sorted, fine to 

symmetrically skewed and mesokurtic (Figure 4.4). The thickness of laminae couplets is 0.2 to 1 cm. 

The CT number varies from >1500–2200 HU. L* is 43, a* is -0.1, b* is 5, while MS is 300 k * 

10
5
 SI (Appendix IV, Figure S2). Smear slide analysis indicates 50–80% clastic, 30–10% carbonates 

(mainly calcite) and 20–10% biogenic components (Myrbo et al. 2011). The main identifiable mineral 

is quartz suspended in fine-grained (clay) matrix (Figure 4.5). Feldspar is also noticeable. In order to 

test the hypothesis that the rhythmic laminations observed in this unit could be annually laminated 

(Gagnon-Poiré et al. 2019), laminae counts on the CT-scan image were compared to the radiocarbon 

ages. Figure 4.4B depicts that on the CT-scan image, approximately 108 laminae couplets were 

counted between 21904 ± 336 cal BP and 23134 ± 261 cal BP. Each laminae couplet corresponds to 

5–10 years (using the 2 sigma ages). The laminations are thus non-annual. µ-XRF elemental profiles 

for Unit I of core PC15-04B-P present co-variation of Si/cps, K/cps, Ti/cps and K/Ti ratio, and also 

Ca/cps and Sr/cps. Background  (zero to low) values of Fe/cps, Mn/cps and Fe/Ca are noticeable. The 

inc/coh ratio ranges from 2.5–3.0 (Figure 4.6). There is a sharp transition between Unit I and the 

overlying unit (Unit II).   
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Figure 4.4: (A) Grain size analysis for core PC15-04B-P, Lake Pentecôte. (L-R): Digital photo (Ph), line scan image 

(L), CT-scan frontal view (CT) and CT number (HU), grain size statistical parameters (clay content, mean grain size, 

sorting, skewness and kurtosis) calculated by the GRADISTAT 4.0 software (Blott and Pye, 2001) using the Folks and 

Ward 1957 method. The lettering (A, B, C) on the digital photo indicates depths that were sampled for smear slide 

analysis, shown in Figure 4.5. Sediment facies are RLC rhythmically laminated clay sediments; LS-O laminated 

organic-rich silty clay and clay sediments; and LS - laminated sediments. 
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The upper unit of core PC15-04B-P, Unit II (from 102–0) cm can be further divided into two subunits 

(Figure 4.4 and 4.6). Subunit IIa (PC15-04B-P), from 102–60 cm comprises regularly laminated dark 

grayish clay and grayish brown silty clay (Munsell colour: 5Y 4/1 to 4/2), and intermittent dark brown 

to black organic-rich laminae. A mm to cm-thick layer of silty clay that can related to a rapidly 

deposited layer (RDL) (Gagnon-Poiré et al. 2019; St-Onge et al. 2012; St-Onge et al. 2007) is 

noticeable at 55 cm (Figure 4.4 and 4.6). Clay content ranges from 10–15% and mean grain size is 

medium silt (8–13 µm). The interval is poorly sorted, fine to symmetrically skewed and mesokurtic. 

The CT number varies from 1200–2200 HU (Figure 4.4). L* varies from 20 to 40, a* from 1–4, b* 

from 2–16 and MS from 0–250 * 10
5
 SI (Appendix IV, Figure S2). The upper subunit of Unit II, 

Subunit IIb (from 60–0 cm) consists of partially laminated dark grayish clay and grayish brown silt 

(Figure 4.4 and 4.6). Compared to Unit IIa, the RDL and organic-rich laminae are less noticeable, 

while clay content ranges from 0–15%. Mean grain size is also medium silt.  

Smear slide analysis reveal that subunits IIa and IIb comprise clastic (70–50%; 75–60%), carbonates 

(10–25%; 10–20%) and biogenic (20–25%; 15–20%) components, respectively. Quartz and feldspar 

are common. However, in subunit IIa, organic matter (biogenic component) is noticeable as brown 

translucent amorphous algal material (Myrbo et al. 2011) (Figure 4.5B: B2-B3).  

 

Figure 4.5: (A1 – C1) Sediment core image and smear slide images from core PC15-04B-P at selected depths, as seen 

in plane- and crossed-polarized light: (A) RLC facies, 110 cm; (B2-B3) LS-O facies, 94 cm; (C2-C3) LS facies. 

Identifiable minerals include: Q - quart, F - feldspar, C - carbonates (calcite), M - muscovite, Ma - mafics, V - 

vivianite, Cl - clay minerals, OM - organic matter. Sediment facies are RLC rhythmically laminated clay sediments; 

LS-O laminated organic-rich silty clay and clay sediments; and LS - laminated sediments. 
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µ-XRF profiles for Unit II (subunits IIa and IIb) indicate abrupt decrease in Si/cps, K/cps, Ti/cps, 

Rb/cps, K/Ti, Ca/cps and Sr/cps, complemented by an increase in the inc/coh ratio, compared to Unit 

I below (Figure 4.6). The distinguishing signal appears to be peak variations of Fe/cps, Mn/cps and 

Fe/Ca within subunit IIa, which return to background values in subunit IIb.  

 

 

Figure 4.6: XRF data for core PC15-4B-P showing digital photo (Ph), line scan image (L) and CT-scan frontal view 

(CT), and vertical profiles of selected elements along the core. Values are given in peak area integrals normalized by 

the total counts per second of each spectrum (cps = counts per second). Sediment facies are RLC rhythmically 

laminated clay sediments; LS-O laminated organic-rich silty clay and clay sediments; and LS - laminated sediments.  

 

4.5.2.3 Composite core WA15-08-U, Lake Walker 

Figure 4.7 displays the part of the composite section WA15-08-U (Lake Walker) that was analysed. It 

comprises two main units: a lower unit (Unit I) from 660–630 cm cd and an upper unit (Unit IIb), 

from 630–488 cm cd.  

Unit I (660–630 cm cd) comprises a rhythmic alternation of pale olive to dark olive gray (Munsell 

colour: 5Y 4/2 to 3/2) clayey fine-grained material comprising fine silt and very fine silt. Laminae 

thickness ranges from 0.4 to 1 cm. This unit is marked by CT numbers between 1500–2200 HU 

(Figure 7). L* varies from 35 to 50, a* from -1.31–0, b* from 5–10, and MS from 200–250 x10
-5

 SI 

(Appendix IV, Figure S3). Clay content varies from 20–60% and mean grain size is fine silt (1.9–4 

µm). It is poorly sorted, fine to symmetrically skewed (<0.001 µm) and mesokurtic (1 µm) (Figure 

4.7). Smear slides analysis indicate 90–70% clastic, 10–30% carbonates (mainly calcite) and 0–20% 
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biogenic components (Myrbo et al. 2011). Identifiable minerals include quartz and feldspar 

(Appendix IV, Figure S4). µ-XRF profiles for Unit I indicate relatively steady values of Si/cps, K/cps, 

Ti/cps, Rb/cps and K/Ti ratio and Ca/cps and Sr/cps (Figure 4.8). Also, background values of Fe/cps, 

Mn/cps and Fe/Ca are noticeable. The inc/coh ratio is 3.5.  

Unit IIb (from 630–488 cm cd) of core WA15-08-U comprises regularly laminated olive gray clay 

and dark olive gray silty clay (Munsell colour: 5Y 4/2 to 3/2) with few RDLs. The CT number varies 

from 1200–2200 HU (Figure 4.7). L* varies from 20–43, a* from 0–3, b* from 0–10 and MS from 

40–215 * 10
5
 (SI) (Appendix IV, Figure S3). Clay content from 0–12%, while mean grain size is 

medium silt (8–13 µm). The interval is poorly sorted, fine to symmetrically skewed and mesokurtic 

(1 µm) (Figure 4.7). Smear slides indicate 75–90% clastic, 10–5% carbonates (calcite) and 15–5% 

biogenic components. Identifiable minerals include quartz, feldspars and muscovite. However, RDLs 

(e.g. at 512 cm cd; Figure 4.7) contain 70–90% clastic, 15–10% carbonates and 5–0% biogenic 

components. The most identifiable mineral in RDLs is quartz, with angular to sub-angular grains 

(Appendix IV, Figure S4). At the transition into Unit IIb (628 cm cd), there is a slight reduction in 

values of Si/cps, K/cps, Ti/cps, Rb/cps and K/Ti ratio, and also of Ca/cps and Sr/cps (Figure 4.8); 

their variations remain fairly stable up to the top of the core. On the other hand, Fe/cps, Mn/cps and 

Fe/Ca ratio show unsteady and sometimes peak variations between 616–584 and 556–514 cm cd 

(Figure 4.8).  

Figure 4.9 illustrates the downcore variation of paleomagnetic inclination and declination and 

corresponding MAD values for the composite core WA15-08-U (Lake Walker). MAD values are very 

low (<5°) and indicate high quality data (Stoner and St-Onge 2007). However, at the transition 

between the two units (640–620 m cd), the inclination varies from -20 to 60° without a similar 

variation in declination. The normalized remanence ratio NRM/ARM is higher in unit I than in 

section IIb.  
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Figure 4.7: Grain size analysis for the composite core, WA15-08-U from Lake Walker, showing: digital photo (Ph), 

line scan image (L), CT-scan frontal view (CT) and CT number (HU), grain size statistical parameters (clay content, 

mean grain size, sorting, skewness and kurtosis) calculated by the GRADISTAT 4.0 software (Blott and Pye, 2001) 

using the Folks and Ward 1957 method. The letterings A, B, C, D, E on the digital photo indicate depths that were 

sampled for smear slide analysis, shown in Appendix IV, Figure S4. Sediment facies are RLC rhythmically laminated 

clay sediments, and LS - laminated sediments. 

 

Figure 4.8: XRF data for core WA15-08-U from Lake Walker showing digital photo (Ph), line scan image (L), CT-

scan frontal view, CT number (HU) and vertical profiles of selected elements along the core. Values are given in peak 

area integrals normalized by the total counts per second of each spectrum (cps = counts per second). Sediment facies 

are RLC rhythmically laminated clay sediments, and LS - laminated sediments. 
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Figure 4.9: Paleomagnetic secular variation records (PSV) for the lower part of the composite section, WA15-08-U 

from Lake Walker, showing Inclination (inc), Declinations (dec), Maximum angular deviation (MAD), and Natural 

Remnant Magnetization (NRM) and Anhysteretic Remnant Magnetization (ARM) ratio. Each profile consists of 

segments that correspond to individual cores comprising the composite. 

4.5.3 Palynological analysis  

Optical images of selected palynomorphs observed in the analyzed cores are shown in Figure 4.10. 

For brevity, palynomorph diversity is described in terms of the identified sedimentary facies/ 

subfacies, as shown in Table 4.3.  

The RLC facies (Unit I of cores PC15-02C-P, PC15-04B-P and WA15-08-U) is characterized by a 

low diversity of palynomorphs. Pollen species (e.g., Betula, Pinus) and Pteridophytes spores are 

sporadically present (index 2: 100–1000 grains/cm
3
), while the other analysed species are absent 

(Figure 4.11A, B, C).  
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Figure 4.10: Optical images of selected palynomorphs observed in cores from lakes Pentecôte and Walker: (a) Betula 

Pollen, (b) Pinus Pollen, (c) Pteridophyte spores (d) Sphagnum, (e) Thecamoebian (Testate amoebae), (f) 

Radiosperma, (g) Stomata (h) Arthropoda segment. Scale bar (in white colour) in images a–h is 10 m, except for 

image b where it is 20 m. 
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Figure 4.11: Simplified palynostratigrahy of selected cores showing palynomorph counts against depths and 

calibrated years BP. (A) PC15-02B-P and (B) PC15-04B-P from Lake Pentecôte, and (C) WA15-08-U from Lake 

Walker. 
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The LS-O subfacies (Unit IIa of core PC15-04B-P) and LS subfacies (Unit IIb of cores PC15-04B-P 

and WA15-08-U) are both characterized by relatively sharp increase in palynomorph diversity. Pollen 

species (Pinus, Betula) and Pteridophytes spores are abundant (index 4: >10,000 grains/cm
3
), while 

other palynormorphs including Sphagnum, mushroom spores, Thecamoebians, Radiosperma and 

Stomata are present to common (index 2–3: 100–10,000 grains/cm
3
) (Figure 4.11A, B, C).  

4.5.4 Evaluation of Hydraulic potential model 

Evaluation of the hydraulic potential model by Gagnon-Poiré (2016) supports the hypothesis that a 

subglacial lake may have existed in the lakes Pentecôte and Walker basins during the Last Glacial 

Maximum (LGM; ~20-21 ka). The model output parameters include: hydraulic potential of the lake, 

depth of the lake and topographic profiles at the LGM, as illustrated in Figures 4.12 and 4.13. Based 

on higher fluid pressures observed at the base of the LIS compared to those in the lake basin 

depression, there was most probably storage of subglacial water within lakes Pentecôte and Walker 

(Gagnon-Poiré 2016). In Lake Pentecôte, the model indicates the existence of narrow, shallow and 

discontinuous subglacial lakes with maximum depth of 39 m within the central northern and southern 

basins (Figure 4.12A-B). In Lake Walker, the model indicates the existence of a subglacial lake 

marked by a modern central sill that separates the large southern basin from the northern basin of the 

lake (Figure 13A-B). The subglacial lake has an area of ~13 km
2
. Its maximum depth is 132 m, with 

an average depth of ~45 m (Figure 13A-B). As shown in Figures 12 and 13, the subglacial lake is 

inferred to have an inclined geometry that is partly caused by the direction of ice flow and the ice 

sheet surface slope (Livingstone et al. 2012; Occhietti et al. 2011).  

 

Figure 4.12: Hydraulic potential for the Lake Pentecôte basin at the Last Glacial Maximum (LGM: 20-21 ka) 

following a southeastern ice flow direction (shown by black arrows; Dredge, 1983), considering a 1650 m ice thickness 

(Tarasov et al. 2012) and an ice sheet surface slope of 0.17. (A) Lake Pentecôte subglacial lake depth (m); (B) 

Geometry along longitudinal profile of the subglacial lake basin. The current lake shoreline is represented by the 

black dashline (Modified from Gagnon-Poiré 2016).    
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Figure 4.13: Hydraulic potential for the Lake Walker basin at the Last Glacial Maximum (LGM: 20 ka) following a 

south-eastern ice flow direction (shown by white arrows; Dredge, 1983), considering a 1650 m ice thickness (Tarasov 

et al. 2012) and an ice sheet surface slope of 0.17. (A) Hydraulic head (m) for Lake Walker; (B) Lake Walker 

subglacial lake depth (m); (C) Geometry along longitudinal profile of the subglacial lake basin (illustrated by white 

dashed line in B). The current lake shoreline is represented by the black dashline (Modified from Gagnon-Poiré 

2016).    

 

4.6 Discussion 

4.6.1 Environmental interpretation of the sedimentary facies  

In this discussion, the classification of successive depositional environments are based on the 

definitions by Syvitski and Praeg (1989), which are 1) ice-contact deposits; 2) ice-proximal 

sediments; 3) ice-distal sediment; 4) paraglacial sediment and 5) post-glacial sediment. Below the first 

three environments are grouped under “proglacial”, while the other two (paraglacial and postglacial) 

are discussed separately.  

4.6.1.1 Proglacial environment      

The RLC facies occurs at the lowermost stratigraphic position of the analysed cores (Unit I: cores 

PC15-02C-P, PC15-04B-P and WA15-08-U), and is interpreted to be deposited in a setting proximal 

to the ice (Appendix IV, Figure S5 and S6; Table 4.3). Nzekwe et al. (2018) recently interpreted this 

sedimentary facies as proglacial laminated sediments (LLS facies) based on qualitative grain size 

analysis and radiocarbon dating, while Gagnon-Poiré et al. (2019) interpreted it as glaciomarine 
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and/or glaciolacustrine sediments based on acoustic stratigraphy. However, a new lithological 

descriptive name, rhythmically laminated clay (RLC) facies is proposed in this study based on the 

following: 1) quantitative grain size analysis that indicates high clay content (20–60%) and mean 

grain size of fine to very fine silt; 2) CT values of >2000 HU that indicate higher density of the clay-

rich materials relative to overlying sediments, and 3) visible rhythmic laminae.  

Some characteristics of this facies points to a glaciomarine setting: L* values of 35–50 (Figures S1 

and S2) and higher Ca and Sr contents (Figures 4.3, 4.6 and 4.8) points to a carbonate-rich input that 

are typical of marine sediments (St-Onge et al. 2007). Other features points to a glaciolacustrine 

setting: 1) it was not possible to detect more marine associated elements (e.g. Cl and Br) as they 

showed background values, and 2) Co-variation of detritic elements (Si/cps, K/cps, Ti/cps, K/Ti) 

suggest that terrigenous input was significant (Rothwell and Croudace 2015). However, 

palynostratigraphy employed (this study) focussed on pollen and spores. It did not include diatoms, or 

other index fossils that have been used to characterize transition from late-glacial to postglacial 

(Bouchard et al. 2017; Rolland et al. 2008) foraminiferas were not found during sample preparation, 

and the fine mean grain-size and CT numbers around 2000 HU are similar to lacustrine proglacial 

varves, such as the one of Lake Jacques-Cartier (Philibert 2012). Low organic productivity in the RLC 

facies is inferred from relatively low inc/coh ratios (Figures 4.7, 4.10, 4.12).  

4.6.1.2 Glacial-deglacial transition phase 

The glacial/deglacial transition (from proglacial sediments to overlying paraglacial/postglacial 

sediments) is marked by abrupt shifts in input of detritic (Si/cps, Ti/cps, K/cps, K/Ti) and pH-

sensitive element (Ca/cps, Sr), which correlate well to glacial/deglacial transitions (Rothwell and 

Croudace 2015). The marked shift from sporadic appearance of pollen species and pteridophytes 

spores to abundance of these palynomorphs (including appearance of sphagnum, mushroom spores, 

thecamoebians, radiosperma and stomata) reflect changes to relatively warmer conditions (de Vernal 

2009).  

4.6.1.3 Paraglacial to postglacial transitional environment  

The LS-O facies corresponds to Unit IIa of core PC15-04B-P (Lake Pentecôte) and is interpreted to be 

deposited in a paraglacial-postglacial environment. It is difficult to clearly delineate the transition 

from paraglacial-postglacial on the sediment core (PC15-04B-P) because the LS-O facies grades 

gradually into postglacial (LS) facies, with both having similar mean grain size (medium silt) and 

palynological characteristics (Figures 4 and 11). Possible markers of the paraglacial depositional 

system are the peak variations of redox-sensitive elements (Fe/cps, Mn/cps and Fe/Ca; Figure 4.6), 

which reflects oxic conditions (Rothwell and Croudace 2015). The oxic conditions could be attributed 
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to: 1) fluctuation of water levels associated with rapid retreat of glacier ice from watershed of Lake 

Pentecôte (Syvitski 1991; Syvitski and Praeg 1989), and/or 2) exposure of the lake water column to 

influence from external factors such as wind and/or currents, which would thus promote water mixing 

(Tylmann et al. 2012; Zolitschka et al. 2015). Perhaps the presence of lamination in the LS-O facies 

suggest that fluctuating water level and/or sediment/water mixing were relatively limited to the lake 

water surface, thus did not reach (critical) depths that would otherwise hinder laminae preservation 

(Larsen and MacDonald 1993; Larsen et al. 1998; Nzekwe et al. 2018). The beginning of the 

paraglacial (LS-O facies) in Lake Pentecôte is dated 8075 ± 55 cal BP, however its exact end could 

not be dated in this study.  

4.6.1.4 Postglacial environment  

The LS facies occurs at the upper stratigraphic position (Unit IIb) of cores PC15-04B-P (Lake 

Pentecôte) and WA15-08-U (Lake Walker) and is interpreted to be deposited during postglacial 

period. As observed, the postglacial period in the studied lakes is marked by steady input of silicate 

elements (Si/cps, K/cps, Ti/cps, K/Ti) (Rothwell and Croudace 2015) suggesting terrigenous input 

from the watershed into the lakes. Unlike the paraglacial, the shift from peak to background values of 

redox-sensitive elements (Fe/cps, Mn/cps and Fe/Ca) in the postglacial environment suggests that 

glacier ice has completely retreated from of the watershed of the lakes (Gagnon-Poiré et al. 2019).  

Thus, the lakes Pentecôte and Walker water basins became more exposed to limnological factors (e.g., 

seasonality) and morphological factors (e.g., topographic exposure) that favoured the deposition of 

laminated sediments, respectively (Larsen et al. 1998; Nzekwe et al. 2018; Zolitschka et al. 2015). 

Furthermore, the progressive increase of palynomorphs diversity during the postglacial reflects steady 

input from terrestrial vegetation into the lakes Pentecôte and Walker basin (Barnekow et al. 2007; de 

Vernal 2009). Based on radiocarbon dating, the postglacial period started in Lake Walker at 7 ka cal 

BP (Table 4.2). However, in Lake Pentecôte, its exact onset is not clear due to the overlap with the 

paraglacial (as noted above).   

4.6.2 Chronological challenges and/or local controls  

The radiocarbon age-depth models from cores PC15-02B-P and PC15-04B-P (Lake Pentecôte) and 

WA15-08-P (Lake Walker) may have been influenced by technical and/or paleoenvironmental factors 

(Figure 4.2A–C). Despite careful sampling and pre-treatment, the chronological challenges observed 

include: 1) a general lack of datable macrofossils, especially in the proglacial sediments (RLC facies), 

hence the use of bulk sediments; 2) age reversals on cores PC15-04B-P (Lake Pentecôte) and WA15-

08-U (Lake Walker); and 3) significant age difference between the proglacial and the 

paraglacial/postglacial sediments inferred a “hiatus” in the cores (Figures 4.3 and 4.4: Table 4.2).  



 134 

The age reversals observed could be attributed to possible artefacts and/or sediment disturbance, for 

example, the rippled concave downward laminae shown on CT-scan images (Figure 4.3B). However, 

the age hiatus inferred between the proglacial and paraglacial/postglacial sediments (ca. 22 to 8 ka 

cal BP; Table 2) may have resulted from any of the following: 1) the radiocarbon ages obtained 

represent the age of the proglacial sediments in both lakes, within given error limits (Table 4.2). For 

example, 
14

C ages of the proglacial sediments from lakes Pentecôte and Walker are comparable to 

those reported from some other coastal areas in Québec, e.g., Lake Jacques-Cartier (Philibert 2012) 

and the Charlevoix region (Brouard et al. 2016); 2) possible contamination by old carbon (Occhietti et 

al. 2011); and/or 3) the hiatus probably only exists because of the core location in relatively shallow 

water where there is some evidence of erosion on the sub-bottom profiles. The hiatus might not exist 

if the core was sampled from another part of the lake, not affected by erosion (Appendix IV, Figure 

S7). Nevertheless, radiocarbon dating especially from bulk sediments needs to be interpreted with 

caution (Grimm et al. 2009).  

4.6.3 Inference from paleomagnetic reconstruction  

On core WA15-08-U (Lake Walker), the variation of inclination from -20 to 60° without similar 

variation of declination (Figure 4.9) might be associated with any of the following: 1) a sampling 

artefact; 2) compaction or deformation of the sediment such as a slump, debris flow or other mass 

movement mechanisms (St-Onge et al. 2004); or (3) in case of no deformation, an excursion of 

Earth’s magnetic field (Singer 2014; Singer et al. 2014; Stoner and St-Onge 2007). Considering the 

above-stated factors, the obtained results were of high quality as evidenced by MAD values below 5 

(Stoner and St-Onge 2007). The dating and especially the duration of the negative event (close to 10 

ka cal BP), which is present only in the clay layer (RLC facies) exclude any possible excursions, 

which have a much shorter duration of 1 to 2 ka (Lund et al. 2006) and are seen in both inclination 

and declination (Channell et al. 2012). Similarly, the NRM/ARM ratio often used as a relative 

paleointensity proxy (Stoner and St-Onge 2007) indicates higher normalized remanence values, which 

is contrary to what is observed during excursions. These observations suggest that the negative 

inclinations and higher normalized remanence values represent lithological variations that could be 

associated with movement/deformation and/or coring disturbance in the clay layer rather than genuine 

geomagnetic changes. Indeed, some significant deformations can clearly be observed on the CT-scan 

images (Appendix IV, Figure S5).       

4.6.4 Last glacial maximum (LGM), deglaciation and transitional phases 

Figure 4.14 illustrates a conceptual hydraulic potential model for the evolution of the Lake Walker 

basin from the LGM to the Late Holocene (i.e., 20-21 to 10 ka cal BP) following a southeastern ice 

flow direction. At 20-21 ka cal BP, there is a high possibility that a subglacial lake existed below the 
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LIS in the Lake Walker basin (Figure 4.14A) based on a combination of the following: 1) the 

relatively flat, thick ice sheet surface; 2) the deep geological basin of Lake Walker, and its sediment 

storage potential (Christoffersen et al. 2008; Evatt et al. 2006; Munro-Stasiuk 2003); 3) low structural 

connectivity of the Lake Walker deep basin with the open coast lowlands (Gagnon-Poiré et al. 2019); 

and 4) associated warm-based subglacial water systems that helped to lubricate the ice flow (Margold 

et al. 2015). At 15 ka cal BP (Figure 4.14B), thining and/or steepening of the ice sheet possibly 

triggered less favorable conditions for the subglacial lake existence, leading to reduction in size of the 

subglacial lake system.  

 

 

Figure 4.14: Conceptual hydraulic potential model for the evolution of the Lake Walker basin from the Last Glacial 

Maximum (LGM: 20 Ka) to the Late Holocene following a south-eastern ice flow direction considering a 1650 m ice 

thickness (Tarasov et al. 2012) and an ice sheet surface slope of 0.17. (A) at 20-21 ka BP, (B) 15 ka BP, (C) 12.5 ka BP, 

and (D) 10 ka BP.   
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At the onset of deglaciation (12.5 ka cal BP), warm-based conditions (over 75%) at the LIS 

(Marshall and Clark 2002) possibly triggered high-pressure subglacial water system (Gagnon-Poiré 

2016), and subsequently drainage of subglacial water from the fjord-like Lake Walker basin (Figure 

4.14C) (Bamber et al. 2013). However, the V-shaped valleys observed at the base within the glacial 

valleys were likely not eroded by the LIS during Quaternary glaciations (Gagnon-Poiré et al. 2019; 

Lajeunesse 2014) and are likely able to preserve older sediments (Figure 4.14D) (Briner et al. 2007). 

With a similar morphometry, Lake Pentecôte could also have had the potential for the ponding of 

subglacial meltwater, although to a lesser extent as Lake Walker, as illustrated in Figures 4.12 and 

4.13.  

Sources of errors associated with glaciological modelling of the LIS have been detailed by Tarasov et 

al. (2012). However, in this study, the error limits of the hydraulic models are relatively minimal due 

to the following: 1) availability of previously computed relative sea level chronologies over the North 

American ice complex (Tarasov et al. 2012); 2) smaller extent of the study area (i.e., the lake 

Pentecôte and Walker basins) relative to larger dataset, and 3) integration of data constraints including 

high-resolution bathymetric data (Gagnon-Poiré et al. 2019), sediment core data, and radiocarbon ages 

that span the LGM to early Holocene (Tables 4.1 and 4.2).  

However, this study presents relatively important gaps, mainly with regard to (1) depositional hiatuses 

(Figure 4.2) and (2) the interpretation of sediments in which radiocarbon dating has provided ages 

older than 15 ka cal BP. In the present model (Table 4.5; Figure 4.14), the older sediments (> 15 ka 

cal BP) are included in the proglacial environment (RLC facies), though they could be subglacial 

(based on hydraulic modelling results), and/or interstadial or interglacial sediments (Briner et al. 

2007). If the hypothesis is true, it is arguable that RLC facies from core PC15-02C-P (Lake Pentecôte) 

that were dated 13–32 cal BP possibly represent subglacial and/or interglacial sediments; which might 

explain the occurrence of non-annual (rather centennial) laminae couplets (Figure 4.3). On the other 

hand, the RLC facies delineated in cores PC15-04B-P (Lake Pentecôte) and WA15-08-U (Lake 

Walker) represent the proglacial sediments, as already indicated (Table 4.5).  

Deglacial models according to Occhietti et al. (2011), Dietrich et al. (2017a), Gagnon-Poiré et al. 

(2019) suggest that the retreat of the LIS in the watershed of lakes Pentecôte and Walker did not occur 

synchronously, partly due to differences in their relative elevation above sea level and from marine 

limit. Deglaciation of the Québec North Shore began at ~12.5 ka cal BP (Occhietti et al. 2011). Of the 

two lakes, Lake Pentecôte was the first that began to be deglaciated (Gagnon-Poiré et al. 2019) and 

the first to be invaded by the Goldthwait Sea at ~11.5 ka cal BP (Occhietti et al. 2011). Its elevation at 

84 m asl suggests that the lake was rapidly invaded by the Goldthwait Sea that reached a maximum 

limit of 130 m asl at ~10.8 ka cal BP (Occhietti et al. 2011).  
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Lake Walker, located at 115 m asl some 30 km north of the coastline was deglaciated after Lake 

Pentecôte (Gagnon-Poiré et al. 2019). As the Goldthwait Sea reached its maximum limit (130 m asl) 

in the watershed of Lake Walker at ~10.8 ka cal BP (Occhietti et al., 2011), the LIS margin steadied 

~10 km south of the lake (Lajeunesse 2016). After deglaciation in Lake Walker, there was possibly 

less drastic transition into glaciolacustrine setting and subsequently postglacial conditions, partly due 

to narrow structural connectivity with the Goldthwait Sea (Gagnon-Poiré et al. 2019), which is 

evidenced by relatively gentle shifts in textural and geochemical parameters compared to Lake 

Pentecôte (Figure 4.8). Thus, the relatively gentle shifts in these (textural/geochemical) proxies in 

Lake Walker support the absence of the paraglacial sediments (LS-O facies) in that Lake. However, in 

both lakes Pentecôte and Walker, transition from proglacial to paraglacial-postglacial sedimentation is 

characterized by increased clastic-organic input from their watersheds and diversity of palynomorphs.   

4.7 Conclusion  

Multi-proxy analyses including textural, geochemical (XRF) and palynological properties, as well as 

radiocarbon dating, allowed for detailed description of the lithostratigraphy and sediment facies at the 

transition from proglacial to paraglacial/postglacial sedimentary environments in fjord-lakes 

Pentecôte and Walker on the Québec North Shore (eastern Canada). The key results of this study are 

as follows:  

• Two sediment facies were identified, namely: a rhythmically laminated clay (RLC) facies 

deposited in proglacial environments, and a laminated silty clay and clay facies deposited in 

paraglacial-postglacial environments. The latter comprises two sub-facies: laminated 

(organic-rich) silty clay and clay (LS-O) facies deposited in a paraglacial environment, and 

laminated to partially laminated sediments (LS) deposited in a postglacial environment. The 

RLC facies, previously described as proglacial laminated sediments (LLS facies) (Nzekwe et 

al. 2018) and as glaciomarine and/or glaciolacustrine sediments (Gagnon-Poiré et al. 2019) 

was renamed based on qualitative grain size analysis.  

• The transition from proglacial (RLC facies) to paraglacial/postglacial sedimentation (LS-

O/LS facies) reflects the following: 1) abrupt change from argillaceous low organic into 

clastic-organic sediments, respectively; 2) gradual and/or abrupt shifts in geochemical (µ-

XRF) inputs; and 3) increase in palynomorph diversity. 

• Based on radiocarbon dating, a hiatus is inferred between the depositional facies (RLC facies 

and LS-O/LS facies) found in the studied lakes. The hiatus in Lake Pentecôte is dated 

between 21904 ± 336 cal BP and 8075 ± 55 cal BP, while the hiatus in lake Walker is dated 

between 18264 ± 235 cal BP and 7904 ± 30 cal BP. This study thus provides new radiocarbon 

ages above and below the transition compared to that reported earlier (Gagnon-Poiré et al. 
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2019). More so, it has been demonstrated that rhythmic laminations in the lower sedimentary 

unit (RLC facies) are non-annual. 

• Hydraulic potential modelling supports the hypothesis that a subglacial lake likely existed in 

the lakes Pentecôte and Walker basins during the LGM (21 ka cal BP). The potential for the 

ponding of subglacial meltwater is higher in Lake Walker compared to Lake Pentecôte, partly 

due to the different elevations, maximum depth and structural connectivity with the open 

coast. Despite challenges with radiocarbon dating of bulk sediments, integrated results from 

this study illustrate how successive depositional environments evolve in the studied fjord-lake 

basins upon deglaciation and rapid glacio-isostatic rebound.  

• Finally, this paper demonstrates that fjord-lakes on the Québec North Shore, and by extension 

in other regions of the world have the potential (under favorable conditions) to preserve 

sediments during glacial periods.  
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CHAPITRE  5 

PRINCIPAUX RESULTATS ET CONTRIBUTION 
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5 PRINCIPAUX RÉSULTATS ET CONTRIBUTIONS  

5.1 Résultats du premier article 

Le premier article porte sur les sédiments récents des lacs Pentecôte, Walker et Pasteur. Le manuscrit 

montre comment les conditions environnementales et morphologiques ont influencé la distribution des 

sédiments laminés dans les trois lacs étudiés. L’utilisation de formules empiriques (Hutchinson 1957; 

Kinder et al. 2013; Larsen and MacDonald 1993; Larsen et al. 1998; Tylmann et al. 2013; Wetzel and 

Likens 1991) qui avaient déjà été appliquées à de petits lacs pourrait également servir pour les grands 

lacs. Les carottes à gravité échantillonnées en 2014 ont permis de définir quatre faciès sédimentaires : 

sédiments laminés, sédiments partiellement laminés, sédiments bioturbés et sédiments massifs. Une 

meilleure conservation des sédiments laminés est observée dans le lac Walker en comparaison aux 

lacs Pentecôte et Pasteur. Les facteurs favorisant les laminations au lac Walker incluent sa profondeur 

moyenne, sa profondeur maximale et son exposition topographique. 

Les données de température du lac Walker acquises sur une période de deux ans ont montré qu’il 

existe une stratification thermique et que le mélange des eaux avait lieu deux fois par an. Donc, le lac 

Walker est interprété comme étant dimictique. Cette interprétation est également valable pour la 

plupart des autres lacs de la Côte-Nord situés à proximité (Pentecôte et Pasteur notamment) dont la 

géomorphologie est similaire à celle des lacs étudiés. En outre, sur la base d'une comparaison des 

profils de 
210

Pb et du comptage des laminations de la carotte WA14-06-R du lac Walker, il a été 

proposé que les sédiments sont des varves. 

5.2 Résultats du second article 

Basé sur les résultats du premier article, le deuxième article établit un nouvel enregistrement varvé 

datant d'environ 900 ans pour le lac Walker. Ce nouvel enregistrement a été élaboré à partir d'une 

séquence composite WA15-08-U d'environ 4,0 m de long récupérée en 2015. L'enregistrement varvé 

s'étend d'environ 2340 à 3200 ± 20 cal BP, ce qui correspond à l'Holocène supérieur. Afin d’établir 

une chronologie varvée, deux méthodes de comptage manuel ont été comparées : le logiciel 

PeakCounter versus les images obtenues au MEB à même les lames minces. La comparaison des deux 

méthodes indique que la chronologie des varves établie à l'aide de lames minces montre une 

corrélation plus forte avec la datation au radiocarbone AMS et est donc plus fiable. La composition 

des sédiments varvés du lac Walker est clastique selon la définition de Zolitschka et al. (2015). 

L'épaisseur moyenne de la varve est de 0,86 mm a
-1

. La nouvelle chronologie varvée du lac Walker 

est ancrée sur les datations radiocarbones. Cependant, cette séquence offre des perspectives 

remarquables pour la reconstitution paléoclimatologique à haute résolution dans la région de la Côte-
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Nord du Québec vers 2340 à 3200 ± 20 cal BP, où des enregistrements similaires sont relativement 

rares.  

5.3 Résultats du troisième article 

Cet article examine les changements paléoenvironnementaux survenus lors de la transition 

d'environnements glaciaires à paraglaciaires/postglaciaires dans le bassin versant des lacs Pentecôte et 

Walker. La méthodologie implique une combinaison de différents paramètres, notamment : 

granulométrie, géochimie (XRF), palynologie et paléomagnétisme. En utilisant ces méthodes, deux 

faciès sédimentaires ont été décrits le long de trois carottes: les carottes PC15-02C-P et PC15-04B-P 

du lac Pentecôte et la partie inférieure de la séquence composite de la carotte WA15-08-U (~480–729 

cm cd) du lac Walker. Les faciès sédimentaires comprennent : les faciès argileux laminés 

rythmiquement (RLC) déposés dans un environnement proglaciaire et les sédiments laminés déposés 

dans un environnement paraglaciaire/postglaciaire. Ce dernier est divisé en deux sous-parties : les 

faciès d'argile silteuse laminée (riche en matière organique) et d'argile (LS-O) déposée dans un 

environnement paraglaciaire et les faciès à sédiments partiellement laminés (LS) déposés dans un 

environnement postglaciaire. Les principales caractéristiques de la transition de la sédimentation 

proglaciaire à la sédimentation paraglaciaire/postglaciaire sont les modifications abruptes des 

propriétés texturales, les modifications des signatures géochimiques, l'augmentation de la diversité 

des palynomorphes, ainsi que les anomalies négatives des inclinaisons paléomagnétiques. Selon la 

datation radiocarbone, un hiatus d'âge et/ou de sédimentation a été déduit entre ~ 22 et 8 ka cal BP 

dans le lac Pentecôte et entre ~18 et 8 ka cal BP dans le lac Walker. La modélisation du potentiel 

hydraulique indique que des lacs sous-glaciaires existaient probablement dans les bassins des lacs 

Pentecôte et Walker pendant le dernier maximum glaciaire (~ 21 ka cal BP) (Tarasov et al. 2012) 

avant la déglaciation, ce qui aurait favorisé la préservation des sédiments déposés dans les deux 

bassins. 

5.4  Originalité et forces de la recherche 

Cette recherche doctorale a révélé un potentiel élevé de nouveaux enregistrements paléoclimatiques 

sur la Côte-Nord du Québec, un domaine de forte pertinence sociétale pour les infrastructures 

régionales. L’utilisation de méthodologies novatrices dans le cadre d’une approche multidisciplinaire 

a permis de découvrir des archives sédimentologiques québécoises et de les caractériser de fond en 

comble. Les points forts de cette thèse sont les suivants : 

5.4.1 Étude pionnière en limnologie des lacs étudiés 

En ce qui a trait à la limnogéologie, les trois lacs étudiés (les lacs Pentecôte, Walker et Pasteur) 

étaient jusqu'alors inexplorés, car la littérature publiée sur eux était limitée, à l'exception de ceux 
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concernant la géomorphologie (Lajeunesse 2014). Par conséquent, cette recherche (Nzekwe et al. 

2018) peut être considérée comme une étude pionnière pour ces lacs. L’étude sur les facteurs qui 

influencent la préservation des sédiments laminés dans ces lacs (chapitre 2) sera directement 

applicable aux études de reconnaissance dans d’autres lacs du Nord du Québec qui n’ont pas encore 

été étudiés (par exemple, le lac Yasinski, Baie-James; Figure 1.4). De plus, les informations sur la 

stratification thermique, le mélange des sédiments et les vitesses de sédimentation des bassins 

versants jusqu'aux lacs seront utiles aux communautés locales, comme la réserve faunique Port–

Cartier-Sept-Îles. Avant cette recherche, les profondeurs des lacs étaient inconnues, la plupart des 

informations étant basées sur des observations faites par les pêcheurs locaux avec des appareils 

destinés au grand public. Cependant, cette étude (Nzekwe et al. 2018) et un article co-écrit (Gagnon-

Poiré et al. 2019) sous la supervision de Patrick Lajeunesse ont répondu à ces questions de recherche. 

5.4.2 Nouvel enregistrement varvé du lac Walker 

L’application de l’analyse multi-échelles des sédiments laminés (scanner, photos numériques, logiciel 

PeakCounter et lames minces) a constitué un avantage majeur dans cette recherche. La découverte 

d'une nouvelle séquence varvée d'environ 900 ans dans le lac Walker (chapitre 3) constitue le premier 

enregistrement de varve dans la région de la Côte-Nord du Québec (d'après la littérature publiée). 

L'enregistrement varvé pourrait éventuellement être ajouté à la base de données globale des varves 

(Zolitschka et al. 2015). Cette étude contribuera à l’amélioration des modèles climatiques régionaux 

en fournissant une série chronologique de conditions climatiques environnementales basée sur les 

varves. 

En outre, sur la base du nouvel enregistrement varvé du lac Walker, une recherche en cours montre 

que l'analyse spectrale de l'enregistrement varvé pourrait révéler des périodicités significatives 

pouvant être liées à des oscillations climatiques connues (Lapointe et al., en préparation; Annexe V). 

Éventuellement, on pourrait procéder à un étalonnage hydrologique des propriétés des sédiments 

laminés des lacs de la région. Ceci impliquera une comparaison statistique des propriétés des 

sédiments annuels avec les enregistrements instrumentaux (Lapointe et al. 2012) et potentiellement à 

l’aide des reconstitutions à partir des cernes d’arbres disponibles dans la zone d’étude. Ces données 

pourront servir à établir un modèle permettant de fournir des reconstitutions quantifiées du climat et 

de l’hydrologie dans la région. De telles reconstitutions, en particulier celles liées à des événements 

isolés (ex. turbidites, dépôts rapides et / ou inondations), pourraient permettre une meilleure gestion 

des risques liés à l'utilisation du territoire (ex. Plan-Nord du gouvernement du Québec) et des 

infrastructures régionales (ex. barrages hydroélectriques) gérées par Hydro-Québec. 
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5.4.3 Amélioration des modèles antérieurs portant sur la déglaciation sur la Côte-

nord, Québec 

En ce qui concerne les suggestions d'Occhietti et al. (2011) (voir section 1.12.2), cette thèse fournit 

des datations radiométriques et des preuves géologiques (sédiments laminés) qui s'étendent du dernier 

maximum glaciaire au récent. Plus précisément, cette thèse de doctorat (chapitre 4) propose une 

analyse multi-paramètres des sédiments déposés lors de la transition de l'environnement proglaciaire à 

l'environnement paraglaciaire/postglaciaire. En utilisant les paramètres physiques et géochimiques 

couplés à plusieurs datations radiocarbones, il a été possible de corréler avec les modèles 

paléoenvironnementaux régionaux (Dietrich et al. 2017b; Gagnon-Poiré et al. 2019; Occhietti et al. 

2011). L’étude récente (Gagnon-Poiré et al. 2019) est basée sur une seule date radiocarbone AMS 

échantillonnée à partir de sédiments déposés au cours de la transition glaciaire tardive à 

paraglaciaire/postglaciaire dans chaque lac. La présente étude se base sur trois nouvelles dates 

radiocarbones à partir de sédiments déposés lors de la transition postglaciaire tardive dans les lacs 

Pentecôte et Walker, ce qui a permis de mieux caractériser cette transition importante. 

5.5 Limites et défis de la recherche 

5.5.1 Logistique et instrumentation 

Dans le premier cas, les lacs Pentecôte, Walker et Pasteur sont situés dans une zone relativement 

isolée. Des problèmes de logistique ont donc été rencontrés au cours des travaux sur le terrain, malgré 

une planification minutieuse. Le lac Pasteur est le lac le moins accessible par la route ; seules des 

carottes courtes ont été récupérées dans ce lac en 2014. Les missions ultérieures pour ce lac ont été 

annulées en partie parce qu’il était peu probable que les sédiments soient des varves (chapitre 1) et 

également en raison de contraintes logistiques. Sur le lac Walker, l’utilisation d’un carottier à gravité 

à bord du ponton a posé des problèmes techniques, en partie à cause du bassin relativement profond 

du lac et de l’effet des vents forts ce qui a causé de fortes vagues. En fait, à l'automne 2014, la mesure 

des propriétés physicochimiques du lac Walker (chapitre 1) a été annulée à mi-parcours en raison 

d’une tempête et du risque de chavirement du bateau. Pour améliorer la sécurité, les sorties au lac ont 

ensuite été conduites à bord d'un autre bateau, le RV Louis-Hamelin, qui est mieux conçu pour le 

carottage et les conditions météorologiques défavorables. 

5.5.2 Fabrication de lames minces 

Le processus de fabrication des lames minces est relativement long et comporte plusieurs étapes qui 

pourraient introduire des erreurs dans le comptage des lamines. Lors de l'échantillonnage, il convient 

de veiller à ce que le sédiment soit parfaitement humide avant d'extraire les profilés de sédiment. Lors 

de l'échantillonnage de sédiments du lac Walker (carotte WA15-08-U), il serait recommandé 

d'extraire les sédiments le long des U « channels » collectés à des fins paléomagnétiques, car ce creux 



 147 

au centre de la carotte facilite l'échantillonnage pour les lames minces.  

Une étape essentielle est peut-être de s’assurer que les lames minces sont coupées avec un 

chevauchement adéquat (au moins 1 cm), ce qui permet la corrélation du nombre de varves d’une 

lame mince à l’autre. Une communication claire doit être établie avec la personne qui découpe les 

lames minces (une compagnie externe, Texas Petrographic Service, a été utilisée pour cette 

recherche). Ainsi, certaines lames minces de la séquence composite (WA15-08-U) ont été renvoyées, 

car il y avait de petits espaces sans sédiment (une erreur de la compagnie), ce qui a rendu le comptage 

des lamines et l’estimation des erreurs plus fastidieux. En conclusion, les lames minces doivent être 

inspectées immédiatement après leur retour. 

5.5.3 Déploiement de pièges à sédiments 

L'un des objectifs initiaux de la recherche visait à surveiller les transferts de sédiments et les 

processus limnologiques responsables de la formation de sédiments annuellement laminés dans la 

zone d'étude (par exemple, Cockburn et Lamoureux 2008; Fortin et al. 2015). En juin 2014, deux 

pièges à sédiments (SARL TECHNICAP, France) ont été déployés avec les capteurs de température et 

de pression (Chapitre 2) et l’acquisition de données s’est échelonnée sur une période de deux ans. 

Cependant, au printemps 2016, les pièges à sédiments avaient été déplacés de leur position fixe et ont 

été amenés dans le bassin profond, probablement à cause du fort courant d'eau observé lors de la fonte 

nivale printanière. Malheureusement, aucun sédiment n'a été recueilli dans les pièges à sédiments 

récupérés à l'automne 2016 (Nzekwe et al. 2015). Cet objectif a donc été supprimé et remplacé par un 

autre (Chapitre 4). Sur une note positive, les leçons tirées du déploiement infructueux des pièges à 

sédiments dans le lac Walker (annexe 4) ont été utiles pour le récent déploiement de pièges à 

sédiments à Grand Lac (un projet différent). 

5.5.4 Datation radiocarbone sur sédiment total 

Dans cette étude, la datation au radiocarbone était largement basée sur l’analyse de sédiment total en 

raison de la rareté de fragments de bois et autres fossiles datables. L’amélioration des datations dans 

les environnements étudiés ici passera par la datation de matériaux autres que les sédiments bruts. Il 

faudrait également trouver des fragments de bois au même niveau que les datations radiocarbones 

obtenues sur du sédiment total pour estimer l’effet de réservoir possible, tout en améliorant les 

modèles d’âge. En plus, l’interruption d’âge pourrait être confirmé par l’analyse paléomagnétique de 

carotte PC15-04B-P (lac Pentecôte) et / ou par de nouveaux carottes de sédiment contenant des 

sédiments déposés au cours de la transition glaciaire-post-glaciaire / paraglaciaire (sous la direction de 

Guillaume St-Onge).  
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5.5.5 Contraintes de temps 

Les contraintes de temps rencontrées au cours de la thèse étaient multiples. Du point de vue 

technique, le carottage et l’instrumentation dans les bassins profonds et isolés des trois lacs ont duré 

plusieurs mois. Cela était cependant nécessaire pour une planification et une logistique d'équipe 

soignées. Un retard important et imprévu s'est produit lorsque deux pièges à sédiments déployés au 

lac Walker en 2014-2016 n'ont pas été récupérés à la fin des deux premières années. Sur la base de 

l'objectif initial du projet, les pièges à sédiments étaient supposés fournir des données pour 

l'étalonnage des sédiments varvés du lac Walker (censé être le troisième chapitre de la thèse) et, entre 

autres, calculer les flux sédimentaires dans le lac. Un résumé du déploiement des pièges à sédiments 

sera fourni en annexe V. Malgré ce retard, de nouvelles hypothèses (hypothèses 3 et 4) ont été 

formulées et évaluées (chapitre 4). 

Du point de vue des analyses de laboratoire, cette recherche a impliqué plusieurs analyses qui ont été 

effectuées dans plusieurs laboratoires. Il était donc nécessaire de déplacer les carottes et / ou les 

échantillons d'un endroit à un autre (par exemple, tomodensitogramme à l'INRS à Québec, le MSCL 

et paléomagnétisme à ISMER, à Rimouski, les datations aux radiocarbones à Université Laval, 

Québec et à UC Irvine, la palynologie au Geotop, à Montréal et les lames minces au Texas). Ceci est 

un avantage, cependant, il faut suffisamment de temps pour respecter le calendrier de chaque 

laboratoire et les parties prenantes, y compris les directeurs de recherche, les co-directeurs et les co-

auteurs.  

5.6 Discussion générale et conclusions 

Cette thèse de doctorat a évalué les sédiments laminés de trois lacs profonds (les lacs Pentecôte, 

Walker et Pasteur) à l’aide d’analyses multidisciplinaires. En évaluant la première hypothèse (section 

1.10.1), il a été démontré que, bien que les conditions préalables prises en compte pour les lacs étudiés 

(bassin relativement profond, climat boréal et apport sédimentaire saisonnier) soient favorables au 

dépôt de sédiments laminés, ces facteurs sont cependant insuffisants pour assurer la préservation des 

lamines, car d'autres facteurs sont en jeu (chapitre 2). Plus précisément, dans le bassin du lac Walker, 

des paramètres morphologiques tels que la profondeur relative, la profondeur maximale et certaines 

variables (profondeur moyenne, fetch moyen du vent, fetch maximal du vent et l’exposition 

topographique) favorisent la préservation des lamines par rapport aux lacs Pentecôte et Pasteur. En 

outre, dans les lacs dimictiques (tels que les lacs étudiés), lorsque les profondeurs auxquelles se 

déposent les sédiments laminés sont plus profondes que la profondeur du mélange des eaux et des 

débits/crues printaniers, la préservation des sédiments laminés est plus accentuée. La stratification 

thermique observée dans les lacs étudiés est similaire à celle observée dans les autres bassins. Par 

exemple, comme dans l'illustration du lac Suminko (Tylmann et al. 2012) (voir la figure 1.13), des 

sédiments laminés du lac Walker caractérisent l'hypolimnion; des sédiments partiellement laminés 
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marquent la thermocline et des sédiments bioturbés se déposent dans l'épilimnion (Figure 2.4). Notez 

que la différence de nomenclature des couches de stratification est basée sur le paramètre testé 

(composition chimique par rapport à la température, respectivement). Néanmoins, c'est la présence de 

stratification qui importe (Håkanson and Jansson 2002).    

En évaluant la deuxième hypothèse (section 1.10.2), il a été démontré que (1) les sédiments de 

l’Holocène supérieur du lac Walker sont varvés, et (2) que le comptage par lames minces était plus 

approprié que le logiciel PeakCounter pour construire la chronologie des varves (Chapitre 3). Afin de 

comprendre les difficultés liées à l’utilisation du logiciel PeakCounter, une étude comparative du 

comptage manuel multi-paramètres de sédiments variés du lac Suigetsu (carotte SG06) au Japon 

(Marshall et al. 2012) montre que l’utilisation des données élémentaires XRF (60 µm) et les 

radiographies (résolution 60 µm) ont permis une délimitation optimale des sédiments de varves 

(épaisseur moyenne de 0,8–1 mm) dans ce lac. D’autre part, les analyses XRF faites au lac Walker 

possèdent une résolution maximale de 100 µm qui était insuffisante pour délimiter clairement les 

sédiments varvés de la carotte WA15-08-U (épaisseur moyenne de 0,86 mm). Par ailleurs, la méthode 

de comptage par lames minces reste une méthode efficace et fiable pour définir différentes 

chronologies, comme le montrent plusieurs études (Cuven et al. 2010; Francus 1998, 2001; Francus 

and Asikainen 2001; Francus et al. 2002; Francus and Karabanov 2000; Jouve et al. 2013; Lapointe et 

al. 2012; Lapointe et al. 2019; Ojala and Alenius 2005; Tiljander et al. 2002; Zolitschka et al. 2015).  

En ce qui a trait à la troisième hypothèse (section 1.10.3), l'existence d’un hiatus d'âge et/ou de 

sédimentation lors de la transition proglaciaire à para/postglaciaire dans les lacs Pentecôte et Walker 

(chapitre 4) doit être vérifiée de manière indépendante. Les contraintes chronologiques obtenues dans 

cette thèse ont principalement été la datation radiocarbone sur du sédiment total. À cet égard, de 

nouvelles carottes provenant d'une partie différente du bassin sédimentaire et plus susceptibles à 

contenir des microorganismes comme les diatomées ou les foraminifères ce qui permettrait de savoir 

si l’environnement sédimentaire était lacustre ou marin à la transition glaciaire postglaciaire et son 

âge associé. Nonobstant, le hiatus semble indiquer que des sédiments se sont déposés avant le Dryas 

Récent, et qu’une partie a été conservée, même avec l’érosion associée à la présence glaciaire. Les 

études à venir pourraient donc porter sur la datation des sédiments glaciomarins et glaciolacustres des 

lacs Pentecôte et Walker ou d'autres lacs de la Côte-Nord québécoise en utilisant des 

méthodes/matériaux autres que les échantillons de sédiment total (Vincent and Prest 1987).  

En somme, les principaux résultats (chapitres 2 à 4) de cette thèse de doctorat indiquent ce qui suit : 

les lacs étudiés (lacs Pentecôte, Walker et Pasteur) ont le potentiel de préserver des sédiments 

laminés. Cependant, seul le lac Walker contient des sédiments récents (datant des 150 dernières 

années) qui sont varvés en raison de facteurs morphologiques plus favorables que les deux autres lacs. 

Le lac Walker contient des sédiments varvés de l’Holocène Supérieur, couvrant une période allant de 
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2340 à 3200 ± 20 cal BP, soit environ 900 ans. La transition de la sédimentation proglaciaire à la 

sédimentation paraglaciaire/postglaciaire dans les lacs étudiés est caractérisée par des changements 

abrupts de signatures texturales, géochimiques, palynologiques et paléomagnétiques. Les lacs 

Pentecôte et Walker contiennent des sédiments qui semblent avoir été préservés durant le dernier 

maximum glaciaire. Si cette hypothèse s’avère exacte, un lac sous-glaciaire aurait probablement 

existé dans les bassins des lacs Pentecôte et Walker pendant le dernier maximum glaciaire.     
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6  ANNEXE I : INFORMATIONS COMPLEMENTAIRES 

CHAPITRE 1 

 

Figure S1 : Des photos montrant les travaux de terrain dans les lacs étudiés : A) Départ de l'Université Laval ; B) Le 

bateau ponton sur le lac Walker à l'été 2014 ; C) Préparation au carottage des sédiments en hiver 2015 ; D) Mesures 

souterraines sur le lac Walker ; E) Utilisation du carottier UWITEC sous une tente ; F) Vue rapprochée du carottier 

UWITEC. 
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Figure S2 : Photos montrant quelques méthodes et matériels utilisés dans la thèse de doctorat : A) la 

tomodensitogramme (CT-scan) (INRS-ETE) ; B) Le MSCL (UQAR-ISMER) ; C) Magnétomètre cryogénique 2G 

Enterprises modèle 755 SRM (UQAR-ISMER) ; D) L'ITRAX (INRS-ETE) ; E) L'analyseur de taille de particule par 

diffraction laser (INRS-ETE) ; F) La fabrication de lames de frottis ; G) L'analyse palynologique ; H et I) La 

fabrication des lames minces. 
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7  ANNEXE II : SUPPLEMENTARY INFORMATION CHAPTER 2 

(ARTICLE 1) 

 

 
 
Figure S1: Plot of mass sedimentation rate (g cm-2 a-1) versus the cumulative dry weight (g cm-2) of uppermost 

sediments from cores (A) PC14-04-R, Lake Pentecôte; (B) WA14-06-R, Lake Walker, and (C) PA14-16-R, Lake 

Pasteur, which suggest varying sedimentation rates in the dated cores.                                         
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Figure S2: Recent chronology (210Pb and 137Cs) for the reconnaissance core, WA11-W5-R from Lake Walker. (A) 

Total (measured) and supported (from 226Ra decay) 210Pb activity and 137CS activity; (B) Chronology models based on 

the constant rate of supply (CRS), the constant initial concentration (CIC) and constant flux – constant sedimentation 

(CF-CS). 
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Figure S3: Dry bulk density, calculated from sediment wet/dry measurements; organic matter content calculated 

from loss of ignition (LOI) test at 550 °C combustion, and carbonate content calculated from LOI at 1000 °C 

combustion of uppermost sediments from cores (A) PC14-04-R, Lake Pentecôte, (B) WA14-06-R, Lake Walker; (C) 

PA14-16-R, Lake Pasteur.   
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8  ANNEXE III: SUPPLEMENTARY INFORMATION CHAPTER 3 

(ARTICLE 2) 

Table S1: List of markers (laminations) used to correlation cores to construct the composite sequence WA15-08-U (0-

352 cm cd). 

Core section  Laminae 

label  

Core section 

depth (cm) 

Composite 

depth            

(cm cd) 

Degree of 

confidence 

WA15-08B-G a 9 9 L 

WA15-08B-G b 65 65 L 

WA15-08B-G c 118 118 L 

WA15-08B-G d 126 126 L 

WA15-08B-G e 130 130 L 

WA15-08B-G f 138 138 L 

WA15-08C-I-U-1 g 37 46 M 

WA15-08C-I-U-1 h-b 56 65 M 

WA15-08C-I-U-1 i 117 126 M 

WA15-08C-I-U-1 j 129 138 M 

WA15-08D-I-U-1 k 6 10 L 

WA15-08D-I-U-1 l 44 50 M 

WA15-08D-I-U-1 m-h 59 65 H 

WA15-08D-I-U-2 n-d 32 124 L 

WA15-08D-I-U-2 o 40 132 L 

WA15-08D-I-U-2 p-j 46 138 L 

WA15-08D-I-U-2 q 2 178 L 

WA15-08C-II-U-1 r 10 204 L 

WA15-08C-II-U-1 s 154 348 H 

WA15-08D-II-U-1 t-q 0 178 L 

WA15-08D-II-U-1 u 172 348 H 

WA15-08D-II-U-1 v-s 42 352 H 

 

Degree of confidence: L – Low, M – Medium, H – High  
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Table S2: Showing test of normality of sample data of varve thickness (VT) and grain size parameters.  

 

  VT Depth  mDo sDo 
Min 

Do 
maxDo 75Do 90Do 95Do 98Do 99Do 

N 923 923 923 923 923 923 923 923 923 923 923 

Shapiro-

Wilk W 
0.7127 0.9523 0.9326 0.9745 1 0.8618 0.9866 0.9735 0.9729 0.981 

0.972

9 

p(normal) 
5.30E-

37 

9.93E-

17 

5.73E-

20 

1.19E-

11 
1 

1.03E-

27 

1.83E-

07 

6.30E-

12 

4.36E-

12 

1.34E-

09 

4.31E-

12 

 
If p(normal) <0.05, sample data is not normally distributed   
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Figure S1: Correlation panel showing CT-scan images of core sections used to establish the composite sequence 

WA15-08-U (0–352 cm cd; Table 3.1). The core comprises mainly partially laminated and laminated sediment, as 

shown in the legend. The uppermost (5 cm cd) part of the core was crudely laminated, while the lowermost part of the 

core (352–378 cm cd) was disturbed, possibly due to pressure during coring. However, these two intervals are not 

discussed in detail because they are outside the test interval (175–263 cm cd). Marker beds (laminations and rapidly 

deposited layers) that were used to correlate adjacent cores are shown. The degree of confidence of each marker is 

shown in Appendix III (Table S1). The insert (dashed line) shows an example of a marker with a high degree of 

reliability.  
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Figure S2: (Insert from Figure S1, above) Showing an example of a marker with a high degree of reliability that was 

used to correlate adjacent cores to construct the composite sequence WA15-08-U.  
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Figure S3: Screenshot of the output file from the PeakCounter software opened in Excel. It shows additional columns 

(that were added in the XRF data file) for grayscale value, year (indicates varve quality index, VQI; see column BG), 

lamina and note (for description of laminae where applicable, e.g. marking an RDL). Results show that a minimum of 

6 to 8 XRF measurements were measured between each successively marked VQI, in column BG.     
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Figure S4: Close-up on multi-parameter counting of laminations/varves using PeakCounter 1.6.4 software showing 

varves according the varve quality index (VQI), Mainly VQI: 3 (red) and VQI: 4 (grey) were delineated. Also shown 

is a relatively “laminae” marked by relatively high grey scale value, high Fe, medium Mn and high Si and Ti (not 

shown). It is interpreted as a rapidly deposited layer (RDL?).  
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Figure S5: Varve counting error estimates (%) from thin-section based on variance between the values of two 

researchers (O.P.N and F.L) for varves from core WA15-08-U (178–262 cm cd), Lake Walker, Québec North Shore.    
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Principal component analysis 

The eigenvalue of the first five components are higher than the Joliffe cut-off (0.7) respectively, 

which indicates these components appear significant (Appendix III, Figure S4A). However, the 

broken stick line (Appendix III, Figure S4B) indicates that the first component (40% variance) is the 

principal component because only its eigenvalue % (40 %) plots above the broken stick line (red line) 

(Hammer et al. 2001). PCA loadings for the first principal component show two groups: Positive 

loadings (Si, K, Ca, Ti, Zn, Rb, Zr) and negative loadings (Mn, Fe, and inc/coh) (Appendix III, Figure 

S5A). The PCA scatter plot (Annexe III, Figure S6) reveals four associations: PC1 Si, Ti, K, Ca, and 

Zn; PC2: Mn and Fe; PC3: inc/coh, and PC4: Cl, Zr; PC1. PC1 indicates that the input is probably 

linked to silicates and carbonates, while Mn and Fe are likely linked to redox-sensitive elements 

(Rothwell and Croudace 2015). The inc/coh ratio relates organic matter content (Guyard et al. 2013), 

while Cl and Zr could be a proxy for marine environment. Together, the results probably suggest that 

the elementary geochemistry of the sediments is influenced by grain size and other factors (which 

were not analysed in this study, due to the focus on varved sediments).   

 

 
 

Figure S6: Principal component analysis of XRF elements from the composite core WA15-08-U (Lake Walker):  A) 

eigenvalue of the components; B) Scree plot.  
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Figure S7: PCA loading from the first component (PC1, Figure S4). 

 

 

 

 

 
 

Figure S8: PCA scatter plots of the first component (PC1, Figure S4). 
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Figure S9: Illustration of varve structures at four different depths of the composite core WA15-08-U (178–262 cm 

cd) from Lake Walker, which verifies the hypothesis that within the analyzed interval, laminae/varve quality index 

improves with increasing sediment depth.  
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9  ANNEXE IV : SUPPLEMENTARY INFORMATION CHAPTER 4 

(ARTICLE 3)  

 

Figure S1: Correlation panel showing CT-scan images of core sections used to reconstruct the composite c WA15-08-

U (488–740 cm cd; Table 3.1). The core comprises mainly partially laminated and laminated sediment, as shown in 

the legend. Marker beds and/or laminations that were used to correlate adjacent cores are shown. This litholog is a 

revised version of the one previously reported (Gagnon-Poiré 2019). 
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Figure S2: MSCL parameters of core PC15-04B-P (Lake Pentecôte).  Sediment facies are RLC rhythmically 

laminated clay sediments; LS-O laminated organic-rich silty clay and clay sediments; and LS - laminated sediments. 
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Figure S3: MSCL parameters of core WA15-08-U (Lake Walker). Sediment facies are RLC rhythmically laminated 

clay sediments, and LS - laminated sediments. 
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Figure S4: Smear slide images from core WA15-08-U-1 at selected depths, as seen in plane and crossed-polarized 

light: (A) RDL, 512 cm; (B) lamina couplet, 551 cm; (C) laminated section, 598 cm; (D) clayey silty lamina, 623 cm; 

(E) Gray clay, 628 cm. Identifiable minerals include: Q - quart, F - feldspar, C - carbonates (calcite), M - muscovite, 

Ma - mafics, V - vivianite, Cl - clay minerals, OM - organic matter, S.P? – structure of S. Pteridophyte?, B - bubble of 

air in mounting medium.   
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Figure S5: Correlation of multi-proxy analysis of core PC15-04B-P (Lake Pentecôte): digital photo (Ph), line scan 

image (L), CT-scan frontal view, CT number (HU) and vertical XRF profiles of selected elements, Magnetic 

susceptibility (MS), palynomorph counts (pollen and mushroom spores), acoustic stratigraphic units (Gagnon-Poiré 

et al. 2018) and radiocarbon dates. Sediment facies are RLC rhythmically laminated clay sediments; LS-O laminated 

organic-rich silty clay and clay sediments; and LS - laminated sediments. 
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Figure S6: Correlation of multi-proxy analyses from core WA15-08-U (Lake Walker): digital photo (Ph), line scan 

image (L), CT-scan frontal view, CT number (HU), XRF profiles of selected elements, magnetic susceptibility (MS), 

palynomorph counts (Pollen and Mushroom spores), acoustic stratigraphic units (Gagnon-Poiré et al. 2018) and 

radiocarbon dates. Sediment facies are RLC rhythmically laminated clay sediments, and LS - laminated sediments. 

 

 

Figure S7: Schematic illustrations showing the location of cores (A) PC15-04B-P (Lake Pentecôte) and WA15-08-U 

described in the context of acoustic stratigraphy. The transition between the upper and lower units suggest a 

moderate to high-acoustic reflection, however, there are not strong evidence of large deformation in the immediate 

vicinity of the cores. Acoustic stratigraphic units described: U3 – Glaciomarine to glaciolacustrine deposits; U4 – 

Postglacial deposits (detailed in Gagnon-Poiré et al. 2019). 
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10  ANNEXE V: INFORMATIONS COMPLEMENTAIRES 

CHAPITRE 5 

10.1 Insights on natural modes of climate variability during the Late Holocene inferred from 

particle size analysis of ~900-year varved record in Lake Walker, Québec North Shore (eastern 

Canada) 
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Methods and materials  

Proxy data analyses  

Linear detrending of varve thickness and grain-size data was done followed by normalization in order 

to allow for comparison with other time series. The Lake Walker (new varve) record was compared 

with time series such as the reconstructed NAO (Olsen et al. 2012) and Greenland temperature record 

(Kobashi et al. 2015). For spectral analysis, REDFIT (Schulz and Mudelsee 2002) was used 

(e.g.(Lapointe et al. 2017). Wavelet analysis was performed with the R software (R Core 

Development Team 2008) using the package bi-wavelet (Gouhier and Grinsted 2012).  

Results 

Spectral analysis of the Lake Walker varved record  

The analysis reveals a significant periodicity (>95% confidence level (CL)) at ~230 year-cycle for all 

of the proxies, except the >30 µm (Figure S1). For each proxy, multidecadal cycles can be found and 

are located at 49 and 23 years for VT (Figure S1a), at 92, 58 and 18 years for D50 (Figure S1c), and 

71, 58, and 15 years for D99 (Figure S1e). In the time series of the >30µm grain-size, spectral 

analysis reveals two strong multi-centennial periodicities at 462 and 308 years, a centennial-scale 

variability at 185 years and three multidecadal signals at 71, 65 and 54 years (Figure S1g).  

Discussion  

Spectral content of the Lake Walker varved record  

The weak coefficient of correlation between varve thickness and most of the proxies from the Lake 

Walker record are relatively similar those highlighted in a high-artic Canadian lake, East Lake, Cape 

Bounty (Lapointe et al. 2012). The spectral peaks at 71–49 years (Figure S1g) are consistent to those 

found in the instrumental and reconstructed Atlantic Multidecadal Oscillation (AMO) (Knudsen et al. 

2011). The cycles around ~230 and 185 years could be linked to solar activity (Knudsen et al. 2009) 

as suggested by spectral analyses of the 2300–3200 BP in the 
14

C production rate. Spectral analysis 

was also made on the µ-XRF data of Lake Walker and this yielded similar result with grain-size. 

Continuous wavelet transforms (CWT) for each of the physical parameters at Lake Walker indicate 

strong multidecadal signal from ~2300 to 2750 BP (Figure S1dfh). On larger time scales, it appears 

that a ~250–180 year-cycle is present throughout most of the ~2300 to 3200 BP period (Figure S1bd), 
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except in the case of the coarse grain-size fractions where this mode of variability is absent after 

~2900 BP (Figure S1fh). However, the varved record is relatively short to clearly determine if this 

long cycle was persistent, since most of this 250–180-year cycle is within the cone of influence of the 

CWT. Several spectral peaks (at 15, 18, 23, 50–70, 185, 300 years) in the Lake Walker record are 

compatible to those found in a reconstructed North Atlantic Oscillation (Olsen et al. 2012).  

Comparison with reconstructed NAO and solar activity over the interval ~3220–2340 BP 

Only one reconstructed NAO goes back enough in time to cover the time interval of the Lake Walker 

record, the 5,200 years NAO from Olsen et al. (2012). The overall comparison between the paleo-

NAO and the Lake Walker record is good. Averaging the Lake Walker varved record to the resolution 

of the reconstructed NAO yields a strong correlation (r = -0.68, p < 0.0001). A clear shift from 

positive to negative values of the NAO is observed during 3220–2900 BP. This coincides with an 

increase in the coarse grain size fraction (D99) at Lake Walker, suggesting that negative NAO phase 

(NAO-) might have influenced hydroclimatic conditions in the Québec North Shore region, at least 

during the time interval ~3200–2300 BP.   

The Lake Walker varved record is also inversely correlated with a temperature reconstruction at 

GISP2 (Figure S2a): r = -0.44, p<0.001) (Kobashi et al. 2015). Cross-wavelet analysis between those 

two records depicts common variability at multidecadal timescales (40 to 70 years) between ~2800 

and 2520 BP (Figure S2b). Interestingly, the varves are also inversely correlated with other Greenland 

temperature records, although at different time lags (Figure S3), which is expected since all of these 

proxy records (including Lake Walker) do contain age uncertainties during this period (Vinther et al. 

2003). Altogether, these results suggest that a linkage between Greenland climate and the Québec 

North Shore is likely related to changes in the NAO (Figure S4).  

Significant periodicities at Lake Walker are also compatible with those of solar variability. Record 

from this study were compared to the 
14

C production rate (Muscheler et al. 2016) (Figure S5), a proxy 

of solar variability. In the relatively recent part of the Lake Walker period (~2600–2340 BP), no 

visual co-variability is observed, unlike with the reconstructed NAO and Greenland temperature 

(Figures S2 and S4). However, there is a good agreement with solar activity in the latter part, more 

specifically from ~3220 to 2600 BP, where correlation is significant r = 0.44, p<0.001. This positive 

correlation would imply coarser sediment deposition during periods of lower solar activity.  

The climatic anomaly around ~2700 BP has been detected in multiple sites around the world and has 

been suggested to have been triggered by a grand minimum in solar activity, namely the Homeric 

climate oscillation (e.g.(Martin-Puertas et al. 2012). Cross-wavelet analysis shows a common spectral 

power in the 250–185-year band between both records from ~2950 to 2500 BP. Also, a 100 to 80 year 

cycle around 2900–2700 BP and multidecadal signals at 3220–3150 BP and 2700–2600 BP can be 

noted.  
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Present-day teleconnexion  

Spatial correlation suggests that the NAO, in its negative phase, increases the likelihood of 

precipitations in the region around Lake Walker during the months of July to October (Figure S6a). 

This is further supported by a significant negative correlation between total rainfall (sum) recorded at 

the Sept-Îles weather station, located ~70 km east of Lake Walker, and the NAO (Figure S6b). 

Although relatively farther from the study area, flow discharge of the Des Outardes River in Québec 

(Centre d’expertise hydrique 2016) is negatively correlated to the NAO (Figure S6c). In general, most 

of the St-Lawrence Valley receives precipitation during the NAO- (Figure S6a).    

These significant correlations are strongly indicative that the climate of the Québec North Shore 

region is influenced by the NAO, which may point to similar climatic conditions ~3300 years ago 

(Figure S4). The present-day teleconnexion of the NAO influence on precipitation on Greenland has 

also been investigated. An increase in precipitation during NAO+ in summer time (JJA) for the region 

of Lake SS1220, where the reconstructed NAO (Olsen et al. 2012) is located (Figure S7). This period 

(JJA) is close in time with the maximum correlation reached from the NAO using the meteorological 

and reanalysis dataset and the Lake Walker region (JASO; Figure S4a). This could explain the 

negative correlation observed in today’s teleconnexion (Figure S6), but also back in time (Figure S7), 

if boundary conditions of climate did not change in that time.      

Solar influence on climate variability 

Although satellite-based measurements of total solar irradiance indicate weak difference between the 

solar maximum versus minimum (0.1% of the total solar energy), large variations of the ultraviolet 

spectrum have been detected (Lean 1997). These significant changes at the 200–300 nm of the solar 

emission spectrum can have large impacts on heating upon the stratosphere. During stronger (weaker) 

solar activity, stratospheric temperatures increase (decrease) as more UV sunlight is being absorbed 

by ozone, and this results in an increase in the temperature gradients between stratospheric high and 

low latitudes. This ultimately leads to a positive phase of the NAO atmospheric pattern, maximizing 

~2–4 years following the 11-year solar cycle peak due to ocean feedbacks (Andrews et al. 2015; Gray 

et al. 2010; Ineson et al. 2011; Menary and Scaife 2014; Scaife et al. 2013; Thiéblemont et al. 2015). 

Using paleo-records, other studies have shown that weaker solar activity induce a NAO- pattern of 

atmospheric circulation during the Homeric Minimum (Martin-Puertas et al. 2012) and other more 

recent solar minima (Moffa-Sánchez et al. 2014; Shindell et al. 2001). Strong common power at 

multi-decadal scales is seen between the Lake Walker record, the reconstructed NAO and the GISP2 

(Kobashi et al. 2015) during the 2700BP event (and after) suggesting a linkage between low solar 

activity and multi-decadal variability presumably linked to the AMO (Wang et al. 2017).  
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Summary and Conclusion  

Spectral analysis revealed significant periodicities that can be linked to the NAO and solar activity. 

The Lake Walker varved record is inversely correlated to the reconstructed NAO and suggests that the 

Québec North Shore region was influenced by this climate mode of variability ~2300 years ago. 

Present-day correlation revealed that rain events in the Lake Walker region increased during the 

NAO-, and this could explain the link between our record and the paleo-NAO. This would thus 

suggest that present-day NAO influence on the region was similar ~2300 years ago.     

All grain size proxies at Lake Walker show increasing values during the period ~2700–2800 BP, 

coincident with a Grand Solar Minimum, and significant correlation between reconstructed solar 

activity and the Lake Walker record during the period ~2300–3200 BP is strongly suggestive that 

solar forcing played a role in climate change during this time interval.      

 



 193 

 

Figure S1: Spectral analysis of the Lake Walker varved record: a) Spectral analysis of the varve thickness series, and 

b its wavelet spectrum. c, d and e, f and g, h same as a, b but for the median grain-size (D50), the 99th percentile (D99) 

and the fraction >30µm, respectively.    
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Figure S2: Same as Figure S1 but using the Greenland temperature record (Kobashi et al., 2015). Below: cross-

wavelet analysis between both time series using the resolution of the lower resolved record to avoid interpolation. 

 

Figure S3: Cross-correlation between Greenland ∂18O records and the 99th percentile at Lake Walker.  
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Figure S4: Comparison between the reconstructed NAO (Olsen et al., 2012) and the 99th percentile at Lake Walker.  
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Figure S5: Comparison between reconstructed solar activity (14C production rate) and the 99th percentile at Lake 

Walker.   

 



 197 

 

 

Figure S6: Correlation between North Atlantic Oscillation (Climate Prediction Center; CPC) and precipitations 

anomalies (Dee et al. 2011). b) Comparison between the time series at Sept-Iles total rainfall (log-transformed and 

normalized to the mean) and NAO during July-October. c) Same as b) but compared with the discharge time series of 

the Rivière Aux-Outardes, Québec during JASO. Note that Sept-Îles weather station stopped operating in 2002.   
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Figure S7: Correlation between NAO and precipitations (Dee et al., 2011). 
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10.2 Deployment of sediment traps in Lake Walker, Québec North Shore, eastern Canada  

Objective 

To monitor sediment transfers and limnological processes responsible for the formation of annually 

laminated sediments in Lake Walker (e.g.(Cockburn and Lamoureux 2008; Fortin et al. 2015).  

Methodology  

Two programmable sequencing sediment traps (model PPS 4/3, SARL TECHNICAP, France) were 

deployed (alongside temperature and pressure sensors, Onset HOBO Data Loggers, USA) in Lake 

Walker on 5
th
 June 2014. The deployment location (50°23'17.2" N, 67°10'23.4'' W) was chosen due to 

its proximity to the area of core sampling and its relative closeness to the inflow of two rivers in the 

northern part of the lake (Figure 1). Each sediment trap unit consists of a 131 cm long cylindro-

conical tube (made of glass reinforced polyester) with a funnel-shaped sieved collecting area of 0.05 

m
2
 at the top, and a 12-volt AA alkaline battery-powered motor unit close to its base. A rotary disk 

connects the motor unit to a tray that houses a carousel with attachment for twelve 250 ml 

polypropylen sampling bottles. The motor unit was programmed to suit the selected sampling plan, 

that is, to rotate twice a month from June to September, once a month from October to November 

(summer to spring), once a month between December and April (winter), and once in May (all within 

a 1-year period). The monitoring period lasted for two years, from June 2014 to July 2016.  

The sediment traps were positioned vertically, approximately 155 m apart along a polypropylene rope. 

An acoustic releaser was attached ~3 m above the lower end of the rope, and was expected to aid 

recovery of the trap. Ten temperature sensors were placed 15 m apart from each other along the same 

rope (and set to take readings every hour). Similarly, two pressure sensors were attached to the rope, 

one at the same position as the acoustic releaser (~165 m depth) and another at a depth of ~35 m, 

estimated to be within the photic zone of the lake. In order to ensure an upright suspension of the 

equipment line-up, a load (two concrete blocks) of ~100 kg was tied to the base of the rope while two 

buoys located 20 m apart were attached at the upper end of the rope. An illustration of this 

arrangement is shown in Figure 2.   
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Figure S8: Simplified illustration showing the deployment location of sediment traps and the S4 current meter (map 

visualised with ArcGIS 10.2 software; map layout unfinished). 

 

 

Figure S9: Diagram showing the deployment of sediment traps in Lake Walker (left). Photo shows a carousel with 

attachment for sampling bottles (below), and (above) a load and buoy, which were attached to the rope to maintain 

suspension in water. 
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Observations during monitoring  

During fieldwork in the spring of 2016, the following were observed: 1) The sediment traps had been 

moved from their fixed position into the deep basin of the lake probably due to strong currents 

associated with the spring snowmelt period; 2) The battery of the acoustic releaser was “dead”, 

consequently the sediment traps could not be released from the load in order to float on the lake 

surface, and 3) no sediment was collected in the sediment traps (Nzekwe et al. 2015).  

Lessons learned  

In the first instance, the sediment traps were deployed before clear information about the limnology 

and potential for laminae formation/preservation (Nzekwe et al. 2018) as well as basin bathymetry 

(Gagnon-Poiré et al. 2019) of Lake Walker were fully understood. Consequently, the deployment 

strategy and/or location were possibly not ideal. A better float mechanism would have been achieved 

by: 1) deploying the sediment traps in a part of the lake basin where topographic exposure but 

relatively stable water currents were prevalent, as opposed to near the inflow of the Schmon and 

Gravel Rivers in the northern part of the lake; 2) using three to four buoys would have provided a 

more stable float and/or displacement, as opposed to two buoys; and 3) the battery life of the acoustic 

releaser should have been guaranteed to last longer than the planned monitoring period. These 

recommendations were considered in the successful deployment of the sediment traps in Grand Lake, 

Labrador (a different project). 

 

 

 

 

 

 

 

 

 

 

 


